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Short- and medium-chain length methyl ketones are important commodity chemicals

that are currently produced from petrochemical resources. To date, there is only limited ! " H
research regarding the biotechnological production and purification of those methyl CarOIIn GrUterlng
ketones in the scope of a circular bioeconomy.
This work elucidates integrated bioprocesses to produce methyl ketones using genetically 1 I
modified microorganisms. P rOd ucin g m et hyl keto nes in
Methyl ketones with a chain length of C,, to C,, are produced by genetically modified . .

Pseudomonas taiwanensis VLB120 with addition of an organic solvent to the cultivation | nteg rated b 10 p rocesses

medium for in situ liquid-liquid product extraction. The applied organic solvent decisively
influences important process parameters. However, the type of solvent for in situ
extraction of methyl ketones was not investigated so far, and one of the major challenges
of in situ liquid-liquid extraction, the formation of stable emulsions, was unsolved. We
describe an in-depth investigation of the organic solvent for in situ product extraction
of methyl ketones and the subsequent recovery of the organic phase. 2-Undecanone
was found as a solvent that is biocompatible, non-biodegradable, and safe, and in an
advanced bioreactor setup, the multiphase loop reactor, formation of stable emulsions
was circumvented. Subsequent examinations highlighted the methyl ketone blend’s
potential as a drop-in diesel fuel replacement.

Next, the carbon sources that are converted to the C,; to C,, methyl ketones and the
associated feeding strategies were investigated. By an in silico screening approach using
a genome-scale metabolic model, ethanol was found as a co-feed carbon source that
enabled superior product yields. Additionally, sustainable methyl ketone production was
shown to be possible by utilizing lignocellulosic hydrolysates.

A bioprocess cascade was also developed for the production of C, methyl ketones acetoin
and 2-butanone. Acetoin was produced by resting cells of Lactococcus lactis at product
yields close to the theoretical maximum. The resting cell buffer was tailored to meet the
requirements of an ensuing electrocatalytic reduction, transforming biotechnologically
produced acetoin into 2-butanone.

Concluding, the bioprocesses for the biotechnological production of methyl ketones
were developed and improved in a holistic manner. Biotechnological methods were
integrated into the preceding and consecutive process steps and optimized beyond their
isolated figures of merit.
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Summary

Summary

Short- and medium-chain length methyl ketones such as 2-butanone and
2-undecanone are important commodity chemicals that are currently produced from
petrochemical resources. To date, there is only limited research regarding the
biotechnological production and purification of those methyl ketones in the scope of a
circular bioeconomy.

This work elucidates integrated bioprocesses for the production of methyl ketones
using genetically modified microorganisms.

Methyl ketones with a chain length of C11 to C17 are produced by genetically modified
Pseudomonas taiwanensis VLB120 in a bioprocess with addition of an organic solvent
to the cultivation medium for in situ liquid-liquid product extraction. The applied organic
solvent can decisively influence important process parameters. However, the type of
solvent for in situ extraction of methyl ketones was not investigated so far, and one of
the major challenges of in situ liquid-liquid extraction, the formation of stable
emulsions, is still unsolved. This work describes an in-depth investigation of the
organic solvent for in situ product extraction of methyl ketones and the subsequent
recovery of the organic phase. By performing a hierarchical solvent screening, we
found 2-undecanone as a solvent that is biocompatible, non-biodegradable, and safe.
With 2-undecanone as a solvent in an advanced bioreactor setup, the multiphase loop
reactor, formation of stable emulsions was successfully circumvented. Here,
countercurrent liquid-liquid extraction occurred in a downcomer compartment, and the
organic phase could be recovered by decantation in a coalescing unit. Subsequent
examinations highlighted the methyl ketone blend's potential as a drop-in diesel fuel
replacement. Investigations in, e.g., a single-cylinder research engine demonstrated
efficient and clean combustion with litle NOx and soot emissions.

As a next step, the carbon sources that are converted to the C11 to C17 methyl ketones
and the associated feeding strategies were investigated. By an in silico screening
approach using a genome-scale metabolic model of the production host, ethanol was
found as a co-feed carbon source that enabled superior product yields. Additionally,
methyl ketone production was shown to be possible by utilizing lignocellulosic
hydrolysates. Notably, also the hemicellulosic fraction that contains xylose as a carbon
source and inhibitors such as furfural and vanillin was converted to methyl ketones.

A bioprocess cascade was also developed for the production of C4 methyl ketones
acetoin and 2-butanone. Acetoin was produced by resting cells of Lactococcus lactis
at product yields close to the theoretical maximum. The resting cell buffer was tailored
to meet the requirements of an ensuing electrocatalytic reduction, transforming
biotechnologically produced acetoin into 2-butanone.

Concluding, the bioprocesses for the biotechnological production of methyl ketones
were developed and improved in a holistic manner. Biotechnological methods were
integrated into the preceding and consecutive process steps and optimized beyond
their isolated figures of merit.







Zusammenfassung

Zusammenfassung

Kurz- und mittelkettige Methylketone wie 2-Butanon und 2-Undecanon sind wichtige
Grundchemikalien, die derzeit aus petrochemischen Ressourcen hergestellt werden.
Bislang gibt es nur limitierte Kenntnisse zur Herstellung dieser Methylketone in
nachhaltigen Bioprozessen im Rahmen einer nachhaltigen Kreislaufwirtschaft.

In dieser Arbeit werden integrierte Bioprozesse fiir die Produktion von Methylketonen
unter Verwendung gentechnisch veranderter Mikroorganismen aufgezeigt.
Methylketone mit einer Kettenlange von Ci1 bis Ci7 wurden von gentechnisch
veranderten Pseudomonas taiwanensis VLB120 mit in situ Produktextraktion unter
Zugabe eines organischen Losungsmittels zum Kultivierungsmedium hergestellt. Das
gewahlte Losungsmittel kann wichtige Prozessparameter entscheidend beeinflussen.
Das Lésungsmittel fur die in situ Extraktion von Methylketonen wurde jedoch bisher
nicht untersucht, und eine der grof3ten Herausforderungen der in situ Flissig-Flissig-
Extraktion, die Bildung stabiler Emulsionen, ist noch ungelost. Im ersten Teil dieser
Arbeit wurde eine umfassende Untersuchung des organischen Losungsmittels fir die
in situ Extraktion von Methylketonen und die anschlieRende Ruickgewinnung der
organischen Phase beschrieben. In einem hierarchischen Lésungsmittelscreening
fanden wir 2-Undecanon als Losungsmittel, das biokompatibel, nicht biologisch
abbaubar, und sicher ist. In einem neuartigen Bioreaktor, dem multiphase loop reactor,
wurde auflerdem die Bildung stabiler Emulsionen erfolgreich umgangen. Die
organische Phase konnte durch Dekantieren in einer Koaleszenzeinheit
zuriickgewonnen werden. AnschlieBende Experimente, zum Beispiel in einem
Einzylinderforschungsmotor, zeigten die Eignung des Methylketongemischs als
nachhaltiger drop-in Biokraftstoff.

In einem nachsten Schritt wurde die Kohlenstoffquelle, die in die C11- bis Ci7-
Methylketone umgewandelt wird, und die damit verbundenen Futterungsstrategien
untersucht. Durch ein in silico screening unter Verwendung eines genomskaligen
Modells des Produktionsstamms wurde Ethanol als Kohlenstoffquelle gefunden, die
durch co-feeding eine hohere Produktausbeute ermdglicht. Darliber hinaus konnte
gezeigt werden, dass die Methylketonproduktion mit Lignocellulosehydrolysaten
moglich ist. Insbesondere war auch der Einsatz der Hemicellulosefraktion mit Xylose
als Kohlenstoffquelle und Inhibitoren wie Furfural und Vanillin moglich.

Auch fiir die Herstellung der C4 Methylketone Acetoin und 2-Butanon wurde ein
integrierter Bioprozess entwickelt. Acetoin wurde von ruhenden Lactococcus lactis mit
Produktausbeuten nahe dem theoretischen Maximum produziert. Der Puffer der
ruhenden Zellen wurde auf die Anforderungen einer anschlieRenden
elektrokatalytischen Reduktion zugeschnitten, bei der das biotechnologisch
hergestellte Acetoin in 2-Butanon umgewandelt wird.

In dieser Arbeit wurden die Bioprozesse ganzheitlich entwickelt und verbessert. Die
biotechnologischen Methoden wurden in die vor- und nachgelagerten Prozessschritte
integriert und Uber ihre isolierten Leistungskennzahlen hinaus optimiert.
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Nomenclature

Abbreviations

Abbreviation

Description

2,4,6-TriHBP
a. u.
ABE
ACP

aq

ATP
ATPM
BCBT
CA50
CDM
CDMPC
CDW
CH
COSMO-RS
CTR
DFT
DHH
DNA
DO

DOI
DSMZ
DTU
e.g.
ECso
EDTA
EGR
EPDM
EU

2,4,6-trihydroxybenzophenone

arbitrary units

acetone-butanol-ethanol

acyl carrier protein

aqueous

adenosine triphosphate

adenosine triphosphate maintenance

Biomass Conversion and Bioprocess Technology
center of combustion

chemically defined medium

chemically defined medium for prolonged cultivation
cell dry weight

cellulosic hydrolysate

conductor-like screening model for real solvents
carbon dioxide transfer rate

density function theory

decolorized hemicellulosic hydrolysate
deoxyribonucleic acid

dissolved oxygen

duration of injection

German Collection of Microorganisms and Cell Cultures GmbH
Danmarks Tekniske Universitet

exempli gratia

median effective concentration
ethylenediaminetetraacetic acid

exhaust gas recirculation

ethylene propylene diene monomer rubber

European Union




Nomenclature

Abbreviation

Description

FBA
FE
FID
FKM
FPU
FSN
GC
GEM
HAA
HC
HER
HH
HPLC
HS
iAMB
IMEP
IPTG
IRHD
ISPR
KPI
LB
LCso
LCA
LCC
LOEC
Log P
ME
MK
MPRL
MS

flux balance analysis

Faraday efficiency

flame ionization detector

fluorine kautschuk material

filter paper units

filter smoke number

gas chromatography

genome-scale metabolic model
3-(3-hydroxy-alkanoyloxy)alkanoate
unburned hydrocarbons

hydrogen evolution reaction
hemicellulosic hydrolysate
high-pressure liquid chromatography
Hestrin Schramm medium

Institute of Applied Microbiology
indicated mean effective pressure
isopropyl B-D-1-thiogalactopyranoside
international rubber hardness degree
in situ product removal

key performance indicator

lysogeny broth

50% lethal concentration

life cycle analysis

life cycle costing

lowest observed effect concentration
water-octanol partition coefficient
malt extract

methyl ketones

multiphase loop reactor

mass spectrometer




Nomenclature

Abbreviation

Description

MSM
MTP
NBR
NGAM
nm
NOEC
ODeoo
org
OTR
PCR
PEGB
PRR
PTFE
RCB
RI
RME
RNA
rpm
SOl
spp
STR
TEA
TEM
uv
vMQ
vvm
WCH
wsd
WT
YEP

mineral salt medium

microtiter plate

nitrile butadiene rubber

non-growth associated ATP maintenance
nanometer

no observed effect concentration
optical density at a wavelength of 600 nm
organic

oxygen transfer rate

polymerase chain reaction

potato extract glucose bouillon
pressure rise rate
polytetrafluoroethylene

resting cell buffer

refractive index

rapeseed oil methyl ester

ribonucleic acid

rotations per minute

start of injection

subspecies

stirred tank reactor

techno-economic assessment
transmission electron microscopy
ultraviolet

vinyl methyl silicone

volume air per volume liquid per minute
washed cellulosic hydrolysate

wear scar diameter

wild type

yeast extract peptone
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Symbols
Symbol Description Unit
1] dynamic viscosity kg-mT-s1
c concentration gL?
D dilution rate h
da droplet diameter m
do shaking diameter mm
F flow rate m?3-h
Fraraday Faraday constant -
Fin flow rate of the cultivation broth in the bioreactor m?3-h-!
Fout flow rate of the cultivation broth out of the bioreactor m?3-h
g acceleration constant m-s~2
| applied current A
n stirrer speed min-’!
N engine speed min-!
P partition coefficient -
Pex exhaust pressure bar
Pin boost pressure bar
Prail rail pressure bar
STY space-time yield g-L'h!
T temperature °C
Tin charge air temperature °C
Toi time offset for a pilot injection min
\Y volume mL
' liquid volume mL
Yeis product yield Oproduct” Jsubstrate™’
Yxis biomass yield Obiomass* Jsubstrate™
z number of electrons -
n indicated efficiency of combustion -
A relative air fuel ratio -
Hx growth rate h-
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[0} phase ratio MLorg'MLag™
Vbuoyancy volume of the bouyancy body m3

Mbuoyancy mass of a buoyancy body kg

Mmeasured measured mass kg

Ve settling velocity m-s!

p density kg-m-3

Metabolites and proteins

Abbreviation

Description

2KDPG
2PG
6PG
ACAH
AcCoA
ACP
adhE
Ald

Als

ara
ButBA
CIT
co_aco
CoA
CpFatB1
DHAP
E4P
F6P
FadA
fadB

FadD

2-keto-3-desoxyphosphogluconate

2-phosphoglycerate

6-phosphogluconate

acetaldehyde

acetyl-CoA

acyl carrier protein

alcohol dehydrogenase E

a-acetolactate decarboxylase

a-acetolactate synthase

arabinose

butanediol dehydrogenases A and B

citrate

codon optimized version of the acyl-CoA oxidase from Micrococcus luteus
coenzyme A

Cuphea palustris thioesterase FatB1

dihydroxyacetone phosphate

erythrose 4-phosphate

fructose 6-phosphate

3-ketoacyl-CoA thiolase

subunit of the fatty acid oxidation complex with hydratase activity

acyl-CoA synthetase
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Abbreviation Description

FadE acyl-CoA dehydrogenase

FADH2 (reduced) dihydroflavin adenine dinucleotide
FadM type Il thioesterase

FatB type | thioesterase

FBP fructose 1,6-bisphosphate

G3P glyceraldehyde 3-phosphate

G6P glucose 6-phosphate

gcd glucose dehydrogenase

GLX glyoxylate

ICIT isocitrate

Idh lactate dehydrogenase

MAL malate

MalCoA malonyl-CoA

NADH (reduced) nicotinamide adenine dinucleotide
NoxE NADH oxidase E

OAA oxalacetate

P5P 5-phosphate pentose

PEP phosphoenolpyruvate

PHA polyhydroxyalkanoate

phaC polyhydroxyalkanoate synthases

phaZ polyhydroxyalkanoate depolymerase
PsFadM Providencia sneebia thioesterase

pSTY native megaplasmid of Pseudomonas taiwanensis VVLB120
PTA phosphotransacetylase

PYR pyruvate

S7P seduheptolose 7-phosphate

sSucC succinate

tesA type | thioesterase

tesB type Il thioesterase

TtgGHI solvent efflux pump of Pseudomonas spp.
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General Introduction

1 General Introduction

1.1 Bioeconomy

Unlimited growth is incompatible with the fundamental laws of nature.’

The current linear economy strictly depends on coal, oil, and natural gas for the
production of goods, the generation of energy, and transportation. The exploitation of
these reserves has led to great improvements in the quality of life for billions of
individuals since the industrial revolution. Behind the current form of resource
utilization, there is an “take, make, use, dispose” mindset, where disposal is the end of
life of every product.2 However, the usage of fossil resources causes massive emission
of CO2 and other greenhouse gases (GHGs). This has given rise to the climate crisis,
with all its disastrous consequences on the environment and human health, including
extreme weather events, insecurities in food supply, and land shortage.®” Additionally
to greenhouse gas emissions and the resulting climate crisis, the linear economy
massively endangers the biosphere, referred to as the “biosphere crisis”. The ongoing
destruction of key ecosystems, for example by deforestation, and the resulting loss in
biodiversity, also endangers human survival.8 °

A o <3 B

renewables finite materials

i\ Take
5 \0%“"a te, .
0 u 1 hnical recycle
Make remanufacture
1 1 reuse
Use
1 l maintain
Dispose

Figure 1 Visualization of the circular economy. (A) Technical and biological utilization of renewables
and finite materials in the circular economy and the linear economy. In the linear economy, materials
undergo the “take, make, use, dispose” lifeline, while in a circular economy, materials fluctuate between
“make” and “use” by maintaining, reusing, remanufacturing, and recycling. This scheme is an adapted
version of the iconic “Butterfly Diagram” of the Ellen MacArthur Foundation.' (B) Hierarchy of the
options to incorporate materials and goods in a circular economy. Maintaining a material usually requires
the least energy, thus, it is the preferred option. If maintenance is not possible, the material should be
reused, then remanufactured. Recycling of a material should only be done if it is unavoidable.
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To limit the effects of the climate crisis and the biodiversity crisis, it is evident that
humanity must transition from the current linear economy to a circular economy.
Accordingly, we have to phase out fossil fuels, and treat waste as a valuable resource.
The basis of the circular economy is closed material loops, which implies the
minimization of waste generation and the preservation of the value of products,
materials, and resources (Figure 1A). Notably, recycling a material usually requires
more energy than maintaining or reusing it. Thus, recycling is not the preferred option
for the preservation of materials in a circular economy (Figure 1B). Still, recycling is
often necessary and a valid method in this context.'? 13

One key player in the circular economy is the so called bioeconomy, where lithospheric
inputs such as fossils are substituted with biogenic inputs such as biomass in economic
activities.' 5 In the envisaged bioeconomy, renewable carbon reserves such as
agricultural biomass, organic waste, and industrial side streams (e.g. COz2, plastics),
are used to generate material, chemicals, fuels, and energy (Figure 2).6 17

Circular (bio)economies are not a new concept; in fact, circular practices are deeply
rooted in human history. A mindset of reusing, remanufacturing, and recycling of
materials was found to be the foundation of, e.g., ancient Indian cultures, making the
circularity concept one of the oldest one known to humanity.'8 19

Bio-based plastics

Aro'm'atics Polyhydroxyalkanoates

Van-lllln‘ Polylactic acid

Reticuline Polyethylene

Cinnamate Olefins
2,4,6-TriHBP Short-chain olefins
4-Hydroxycoumarin 1,3-Butadiene

Plastic intermediates
Muconic acid  Terephthalic acid

Di
Ethylene 1,5-Diaminopentane fols .

o 1,3-Propanediol
Styrene 1,3-Diaminopropane 1 4-Butanediol
Adipic acid 5-Aminovalerate ’

Itaconic acid 3-Aminopropionic acid 2,3-Butanediol

Succinicacid ~ gamma-Aminobutyric acid

Biofuels
Ethanol
Butanol
Isobutanol
Alkanes
Methyl ketones
Fatty acids
Farnesene
HAAs

Synthetic rubber
Isoprene

Figure 2 Replacing the oil barrel. Possibilities of a more sustainable production for various chemicals,
with different degrees of commercialization.?® 2,4,6-TriHBP = 2,4,6-trihydroxybenzophenone;
HAAs = 3-(3-hydroxy-alkanoyloxy)alkanoates.?! 22
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It should also be noted that a bioeconomy is not inherently sustainable or “circular”.
The bio-based production of goods does not necessarily imply its re-use or recycling
and the general avoidance of over-consumption.?% 24 Also an increased pressure on
water supply and natural ecosystems for the generation of biomass are part of the risks
of a bioeconomy. ' 25

However, with the techniques of the life sciences and biotechnology, modern or
“knowledge based” bioeconomy can be transformed into one of the most advanced
and sustainable economic concepts, securing the prosperity of humanity.2

1.1.1 Biotechnology within a sustainable bioeconomy

The 215t century was claimed to be the “Century of Biology”.?” The application of
biological methods in the production of goods is referred to as industrial biotechnology,
and it plays a key role in the bioeconomy. In industrial biotechnology, biological
systems such as microorganisms or enzymes are used as catalysts for the generation
of value-added goods, preferably from renewable carbon sources. The application of
living microorganisms in fermentation processes plays a key role in industrial
biotechnology.?® 2° One remarkable feature of microorganisms is their capability to
transform a broad variety of carbon sources, including those obtained from industrial
side streams, biomass, and COz, into various products (Figure 3).3

flexible & robust flexible & robust

ethanol

rigid and efficient
L-glutamate

4 citric acid
-—)p itaconic acid
= surfactants
\ insulin

central carbon metabolism ULl
12 precursor metabolites

catabolism anabolism

Figure 3 The bow-tie structure of microbial metabolism. Various substrates can be utilized in catabolic
enzymatic reactions (left) to form the building blocks of the central carbon metabolism (center). Those
central precursor metabolites can be converted to value-added goods in anabolic reactions (right), partly
enabled by genetic engineering. The products are shown in declining order of their market size. Both
catabolism and anabolism have a high variation and flexibility within species, while the central carbon
metabolism is mostly conserved for efficiency. PEP = phosphoenolpyruvate.31-34
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The utilization of the metabolic networks in living cells has the benefit of highly
stereoselective product formation and a high product purity. Additional advantages of
industrial biotechnology include a lowered energy consumption, the use of non-toxic
aqueous solvents, and decreased generation of waste, compared to purely chemical
production.35 36

In ancient times, the fermentation of e.g. food products with non-adapted microbes was
practiced as an inherently biotechnological process. Since the 70s, pioneering DNA-
based technologies such as polymerase chain reaction (PCR), DNA sequencing, and,
more recently, CRISPR Cas9, have been developed that turn microorganisms into
“programmable biocatalysts”.3” Currently, mRNA technologies and the utilization of
artificial intelligence are being researched and open up new possibilities in the
production of advanced chemicals and pharmaceuticals.?®4" The possibility to tailor a
cell’'s genetic repertoire to specific applications transformed the entire field of industrial
biotechnology and generally accelerated bioprocess development.*? 43 Using those
optimized microorganisms as biocatalysts can benefit both the sustainability and the
efficiency of existing processes, e.g. by allowing for higher product yields, and facilitate
the development of new, revolutionary products, such as mRNA vaccines.?% 44
Further examples of successful industrial implementation of biotechnological
processes for fine and bulk chemicals include the production of citric acid, glycerol,
lysine, xanthan, and insulin, to name a few.?% 4547 Common microbial workhorses in
these processes include well-known model organisms such as Escherichia coli and
Saccharomyces cerevisiae as well as novel microorganisms such as
Ogataea polymorpha or Paracoccus pantotrophus that can be exploited for their
advanced properties.*® 49 Some features, e.g. a high robustness towards fluctuating
conditions and a high genomic stability are critical for the application of microorganisms
as cell factories in industrial processes and biorefineries. 5 51

1.1.2 Biorefineries for biofuels and bulk chemicals

Refineries are facilities where different unit operations are combined to convert a raw
material into fuels, electricity, heat, and chemicals. Traditionally, petrochemical
refineries split crude oil into different fractions that are further processed into an
immense variety of products that are the foundation of our society, fueling the linear
economy.?? The unit operations of petrochemical refineries have been optimized for
decades, so that most processes operate at the upper limit of capacity and efficiency. 5%
55 The product range of a petrochemical refinery includes platform chemicals and fuels,
which form the basis of chemical and pharmaceutical industries.%6: 57

Just as a petrochemical refinery is the foundation of the linear economy, biorefineries
are their counterpart in a circular bioeconomy. Biomass serves as the primary carbon
source for biorefineries and results from the fixation of CO2 from the atmosphere during
photosynthesis, which creates a circular approach by nature.5® First generation
biorefineries are based on the edible parts of crops rich in starch, sugars, or oils (wheat,
sugar cane, oil palm etc.). While these have the potential to reduce GHG emissions,
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first generation biorefineries compete with food production.%® Second generation
biorefineries work with non-edible feedstocks such as lignocellulosic plant material or
industrial side streams. By using these feedstocks, products can be produced
sustainably, while waste accumulation can be reduced.

Lignocellulose in particular is an abundant resource that has the potential to replace
fossils. It has a high carbohydrate content and is, unlike fossil resources, available
fairly consistently throughout the world.®° Additionally, the cultivation of dedicated
energy crops with high biomass yields on marginal soils holds great potential.®!

In a lignocellulosic refinery, biomass first undergoes pre-treatment to obtain the major
components cellulose, hemicellulose, and lignin in an accessible form (Figure 4).
These are subjected to different bio- and chemocatalytic conversion steps for the
generation of a broad variety of products.8? While this concept holds great potential for
a more sustainable future and some sites are already operating, the large-scale
economic feasibility has to be improved.®® The technologies for processing crude oil
were developed since the 1860s, while bio-refineries still lack standardized methods
and a uniform processing approach.%* For example, it is unclear which pre-treatment
method is best during the processing of different forms of lignocellulosic material.®5-67
Itis widely recognized that industrial biotechnology will play a key role in the conversion
of lignocellulosic building blocks to fine and bulk products.?® 68 However, bioprocessing
is currently often not as effective as chemical processing and often has low product
titers, resulting in higher costs for products of renewable origin.% 7
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Figure 4 Scheme of a lignocellulosic biorefinery.6?
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1.2 Biofuels

A main product of refineries are fuels. The global transportation sector mainly depends
on the combustion of these liquid transportation fuels derived from fossil resources and
contributes to around 25% of the total CO2 emissions.”! Electric vehicles are
considered to be the future of transportation, however, the existing global fleet is still
predominantly using fossil fuels. In fact, by 2030, around 80% of the global vehicles
are supposed to be powered by internal combustion engines and are therefore relying
on fuels.” In the upcoming decades, liquid transportation fuels are also essential for
long-distance and heavy-duty transportation.” 7 To render the transportation sector
more sustainable under these conditions, the usage of more environmentally friendly
fuels is inevitable. Those can be e-fuels or biofuels that have a high volumetric energy
content and simultaneously profit from the infrastructure of their fossil equivalents.”® 76
Petroleum-derived fossil fuels directly elevate atmospheric CO2 levels by their
combustion. In contrast, biofuels produced from renewable resources have the
potential to simultaneously reduce the emitted CO2 and the accumulation of waste.””
Two biofuels are widely commercialized: bio-ethanol from yeast fermentation and
biodiesel from esterified plant oils. However, these are mostly derived from first
generation feedstocks that are in direct competition with food production and have
drawbacks, e.g. in their compatibility with the fuel infrastructure. Consequently, the
objective of many efforts is to find a high energy drop-in biofuel that is compatible with
the existing fleet and fuel infrastructure and can be synthesized from non-edible,
second generation feedstocks. Promising alternative biofuel candidates such as
isoprenoids, fatty acids, alcohols, and methyl ketones are produced by utilizing
genetically modified microorganisms as the biocatalyst.”®®' Those potential fuels are
often hydrocarbons that originate from the fatty acid metabolism, and several
challenges have to be considered during their production. Fatty acid metabolism is a
process that is absolutely essential for the viability of a cell. It is tightly regulated and
aims for homeostasis, making genetic engineering of the fatty acid metabolism
demanding. Intermediates of the fatty acid metabolism are also associated with the
assembly of cellular membranes, and small changes in the membrane composition
have immense effects on the cell.®2 An additional challenge during the synthesis is the
high demand for redox and energy cofactors such as NADPH and ATP.”'. 8
Accordingly, product synthesis from fatty acid metabolism competes with other cellular
processes that depend on these cofactors. Also, product toxicity can be an obstacle to
both biocatalyst and bioprocess design.8* 85 Many biofuels are known to interact with
the cell membrane and impede fundamental cellular functions, so that the production
of high product titers in conventional bioreactor setups is usually challenging.8

1.2.1 Production of medium-chain length methyl ketones

Methyl ketones are hydrocarbons with a carbonyl group at the C2 position. In industry,
methyl ketones are commonly produced chemically by oxidation of terminal olefins.®”
Depending on the number of carbon atoms and the branching, different methyl ketones
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have different properties and applications, ranging from bulk chemicals to insect
repellents and flavor compounds.8 889 The shortest methyl ketone, acetone, is widely
used as an industrial solvent and as a platform chemical.®® Aliphatic methyl ketones
with a chain length of Ci1 to Ci7 were recently described as potential diesel fuel
replacements. The cetane number, a value for the suitability as a diesel fuel, of a
mixture of saturated and monounsaturated methyl ketone was determined to be 54,
which is in the so-called “diesel range”.”8 91

In biology, aliphatic medium-chain length methyl ketones usually originate from
intermediates of the fatty acid metabolism. For example, in wild tomato
(Solanum habrochaites), B-ketoacyl-acyl carrier protein (ACP) thioesters are
hydrolyzed to generate B-keto acids, which are then decarboxylated to methyl
ketones.®? 9 By means of genetic engineering, biotechnological production of methyl
ketones was implemented using various microorganisms such as Escherichia coli,
Yarrowia lipolytica, Saccharomyces cerevisiae, and Pseudomonas putida from
renewable resources.”® 9% The best reported methyl ketone vyield of
0.17 gmethyl ketones* Jglucose”! Was achieved by using genetically modified Pseudomonas
taiwanensis VLB120 A6 pProd in fed-batch mode. This strategy for the production of
methyl ketones included the overproduction of enzymes that are involved in the fatty
acid metabolism adjacent to the 3-keto acids, a completely disrupted B-oxidation at the
fadA reaction, and the overexpression of a FadM thioesterase (Figure 5).%7

Glucose
|
]
1/
Malonyl-CoA
AcCoA o
phaCl
phaC2
P d ffaddE2
atty aci adE
synthesis co_aco fadB
B-oxidation
Acyl-ACP 3-Keto-
‘tesA acyl-CoA co,
fadD fa (o]
Fatty acid —» Acyl-CoA fadA 3-Keto- )j\
R CH,

tesB fadA2 acid
AcCoA

Figure 5 Scheme of the metabolic pathway of methyl ketone production with genetically modified
P. taiwanensis VLB120 A6 pProd. Green arrows signify plasmid-based overproduction of the gene,
while red crosses signify deletion of a certain gene. R = (CH2)s-14CHs; PHA = polyhydroxyalkanoate;
AcCoA = acetyl-CoA; ‘tesA = truncated variant of TesA, type | thioesterase; co_fadD = acyl-CoA
synthetase; fadA = 3-ketoacyl-CoA thiolase; fadE = acyl-CoA dehydrogenase; co_aco = codon
optimized version of the acyl-CoA oxidase from Micrococcus Iuteus; phaC1 and
phaC2 = polyhydroxyalkanoate synthases; fadB = subunit of the fatty acid oxidation complex with
hydratase activity; tesB = type Il thioesterase; fadM = type Ill thioesterase.®”
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Notably, the substrate specificity of the applied thioesterase was described to
determine the chain length of the methyl ketones and thus their application.% 99

The exhaustion of reducing equivalents such as NADH is one of the main limiting
factors in the production of biofuels with a high energy content, which also applies to
the production of methyl ketones.'® P. taiwanensis VLB120, however, is a
microorganism that is particularly beneficial for the production of reduced products
such as the medium-chain length methyl ketones, because it has an exceptionally high
redox cofactor regeneration rate, that can be adapted to the metabolic demand. 0!
These microorganisms express an pyridine nucleotide transhydrogenase, which
catalyzes the reversible conversion of NADH to NADPH, making the cell generally
more flexible with regard to redox metabolism.'%? Additionally, Pseudomonas spp have
a high potential for industrial processes due to their fast growth, high solvent tolerance,
and versatile metabolism.'9% 194 Recently, P. putida KT2440, a close relative of
P. taiwanensis VLB120, was described to endure oscillating oxygen limiting conditions
of 2 minutes without a major decrease in product yield, highlighting the robustness of
Pseudomonas spp. also in large-scale bioreactors.%5

1.2.2 Production of acetoin and 2-butanone

The second most important ketone after acetone is 2-butanone, the C4 methyl ketone.
It is applied as a low-boiling solvent and activating agent for oxidative reactions in the
chemical industry.'% Furthermore, 2-butanone is discussed as a more sustainable fuel
for spark-ignition engines.'”” As opposed to the high demand for the sustainable
biotechnological production from non-petrochemical, renewable resources, there was
only limited success in developing a microbial host for 2-butanone production.
Attempts using microbial cell factories such as E. coli resulted in low product titers, not
exceeding 0.5 g-L™, while biotechnological production of the precursor butanediol was
shown to be feasible in the range of 100 g-L'.1%811" The availability of coenzyme B12,
an essential cofactor of the diol dehydratase, was identified as the bottleneck in
2-butanone production.'%® A more promising approach that was recently described is
the electrochemical reduction of acetoin of sustainable origin to 2-butanone.'?
Acetoin, a methyl ketone and hydroxyketone, is a value added Cs4 compound that
serves as a precursor for various chemical syntheses and as a flavor and fragrant
ingredient in the food industry.''3 114 Unlike 2-butanone, acetoin can be produced at
high titers and yields with microorganisms as the biocatalyst. For example, using
S. cerevisiae, 100 g-L™" of acetoin were produced from glucose by disruption of the
butanediol dehydrogenase.''® Efficient production of enantiopure (3R)-acetoin without
any side product formation was possible using Lactococcus lactis as a production host
(Figure 6). By blocking of all competing pathways, this attempt resulted in a product
yield of 0.42 Qacetoin*gglucose™'. Since all NAD* producing reactions were removed, growth
and product formation was feasible under strict aerobic conditions, which enabled
NAD* regeneration by a water forming NADH oxidase (NoxE)."'6
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Glucose
|
l NADH NAD*
2 Acetyl-COA <+—— 2 Pyruvate *» 2 Lactate
PTA AdhE € 2NAoH Als 2
2 NAD* co,
2 Acetyl-P 2 Acetaldehyde a-Acetolactate
) NADE NADH NAD*
ADP ) AId%CO 0, N2y H,0
2 ATP 2NAD 2 NoxE
2 Acetate 2 Ethanol (3R)-Acetoin

*ButBA

meso-2,3-Butanediol

Figure 6 Scheme of the metabolic pathway of enantiopure (3R)-acetoin production with genetically
modified L. lactis VJO17. The production host is a L. lactis MG1363 variant with deletions of three
homologues of the lactate dehydrogenase, the phosphotransacetylase, two homologues of the
butanediol dehydrogenase, and the alcohol dehydrogenase (L. lactis MG1363 A3ldh Apta AadhE
AbutBA). Red crosses signify deletion of a certain gene. Aerobic growth and regeneration of NAD* is
possible by water forming NoxE, an NADH oxidase. Als = a-acetolactate synthase; Ald = a-acetolactate
decarboxylase; PTA = phosphotransacetylase; AdhE = alcohol dehydrogenase E; LDH = lactate
dehydrogenase; ButBA = butanediol dehydrogenases A and B; NoxE = NADH oxidase. 6. 117

Recently, a process cascade for the direct electrochemical reduction of acetoin to
2-butanone in cultivation broth without any intermediate purification steps was shown
to be feasible in a flow cell."'? This process presents a possibility for sustainable
production of 2-butanone. However, the conversion yield was shown to be limited by
the formation of side products and detrimental hydrogen evolution.'8

1.3 Integrated bioprocesses

The prerequisite for the biotechnological production of fuels and other bulk chemicals
that can compete with the petrochemical synthesis is the achievement of high product
titers, yields, and productivities.”" The integration and intensification of bioprocesses
can play a major role in achieving these goals. Integration is achieved by performing
multiple unit operations in one reaction vessel. This leads to a reduced number of
necessary apparatuses, while high product recovery rates can be maintained.'’® A
promising approach for bioprocess intensification is in situ recovery of the product,
which is defined as the immediate separation of a product from its producing cell.26 120.
121 Different in situ product recovery (ISPR) approaches were described to enhance
the productivity and cost-effectiveness of different bioprocesses. ISPR can be
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performed by adsorption, extraction, gas stripping, ion exchange, electrodialysis, or
crystallization, among other methods.'?% 2% The ISPR strategy should be tailored to
the targeted product, including its physical (molecular weight, volatility, hydrophobicity)
and chemical (charge, functional groups) properties.'** For example, for volatile
compounds such as lower alcohols, in situ gas stripping can be an excellent choice for
a cost-efficient and highly selective ISPR approach.'?5 126 A combination of in situ
ultrafiltration combined with ion exchange was shown to be feasible for the purification
of lactic acid, while more hydrophobic products such as long-chain fatty acids can be
purified by in situ adsorption.'?” 128 For acetone-butanol-ethanol (ABE) fermentations,
ISPR by pervaporation lead to a 67% increase in n-butanol yield and a 126% increase
in productivity.'2°

It should be noted that every ISPR method comes with its limitations. For a systematic
bioprocess design, each parameter needs to be adapted to fit both the requirements
of the microorganism’s cultivation and the respective recovery method. Accordingly,
the operational window of a bioprocess with integrated ISPR is more narrow than the
operational windows of the separate cultivation and purification. '3 13! For example,
the integration of advanced membrane modules for ISPR of ethanol was feasible,
however, membrane fouling posed a new challenge during the process.'? A well
described ISPR approach is in situ product extraction, which will be depicted in the
following.

1.3.1 In situ extraction

In situ extraction particularly emerged due to its versatility, applicability to a broad
range of products, and the potential for extractant phase recycling.'3 The addition of
a second liquid phase that exhibits a miscibility gap with the aqueous fermentation
broth enables simultaneous product extraction and fermentation, thereby lowering the
concentration of the product in the broth. Most commonly, organic solvents are used
for in situ product extraction, however, this ISPR method was also shown to be possible
with ionic liquids, deep eutectic solvents, or a surfactant-based micelle solvent as the
second liquid phase.''® 124134 One possibility for in situ product extraction is to connect
a separate extraction unit to the bioreactor. The spatially separated operation of
cultivation and extraction allows both units to operate at their respective optimum
conditions. However, this approach necessitates additional technical refinements and
partly causes detrimental conditions for the production host while it resides in the
extraction unit. By performing the extraction in the same vessel as the cultivation
(extractive fermentation), these drawbacks can be circumvented. '35 136

In situ product extraction is described to be especially advantageous in cases where
the product is inhibitory to the biocatalyst. Additionally, in situ extraction can be applied
to shift unfavorable reaction equilibria, reduce the number of downstream processing
steps, and prevent product losses due to degradation or volatility.'3 However, since
the second liquid phase is in direct contact with the cultivation broth during the
fermentation and thus with the microorganisms, the solvent should be well
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investigated. Decisive factors for the solvent are its biocompatibility and
biodegradability, the hydrophobicity, product partition, selectivity, safety, and
toxicology.*> 138 Additionally, an intrinsic challenge during extractive fermentations is
the formation of stable emulsions. While emulsification is desirable during upstream
processing for a larger surface area of the droplets and higher mass transfer rates, it
decisively hinders the further recovery of a coherent organic phase layer. A broad
variety of surface-active components, for example biosurfactants or complex media
components, are described to stabilize those emulsions.3® Notably, also cells and
colloidal particles can lead to emulsification by mechanical interface stabilization, that
hinders coalescence of the droplets.'? 4! The emulsion-stabilizing effects of the
microorganisms themselves make extractive fermentations particularly challenging.
Three steps are generally required for the recovery of two separate liquid phases from
emulsions. (Figure 7). The first step is droplet growth, followed by creaming, and finally
the formation of a continuous second liquid phase. If the dispersed phase has a lower
density than the continuous phase, the creaming velocity vc can be described by
Stoke’s law (egn (1)). Here, porg and paq are the densities of the dispersed (here:
organic) and the continuous (here: aqueous) phase, y is the dynamic viscosity of the
continuous phase, dd is the droplet diameter, and g the acceleration constant, which
can be increased e.g. by centrifugation.

_ 1 (Porg—Paq) g - d(Zi (1)

¢ 18 N

Stoke’s law emphasizes the importance of the droplet diameter, where larger droplets
of the dispersed phase lead to faster creaming and accordingly to an easier breakup
of the emulsion.™? In stirred tank bioreactors (STRs) that are commonly used for
bioprocesses with in situ product extraction, the stirrer can cause peaks in shear stress
that lead to small, finely dispersed droplets of the organic phase. This effect can

adversely influence the formation of stable emulsions. 143 144
formation of a second

droplet growth creaming continous phase

gravity
coalescence separation

— — —

flocculation

Figure 7 Steps during the destabilization of emulsions. For an emulsion of two non-miscible liquid
phases, e.g., of an aqueous fermentation broth (blue) and dispersed droplets of an organic solvent
(orange), the destabilization of the emulsions occurs in several steps. The first step is the growth of the
droplets caused by coalescence or flocculation. Coalescence is the merging of droplets, while during
flocculation, droplets form aggregates. This is followed by creaming, and formation of a second
continuous liquid phase. 42
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Recently, it was shown that the application of an advanced bioreactor concept, namely
a multiphase loop reactor (MPLR, Figure 8), can work efficiently against the formation
of stable emulsions while maintaining sufficient oxygen supply and mixing. In this non-
stirred internal loop airlift reactor, air bubbles in the inner riser compartment induce a
loop flow, and countercurrent liquid-liquid extraction occurs in the downcomer. The
solvent settles in a coalescing compartment, from where the coherent organic phase
can be recirculated. Due to the homogeneous, low shear stress, cultivations with in
situ product extraction are less prone to detrimental emulsification. 45

- >
l 4 T T h | _— gas phase
1 1 f/ disperser (gas)
L ! di (solvent)
isperser (solven
solvent reservoir O\iq, O g_;j

multiphase loop reactor
(MPLR)

Figure 8 Schematic representation of the multiphase loop reactor (MPLR). In the inner compartment
(riser), gas spargers induce a loop flow of the aqueous phase. In the outer (downcomer) compartment,
solvent dispersers are located. The solvent droplets rise and lead to continuous countercurrent liquid-
liquid product extraction. In the upper part of the downcomer, a coalescing unit leads to accumulation
of the solvent droplets. The organic solvent can be pumped into a solvent reservoir, from where it is
continuously reintroduced into the MPLR.'#5'47 MPLR = multiphase loop reactor. The figure was
previously published'#® and is reprinted with permission of Sustainable Energy & Fuels.

1.3.2 Solvent selection strategies

Like shown above, the extractant phase of bioprocesses with in situ product extraction
distinctly influences both up- and downstream processing. The solvent should meet
the requirements of both the liquid-liquid extraction and the fermentation, including the
impact on the biocatalyst. There is a wide range of desirable properties of a solvent
(Table 1), and there are numerous solvent candidates that potentially fulfill these
criteria. In order to find the best solvent for a specific application, solvent screenings
of various extents were described. Hierarchical solvent screenings were found to be

particularly useful to systematically reduce the solution space for the extractant
phase. 135, 138, 149-151
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Table 1 Desirable solvent properties for in situ product extraction in bioprocesses. 5. 152

Favorable distribution coefficient for the product

Biocompatibility

Non-biodegradability

Non-toxicity

High selectivity for the product

Low emulsion forming tendency

Low cross solubility with the aqueous phase/high hydrophobicity

Low viscosity

High density difference with the aqueous phase

Chemical and thermal stability

Favorable for product recovery

Favorable for solvent recycling

Sustainable origin

Affordability

Large-scale availability

For an initial reduction of the number of solvent candidates, a selection of solvents with
desirable physical properties that can be derived from model-based predictions or
databases is possible. However, for bioprocesses, the solvent’'s biocompatibility and
biodegradability is an indispensable factor that cannot be derived from databases or in
silico modelling approaches. 52154

The hydrophobicity of a solvent can be expressed by the log P value, the water-octanol
partition coefficient. The log P value can also serve as a first hint for a solvents’ toxicity.
Substances with a log P between 1 and 5 were generally shown to be toxic to cells,
because they can partition into the lipid bilayer of the cell membrane, thus disturbing
the integrity of the membrane and cause e.g. permeabilization. %% % For example, the
addition of toluene with a log P of 2.7 to E. coli cells was shown to lead to a leakage of
proteins and RNA."%” However, the damaging effects of solvents and the respective
tolerance mechanisms of cells are highly individual and do not only depend on the
log P value. Certain structural features of molecules such as nitro functional groups
generally cause a high toxicity.'®® Consequently, growth and product formation with
the respective microorganisms has to be tested for each solvent-biocatalyst pair.'5°
Additionally, the feasibility of further downstream processing methods such as back-
extraction or distillation of the product should be included in solvent selection strategies
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to generate a holistic approach. Especially for bulk products such as biofuels, techno-
economic assessments showed that solvents that are compatible with the final product
formulation are particularly useful, because they do not have to be separated from the
product.’ Another factor that attracting increasing attention is the potential for
recycling of the solvent, and the sustainability of the solvent production itself. 6!

1.4 Scope of this thesis

This thesis aims to generate integrated approaches for sustainable and efficient
biotechnological production of aliphatic methyl ketones with a chain length from C4 to
C17 (Figure 9). Both P. taiwanensis VLB120 and L. lactis are investigated for their
ability to serve as advanced genetically modified microbial cell factories in different
cultivation setups. The utilization of various methods, ranging from strain engineering
and bioprocess engineering to the generation of lignocellulosic hydrolysates and
application of computational models, aimed for the generation of bioprocesses that
allow for an improved sustainable production for aliphatic methyl ketones.

o]
\)J\ Acetoin
OH
o 2-Butanone
A
/\/\/\/\)o,\ 2-Undecanone
L. lactis
/ /\/\/\M)ol\ 2-Tridecanone
— —
o]
I PN NP 2-Tridecenone
\
P. taiwanensis VLB120 /\/\/\M/\)oj\ 2-Pentadecanone
\ ]
PN NN 2-Pentadecenone
o
PPN 2-Heptadecenone

Figure 9 Overview of the chemical structures of the methyl ketones relevant to this study. L. lactis VJ017
is utilized to produce acetoin and 2-butanone, while P. taiwanensis VLB120 A6 pProd is used to produce
the saturated and monounsaturated medium-chain length methyl ketones 2-undecanone to
2-heptadecenone. The position of the double bond of 2-tridecenone, 2-pentadecenone, and
2-heptadecenone was determined to be at the w-7 position, counting from the aliphatic end.62

In Chapter 3.1, we investigate a bioprocess for efficient production and purification of
methyl ketones with in situ product purification. In situ extraction of the methyl ketones
was chosen as the ISPR method. The evaluation included a comprehensive, reductive
screening of 97 solvents. 2-Undecanone, the best solvent candidate of the screening,
is compatible with the product mixture. Since in STRs, emulsion formation hindered
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efficient recovery of the organic phase, an advanced multiphase loop bioreactor was
successfully applied for methyl ketone production. In this bioreactor setup, the methyl
ketone was recovered by straight-forward decantation. The resulting blend of methyl
ketones was also extensively tested for its applicability in diesel engines, showing a
high suitability as a fuel that is backwards-compatible with the existing fuel
infrastructure.

In Chapter 3.2, we examine the utilization of alternative carbon sources for the
production of methyl ketones. Single-fed glucose is often not the best substrate in
terms of efficiency and sustainability, despite its common usage in research and
development. By using a genome-scale metabolic model, ethanol was found as a
co-feeding substance that enables the highest measured methyl ketone yields with
P. taiwanensis VLB120 in batch cultures. Additionally, the feasibility of lignocellulosic
hydrolysates generated from wheat straw as a carbon source generated from
agricultural waste streams was tested. Both, co-feeding with ethanol and the
application of more sustainable hydrolysates have a high potential for more efficient
and sustainable production of methyl ketones.

In Chapter 3.3, we explore an integrated bioprocess that fulfills both the requirements
of the biocatalysis and the electrocatalysis to efficiently produce 2-butanone out of
glucose. Resting cells of L. lactis were applied to transform glucose to acetoin at high
product yields close to the theoretical maximum. By systematically reducing the
amount of dissolved components in the resting cell buffer, the acetoin-containing broth
could be tailored to the subsequent reduction to 2-butanone, notably without
intermediate purification steps. This closes a gap in current research, namely the
efficient bio-based production of 2-butanone.

In Chapter 3.4, we dive deeper into the fundamentals of microbial production of methyl
ketones. This chapter includes the investigation of gas stripping as an alternative
technology for in situ removal of methyl ketones. In addition, different thioesterases
were applied to adapt the ratio of the methyl ketone congeners in the product mixture.
Finally, the growth of the production host at different temperatures was evaluated in
order to cater the process for a better decarboxylation of the B-keto acid to the
corresponding methyl ketone.

Chapter 4 concludes the findings of this thesis, places the results into a broader
context, and discusses further work to be performed for the bioproduction of methyl
ketones.
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Material and Methods

2 Material and Methods

2.1 Chemicals

The chemicals used in this study were obtained from Carl Roth (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany), Sigma-Aldrich (Merck KGaA, Burlington, USA), or TCI
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), unless stated otherwise.

2.2 Strains

All  bacterial strains used in this study, including Gram-negative
Pseudomonas taiwanensis VLB120 and Escherichia coli and Gram-positive
Lactococcus lactis, are listed in Table 2.

Table 2 Bacterial strains used in this study.

Strain

Genotype

Reference

P. taiwanensis
VLB120

P. taiwanensis
VLB120 A6 pProd

P. taiwanensis
VLB120 A6

P. taiwanensis
VLB120 A6 pSN1
pCG2

P. taiwanensis
VLB120 A6 pCG1
pSN2

P. taiwanensis
VLB120 A6 pCG1
pCG2

E. coli DH5a

L. lactis VJO17

Wild type, isolated from forest soil near Stuttgart,
Germany, carrying the megaplasmid pSTY

VLB120 AfadA (PVLB_07895), AfadE (PVLB_07065),

AfadE2 (PVLB_10075), AfadA2 (PVLB_12575), Apha

(PVLB_02155-02165), AtesB (PVLB_03305), carrying
pSN1 and pSN2, pSTY-

VLB120 AfadA (PVLB_07895), AfadE (PVLB_07065),
AfadE2 (PVLB_10075), AfadA2 (PVLB_12575), Apha
(PVLB_02155-02165), AtesB (PVLB_03305), pSTY-

VLB120 AfadA (PVLB_07895), AfadE (PVLB_07065),

AfadE2 (PVLB_10075), AfadA2 (PVLB_12575), Apha

(PVLB_02155-02165), AtesB (PVLB_03305), carrying
pSN1 and pCG2, pSTY"

VLB120 AfadA (PVLB_07895), AfadE (PVLB_07065),

AfadE2 (PVLB_10075), AfadA2 (PVLB_12575), Apha

(PVLB_02155-02165), AtesB (PVLB_03305), carrying
pCG1 and pSN2, pSTY"

VLB120 AfadA (PVLB_07895), AfadE (PVLB_07065),

AfadE2 (PVLB_10075), AfadA2 (PVLB_12575), Apha

(PVLB_02155-02165), AtesB (PVLB_03305), carrying
pCG1 and pCG2, pSTY"

fhuA2 lac(del)U169 phoA ginV44 ®80' lacZ(del)M15
gyrA96 recA1 relA1 endA1 thi-1 hsdR17

MG1363 A%ldh Apta AadhE AbutBA, strictly aerobic by
expression of NoxE

Prof. Andreas
Schmid, UFZ
Leipzig, DE

Nies et al.%”

This study

This study

This study

This study

Hanahan'63

Kandasamy et
al.116
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2.3 Biotechnological production of medium-chain length methyl
ketones

2.3.1 Pseudomonas taiwanensis VLB120 strains and growth media

In this work, the Gram-negative P. taiwanensis VLB120 wild type, isolated from forest
soil in Stuttgart, Germany, and the methyl ketone producing P. taiwanensis VLB120
A6 pProd variant, devoid of the pSTY megaplasmid, were applied in cultivations,
unless stated otherwise. Further variants of P. taiwanensis VLB120 A6 pProd were
generated to test different thioesterases (Table 2, Chapter 3.4).

For pre-cultures and strain construction, P. taiwanensis VLB120 variants were
propagated in lysogeny broth (LB) medium containing 10 g-L~" peptone, 5 g-L~" sodium
chloride, and 5 g-L~"yeast extract. Solid LB was prepared by adding 1.5% (wt/vol) agar
to the liquid medium. Mineral salt media (MSM, adapted from Hartmans et al.'64)
contained 2.0 g-L™" (NH4)2S04, 0.1 g-L~' MgCl2-6H20, 10.0 mg-L™' EDTA, 2.0 mg-L™"
ZnS047H20, 1.0 mg-L™" CaCl2:2H20, 5.0 mg-L™' FeSO4+7H20, 0.2 mg-L™'
NazMoO4-2H20, 0.2 mg-L™' CuSO45H20, 0.4 mg-L™" CoCl2:6H20, 1.0 mg-L™
MnCl2-:2H20, and the respective carbon source. In bioreactor cultivations with
continuous pH regulation, 3.88 g-L™" of K2HPO4 and 1.63 g-L™" of NaH2PO4 were
added, while shaken cultures in shake flasks, microtiter plates (MTPs), glass
bioreactors, and test tubes without pH regulation had a doubled concentration of
7.76 g-L' K2HPO4 and 3.26 g-L™' NaH2PO4 to ensure sufficient pH buffering. An
overview of the stock solutions that were used for preparation of the MSM is given in
Appendix Table A 1. If necessary, gentamycin and kanamycin were added at
concentrations of 25 mg-L="and 50 mg-L™", respectively, for plasmid maintenance. For
storage, cells were kept at -80 °C with 25 vol% glycerol in cryopreserved stocks.

2.3.2 Plasmid and strain construction

Table 3 Plasmids used in this study. Plasmids pCG1 and pCG2 were generated in Rebecca Breit's
Master Thesis, supervised by Carolin Griitering.'65

Plasmid Characteristics Reference

pSN1 production plasmid, PCR fragment of araC-Psap-fadR-co_fadD-Pic- Nies et al.®”
fadM from pSN2 cloned into pTn-1 backbone without
nagR/pNagAa, AmpR, GmR

pSN2 production plasmid, PCR fragment Pacuvs- tesA-fadB-co_aco from Nies et al.®”
pEG1675 cloned into pPBNTmcs backbone without nagR/pNagAa
promoter, KmR

pCG1 production plasmid, PCR fragment of psFadM in pSN1, resulting in This study
araC-Psap-fadR-co_fadD-Pwc-psFadM in the pTn-1 backbone
without nagR/pNagAa, AmpR, GmR

pCG2 production plasmid, PCR fragment of cpFatB1 in pSN2, resulting in This study
Pracuvs-cpFatB1-fadB-co_aco in the pBNTmcs backbone without
nagR/pNagAa promoter, KmR
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Table 4 Oligonucleotides used in this study. The oligonicleotides were ordered as unmodified DNA
oligonucleotides, Eurofins Genomics GmbH (Ebersberg, Germany). The sequences are given in the 5’
to 3’ direction. The oligonucleotides were generated in Rebecca Breit's Master Thesis, supervised by

Carolin Gritering.65

Name

Sequence (overlap/ANNEAL)

Application

cpFatB1_fwd
cpFatB1_rev

aggccatcctATGTTTGACCGTAAATCCAAGC
taccgagctcTTACGTCTTGCCGGTCGAAATTG

CpFatB1 overhang
fragment

pSN2_fwd caagacgtaaGAGCTCGGTACGACCAGATC pSN2 overhang
pSN2_rev ggtcaaacatAGGATGGCCTCCTTTGAATTC fragment
psFadM_fwd ttattgcgCtATGGCGACGCAAATTAAAG PsFadM overhang
psFadM_rev cacaaaacgtTTAGTTCACCTCGATAAACTG fragment
pSN1_fwd g9tgaactaaACGTTTTGTGGTGCCGGATG pSN1 overhang
pSN1_rev gcgtcgeccatAGCGCAATAACCTTACGTTGTG fragment

cpFatB1_in_pSN2_fwd
cpFatB1_in_pSN2_rev

TATCATCGATAAGCTTCCGATGGC

validation pCG2
ATCATACCAACCAGGCGTCAACCC

psFadM_in_pSN1_fwd
psFadM_in_pSN1_fwd

TAATGTGAGTTAGCGCGAATTG

validation pCG1
GTCACGTCCGAAATCAGGGTCTTC

In this work, the FadM thioesterase was exchanged for the PsFadM thioesterase
(plasmid pCG1), and the ‘tesA thioesterase was exchanged for the CpFatB1
thioesterase (plasmid pCG2). The template plasmids pSN1 and pSN2 were isolated
from E. coli DH5a using the Monarch Plasmid MiniprepKit (New England Biolabs
GmbH, Ipswich, USA). The construction of the new plasmids (Table 3) was planned
using the NEBuilder Assembly tool (New England Biolabs GmbH, Ipswich, USA). For
the assembly of the plasmids, the DNA fragments of plasmid backbones and inserts
were amplified with the primers listed in Table 4 using the Q5 High-Fidelity DNA
Polymerase (New England Biolabs GmbH, Ipswich, USA). The PCR products were
controlled via gel electrophoresis with a 1% TAE-agarose gel at 100 V for 30 minutes
and the GeneRuler 1kb DNA ladder (Thermo Fisher Scientific Inc., Waltham, USA) as
a reference. The nucleotide sequences are given in

Table 5. The PCR products were purified using the Monarch PCR & DNA Cleanup Kit
(New England Biolabs GmbH, Ipswich, USA). The template DNA was removed by Dpnl
digestion. Then, Gibson Assembly was performed according to the instructions of the
supplier (New England Biolabs GmbH, Ipswich, USA). The products were transformed
to chemically competent E. coli DH50163 and the transformants were screened by
colony PCR with the OneTag2x Master Mix (New England Biolabs GmbH, Ipswich,
USA).
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Table 5 DNA sequences introduced in this study. The DNA fragments were ordered from IDT (Integrated
DNA Technologies, Inc., Coralville, USA).

Protein DNA sequence Reference

PsFadM  ATG GCG ACG CAA ATT AAA GTG TAT GGC CAT CAT ATT GAT GTC Yan et al.*®
TTT AAT CAT GTG AAT AAT GCT CGC TAT TTG GAG TTC TAC GAG
GAA GCA CGC TGG GCG TGG TTG GAA AAT CAT AAT CTC CTG
AAC TTC CTC CTC AAG AAT AAT CTG GGG ATG GTG GCG GTG
AAC ATC AAT ATC AAT TAC TGC CAA GGG GCG GTC CTC TTC GAC
CAA CTC ACC GTC ATC TCC CGT TTG GAA CGG ATT GGC ACG
AAA AGC GCT TCC TGC TAT CAA CAG ATT ATC CGT GAG AAG AAT
GGT AAG AAG ACC CTG ATT TCG GAC GTG ACC GTG ACG TTC
GTC TTT GTC GAA TTG GCA ACG AAC AAG AGC GTG GTC ATC
TCG GGG GAA CTC CTC GAA CAC CTG GAG CCG CTC CTC CAA
GGC GAG TCC GAC CAG TTT ATC GAG GTG AAC TAA

CpFatB1 ATG TTT GAC CGT AAA TCC AAG CGT CCGAGCATG TTGATG GAT  Yan et al®
TCC TTT GGG CTC GAG CGT GTG GTG CAA GAT GGC CTC GTG
TTT CGG CAG TCG TTC TCG ATC CGT AGC TAT GAAATC TGC GCC |, Hemandez
GAC CGC ACC GCG TCG ATG GAA ACG GTG ATG AAT CAT GTC Lozadaetal.
CAG GAA ACG TCG CTG AAC CAA TGC AAA AGC ATT GGC CTC
TTG GAC GAT GGG TTC GGT CGC AGC CCT GAG ATG TGC AAA
CGC GAC CTG ATT TGG GTC GTG ACG CGC ATG AAG ATC ATG
GTG AAT CGG TAT CCG ACC TGG GGT GAC ACG ATC GAG GTC
TCG ACG TGG TTG TCC CAA AGC GGT AAA ATC GGC ATG GGG
CGG GAT TGG TTG ATT TCC GAT TGT AAT ACC GGC GAG ATT TTG
GTC CGC GCC ACG AGC GTG TAT GCG ATG ATG AAT CAA AAG
ACC CGC CGT TTT TCC AAA TTG CCC CAC GAG GTC CGG CAG
GAATTT GCG CCT CAC TTT CTC GAC TCG CCG CCT GCG ATT GAA
GAC AAT GAT GGT AAA CTC CAA AAA TTC GAC GTG AAG ACG
GGT GAC TCG ATC CGT AAA GGG TTG ACG CCT GGT TGG TAT
GAT CTC GAT GTG AAT CAG CAT GTG AGC AAT GTC AAA TAT ATC
GGT TGG ATT CTC GAG TCC ATG CCC ACG GAA GTC TTG GAA
ACC CAA GAG CTC TGC TCC CTG ACG CTC GAA TAC CGG CGC
GAG TGC GGC CGG GAT TCG GTC TTG GAG TCG GTG ACG AGC
ATG GAC CCA TCC AAA GTG GGC GAT CGG TTC CAA TAT CGT
CAT TTG TTG CGT TTG GAG GAC GGC GCA GAC ATT ATG AAA
GGT CGT ACC GAA TGG CGC CCG AAG AAC GCT GGG ACC AAT
GGC GCA ATT TCG ACC GGC AAG ACG TAA

The successfully assembled plasmids pCG1 and pCG2 were analyzed by Sanger
sequencing (Mix2Seq Kit NightXpress, Eurofins Genomics GmbH, Ebersberg,
Germany) and transformed into the P. taiwanensis VLB120 A6 strain as described
previously.'®” In brief, the transformation was done via electroporation GenePulser
Xcell (Bio-Rad Laboratories, Inc., Hercules, USA) in a sterile cuvette with a 2 mm gap
and the settings 2.5 kV, 200 Q, and 25 pF and a pulse of 6 ms. Cells were cultivated
on solid LB medium with the respective antibiotics. Again, a colony PCR was
performed to chef for successful transformation as described above. E. coli DH4a and
P. taiwanensis VLB120 strains with the respective plasmids were stored with 25 vol%
glycerol at -80 °C.

2.3.3 Pseudomonas taiwanensis VLB120 pre-cultures and shaken cultures

Unless stated otherwise, all cultivation steps with P. taiwanensis VLB120 variants were
performed at 30 °C. For initial seed cultures, the respective strain was streaked from
the cryopreserved stock on a LB plate. The next day, a single colony was used to
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inoculate 5 mL of liquid LB media in a 15 mL glass tube that was cultivated at 200 rpm
and a shaking diameter do of 50 mm. The second pre-culture was performed in a
500 mL shake flask with 10 vol% MSM supplemented with 10 g-L-' glucose at 300 rpm
and a do of 50 mm. It was inoculated to an optical density at a wavelength of 600 nm
(ODsoo) of 0.1 and cultivated until the late exponential phase for inoculation of the main
culture. In main cultures of the methyl ketone producing variants, 2 mM isopropyl B-D-
1-thiogalactopyranoside (IPTG) and 1 mM arabinose were added to the media as
inducers for product formation. The inducers were added from the beginning of the
main culture, since this was shown to result in the best product formation (Figure A 1).
The initial ODeoo of main cultures was 0.1, unless stated otherwise.

In shake flasks, main cultures were performed in 500 mL non-baffled flasks with a filling
volume of 10 vol% at 300 rpm and a do of 50 mm. For in situ extraction of methyl
ketones in shake flasks, 12.5 mL of the respective organic solvent was added. In the
case of simultaneous measurement of CDW and product concentration, six equal
shake flasks were run under the same conditions. This was necessary since the
overlay with the organic solvent hinders reproducible biomass quantification due to
emulsion formation. Three shake flasks had an overlay of the organic solvent for methyl
ketone measurement, while three shake flasks did not include an organic phase and
were used for cell dry weight (CDW) quantification.

Main cultures of 200 pL in 96 well MTPs (round well, Breathseal Sealer, Greiner Bio-
One, Kremsmdinster, Austria) were performed in the BioLector (Beckman Coulter Life
Sciences, Brea, USA) for online measurement of scattered light during growth. The
scattered light signal was measured with a gain of 30 and 50 at a wavelength of
620 nm. The measurement interval was set to 13 minutes. The temperature was set to
30 °C, and the humidity was kept at 85%. The culture was shaken at 900 rpm with a
shaking diameter do of 3 mm. Each experimental condition had three additional blank
wells without microorganisms to determine the baseline signal for light scattering. The
MTP cultivation with a temperature gradient was performed as described previously. 168
For online CO2 measurement in shake flasks, BlueSens BCP-CO:2 sensors connected
to the BlueVis software (both BlueSens GmbH, Herten, Germany) were used. The
sensors were installed on 1.3 L closed shake flasks filled with 0.05 L of MSM medium
containing 3 g-L"' glucose and 2 mL of the respective organic solvent. The cultivations
were performed at 150 rpm at a do of 51 mm with an initial ODeoo of 0.1.

Biomass concentration of P. taiwanensis A6 pProd was measured in aqueous phases
and determined as CDW in pre-dried glass vials and ODeoo values. Prior to the
cultivations, the correlation of these two units was measured. In the case that only the
ODeoo value was measured using an Ultrospec TM 10 Cell Density Meter (Harvard
Bioscience, Holliston, USA), CDW values were determined by eqn (2).

CDW [g-L™1] = 0.44 - 0Dy [—] )
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2.3.4 Pseudomonas taiwanensis VLB120 cultivations in bioreactors

Stirred tank bioreactor cultivations were performed in glass vessels with a total volume
of 1.3 L and a working volume of 0.5 L of MSM with 2 mM IPTG and 1 mM arabinose,
10 g-L" of glucose, and 100 mL of the respective organic solvent, unless stated
otherwise. The inducers were added from the beginning of the main culture, since this
was shown to result in the best product formation (Figure A 1). The cultivations were
controlled by BioFlo120 units and DASware Control Software 5.3.1 (both Eppendorf
SE, Hamburg, Germany). The pH was controlled at a value of 7.0 by addition of 4 M
KOH and 4 M H2S04 and the temperature was kept at 30 °C. The dissolved oxygen
(DO) level was kept above 30% using a stirring cascade from 400 rpm to 1,200 rpm.
Exhaust gas analysis was performed using BlueInOne Ferm gas analyzers, and data
was recorded with BlueVis (both BlueSens GmbH, Herten, Germany).

The multiphase loop reactor (MPLR) consisted of a 5.0 L glass vessel (Eppendorf SE,
Hamburg, Germany) and an in-house manufactured head plate as a basis for the
MPLR-specific internals. A stainless-steel cylinder separated the inner riser from the
outer downcomer compartment. In the former, a 3D printed porous
poly(dodecane-12-lactam) spiral sparger with a porosity of 15% and pore diameters
ranging from 0.7 pm to 8.0 um was used for aeration. Both riser and downcomer had
probes for temperature, pH, and DO measurements. The probes in both compartments
were connected to one BioFlo110 unit each (Eppendorf SE, Hamburg, Germany). The
pH of the riser was kept constant at 7.0 by addition of 4 M KOH and 4 M H2SO4. The
aeration was varied from 0.6 to 1.3 volume air per volume aqueous phase per minute
(vvm) to guarantee sufficient supply of oxygen. The aqueous phase was 4.18 L of MSM
with 10 g-L™" of glucose. As a solvent phase, 1.0 L of 2-undecanone was pumped from
the coalescing compartment to a solvent reservoir and from the solvent reservoir back
to the solvent disperser in the downcomer using external peristaltic pumps. The solvent
cycle consisted solely out of polytetrafluoroethylene (PTFE), stainless steel, and
boronsilicate glass. Exhaust gas analysis was performed using BlueVary gas
analyzers (BlueSens GmbH, Herten, Germany). For the details of the MPLR setup,
refer to Campenhausen et al.> and Figure 14B.

For methyl ketone formation with in situ gas stripping, the main culture was performed
in one double-walled glass bioreactors with a total volume of 0.25 L. The temperature
was kept at 30 °C with a thermostat. Methyl ketone production was performed in 0.2 L
MSM (7.76 g-L~" K2HPOa4 and 3.26 g-L~" NaH2POa4) with 10 g-L™" glucose at a stirrer
speed of 800 rpm. The aeration was performed via a needle with a diameter of 0.8 pm
with humidified air at a rate of 0.5 L-min-', resulting in an aeration rate of 2.5 vvm. The
off gas was run through a solvent trap with 0.05 L of n-decane that was cooled on ice.
After 27 hours, 2 mL of a 500 g-L-! glucose solution was added.
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2.4 Solvent screening for in situ extraction of methyl ketones

2.4.1 Physicochemical parameters

An initial pre-screening of 97 potential solvent candidates was performed for the
density, the water-octanol partition coefficient (log P), the melting point, and the flash
point. The respective values were derived from the PubChem website, the GESTIS-
Stoffdatenbank, or the website of the supplier.®® 170 1-Octanol was included in the later
screening due to its common usage for extraction in bioprocesses, and nonanal was
included as a negative control due to its low log P.""" The details of this screening step
can be found in Appendix, Figure A 2.

2.4.2 Assessment of solvent toxicity to Pseudomonas taiwanensis VLB120

For an initial growth assay of methyl ketone producing P. taiwanensis VLB120 A6
pProd in the presence of the preselected solvent candidates, the main cultures were
performed in closed 15 mL glass tubes using 1 mL of MSM with 2 g-L-" glucose and
0.5 mL of the corresponding solvent. The initial ODeoo was 0.1. After 48 hours of
incubation at 30 °C and 200 rpm and a shaking diameter do of 50 mm, the turbidity of
the aqueous phase was compared by taking pictures, since no spectrophotometric
biomass measurement is possible as soon as organic solvents are present in the
cultivation broth (Appendix, Figure A 3).

2.4.3 Partition coefficient and interphase formation

To test the partition coefficient and interphase formation using the pre-selected
solvents, a main culture of methyl ketone producing P. taiwanensis VLB120 A6 pProd
was performed in nine 500 mL shake flasks, each with 0.05 L (10 vol%) of MSM with
10 g-L" glucose. The initial ODeoo was 0.1. After 52 hours at 30 °C and 300 rpm and a
shaking diameter do of 50 mm, the cultivation was stopped. 1.6 mL of the cultivation
broth was shaken with 0.4 mL of the corresponding organic solvent at 900 rpm and
30 °C in a horizontal shaker in triplicates. After centrifugation of the sample for
5 minutes at 13,300 rpm, aqueous and organic phases were separated and analyzed.
For determination of the partition coefficient, the concentration of the remaining methyl
ketones in the aqueous phase was measured. The methyl ketone partition coefficient
P was calculated according to eqn (3) with co and c1 as the product concentration in
the cultivation broth before (0) and after (1) the extraction, and © as the phase ratio (in
(vol/vol) organic to aqueous phase) from triplicate measurements.

Co—C1

P=
ci1-©

3)

Interphases often occur as a third, undefined layer after phase separation for
cultivation broths with in situ product extraction and lead to a loss of product and the
organic solvent. The formation of these process-hindering interphases was assessed
by qualitatively analyzing images of the extraction vials after centrifugation
(Appendix Figure A 4).138. 172
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2.5 Suitability of the methyl ketone blend as a drop-in fuel

2.5.1 Determination of kinematic viscosity and density

All fluid mechanical measurements and fuel property measurements were performed
with a surrogate mixture of the saturated methyl ketones (22.4 wt% 2-undecanone,
51.2 wt% 2-tridecanone, and 26.4 wt% 2-pentadecanone) representing the chain
length distribution that was determined for the methyl ketone blend produced by
P. taiwanensis VLB120.%7

The kinematic viscosity of the sample liquid was determined by means of an
Ubbelohde viscometer according to DIN 51562.'7% For the temperature control of the
sample liquid and the viscometer, a temperature control unit with a manufacturer
guaranteed accuracy of 0.01 K was used. To ensure a constant and uniform
temperature distribution, the viscometer was placed in the temperature control unit for
30 minutes before each measurement series. The actual measurement series
consisted of two preliminary measurements and five main measurements where only
the main measurements were considered for the evaluation of the viscosity results. For
the measurement of liquid density, the setup from Figure 10 was used.

g
Fmeasuredl Precision
scale
Heat
exchanger Buoyancy

body

external
tempering

unit
4—
—_—

i

Fweigm l

Figure 10 Measurement setup for determining the fluid density.'”* The figure was originally created by
Marius Hofmeister, Institute for Fluid Power Drives and Systems, was previously published,'#® and is
reprinted with permission of Sustainable Energy & Fuels.

The setup consisted of a tension scale with a measurement resolution of 0.01 mg, a
buoyancy body, and a vessel filled with the sample liquid. According to the Archimedes’
principle, the liquid density pL equals the difference between measured mass Mmeasured
and the actual mass of the buoyancy body mouoyancy divided by the volume Vbuoyancy Of
the buoyancy body (eqn (4)).17°

Mpyoyancy ~ Mmeasured

PL = (4)

Vbuoy:mcy
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The described measurement procedure was performed ten times for each
measurement series. The temperature of the sample liquid was controlled by means
of an external tempering unit and an internal heat exchanger. The temperature
accuracy of the used tempering unit is 0.02 K.

2.5.2 Material compatibility and lubricity

To evaluate the material compatibility of the methyl ketone blend and different sealing
materials, an immersion test according to DIN ISO 1817 was conducted.'”® During the
test, reference sealing specimens according to ISO 13226 were immersed into the
sample liquid for a total duration of 672 hours."”” At defined times, the specimens were
removed from the sample liquid and measured regarding the change of volume, mass,
and hardness. The International Rubber Hardness Degree (IRHD) hardness is
determined according to DIN ISO 48. For each elastomer specimen, six measurements
were conducted, with a duration of each measurement of 30 seconds.'”®

For the volume measurement, the same setup as shown in Figure 10 was used. In
contrast to the density measurement, the density of the liquid pL is known, so that the
volume of the specimen Vspecimen can be calculated using eqn (5).

mbuoyancy — Mpmeasured

PL

Vspecimen = (5)

The mass of the elastomer specimen was measured by means of a precision scale
with a resolution of 0.01 mg and a device-specific standard deviation of 0.02 mg.
Volume and mass measurement were repeated three times for each specimen and the
corresponding mean value was calculated. Three test specimens were tested for each
combination of sealing material and sample liquid. The geometric dimensions of the
sealing specimens were 25-25-2 mm? and the volume of the sample liquid was 40 mL.
During the entire test period, the specimens and liquid samples were kept inside a
climatic chamber with a temporal and local temperature accuracy of 0.5 K at 23 °C.
The high frequency reciprocating rig (HFRR) test according to ISO 12156 evaluates
whether a fuel has good lubricating properties.'” For this purpose, a steel ball was
pressed onto a steel surface and moved back and forth. Subsequently, the resulting
wear area was measured by means of a digital microscope, with a translational
resolution in the x and y axis of 350 nm. The average value of the width and length of
the wear area is defined as the wear scar diameter (wsd). Small wsd values are
associated with good lubricating properties. The described measurement process was
repeated five times for each sample liquid. The test duration was 75 minutes and the
liquid temperature 60 °C.

2.5.3 Prediction of flash point and boiling point

To complement experimental data, flash points and boiling points were predicted with
computer-aided methods. Predictions for both properties were performed using the
Conductor-like Screening Model for Real Solvents (COSMO-RS)."8: 181 The COSMO-
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RS model in combination with density functional theory (DFT) calculations allows the
prediction of multiple thermodynamic properties based on the molecules’ 3D structure.
The molecular geometries were optimized in an implicit solvation model assuming an
ideal conductor. The screening charge densities of the molecules in a self-consistent
state (COSMO-state) were obtained, which, when transformed into a histogram,
yielded the sigma profiles that were the basis for all mixture and pure component
properties calculated with the COSMO-RS model.'® The DFT calculations are
performed using the BP-86 functional and a def2-TZVPD basis set.'82184 Geometry
optimization and conformer search were executed in the COSMOconf Software while
property data was predicted using the COSMOthermX19 Software package (both
Dassault Systémes, Vélizy-Villacoublay, France).

2.5.4 Determination of the derived cetane number and combustion properties
in a single-cylinder research engine

The derived cetane number (DCN) of the methyl ketone blend
(22.4 wt% 2-undecanone, 51.2 wt% 2-tridecanone, and 26.4 wt% 2-pentadecanone)
was determined in an AFIDA 2085 advanced fuel ignition delay analyzer (ASG
Analytik-Service AG, Neusal, Germany). This device uses a heated and pressurized
constant volume combustion chamber of 0.39 L to measure ignition delay times. '8 For
injection, the fuel candidate was pressurized up to 1,200 bar, and the constant-volume
combustion chamber reached 50 bar and 730 °C using compressed air. Ignition was
detected by a defined relative pressure rise, measured through a dynamic pressure
transmitter. From these ignition delay times, the DCN was calculated based on a
calibration curve of reference fuels in accordance with ASTM D8183.186

Engine experiments were conducted using a single-cylinder research engine designed
to mimic the characteristics of contemporary light-duty compression ignition engines.
The engine has a bore of 75 mm and 0.39 L of displacement. The engine setup was
described earlier in detail."®7-'8 To achieve realistic but challenging conditions, a
compression ratio of 19:1 was chosen for this test.

Boost pressure (pin), exhaust pressure (pex), and charge air temperature (Tin) were
externally conditioned to the desired value. Exhaust gas recirculation (EGR) was
performed by cooled high-pressure EGR. Oil and coolant were externally conditioned
to 90 °C. The engine speed (n) was controlled using an eddy current dynamometer
and an external electric motor to enable operation also at very low load. An automatic
controller adjusted the centre of combustion (CA50) and the indicated mean effective
pressure (IMEP) to the desired target value by adapting the duration and phasing of
the main injection with a specific duration of injection (DOI) and start of injection (SOI).
Indication data was obtained via a Kistler 6041A water-cooled piezoelectric pressure
transducer (Kistler Instrumente AG, Winterthur, Switzerland) and analyzed using the
FEVIS combustion analysis software (FEV Software and Testing Solutions GmbH,
Aachen, Germany) in real-time.
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Relevant engine operating points were chosen based on New European Driving Cycle
and Worldwide Harmonized Light Vehicles Test Cycle reference points calculated for
a 1,590 kg passenger car with a 1.6 L diesel engine.'8”- 188 Additionally, a comparison
point for alternative combustion systems was added to the test matrix.'® All tested
operating points were optimized for diesel operation, yielding standard values for CA50
rail pressure (prail), boost pressure (pin), exhaust backpressure (pex), and, where
applicable, duration of injection (DOI), and offset (tpi) for a pilot injection.8® 190 These
parameters were kept constant between fuels. All measurements were conducted
under stationary operation. Indication data was cycle-averaged over 50 consecutive
cycles, while the remaining data was sampled in 10 Hz intervals and averaged for
30 seconds. The tests were carried out as EGR variations with constant pin, beginning
with fresh air. To determine the suitability of the methyl ketone blend from an emission
perspective, a FEVER exhaust analysis system (FEV Software and Testing Solutions
GmbH, Aachen, Germany) was used to measure unburned hydrocarbons (HC), CO,
COg, residual Oz, NOx, and NO. Soot was measured with the filter paper method using
an AVL415 SmokeMeter (AVL List GmbH, Graz, Austria). The intake CO:2
concentration was used to determine EGR rates.

2.5.5 Storability test of 2-undecanone

As a representative of the methyl ketones, 2-undecanone was compared to summer
diesel and winter diesel. Each fuel was supplemented with 4 vol% rapeseed oil methyl
ester (RME) in triplicates. To mimic the biological origin of the methyl ketone,
2-undecanone was mixed with media supernatant. This supernatant was generated
from a main culture of P. taiwanensis VLB120 A6 prod in 500 mL shake flasks with
50 mL of MSM with 10 g-L"" of glucose and arabinose and IPTG for methyl ketone
formation like described above. After 48 hours of cultivation, the broth was centrifuged
for 20 minutes at 12,000 rpm and stored at -20 °C until further usage. After 30 seconds
of mixing this supernatant with 2-undecanone, the methyl ketone was separated from
the cultivation broth by settling for 24 hours. The storability experiments were
performed in a closed 500 mL flask with 50 mL of aqueous phase (0.1% NaCl) and
250 mL of the corresponding organic phase, resulting in 200 mL headspace. The bottle
was not shaken and kept in the dark to mimic a storage tank. Valves between the
opening of the bottle and the BCP-CO2 sensor (BlueSens GmbH, Herten, Germany)
enabled relocation of the sensors between the flasks. The water phase was inoculated
with a mixture of 20 microbes as specified by Leuchtle et al.'®" Pre-cultures of these
microorganisms were prepared at 30 °C and 200 rpm in LB medium, yeast extract
peptone (YEP) medium, potato extract glucose bouillon (PEGB, 26.5 g-L'"), and malt
extract (ME) medium for bacteria, yeasts, Rhodotorula mucilaginosa, and molds,
respectively. The method was adapted according to Ackermann et al. for methyl
ketones.'92 Appendix, Table A 2 shows the defined inoculum used for the assessment
of storability.
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2.5.6 Ecotoxicology assessments

The acute toxicity of methyl ketone blends A and B was tested by performing zebrafish
(Danio rerio) fish embryo toxicity tests. Blend A was a mixture of the saturated methyl
ketones with 224 wt% 2-undecanone, 51.2 wt% 2-tridecanone, and
26.4 wt% 2-pentadecanone. Blend B was derived from cultivation broth with the
unsaturated methyl ketones, namely 2-undecanone, 2-tridecanone, 2-tridecenone,
2-pentadecanone, 2-pentadecenone, and 2-heptadecenone. The detailed method of
the toxicity test has been described previously.'% Briefly, zebrafish embryos were
exposed to two different mixtures of methyl ketones for 96 hours. Fertilized zebrafish
eggs were examined under the microscope, then those developed normally were
transferred into glass vials filled with exposure solutions (one egg per vial with 11 mL
exposure solution). Each exposure concentration and control group consisted of ten
glass vials with eggs. The testing concentration ranged for mixture A and mixture B
were 0.10 to 2.00 mg-L-" and 1.00 mg-L-! to 3.00 mg-L", respectively. Ethanol
(concentration: 800 pL-L') was added as a co-solvent in both exposure group and
negative control group, to enhance the solubility of methyl ketones in water. All
zebrafish embryos were incubated at 26 °C and a 14:10 hour light:dark cycle. All the
embryos were examined under the microscope every 24 hours, and abnormal
development, lethality as well as the number of hatched embryos were recorded. The
median effective concentration (ECso), 50% lethal concentration (LCso), lowest
observed effect concentration (LOEC), and no observed effect concentration (NOEC)
were calculated by using the software ToxRat Professional (ToxRat Solutions GmbH,
Alsdorf, Germany).

2.6 Preparation of hydrolysates and growth assay

From straw, cellulosic hydrolysate, mainly containing glucose, and hemicellulosic
hydrolysate, mainly containing xylose, were generated. An overview of the generation
of the cellulosic hydrolysate (CH), the washed cellulosic hydrolysate (WCH), the
hemicellulosic hydrolysate (HH), and the decolourized hemicellulosic hydrolysate
(DHH) can be found in Figure 21.

2.6.1 Pre-treatment

The pre-treatment of wheat straw was performed according to Vollmer et al.'% First,
the moisture content of the wheat straw was determined with an automated moisture
analyzer in triplicates (VWR International GmbH, Darmstadt, Germany). Subsequently,
30 g of dry wheat straw were mixed with 0.3 L of 1.25 wt% H2SOa4. Diluted acid pre-
treatment was performed in sealed 0.6 L non-stirred pressure vessels (Parr Instrument
Company, Moline, USA) for 18 minutes at 195 °C in a silicone bath. After the residence
time at 195 °C, the reactors were cooled on ice to interrupt further degradation of the
material. The content of the reactors was filtered through a metal sieve to separate the
solid and the liquid fraction.
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2.6.2 Generation of (washed) cellulosic hydrolysate

For the cellulosic hydrolysate, enzymatic hydrolysis was performed according to Liu et
al. with the solid fraction of the pre-treatment.'®® To generate washed cellulosic
hydrolysate (WCH), the solid fraction was washed with distilled H20 until the liquid had
a pH of 7.0. To generate cellulosic hydrolysate (CH), this washing step was omitted.
For the hydrolysis, the moisture content of the solid fraction was measured like
described above. Then, the pre-treated wheat straw was mixed with 10% (wt/vol of the
dry matter) with 0.05 M sodium citric buffer at pH 5.8 and 12.25 FPU-gdry matter”!
(FPU = filter paper units, Cellic C-Tec2, Novozymes A/S, Bagsvaerd, Denmark). The
hydrolysis was conducted at 50 °C and 50 rpm on a bottle roller for 72 hours. The
remaining solids were removed by centrifugation at 10,000 rpm for 20 minutes and the
pH was adjusted to 7.0 with NaOH. Then, the liquid was filtered with a 0.2 ym bottle
top filter for sterility.

2.6.3 Generation of (decolorized) hemicellulosic hydrolysate

The hemicellulosic hydrolysate was obtained from the liquid fraction of the pre-
treatment. For the decolorized hemicellulosic hydrolysate (DHH), the liquid fraction
was mixed with 10% (wt/vol) activated charcoal in a beaker with a magnetic stirrer at
500 rpm at room temperature for 30 minutes. Then, the activated charcoal was
separated by centrifugation at 10,000 rpm for 20 minutes. In case of the hemicellulosic
hydrolysate (HH), this step was omitted. The concentration of the total phenolic
compounds was measured according to Ballesteros et al.'% Next, the pH was adjusted
to 7.0 with NaOH, and the liquid was filtered with a 0.2 um bottle top filter for sterility.

2.6.4 Cultivations with hydrolysates

The HH, DHH, CH, and WCH fractions of the lignocellulosic hydrolysates with and
without addition of the 2x phosphate buffer, 1x nitrogen source, and 1x trace element
solution (see Chapter 2.3.1, concentration of the stock solutions given in
Appendix, Table A 1) were tested in 96 well MTPs (round well) in a Spectramax iD3-
3428 microplate reader (Molecular Devices, LLC., San Jose, USA). Main cultures of
200 L with P. taiwanensis VLB120 wild type and variant P. taiwanensis VLB120 A6
pProd were inoculated to an initial ODsoo of 0.1 and cultivated at 30 °C and an orbital
shaking setting “high”. Biomass formation was measured at 600 nm with measurement
intervals of 20 minutes. As a positive control, the strains were cultivated in MSM with
10 g-L" of glucose, and the increase of the absorbance at 600 nm was compared
qualitatively for the minimal media and the hydrolysates. Each experimental condition
had three additional blank wells without microorganisms to determine the baseline
signal for light scattering.

The cultivations with the hydrolysates in bioreactors were performed as described in
Chapter 2.3.4 with 0.4 L of the respective hydrolysate and 0.1 L of n-decane for in situ
extraction of methyl ketones.
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2.7 Biotechnological production of acetoin and 2-butanone

2.7.1 Batch cultivations of Lactococcus lactis

The acetoin producing L. lactis MG1363 VJ017 was kindly provided by the authors of
Kandasamy et al.''® The strain is a plasmid-free variant of Gram-positive L. /actis
subsp. cremoris MG1363 with deletions of three homologues of the lactate
dehydrogenase, the phosphotransacetylase, two homologues of the butanediol
dehydrogenase, and the alcohol dehydrogenase (A%ldh Apta AadhE AbutBA). Cells
were stored with 25 vol% glycerol at =80 °C and cultivated at 30 °C. M17 medium,
containing 0.5 g-L"" ascorbic acid, 5 g-L lactose, 5 g-L"! meat extract, 2.5 g-L™' meat
peptone, 19 g-L-! sodium glycerophosphate, 5 g-L™' soya peptone, 2.5 g-L' tryptone,
2.5g-L" yeast extract, and the respective carbon source, was used for strain
maintenance and pre-cultures. For cultivations, the glycerol stocks were streaked on
M17 plates with 20 g-L™" agar and 5 g-L™" glucose. As a pre-culture, liquid cultures with
M17 media were inoculated from single colonies from an agar plate and grown in
100 mL shake flasks with 10 vol% M17 media and 10 g-L~" glucose at 200 rpm and a
shaking diameter do of 50 mm. Main cultures were performed in 500 mL shake flasks
at 300 rpm and a shaking diameter do of 50 mm with 5 vol% of the respective media
and a glucose concentration of 40 g-L™" if not stated otherwise. For inoculation of the
main cultures, mid-exponential cells of the pre-culture were transferred for an initial
ODeoo of 0.1. The compositions of the different media that were used for the main
cultures are given in Table A 3 and Table A 4 in the Appendix. For online monitoring
of COz evolution, BCP-COz2 sensors (Bluesens Gas Sensor GmbH, Herten, Germany)
were used. The sensors were installed on 1.3 L closed shake flasks filled with 0.05 L
of M17 medium containing 3 g-L~" glucose. The cultivations were performed at 150 rpm
and a shaking diameter do of 51 mm. The ODeoo values for growth monitoring were
determined with a spectrophotometer (Ultrospec 10, Thermo Fisher Scientific Inc.,
Waltham, USA). The correlation of ODeoo and CDW values was determined as
described in Chapter 2.3.3 (eqn (6)).

CDW [g- L] = ODggo[—] - 0.34 (6)

2.7.2 Resting cell assay

Resting cell experiments consisted of a growth phase and a resting cell phase. The
growth phase was performed in 500 mL shake flasks at 300 rpm and a shaking
diameter do of 50 mm with 5 vol% of M17 media and 40 g-L™" glucose. After reaching
an ODeoo of 13—16, the culture broth was centrifuged for 10 minutes at 5,000 rpm. The
cell pellet was washed using a washing buffer and finally resuspended in resting cell
buffer (for the composition of the respective solutions, see Chapter 3.3.3,
Appendix Table A 5). The resting cell phase was conducted at 30 °C and 300 rpm and
a shaking diameter do of 50 mm in 500 mL shake flasks and 5 vol% of the respective
buffer.
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2.7.3 Electrochemical conversion of acetoin to 2-butanone

Supernatants from cultivation in different media were employed as the electrolyte for
the electrochemical conversion of acetoin to 2-butanone. For biomass removal and to
ensure that no undissolved particles were present, the supernatants were centrifuged
(8,000 rpm, 15 minutes) to avoid damage to pumps and sensors during the
experiments. Independent of the ion concentration in the fermentation broth, 0.1 M
potassium phosphate buffer was added to ensure sufficient conductivity of the
electrolyte. Experiments were conducted according to previous studies in a flex-E-cell
(flex-X-cell GbR, Aachen, Germany) with 25 cm? electrode area to ensure
comparability. Due to lower titers, the current density was adjusted to 10 mA-cm
when the acetoin concentration was below 10 g-L~' and 25 mA-cm= when it was above
10 g-L™". This was done to avoid mass transport limitations. All experiments were
evaluated after sufficient charge for the full conversion of acetoin to 2-butanone was
supplied, according to eqn (7), where z is the number of electrons in the reaction (2 for
2-butanone), nacetoin is the initial amount of acetoin, Fraraday is the Faraday constant,
and | is the applied current.

— -1
trc = Z * Nacetoin * FFaraday -1 (7)

Thus, the duration of the experiment was governed by the acetoin concentration and
the current density. The individual acetoin concentrations and current densities are
given in Appendix Table A 6.

2.8 Analytical methods

2.8.1 Sample preparation

All samples from cultivations were centrifuged for 2 minutes at 13,300 rpm. Aqueous
phases were filtered (0.2 ym pore size, 4 mm diameter, Phenomenex Inc., Torrance,
USA) and analyzed using high-pressure liquid chromatography (HPLC, Chapter 2.8.2).
In case of aqueous-organic two-phase cultivations, the upper, organic phase was used
for methyl ketone identification and quantification using a gas chromatography (GC)
with a flame ionization detector (FID) or a mass spectrometer (MS) as described in
Chapter 2.8.3. The lower, aqueous phase was obtained with a syringe from the lower
part of the sample tube and processed as described above. All samples were stored
at -20 °C until further analysis.

2.8.2 Metabolite quantification using high-performance liquid chromatography
The aqueous phases of cultivations were analyzed via high-performance liquid
chromatography equipped with a refractive index and a UV detector (HPLC-UV-RI). All
metabolites in aqueous phases were quantified using a DIONEX UltiMate 3000 HPLC
System (Thermo Fisher Scientific Inc., Waltham, USA) with a Metab-AAC column
(300 x 7.8 mm column, ISERA GmbH, Diiren, Germany). Elution for aqueous samples
from cultivations with P. taiwanensis VLB120 variants was performed with 5 mM H2SO4

35



Chapter 2

at a flow rate of 0.6 mL-min~"and a column temperature of 40 °C. For cultivations with
L. lactis, elution was performed at a flow rate of 0.5 mL-min~! of 5 mM H2S0s and a
column temperature of 60 °C, while pyruvate from these cultivations was eluted at a
flow rate of 0.6 mL-min~" of 5 mM H2SO0a4 and a column temperature of 30 °C. For
detection, a SHODEX RI-101 detector (Showa Denko Europe GmbH, Munich,
Germany) and a DIONEX UltiMate 3000 Variable Wavelength Detector set to 210 nm
were used. The substrates were identified and quantified via retention time and the
UV/RI quotient was compared to the corresponding external standards.

2.8.3 Methyl ketone identification and quantification using gas
chromatography

Quantification of methyl ketones in the respective organic solvent was performed using
a Trace GC Ultra (Thermo Fisher Scientific Inc., Waltham, USA) equipped with a FID
and a polar ZB-WAX column (30 m length, 0.25 mm inner diameter, and 0.25 ym film
thickness, Zebron, Phenomenex Inc., Torrance, USA). The injector temperature was
set to 250 °C and the injection volume was 1 pyL. The measurements were performed
at a constant helium flow rate of 2 mL-min~" and the split ratio was adapted to the
analyte concentration. The initial oven temperature of 80 °C was held for 2.5 minutes,
increased to 250 °C at 20 °C-min~", and then held constant at 250 °C for 10 minutes,
and the temperature of the FID was 290 °C. Methyl ketones were quantified using
external standards of 2-undecanone, 2-tridecanone, 2-pentadecanone, and
2-heptadecanone (Tokyo Chemical Industry Co., Tokyo, Japan). Since no standards
for the monounsaturated methyl ketones 2-tridecenone, 2-pentadecenone and
2-heptadecenone were available, their concentration was derived from their peak area
using the same calibration curve as their saturated counterparts. The presence of the
monounsaturated methyl ketones was confirmed using GC-MS methods as described
earlier.”® 97

2.9 In silico model of Pseudomonas taiwanensis VLB120

2.9.1 Genome-scale model

For the reconstruction of the metabolic network of P. taiwanensis VLB120 A6 pProd,
the most current and complete network of the closely related organism Pseudomonas
putida KT2440 was used, i.e., iJN1463." The network iJN1463 contains 2,153
metabolites, 2,927 reactions, and 1,463 genes. Herein, the network iJN1463 was
adjusted according to the modifications introduced by Nies et al. (Appendix Table A
7).%7 In their genome-scale metabolic model (GEM) of P. taiwanensis VLB120, named
iJN1411_MK, they took the metabolic network reconstruction iJN1411 for
P. putida KT2440 as a basis.'® They adapted iJN1411 by removing and adding
reactions and metabolites to switch from P. putida to P. taiwanensis VLB120. The GEM
iJN1463 was modified according to iJN1411_MK, with the following differences: The
reactions DABAAT2 and AHSERL2 were not relevant for biomass production in
iJN1411 but are relevant for biomass production in iJN1463 and were therefore not

36



Material and Methods

deleted. Moreover, the reaction SHSL2r instead of SHSL2 was deleted, due to SHSL2
does not exist in iJN1463.

In the model iUN1411_MK, Nies et al. added a methyl ketone pooling reaction.%”
Different to their suggestion, in this work, we accounted the pooling reaction for the C17
congener 2-heptadecenone. The new pooling reaction reads:

1.00 - 2-pentadecanone_e + 14.92 - 8-pentadecen-2-one_e + 1.34 - 10-heptadecen-2-
one_e + 15.46 - 2-tridecanone_e + 24.04 - 6-tridecen-2-one_e + 20.08 - 2-undecanone_e
-,

where e indicates that the metabolites are extracellular and where the stoichiometry
corresponds to the molar ratio of the methyl ketone congeners that was determined
experimentally by Nies et al.” Note that, as the reaction is a so-called exchange
reaction, only reactants and no products are assigned to this reaction. Additionally, two
reactions, i.e., one producing 2-undecanone and one transporting 2-undecanone to
the extracellular space, were added, in alignment with the other congener reactions.
With the aforementioned adaptations implemented, the adapted GEM was named
iJN1463_MK.

The genetically modified strain A6 pProd was implemented in the model by
constraining the corresponding reactions in the GEM iJN1463_MK to zero. An
overview of the genes can be found in the Appendix Table A 7. Knocking out the genes
fadE and fadE2, however, made the production of methyl ketones computationally
impossible, because certain metabolites that are important for the production of methyl
ketones could not be synthesized anymore. The reason for this is that the gene co_aco
is not implemented in iJN1463_MK but present in the mutant strain. The gene co_aco
originates from Micrococcus luteus and encodes the enzyme acyl-CoA dehydrogenase
that catalyzes the synthesis of the needed metabolite, just as fadE and fadE2, however
with different reaction partners. Eqn (8) shows the reaction originating from the genes
fadE and fadE2, while eqn (9) shows the heterologous equivalent from M. luteus with
the gene co_aco.

acyl — CoA + FAD & trans — 2,3 — dehydroacyl — CoA + FADH, (8)
acyl — CoA + 0, & trans — 2,3 — dehydroacyl — CoA + H,0, 9)

All 35 reactions catalyzed by acyl-CoA dehydrogenase were adjusted in the metabolic
network such that FAD and FADH2 were replaced with Oz and H202, respectively. With
the knockouts implemented, we refer to the modulated network as iJN1463_MK A6
pProd in the following. All adaptations in this section were conducted in Python™
version 3.9.12. (Python Software Foundation, Beaverton, USA). The model
iUN1463_MK A6 pProd is openly available at Ziegler et al.'®®
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2.9.2 Flux balance analysis

The maximization of the methyl ketone exchange reaction or the biomass exchange
reaction BIOMASS_KT2440_WT3 was chosen as cellular objective for the flux balance
analysis (FBA). The lower bound on the adenosine triphosphate maintenance (ATPM)
reaction, which corresponds to non-growth associated ATP maintenance requirement
(NGAM), was set to 0.52 mmol-gcow™'-h~" according to experimental data from Ebert
et al?© The computations were performed using the software COBRApy and the
optimization software Gurobi 9.5.1 (Gurobi Optimization, LLC, Beaverton, USA).2°! For
comparison of experimental results with computational results, time-resolved
concentrations from HPLC-UV-RI measurements in the exponential growth phase
were used to calculate flux rates.202 203 The code for the FBA computations is openly
available at Ziegler et al.'®®
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3 Results

3.1 Bioprocess intensification for efficient methyl ketone
production and extensive evaluation of methyl ketones as a
drop-in biofuel

3.1.1 Abstract

For several burning reasons, humanity must rapidly reduce greenhouse gas emissions
in the transportation sector. While the vision is to rely on electric vehicles in the future,
the existing fleet will depend predominantly on liquid transportation fuels for the
decades to come. Here, we suggest a blend of saturated and monounsaturated
medium-chain length methyl ketones as a sustainable biofuel that is fully compatible
with the existing diesel fleet. These methyl ketones can be produced by genetically
modified Pseudomonas taiwanensis VLB120 at high vyields from glucose. By
performing a comprehensive, reductive solvent screening for in situ extraction of
methyl ketones, we developed a bioprocess for methyl ketone production that
facilitates simple product purification by decantation. The use of an advanced
multiphase loop bioreactor with countercurrent liquid-liquid extraction averted stable
emulsion formation in a setup that can run in continuous mode in the future. We
extensively tested the methyl ketones for their applicability in combustion engines.
Here, parameters such as the derived cetane number, the flash point, and the
kinematic viscosity match the diesel fuel specifications. Experiments in a research
internal combustion engine showed that methyl ketones as a biofuel combine the
efficient combustion of diesel fuel with the clean combustion of other oxygenates. Also,
good storability and reduced ecotoxicology compared to common diesel fuel were
demonstrated. Accordingly, we conclude that the presented blend of methyl ketones
can serve as an advanced drop-in fuel in the scope of the envisaged sustainable
bioeconomy.

3.1.2 Introduction

The climate crisis demands quick and large-impact solutions. Fossil-based
transportation fuels contribute largely to the global greenhouse gas emissions and
accounted for about 20% in 2021.204 205 The future seems bright for electric vehicles
by using renewable electricity, overcoming the challenge of fossil-based transportation.
However, by 2030, approximately 80% of the global vehicle fleet will still be powered
by internal combustion engines.”? Without a reduction of greenhouse gas emissions
by this fleet, carbon neutrality, e.g., in 2050 in the EU and 2060 in China according to
the Paris Climate Agreement, seems out of reach.?% In a foreseeable timeframe, liquid
fuels are also necessary for long-distance and heavy-duty transportation.” 74
Sustainably produced fuels, i.e., e-fuels, biofuels, or biohybrid fuels, can profit from the
current fuel infrastructure and fleet, while maintaining the beneficial high energy
content of the fossil counterparts.”> 76.207. 208 |ndustrial biotechnology has the potential
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to enable the transformation of traditional petroleum-based value chains to a
sustainable bioeconomy relying on biomass, CO2, green H2, and industrial side
streams as carbon sources.?%9-22 Catalysts such as microorganisms can utilize these
renewable, non-edible feedstocks to synthesize value-added substances such as
biofuels, bioplastics, organic solvents, and biosurfactants in the declining order of the
market size.?3-216

Due to their favorable cetane numbers, medium-chain length methyl ketones gained
attention as possible fuel alternatives.®! Since the implementation of heterologous
methyl ketone production in Escherichia coli,”® methyl ketones have been produced in
various microorganisms, including Saccharomyces cerevisiae, Yarrowia lipolytica, and
Pseudomonas putida.®*% P. taiwanensis VLB120 was demonstrated to be a suitable
production host for methyl ketones since this strain has an exceptionally high redox
cofactor regeneration rate, a trait that is beneficial for the production of such reduced
products.?'” Genetic modifications for producing methyl ketones included a complete
disruption of the B-oxidation cycle and the obviation of the flux from acyl-CoA esters to
free fatty acids. By these means, methyl ketones were produced from glucose at 53%
of the theoretical maximum yield in a fed-batch process with n-decane as a solvent for
in situ product extraction, representing the highest reported methyl ketone yield so
far.97

The addition of organic solvents to the fermentation broth for in situ product extraction
brings a wide range of benefits to bioprocesses. These include the prevention of
product degradation and evaporation, the reduction of downstream processing steps,
and a favorable shift of reaction equilibria.''® 37 Many applications also benefit from a
reduced concentration of a toxic product in the aqueous phase and thus a better
performance of the biocatalyst.?'® While a wide variety of solvents can potentially be
suitable for a specific application, the applied type of organic solvent should be
thoroughly investigated since the solvent is in direct contact with the fermentation
broth. Inappropriate solvent choices can lead to poor phase separation or reduced
biocatalyst performance, among other things.3% 219 |n order to systematically reduce
the solution space, comprehensive solvent evaluation procedures were developed that
match the requirements of biological systems. Several studies have shown that such
approaches can improve the performance of bioprocesses.'#% 220 For example, an
extensive solvent screening was indispensable for the efficient recovery of
biosurfactants by in situ extraction.'®® The suggested reductive, multi-step approach
can serve as a blueprint for solvent selection for other applications including methyl
ketone production. However, in situ product extraction often goes hand in hand with
the formation of stable emulsions due to surface-active compounds, such as proteins
and phospholipids synthesized by the whole cell catalyst. A range of technologies were
suggested to break these emulsions, including centrifugation, supercritical COz2, and
catastrophic phase inversion, besides others, however, all requiring an additional step
and hence complicate purification.??'-225 Recently, a new bioreactor type, namely a
multiphase loop reactor (MPLR, Figure 8), was designed for the circumvention of
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cumbersome emulsion formation, reducing the energy entry enormously, while
compromising only little on extraction efficiency. 45 146

In this study, the previously engineered P. taiwanensis VLB120 A6 pProd% that
efficiently converts glucose to methyl ketones was exploited, and the product mixture
was evaluated as a fuel that is backward-compatible with the existing vehicle fleet. As
the fermentation relies on in situ extraction, a hierarchical organic solvent screening
was carried out, taking such different parameters as physicochemical properties, green
solvent categorization, partition coefficient, biocompatibility, and suitability for
extracting methyl ketones into account. 2-Undecanone was identified as a solvent with
superior properties that considerably simplifies downstream processing. In an ideal
scenario, here realized by using the novel multiphase loop reactor, only decanting is
required.’% 226 The resulting methyl ketone mixture was extensively evaluated for its
suitability as a fuel in combustion engines based on a range of performance
parameters, including flash point, viscosity, and lubrication behavior. Using this
information, a surrogate mixture was assessed in terms of the combustion
performance in a single-cylinder engine. The results revealed full compatibility with
existing internal combustion engines and importantly superior combustion properties
when compared to standard diesel fuel under the tested conditions. These positive
results motivated us to investigate the ecotoxicology and the susceptibility to microbial
degradation during storage. The results are discussed in the context of methyl ketones
as an advanced, potentially sustainable fuel blend in existing diesel engines.

3.1.3 Results and Discussion

Solvent screening

Physicochemical parameters

A high number of organic solvents is potentially suitable for efficient, sustainable, and
safe in situ extraction of methyl ketones. In order to systematically reduce the initial
number of candidates, 97 organic solvents were evaluated regarding density, log P,
melting point, and flash point (Table 6, Appendix Figure A 2).

Table 6 Physical parameters and respective limits for the pre-screening of solvent candidates. The table
was previously published'#® and is reprinted with permission of Sustainable Energy & Fuels.

Factor Limit Unit
Density <880 kg:m
Log P >34
Melting point <18 °C
Flash point > 40 °C
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The density of a solvent is of relevance because of the suitability for gravity-based
separation techniques (see porg in Stoke’s Law, eqn (1)). The threshold was set to
880 kg-m to ensure a sufficient density difference to the aqueous fermentation that
has a density of approximately 1,000 kg-m.

The log P as a measure of the hydrophobicity of a liquid describes the miscibility with
the fermentation broth and can also serve as a first hint for estimating the compatibility
of the solvent with the microbial production host. Solvents with a log P lower than 4.0
are described to be toxic towards most microorganisms, however, Pseudomonas spp.
are generally known to have a high tolerance towards solvents that inhibit the growth
of other microorganisms, also below a log P of 4.0."5° With a restriction to solvents with
a log P higher than 3.4, the respective solvent candidate is hydrophobic enough to
avoid adverse cross solubility with the cultivation broth as well as interaction with the
cell membrane of the production host."%5 227 A melting point lower than 18 °C ensures
the liquid state of the candidate at cultivation conditions. The threshold for the flash
point was set to values higher than 40 °C to exclude solvents that are unsafe due to
flammability. The described approach reduced the initial 97 solvents to a set of 20
solvents. In addition, nonanal was included in this set of solvents as a negative control
due to its low log P value and 1-octanol due to its common usage as a sustainable
solvent in extractions. '

Weighted decision matrix

The next factors that were considered for the solvent selection were the toxicity on the
production host, the green solvent score, the partition coefficient of the methyl ketones,
and the formation of interphases.

As a first measure of solvent toxicity on the production host, the microbe was grown in
the presence of 33 vol% of the respective solvent in a growth assay. After 48 hours of
incubation time, cell growth was compared by estimating the turbidity of the aqueous
phase (Appendix Figure A 3). P. taiwanensis A6 pProd was able to grow with 20 out
of the 22 solvent candidates. No growth was observed for 1-octanol and nonanal, that
have a log P of 3.0 and 3.3., respectively. When octyl acetate, a solvent with a log P
of 3.4 was added, growth was possible. Accordingly, the threshold for the minimal log
P value for this variant seems to be 3.4. Notably, the production host has a deletion of
the pSTY megaplasmid and thus does not express the TtgGHI solvent efflux pump,
that is a main contributor to the high solvent tolerance of the P. taiwanensis VLB120
wild type.??8 229 However, the strain still has a higher solvent tolerance than other
microbial cell factories, since most require a minimum log P of 4.0.23° For example,
apart from the TtgGHI efflux pump, a cis/trans isomerase was found as a contributor
to the high solvent tolerance of P. taiwanensis VLB120, making the cell membrane
more robust towards solvents.??® 23" These results again emphasize the high solvent
tolerance of this strain and its general suitability for applications that involve potentially
toxic organic compounds.
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At this stage of the solvent screening, the candidates were also examined regarding
health and safety scores. The health score is a measure to estimate the solvents toxic
effects on humans, while the safety score describes whether the solvent is safe to work
with. Here, e.g. butylbenzene had an undesirably high score as it causes serious eye
irritations.232. 233

The partition of the methyl ketones in the organic phase after the extraction from the
aqueous cultivation broth is one of the major requirements for in situ extraction. All
solvent candidates show high partition coefficients of at least 24 for ethyl oleate and
up to 135 for ethyl laurate (Figure 11). These high product partition coefficients can be
explained with the hydrophobicity of the methyl ketones themselves. The product
congeners have log P values of 4.1 to 6.3, which implies that they have a low solubility
in the aqueous fermentation broth and thus easily accumulate in the organic solvent.234
Accordingly, concerning the extraction of the methyl ketones regardless of the other
tested factors, all 22 solvents show beneficial properties.

Lastly, interphase formation was compared as a measure of efficient and reproducible
separation of the aqueous and organic phase after the extraction of the methyl ketones
from cultivation broth (Appendix Figure A 4). Those interphases have a gel-like
structure and consist mainly out of proteins. Interphase formation in bioprocess with in
situ product extraction was shown to be detrimental as it leads to product and solvent
loss."? For in situ extraction of methyl ketones, interphase formation highly depended
on the respective solvent candidate. No correlation between the interphase formation
and the properties of the respective solvent, e.g. the solvents hydrophobicity, could be
observed.
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Figure 11 Partition coefficients of the methyl ketones after extraction from cultivation broth. The
coefficients represent methyl ketone partition between the aqueous cultivation broth and the 22 pre-
selected solvents. The obtained values were included as a score in the ranking for the weighted decision
matrix. The figure was previously published'® and is reprinted with permission of Sustainable Energy &
Fuels.
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Highly hydrophobic solvents such as isopropyl myristate had a strong interphase, while
hexadecane with a similar hydrophobicity had almost no interphase. This can probably
result from the highly individual metabolic reaction of the production host to the
corresponding solvent and the resulting individual formation of interphase-stabilizing
proteins. Also the chemical structure of the solvent with functional groups such as the
ester group of isopropyl myristate might influence interphase formation.

In order to systematically compare and rank 22 solvent candidates regarding the
mentioned properties, a weighted decision matrix was created. For this, each property
was given a weight regarding its importance for the biotechnological synthesis setup.

Since the growth of the production host in the presence of the solvent is fundamental,
this factor was given the highest weight of 40%. The green solvent score had a weight
of 30%, the interphase formation and partition coefficient accounted for 20% and 10%,
respectively. Then, all solvents were rated considering all properties with grades from
one (worst performance) to five (best performance). The detailed explanation for the
ranking including all results is given Appendix Table A 8. To generate a solvent score
by which the candidates could be ranked, the sum of the weighting times the score
was calculated.?3® This gave each solvent a specific value for direct comparison. Using
the solvent score, all tested candidates could be ranked according to their
performance, with octyl octanoate as the highest scoring solvent and nonanal with the
lowest score (Appendix Table A 9). Octyl octanoate, farnesene, methyl decanoate,
2-undecanone, hexadecane, and ethyl decanoate had a score equal to or higher than
92% of the theoretical maximum score, so these were considered in the subsequent
step of the solvent screening.

Biocompatibility

For a suitable solvent candidate, the time-resolved growth behavior of the cells in the
presence of the organic phase is an essential information. Therefore, biocompatibility
and biodegradation of the mentioned candidates was assessed in shake flask
cultivation by online monitoring of the CO2 accumulation in the headspace (Figure 12)
in the presence of the corresponding solvent.

The production host was able to grow with addition of all pre-selected solvents. The
highest growth rates were measured with 2-undecanone and ethyl decanoate.
Especially in the first hours, the production host grew best with 2-undecanone.
Interestingly, the biocompatibility of a solvent does not strictly correlate with its log P
value under these conditions, as growth was faster with methyl decanoate (log P 4.7)
than with hexadecane (log P 8.8). The damaging effects of solvents were described to
be highly individual and cannot only be derived from the log P value, since this value
only gives an estimate of the degree of membrane interaction and thus toxicity.
Regarding e.g. Pseudomonas oleovorans, it is described that it metabolizes generally
non-toxic solvents such as octane (log P 4.9) intracellularly to more toxic 1-octanol
(log P 3.0), which can cause toxicity also from solvents with a high log P. Also aromatic
solvents are commonly more toxic than aliphatic ones with the same log P.159 236
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Figure 12 Biocompatibility and biodegradability assessment of the solvents. CO2 accumulation in the
headspace of closed shake flasks in the presence of pre-selected solvent candidates was measured to
quantify biomass formation. To ensure comparability of the course of the graphs, the data was
standardized for the same vol% CO: at the point of reaching the stationary phase. Log P values:
2-undecanone 4.1; hexadecane 8.8; methyl decanoate 4.7; octyl octanoate 6.5; farnesene 6.1; ethyl
decanoate 4.6. The data associated with this figure was partly obtained from Franziska Schuster's
Bachelor Thesis under supervision by Carolin Gritering.®” The figure was previously published'*® and
is reprinted with permission of Sustainable Energy & Fuels.

Additionally, with octyl octanoate and methyl decanoate, a second increase in the CO2
signal was observed, indicating biodegradation of the solvent. The production host
used these solvents as a carbon source, which impairs the envisaged recycling of the
solvent. Notably, those two solvents have in common that they are esters. Presumabily,
the production host’s chromosomal carboxylesterases can hydrolyze these, which can
make the corresponding alcohol and carboxylate accessible for anabolic reactions.0?
Both delayed and decelerated growth on glucose and usage of the solvent as a carbon
source is unfavorable for the pursued methyl ketone production process.
2-Undecanone proved to be a candidate that neither caused a delay of the primary
growth phase nor was degraded by the microorganism.

2-Undecanone as a solvent for in situ extraction of methyl ketones in
bioreactors

With the described solvent screening procedure, 2-undecanone was found as a
suitable solvent candidate regarding physicochemical parameters, growth assays,
health score, safety score, partition coefficient, interphase formation, biocompatibility,
and biodegradability. Furthermore, this C11 methyl ketone is one of the product
congeners itself. Accordingly, 2-undecanone also holds the big advantage of decisively
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simplified product purification. For recovery of the methyl ketone mixture, no costly or
energy demanding techniques for solvent removal such as distillation must be applied.
The organic phase from the bioprocess can be used directly as the final product, for
example as a biofuel blend. It was shown for other bioprocesses with in situ product
extraction that a solvent that is compatible with the final product formulation can
significantly lower production costs and minimize environmental impacts. This is
especially true for bulk products like biofuels.!%% 238 Additionally, 2-undecanone has a
log P of 4.1. This is in the lower range of the log P values that most microorganisms
can tolerate for growth.'%® For example, different lactic acid bacteria were shown to not
tolerate solvents with a log P lower than 4.2 and S. cerevisiae only had normal growth
with solvents with a log P higher than 5.0.23% 240 Since the production host has a high
tolerance to this solvent, 2-undecanone can contribute to autosterile conditions in the
envisaged bioprocess. Moreover, the comparatively low density of 2-undecanone of
820 kg-m? is beneficial for phase separation, since there is a large density difference
compared to the aqueous fermentation broth. This can increase the settling velocity
(see Stoke’s law, eqn (1)).

Accordingly, the performance of 2-undecanone as a second liquid phase was tested
in stirred tank bioreactors (STRs, Figure 13A). The cultivation revealed superior
suitability of 2-undecanone for continuous in situ extraction of methyl ketones. During
the batch phase, there was no foam formation as previously observed during in situ
extraction of methyl ketones with n-decane.”® 8% 24" However, the detrimental emulsion
formation still occurred in the STRs and the organic and the aqueous phase had to be
separated by centrifugation (Figure 14A). This is highly undesirable regarding the
scale-up of the bioprocess.
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Figure 13 Methyl ketone production with 2-undecanone as the organic phase for in situ extraction.
Results are shown for both a stirred tank bioreactor (STR, A) and a novel multiphase loop reactor for
improved phase separation (MPLR, B). Images of the cultivation broth of both (A) and (B) can be found
in Figure 14. The ODsoo value as a measure for biomass concentration could only be measured for the
cultivation in the MPLR, since here no emulsification occurred that usually hinders measurement of the
ODesoo. The methyl ketone concentration of A is shown as the average of three biological replicates,
while one representative set of OTR data is shown. OTR = oxygen transfer rate. The figure was
previously published'#® and is reprinted with permission of Sustainable Energy & Fuels.
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To circumvent the formation of stable emulsions, the STR-based bioprocess was
transferred to the multiphase loop reactor (MPLR, Figure 13B), where aeration
happened in the inner compartment (riser), and the methyl ketones were extracted by
countercurrent liquid-liquid extraction in the outer compartment (downcomer). Because
there were no peaks in shear stress due to stirring, emulsification was highly reduced
compared to the STRs."® Using the MPLR, stable phase separation was achieved in
the coalescing unit. From here, a coherent layer of the organic phase formed, which
was then continuously recirculated. Images of the cultivation in the MPRL and the
solvent reservoir are shown in Figure 14B and Figure 14C.

Notably, the product yield of both STR and MPLR was the same, while detrimental
formation of stable emulsions was circumvented in the latter. Using the MPLR, oxygen
supply is especially challenging in the non-aerated downcomer compartment.
However, no oxygen limitation occurred, and oxygen supply was sufficient for growth
and product formation. This proof-of-concept cultivation showed that by using
2-undecanone for in situ extraction in the MPLR, phase separation can be achieved by
settling. Settling or decantation are far less costly and energy demanding as alternative
recovery methods such as centrifugation. Here, the vision is to run the MPLR in
continuous mode, where the production host would continuously produce the organic
phase for product extraction. Accordingly, 2-undecanone also fits into the envisaged
solvent recycling in this bioprocess. The obtained organic phase can serve as a proxy
biofuel for further evaluation of the fuel properties.

Figure 14 Images of bioreactors with P. taiwanensis VLB120 A6 pProd and 2-undecanone as the
organic solvent for in situ methyl ketone extraction. (A) Cultivation broth in a stirred tank bioreactor (STR)
with emulsion formation. (B) Cultivation in the novel multiphase loop reactor with countercurrent liquid-
liquid extraction in the outer compartment. (C) Solvent reservoir of the MPLR. From the solvent reservoir
(red box in B, C), the organic phase is pumped in a cycle. Notably, there is no emulsification in (B) and
(C). The figure was previously published'® and is reprinted with permission of Sustainable Energy &
Fuels.
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Fuel properties of the methyl ketone blend

Next, the fuel properties and the material compatibility of the methyl ketone blend were
determined and compared to the values for fossil diesel (Table 7). The derived cetane
number (DCN) was determined to be 64. This is substantially higher than the DCN
required by EN590 and higher than the DCN of the currently used diesel. The flash
point, the kinematic viscosity, and the lubricity fulfill the requirements of EN590. The
wsd values for lubricity are low compared to other fuels, which is favorable in terms of
friction and wear. The density at 15 °C could not be determined since the mixture forms
crystals at 17 °C. However, at 20 °C, the density fits into the requirements of the norm.
Consequently, the density criterion can only be fulfilled by adding additives such as
1-octanol for lowering the freezing point.24?

Table 7 Selected properties of fossil diesel, measured and simulated properties of the methyl ketone
blend, and the specifications according to the EN590 norm. The measured values were obtained from
a methyl ketone blend with 224 wt% 2-undecanone, 51.2 wt% 2-tridecanone, and
26.4 wt% 2-pentadecanone. 2 = derived cetane number determined in the AFIDA,; ® = flash point, vapor
pressure, and boiling point determined by simulations in COSMO RS; ¢ = kinematic viscosity and wsd
measured according to DIN 51562 and 1SO12156; * = density of the methyl ketone blend measured at
20 °C; wsd = wear scar diameter; AFIDA = advanced fuel ignition delay analyzer. The derived cetane
number was measured by Marcel Neumann. The kinematic viscosity, density, and material compatibility
were measured by Marius Hofmeister. The flash point and the boiling point were determined by Lukas
RaRpe-Lange. The table was previously published'® and is reprinted with permission of Sustainable
Energy & Fuels.

Unit EN 590 norm Fossil diesel' Methyl ketones

Molecular weight g-mol”! - ~200 210
Derived cetane number - > 51 55 64°

Flash point °C > 55 67 115.6°
Boiling point °C - 180 - 360 268°
Kinematic viscosity at 40 °C ~ mm?:s™ 20-45 ~2.6 2.4

Density at 15 °C kg-m?3 820 - 845 835 833.1*
Lubricity, wsd um < 460 301 - 54424 300°
Oxygen mass fraction - - - 8.1
Hydrogen mass fraction - - - 13.1
Carbon mass fraction - - - 78.8
Lower heating value MJ-kg™! - 35.7 39.1
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The immersion test for material compatibility was performed according to DIN ISO
1817 (Appendix Figure A 5). Only for diesel and DnBE (di-n-butyl ether) results within
the tolerance area for static or dynamic seals can be achieved. For most of the
investigated bio-hybrid fuels, the change of hardness as well as volume change
exceed the tolerance range. This also applies for the methyl ketone blend indicated by
the blue marker. The pure methyl ketone blend would not perform well in real-life
applications regarding compatibility with the materials present in the fuel segment of
vehicles. The materials were co-evolved to be compatible with the historically present
fuels, namely diesel and gasoline. Accordingly, the methyl ketone blend is only
compatible with sealings made from PTFE.""* Apart

from that, the investigated methyl ketone blend fits into the standards defined by
EN590 with some minor adaptions. The high DCN of the methyl ketone blend,
exceeding the DCN of currently used fossil diesel, is especially beneficial for the
envisaged application in combustion engines. These results emphasize that methyl
ketones have similar or even advanced properties compared to conventional diesel
fuel.

Combustion behavior in a single-cylinder research engine

To assess the suitability of the methyl ketone blend under realistic conditions, engine
testing in a single-cylinder research engine was performed on an operating range
covering six representative speed-load points ranging from low load to medium part-
load. Figure 15 shows an overview of the typical load point in the urban driving range.
The combustion behavior of the methyl ketone blend is characterized by a short ignition
delay and low pressure rise rates (PRR), which are essential for smooth engine
operation. At high, usually challenging EGR rates, combustion showed a high share of
mixing controlled combustion. This can be attributed to the high reactivity of the methyl
ketones, as evidenced by the high DCN of 64. The resulting relatively short ignition
delay times are decisive for maintaining low noise and good combustion efficiency.
Simultaneously, the use of methyl ketones brought about a significant reduction in soot
emissions due to the presence of molecular oxygen in the fuel. Notably, this reduction
did not compromise engine noise or efficiency characteristics by virtue of avoiding the
shift towards a more premixed combustion as commonly observed for alternative
diesel fuels such as 1-octanol.'88. 189, 244,245 Aqditionally, the low soot emission would,
in a real-life use case, translate to a reduced need for diesel particulate filter
regeneration, thus lowering fuel consumption and wear on engine, oil, and
aftertreatment system along with effectively further reduced tailpipe emissions.
Maintaining a high share of diffusive combustion also averted the formation of overly
lean areas in the fuel spray, thus allowing for low HC and CO emissions. Those were
slightly better than for diesel combustion. Thus, applied to an unmodified diesel engine,
it is likely that no control adaptations would be required to maintain emission
compliance, thereby enabling the use of this methyl ketone blend as a drop-in fuel with
no need for modifications from a combustion point of view.
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Figure 15 Efficiency and emission results for a selected lower part load operating point, comparing the
methyl ketone blend with diesel. N = 1500 min-'; IMEP = 6.8 bar; prai = 900 bar; CA50 = 5.8 °CAaTDC;
pin = 1.5 bar; pexn = 1.6 bar. n = indicated efficiency; FSN = filter smoke number; SOI = start of injection;
DOI = duration of injection; PRR = pressure rise rate; HC = unburned hydrocarbon; A = relative air fuel
ratio; EGR = exhaust gas recirculation; IMEP = indicated mean effective pressure; CA50 = centre of
combustion; °CAaTDC = degree crank angle after top dead center. All measurements were performed
under stationary conditions. Soot was measured in triplicates and averaged, indication data was cycle-
averaged over 50 consecutive cycles, and the remaining data was sampled in 10 Hz intervals and
averaged for 30 seconds to ensure statistical validity. The figure was originally created by Christian
Honecker with the data obtained in cooperation with Christian Honecker, was previously published, 48
and is reprinted with permission of Sustainable Energy & Fuels.
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In addition, their improved EGR compatibility grants this methyl ketone blend the
potential to further lower emissions by increasing EGR rates of either adapted or
dedicated engines or as pilot-ignition fuel.

In the single-cylinder research engine, we found that using the methyl ketone blend,
we can combine the efficient combustion of diesel fuel with the clean combustion of
oxygenate fuels.

Microbial storage stability

With these favorable results in hand, we decided to assess the storage ability and
ecotoxicology of the methyl ketones. To test the storability of methyl ketones as a
diesel fuel substitute, CO2 formation in the presence of 2-undecanone as a
representative of the methyl ketones was measured in simulated oil tanks and
compared to summer and winter diesel (Figure 16). CO2 as the endpoint of metabolic
activity serves as a marker for microbial activity.?4¢ Detailed information about the used
microorganisms and storage conditions can be found in Appendix, Table A 2.

Until day eight, the simulated storage tank with methyl ketones showed a comparable
CO:2 formation to winter diesel and a lower CO2 formation than summer diesel. During
the 14-day evaluation period, around 30% more CO2 was formed in presence of methyl
ketones compared to the diesel variants. After the assessed 14 days, the CO: level of
the diesel variants stabilized, while the curve with the methyl ketones was still
increasing. Hence, in short storage, methyl ketones have a similar storability to winter
diesel, which is more stable against microbial degradation than summer diesel due to
additives for decreasing the melting point.247. 248
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Figure 16 Investigating fuel storage in the presence of microbial contaminations. CO2 formation was
used as a sign for microbial activity in the presence of 2-undecanone, a representative of the methyl
ketones, summer diesel, and winter diesel in simulated storage tanks in triplicates. The data associated
with this figure was obtained in cooperation with Maximilian Surger. The figure was previously
published'® and is reprinted with permission of Sustainable Energy & Fuels.
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In longer storage experiments, methyl ketones have a reduced storability compared to
diesel. This is probably due to the keto group at the C2 position of the methyl ketones,
which can serve as a starting point for enzymatic degradation.

In contrast, diesel consists mostly of saturated hydrocarbons.?4%-252 Also, the methyl
ketone blend was mixed with cultivation broth of P. taiwanensis VLB120 A6 pProd prior
to this storability test to simulate its biological origin. This way, potential nitrogen and
phosphorus sources can be present in the methyl ketones, that help to promote growth
of microorganisms.?5® Fermentation broth carry over can be strongly reduced in an
industrial production plant.

Ecotoxicological assessment of the methyl ketone blend

The acute toxicity of two blends of medium-chain length methyl ketones was assessed
by performing a fish embryo toxicity test with zebrafish embryos (Danio rerio). Blend A
contained the saturated methyl ketones with a chain length of C11 to C1s, while blend
B also contained monounsaturated methyl ketones. 62 The ECso and LOEC values for
blend A were 2.12 mg-L™" and 1.50 mg-L™', respectively. The ECso and LOEC values
for blend B were 1.65 mg-L-"and 1.20 mg-L™, respectively (Table 8).

The aquatic toxicity of methyl ketones on fish was similar to that of gasoline and lower
than that of diesel. Regarding all examined factors that describe ecotoxicology, the
methyl ketones were around ten times less toxic than diesel. Accordingly, methyl
ketones can be considered a less toxic fuel regarding the toxic effects on ecosystems.
Presumably, this reduced toxicity of the methyl ketones also contributes to their
reduced storability as shown in Figure 16.

Table 8 Aquatic toxicity on fish for methyl ketones, gasoline, and diesel. Methyl ketones A is a mixture
of the saturated methyl ketones with 22.4 wt% 2-undecanone, 51.2 wt% 2-tridecanone, and
26.4 wt% 2-pentadecanone. Methyl ketones B is derived from cultivation broth and also contains the
monounsaturated methyl ketones, namely 2-undecanone, 2-tridecanone, 2-tridecenone,
2-pentadecanone, 2-pentadecenone, and 2-heptadecenone. LCso = 50% lethal concentration; ECso =
median effective concentration; LOEC = lowest observed adverse effect concentration; NOEC = highest
concentration with no observed adverse effects; n.c.: not calculatable. The data associated with this
table was obtained in cooperation with Miaomiao Du. The table was previously published'#® and is
reprinted with permission of Sustainable Energy & Fuels.

Values [mg-L"] Methyl ketones A Methyl ketones B Diesel?**
LCso n.c 2.01 0.23
ECso 212 1.65 n.c
LOEC 1.50 1.20 0.22
NOEC n.c 1.00 0.15
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3.1.4 Conclusions

There are molecules that can be produced sustainably by using microorganisms, and
other molecules that are described to have favorable cetane numbers for application
in diesel engines. In this study, it was shown that with the methyl ketones, the two
aspects of sustainable production and potential for real-life applications can be
combined. It was demonstrated that a solvent screening and the usage of the
advanced MPLR enable a bioprocess for superior production of methyl ketones from
renewable sugars. An extensive investigation of the properties of the methyl ketones
revealed that regarding most tested criteria, this blend is already backward-compatible
with the existing vehicle fleet at the current status. The examination in a research
engine showed that the methyl ketone blend enables beneficial, efficient, and clean
combustion already with diesel calibration and hardware, while the benefits were
especially pronounced at low loads. The blend also has a reduced ecotoxicological
impact compared to currently used diesel, presumably resulting in the demonstrated
shorter recommended storage times. This issue can easily be solved by using
additives that can improve storability. Additionally, additives are necessary for lowering
the freezing point, and some adaptions regarding sealing materials will be required.
Future investigations will focus on techno-economic and environmental analyses. The
applicability of alternative, potentially CO2 or plastic-derived carbon sources for the
biotechnological production of the methyl ketones will be tested.90 2% Blending the
methyl ketones with existing diesel might lower the entrance barrier and contribute
thereby directly to COz2 reduction, a strategy that should be investigated. Concluding,
a multi-discipline approach was shown to produce, test, and evaluate a diesel fuel
blend that can directly contribute to lowering the greenhouse gas emissions of the
existing diesel engines.
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3.2 In-depth evaluation of different feeding strategies and carbon
sources for methyl ketone production

3.2.1 Abstract

Glucose is a preferred carbon source of many microbial production hosts and usually
allows for satisfactory growth and product formation. However, for many applications,
utilization of glucose as the sole carbon source is not the best choice in terms of
achieving high product yields and a sustainable bioprocess. Using flux balance
analysis on a genome-scale metabolic model of methyl ketone producing
Pseudomonas taiwanensis VLB120 A6 pProd for the screening of different co-fed
carbon sources, we found that a combination of glucose and ethanol has the potential
for obtaining high product yields. In shake flask cultivations, we confirmed that ethanol
as a substrate result in the highest reported yield in batch production of methyl ketones
with P. taiwanensis VLB120 to date, namely, 0.154 Qmethyl ketones'Qsubstrate™!, Which
translates to 25.0% of the theoretical maximum yield. A combination of glucose and
ethanol allowed for both higher methyl ketone titers and yields. Additionally, we tested
the application of lignocellulosic hydrolysates as a carbon source that do not compete
directly with food production. Notably, we can show here that methyl ketone production
is feasible from both the cellulosic and hemicellulosic fractions. In bioreactor
cultivations, the product yield with the cellulosic hydrolysate exceeded the yield
obtained from glucose minimal media by more than 10%. These results indicate that
the use of alternative carbon sources for methyl ketone production might be promising
to establish an economic and ecologic bioprocess.

3.2.2 Introduction

In order to advance to a truly sustainable and economically competitive bioprocess,
the in-depth investigation of the carbon source is compulsory.?®6: 257 In many
bioprocesses being researched, glucose is used as the sole carbon substrate. As
glucose originates from starch (e.g. corn, wheat), sugar beet or sugar cane,
biotechnology has a discussion to compete with food production for decades.258
Although the main use of starch is feeding animals and not microbes, alternative
carbon sources are key for a sustainable bioeconomy. These days, with the war in
Ukraine, a major wheat exporter, the glucose price is skyrocketing, emphasizing the
need for alternative substrates.?5% 260

Different substrates are catabolized by different metabolic pathways, with different
yields of metabolites from which the products of interest are synthesized. The
theoretical yields can be computed, indicating which substrate-to-metabolite ratios are
favorable. Consequently, a substrate might be beneficial for the production of one
product, while not being suitable for another product, and single substrates can result
in suboptimal product formation. Co-feeding of carbon and energy substrates apart
from sugars can re-direct the metabolic fluxes for an optimized product formation.26'-
263 This was shown to benefit various applications such as the fungal production of
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itaconate and recombinant proteins.?®* 265 Especially for the production of highly
reduced compounds, such as medium-chain length methyl ketones, co-feeding was
shown to be beneficial.?®¢ Also from an ecological perspective, bioprocesses can
benefit from co-substrate use. Some substrates occur as industrial side streams, such
as glycerol that accrues in biodiesel production.?%” Others, such as ethanol or acetate,
can be produced from syngas fermentation or in case of formate, by electrochemical
reduction of CO2.268 269,

Another promising source for carbon sources from potential side streams is the
valorization of lignocellulosic biomass. Lignocellulose is the most abundant natural
compound on earth.2° It is industrially generated in agriculture, forestry, and sectors
such as paper and whisky manufacturing.?’" 272 Additionally, the cultivation of robust
non-food crops with high carbon yields and high suitability to poor soils as dedicated
energy crops (e.g. switchgrass, Miscanthus) holds great potential.2’3-276 Despite the
economic and ecologic advantages, the usage of lignocellulose as a carbon source for
microorganisms is challenging due to its chemical structure. It consists of the three
polymers cellulose (~30% to 55%), hemicellulose (15 to 35%), and lignin (10 to 35%),
all interconnected by complex cross-linkages. For full availability of the carbon stored
in lignocellulose, the material has to go through different processing steps. During the
so-called pre-treatment, the polymers break up into monomers, e.g. sugars such as
glucose, xylose, arabinose, and galactose.?’”- 278 Additionally, various potentially toxic
and growth-inhibiting compounds such as furfural, formic acid, acetic acid, and phenols
are also being produced in the pre-treatment, making the utilization of microbes as
biocatalysts for value-added products from lignocellulosic hydrolysates challenging.?”®
Pseudomonas spp. are known for their highly adaptable metabolism and their ability
to metabolize a broad variety of carbon sources.?? 28° Among this genus, especially
P. taiwanensis VLB120 stands out with its natural capability to utilize not only hexose
sugars such as glucose but also pentose sugars such as xylose. It utilizes the
Weimberg pathway via a promiscuous glucose dehydrogenase and the intermediate
metabolite 2-oxoglutarate for catabolization of xylose.?8'. 282 For other microbial cell
factories, extensive metabolic engineering has to be performed to enable the
application of xylose as a carbon source.?®? Additionally, P. taiwanensis VLB120 is
characterized by its high natural tolerance to the aforementioned biomass hydrolysate-
derived inhibitors such as furfural and phenols.?8® These traits make it a promising
microbial host for the production of value-added products from lignocellulose.

In this chapter, we investigate strategies to produce methyl ketones from alternative
carbon sources. We examine different co-feeding strategies and the usage of
lignocellulosic hydrolysates for the biotechnological production of methyl ketones.
First, we used flux balance analysis (FBA) on a genome-scale model of the production
host as a computational tool to screen the pre-selected co-substrates glycerol,
ethylene glycol, ethanol, acetate, and formate for their ability to enable high yields of
methyl ketones. With ethanol identified as the most promising candidate from the in
silico analysis, we performed shake flask cultivations, examining the influence of
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different glucose-to-ethanol ratios. Additionally, after producing lignocellulosic
hydrolysates from wheat straw, the different fractions of the hydrolysate were tested
for their ability to serve as the carbon source for methyl ketone production in
bioreactors with in situ product extraction.

3.2.3 Results and Discussion
Flux balance analysis to simulate and optimize co-feeding

Five potential carbon sources, namely ethanol, glycerol, acetate, ethylene glycol, and
formate, were pre-selected as potential co-feeding substrates. To simulate their co-
feeding in the metabolic model, different uptake fluxes were used as the input for 20
times 20 FBA simulations (Figure 17). Using ethanol, the highest methyl ketone flux
of 0.026 mmol-gcow™'-h~" was reached when both the glucose and the co-substrate
uptake was maximized. The second-best co-substrate was glycerol, followed by

acetate, ethylene glycol, and formate. With formate as the co-substrate, the maximum
methyl ketone flux is 0.015 mmol-gcow™'-h~".
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Figure 17 The methyl ketone exchange flux as a result of varying the glucose and co-substrate uptake
rates during the FBA. Different combinations of glucose and ethanol, glycerol, acetate, ethylene glycol,
and formate were assessed in 20 times 20 FBA simulations. The exchange reaction is normalized for
2-pentadecanone. The biomass growth was set to 10% of the maximum theoretical growth rate. FBA =
flux balance analysis. The figure, originally created by Leon Poduschnick under supervision by Carolin
Gritering and Anita Ziegler, was previously published,?84 and is reprinted with permission of the Journal

of Industrial Microbiology and Biotechnology.
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Figure 18 Scheme of the central carbon metabolism of P. taiwanensis VLB120 including the
metabolization of different substrates. The metabolic reactions of glucose, glycerol, ethylene glycol,
ethanol, acetate, and formate, are shown as suggested by Li et al, Tiso et al., Yang et al,
Poblete-Castro et al., and Zobel et al.?8528 The scheme was created using ChemDraw 21.0.0.
Abbreviations: G6P = glucose 6-phosphate; 6PG = 6-phosphogluconate; 2KDPG =
2-keto-3-desoxyphosphogluconate; F6P = fructose 6-phosphate; FBP = fructose 1,6-bisphosphate;
G3P = glyceraldehyde 3-phosphate; DHAP = dihydroxyacetone phosphate; E4P = erythrose
4-phosphate; P5P = 5-phosphate pentose; S7P = seduheptolose 7-phosphate; 2PG =
2-phosphoglycerate; PYR = pyruvate; GLX = glyoxylate; AcCoA = acetyl-CoA; ACAH = acetaldehyde;
MalCoA = malonyl-CoA; OAA = oxalacetate; CIT = citrate; ICIT = isocitrate; SUC = succinate; MAL =
malate. The figure, originally created by Leon Poduschnick under supervision by Carolin Gritering and
Anita Ziegler, was previously published,?%* and is reprinted with permission of the Journal of Industrial
Microbiology and Biotechnology.
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In Figure 18, the connection of each co-substrate to the central carbon metabolism of
P. taiwanensis VLB120 is shown. Methyl ketones originate from intermediates of fatty
acid de novo synthesis, where arguably the most important initial metabolite is
acety-CoA. Ethanol as a carbon source is converted to acetate, which further reacts to
acetyl-CoA with ATP as a cofactor. Thus, ethanol and acetate are both directly
connected to the methyl ketone metabolism, notably without carbon losses, i.e., CO2
production.’® 2% Glycerol is metabolized in the Embden-Meyerhof Parnas Pathway via
dihydroxyacetone phosphate (DHAP), that is connected to the methyl ketone
metabolism by its reaction to glyceraldehyde 3-phosphate. Glyceraldehyde
3-phosphate is first converted to pyruvate and then to acetyl-CoA by several enzymatic
reactions.?®® Ethylene glycol can be used as an energy carrier to produce CO2 and
redox cofactors via the glyoxylate shunt, or as a carbon source by the conversion to
pyruvate via tartronate semialdehyde with a loss of one C0O2.28% 286 Formate serves
solely as an energy carrier, as it is converted NADH and CO:2 by formate
dehydrogenase.?®

The results of the FBA are coherent with the underlying metabolic pathways of the
corresponding co-fed carbon sources. Accordingly, ethanol was chosen as the most
promising carbon source for further investigation.

Ethanol achieves the highest reported yield in shake flask cultivation

Prior to more detailed shake flask cultivations with the insights of the FBA, the growth
behavior of P. taiwanensis A6 pProd with the five different co-fed carbon sources was
investigated in vivo by online measurement of biomass formation in microtiter plates.
This cultivation showed substrate inhibition in case of formate and acetate as a co-
substrate (Appendix Figure A 6).

According to the FBA-based assessment of the co-substrates, ethanol was considered
to be the most promising candidate for further evaluation in shake flask cultivations
(Figure 19). The applied MSM media was developed to support cultivations with
10 g-L™" of glucose as a carbon source in shake flasks. To have the co-fed cultivations
comparable to the glucose conditions, the same total molar amount of carbon was
applied. A carbon ratio of two C-mol ethanol (2.4 g-L~") to one C-mol glucose (8 g-L™")
was tested and biomass growth, carbon source uptake, and methyl ketone formation
was measured (Figure 19A). Note that P. taiwanensis VLB120 produces minor
amounts of gluconate as the only by-product, which is also metabolized after glucose
depletion. Accordingly, there are no side products to be considered for the overall
assessment of these cultivations.

Glucose and ethanol were taken up simultaneously, while the rate of glucose uptake
rate of 1.44 mmol-gcow™'-h™" was higher than the rate of ethanol uptake of
1.05 mmol-gcow™'-h~". After complete carbon source depletion after 24 hours,
0.84 g-Lag' of methyl ketones were produced, corresponding to a vyield of
0.084 grmethyl ketones* gsubstrate™ . Cultivations under the same conditions with only glucose
as a carbon source had an average yield of 0.058 gmethyl ketones*Qsubstrate™". This indicates
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that regarding biomass growth, glucose is the preferred substrate of the production
host. However, by applying ethanol as a co-substrate, increased product
concentrations and yields compared to glucose as a single substrate can be achieved.
Biomass concentration increases exponentially and appears to stop after around
10 hours, which might, however, be due to non-optimal sampling time points.
Presumably, the strain was still in the exponential phase after ten hours and grew
around one or two hours more. According to our experimental experience, after
reaching the stationary phase, the biomass decreases slightly. It is likely that the
biomass concentration was higher than 3.6 g-L~" in the time when no sample was taken
from the shake flask. The majority of product formation happened in the second half of
the cultivation, presumably after substrate depletion. This was also observed earlier in
cultivations with P. taiwanensis A6 pProd for methyl ketone production. This can occur
due to the rate-limiting spontaneous decarboxylation observed before.8% 97 Potentially,
the product concentration could have increased further after the 24 hours that were
investigated.

The shake flask cultivation on ethanol (Figure 19B) revealed that ethanol can also
serve as a sole carbon source for methyl ketone production. However, no high ethanol
concentration can be applied due to the toxicity of this substance.??’

After confirming the simultaneous consumption of ethanol and glucose using
P. taiwanensis A6 pProd as a production host, different combinations of glucose and
ethanol were tested in shake flasks and compared regarding the methyl ketone yield
(Figure 20). All samples were taken 24.0 or 25.5 hours after inoculation, presumably
not corresponding to the highest product yield since product concentrations were still
increasing at that time point. The highest yield within 24 hours was obtained by using
pure ethanol as a substrate.
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Figure 19 Cultivation of P. taiwanensis A6 pProd with glucose and ethanol. Concentration of biomass,
ethanol, glucose, and methyl ketones are shown for a co-fed shake flask cultivation (A) and for a
cultivation with ethanol as the sole carbon source (B). The C-molar ratios for (A) were one part glucose
to two parts ethanol. The results are shown as the average of three experiments and the error bar
represents the standard deviation from these biological replicates. The data associated with this figure
was obtained from Leon Poduschnick’s Master Thesis under supervision by Carolin Griutering and Anita
Ziegler.?®' The figure was previously published?®* and is reprinted with permission of the Journal of
Industrial Microbiology and Biotechnology.
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Figure 20 Methyl ketone yield of (co-fed) shake flask cultivation after 24 hours and corresponding
concentration of the carbon source. Glucose and ethanol were added in C-molar ratios of two parts
glucose with one part ethanol (downward facing triangle) and one part glucose to two parts ethanol
(upward facing triangle). Data is shown as average and standard deviation of three biological replicates.
MK = methyl ketones. The data associated with this figure was obtained from Leon Poduschnick’s
Master Thesis under supervision by Carolin Gritering and Anita Ziegler.2°! The figure was previously
published?®® and is reprinted with permission of the Journal of Industrial Microbiology and Biotechnology.

In the cultivation with ethanol as the only substrate, 2.82 g-L™" of ethanol were
converted to methyl ketones with a product yield of 0.115 gmethy! ketones*Gsubstrate™'. By
applying ethanol and glucose in C-molar ratios of 2:1 and 1:2, yields of
0.085 Omethyl ketones'gsubstrate_1 and 0.074 Qmethyl ketones'gsubstrate_1 were observed,
respectively. When only glucose was used, the yield varied between
0.054 Omethyl ketones'gsubstrate_1 and 0.066 Jmethyl ketones'gsubstrate_1. Presumably, these
variations derive from slightly different sampling time points. The higher the supplied
amount of ethanol, the higher was the yield of methyl ketones. This suits the findings
of the FBA study. Notably, after 48 hours of cultivation, a methyl ketone yield of
0.154 gmethy! ketones'gsubstrate_‘I (18.3 MMOImethyl ketones'C-m0|substrate_1) was observed in a
shake flask cultivation with single-fed ethanol (see Figure 19B). This translates to
25.0% of the theoretical maximum yield of methyl ketones on ethanol as a substrate.
To our knowledge, this is the highest reported yield of methyl ketones in batch
cultivations with P. taiwanensis VLB120 to date. Using genetically engineered P. putida
KT2440, a methyl ketone yield of 0.169 gmethyl ketones*Jsubstrate”' Was observed in batch
cultivations with glucose and high-value amino acids as co-substrates.% On glucose
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as a single carbon source, application of P. taiwanensis VLB120 A6 pProd was shown
to result in 0.101 gmethyl ketones*Gsubstrate™ " in batch cultivations.®” Approaches to produce
methyl ketones from carbon sources other than glucose and glycerol are, to the best
of our knowledge, not published.®® However, ethanol conversion takes place at a
reduced rate compared to glucose, and no high ethanol concentrations can be applied
due to product toxicity. Thus, the final product concentration of 0.48 g-Laq" in the
cultivation with ethanol is also lower than the 0.84 g-Laq™! that were achieved with
glucose and ethanol.

Utilization of wheat straw hydrolysates for methyl ketone production

In Europe and in Germany in particular, wheat straw is the main side product of
agriculture.%2 293 To potentially exploit these resources, different hydrolysates were
produced from wheat straw (Figure 21) and the growth of P. taiwanensis VLB120 A6
pProd was tested in preliminary growth assays (Table 9).

P. taiwanensis VLB120 A6 pProd did not grow in the presence of the hemicellulosic
hydrolysate (HH) before decolorization, probably due to high concentrations of
inhibitory phenols and furfural, exceeding 500 mg-L' and 7.2 g-L, respectively.
Phenols such as vanillin and furfural have been described to inhibit growth of the
P. taiwanensis VLB120 wild type in case that the concentration is higher than 1 g-L-".283

citric acid buffer
+enzymes

cellulosic
hydrolysate (CH)

citric acid buffer
+enzymes

-~

wheat straw pre-treatment filtration solid fraction washed solids washed CH (WCH)

i activated charcoal
phenolic
hemicellulosic compounds decolourized HH

hydrolysate (HH) (DHH)

Figure 21 Flow-chart showing the preparation of cellulosic hydrolysate (CH), washed cellulosic
hydrolysate (WCH), hemicellulosic hydrolysate (HH), and decolourized hemicellulosic hydrolysate
(DHH). The pre-treatment was performed according to Volimer et al.'% and the enzymatic hydrolysis
according to Liu et al.’®® with Novozymes Cellic® CTec2 enzymes. The total concentration of phenolic
compounds was measured using the protocol established by Ballesteros et al.' The hydrolysis was
performed at Solange |. Mussatto’s research group BCBT which is part of DTU Bioengineering at the
Technical University of Denmark. The work was supervised by Solange |. Mussatto and performed with
the help of Celina K. Yamakawa.
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Table 9 Growth of P. taiwanensis VLB120 A6 pProd using the different hydrolysates and the respective
concentration of different carbon sources and inhibitors. The concentration of the carbon sources
glucose, xylose, and acetic acid, formic acid, 5-HMF, furfural, and the total concentration of phenolic
compounds in the four different hydrolysates HH, DHH, CH, and WCH was measured. The growth of
P. taiwanensis VLB120 A6 pProd was assessed in microtiter plates (MTPs). Biomass formation was
measured as the optical density at a wavelength of 600 nm in a plate reader. MSM components included
the 2x phosphate buffer, the 1x nitrogen source, and 1x trace element solution (respective
concentrations in Appendix Table A 1). The concentration of acetic acid, formic acid, 5-HMF, and furfural
was not measured for WCH, and the concentration of the total phenolic compounds was not measured
for CH and WCH. Analytics of HH and DHH were performed from two different batches, where HH had
approximately 21 minutes instead of 19 minutes for the DHH at 95 °C during the pre-treatment. One
checkmark signifies growth at a reduced rate with or without a lag phase, and two checkmarks signify
growth at a rate comparable to the control on MSM with 10 g-L-" of glucose without a lag phase. MSM
= mineral salt medium; 5-HMF = 5-hydroxymethylfurfural; Phenolics = phenolic compounds according
to Ballesteros et al.’% The data associated with this table was obtained at Solange |. Mussatto’s
research group BCBT which is part of DTU Bioengineering at the Technical University of Denmark. The
work was supervised by Solange |. Mussatto and performed with the help of Celina K. Yamakawa.

Growth Acetic Formic 5- .
Growth  with  CGlucose Xylose " L acid  HME Furfural  Phenolics

WS S TR 2R T M A R T L
HH X X 54 18.8 4.1 1.2 0.22 7.2 546
DHH v vV 9.3 26.0 1.4 0.9 0.03 0.2 3
CH v v 6.2 5.2 1.1 0.0 0.02 0.1 -
WCH v vV 421 1.2 - - - - -

After decolorization, the concentrations of phenolic compounds and furfural were
reduced to 3 mg-L" and 0.2 g-L™" in the decolorized hemicellulosic hydrolysate (DHH).
Decolorization by adsorption to activated charcoal is described as an efficient and
economic method for the removal of pre-treatment derived inhibitors.?®* The
decolorization step made biomass growth on the hemicellulosic fraction that mainly
contains xylose as a carbon source possible, particularly after supplementation with
MSM components. In contrast to that, growth of the production host was possible on
cellulosic hydrolysate (CH) before washing. The washing step reduces the residual
amount of inhibitory compound originating from the preceding pre-treatment.'% While
the washing improved the enzymatic hydrolysis, as it can be seen by the higher
concentration of glucose in the washed cellulosic hydrolysate (WCH) as opposed to
the CH, it did not have an impact on the growth of the microorganism. However, after
adding the MSM components, growth on WCH improved, likely due to improved
buffering of the pH and a better supplementation with trace elements. Subsequent
cultivations were performed using DHH and WCH with supplementation of MSM
components.
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Production of methyl ketones from wheat straw hydrolysates in bioreactors

Bioreactor cultivations with in situ extraction of methyl ketones using both fractions of
the wheat straw hydrolysate as the growth media were performed under the
predetermined conditions (Figure 22). Using WCH (Figure 22A) for the cultivation,
5.9 g-.L-' of methyl ketones accumulated in the organic phase after 48 hours of
cultivation. The off-gas data revealed that there was no visible delay in the increase in
both oxygen transfer rate (OTR) and carbon dioxide transfer rate (CTR) after
inoculation. Both the OTR and CTR courses have two peaks. Until around five hours,
the OTR increased to 10 mmol-L'-h"", followed by a second increase to
30 mmol-L'-h" after 14 hours. The samples of the aqueous phase show that there
were 0.8 g-L™" of citrate in the WCH due to the application of a citrate buffer for the
enzymatic reaction during hydrolysis. These results show that the production host
grows without a lag phase, overcoming any inhibitory substance from the hydrolysis.
Additionally, these findings hint at two distinct, sequential growth phases caused by
catabolite repression.
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Figure 22 Wheat straw hydrolysates as cultivation media in bioreactors with P. taiwanensis VLB120 A6
pProd. (A) Bioreactor cultivation using WCH as the aqueous phase. (B) Bioreactor cultivation using DHH
as the aqueous phase. Cultivations were performed in 1.3 L glass vessels with 0.4 L of the respective
hydrolysate and 0.1 L of n-decane for in situ extraction of methyl ketones. The DO was set to a minimum
value of 30% by regulating the stirring rate from 400 to 1,200 rpm. The pH was kept constant at 7.0. The
aqueous phase contained the MSM components (1x phosphate buffer, 1x nitrogen source, and 1x trace
element solution, Appendix Table A 1). The data of the upper diagrams are shown as median values of
two parallel bioreactor cultivations, while for the off-gas data, the values of one of the bioreactors are
shown. The initial ODsoo for A was 0.1, while the initial ODsoo for B was 0.2. MSM = mineral salt media;
CTR = carbon dioxide transfer rate; OTR = oxygen transfer rate. The hydrolysates were generated at
Solange |. Mussatto’s research group BCBT which is part of DTU Bioengineering at the Technical
University of Denmark and applied in bioreactors with permission of Solange |. Mussatto.
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The primary growth phase was on citrate, followed by a secondary growth phase from
five to 14 hours on glucose. The preference of Pseudomonas spp. to catabolize organic
acids prior to sugars was described previously. The presence of, e.g., citrate in the
cultivation media suppresses the metabolization of glucose.?® 2% No detrimental
growth effects such as secondary substrate limitation or inhibition due to the usage of
WCH were visible in the course of the OTR.?%7 0.8 g-L™! of citrate and 12.3 g-L™" of
glucose were transformed to 5.9 g-L™' of methyl ketones in the organic phase,
corresponding to a product yield of 0.112 gmethy ketones* Gsubstrate . Notably, this is a 10%
increase in the product yield compared to the 0.101 Qmethyl ketones*Jsubstrate ' that were
achieved using P. taiwanensis VLB120 A6 pProd in batch cultivation with minimal salt
media.®”

With DHH as a cultivation medium (Figure 22B), 4.9 g-L' of methyl ketones were
detected in the organic overlay after 50 hours. The off-gas data show a delay of the
increase in the OTR and CTR signal of around 12 hours, even though this cultivation
had the double initial amount of biomass for inoculation (initial ODeoo of 0.2 for the DHH
instead of 0.1 for the WCH). Due to missing data points for the sugar content of the
aqueous phase from 12 to 23 hours, it remains unclear whether glucose and xylose
concentrations decreased simultaneously or consecutively. The OTR and CTR data
show three peaks after 20 hours, 23 hours, and 25 hours with a maximum OTR of
35 mmol-L'-h-'. These peaks likely originate from consecutive metabolism of glucose,
xylose, gluconate, and xylonate. Regarding the P. taiwanensis VLB120 wild type,
previous research has shown that it catabolizes these carbon sources consecutively.
If both sugars are present, there is a first phase of glucose consumption, followed by
the metabolization of xylose and glucose, a phase of xylose conversion, and a last
phase with the consumption of xylonate.?®" Notably, the consumption of glucose was
also delayed with DHH as the cultivation media. Presumably, this could have been
caused by the presence of inhibitory compounds derived from the hydrolyzation
process, or by the availability of xylose as a second carbon source.?® 2% The
23.3 g-L" of xylose and 9.3 g-L™" of glucose in the aqueous phase translate to a product
yield of 0.037 gmethyl ketones*Jsubstrate™', Which is only 37% of the product yield that Nies et
al. obtained from the benchmark batch cultivations with this methyl ketones production
host.?”

The production of methyl ketones on both fractions of the wheat straw hydrolysate in
bioreactor cultivations in batch mode was possible. With the WCH, no growth-hindering
effects of the hydrolysate were observed. Presumably, small amounts of inhibitory
compounds such as furans and phenols were still present in the medium, however,
without a noticeable effect due to the inherent high tolerance of the production host.'9%
283 Notably, the methyl ketone yield exceeds the yield on minimal media with glucose.
This may be due to complex media components in the hydrolysate that had a positive
impact on growth and product formation, since complex media often lead to altered
growth as opposed to minimal media.?% It was also speculated that small amounts of
inhibitory compounds can lead to reduced growth, and thus an increased carbon flux
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for product formation. Using the DHH as the cultivation medium, growth and product
formation were impeded. There was a lag phase of approximately 12 hours, and a
significant decrease in product yield and titer, probably caused by the presence of
inhibitors and xylose being a less preferred substrate. However, it is noteworthy to
mention that the biotechnological production from the hemicellulosic fraction of wheat
straw hydrolysate was possible at all. For many other microorganisms, extensive
genetic engineering and adaptations are required for the conversion of xylose and the
compatibility with inhibitors.300. 301 P tajwanensis VLB120, however, was shown to
even consume hydrolysate-derived inhibitors such as furfural, 5-hydroxymethylfurfural,
and vanillin 283

Additionally, the presence of an organic solvent for in situ extraction of the product
could have been advantageous, as not only the product, but also other more
hydrophobic molecules such as the inhibitory furans and phenols could have partly
been extracted by the solvent. This effect was observed previously and can be used
to detoxify hydrolysates.'"® 302.303 The subsequent purification of the product, however,
could be more challenging, as these side products of the hydrolysis likely have to be
separated.

3.2.4 Conclusion

We showed that the utilization of FBA on an expanded genome-scale model of
P. taiwanensis VLB120 A6 pProd can guide the development of co-feeding strategies
for methyl ketone production. The in silico assisted screening of different co-substrates
revealed ethanol as a superior (co-fed) carbon source to obtain high product yields. In
subsequent shake flask cultivations, ethanol as the sole carbon source showed indeed
superior product yields of 0.154 gmethyl ketones*Jsubstrate™’, While the toxicity of ethanol in
higher concentrations caused reduced product concentrations. However, the
combination of glucose and ethanol in shake flask cultivations lead to both high product
yields and higher methyl ketone concentrations. Ethanol is also advantageous in terms
of economic and ecologic aspects, as it is a low-cost and high-volume chemical
(approximately 90 million tons per year) that can be obtained from industrial side
streams or syngas fermentations, e.g., in steel mills.272 304 305 To improve ethanol
conversion to methyl ketones even further, fed-batch strategies in bioreactors with a
primary growth phase on glucose, followed by feeding of ethanol (and glucose) should
be investigated to reduce the impact of substrate toxicity and improve product
formation.

Furthermore, the production of methyl ketones from wheat straw hydrolysates was
shown to be possible. Applying the cellulosic fraction after enzymatic hydrolysis as the
cultivation medium, bioreactor cultivations resulted in the highest measured methyl
ketone yield from glucose in batch mode, 0.112 gmethyl ketones*Qsubstrate™'. Likewise, the
hemicellulosic hydrolysate that mainly contains xylose as a carbon source can serve
as the cultivation medium for methyl ketone bioprocessing. Future investigation can
aim for combined bioprocessing of both the hemicellulosic and the cellulosic fraction,
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and an increased conversion of xylose to methyl ketones and biomass, e.g. molecular
engineering of the host.282 For example, the Dahms pathway was shown to result high
product vyields from xylose when it is enabled by expression of an
3-deoxy-D-pentulosonic acid aldolase.3%® Additionally, adaptive laboratory evolution
was shown to be a tool to enhance the tolerance of a microbial cell factory towards
hydrolysis-derived inhibitors, thus improving the robustness of the microorganism
under these conditions.3”

Comparing all approaches to optimize the substrate utilization for methyl ketone
production in this chapter (Table 10), we can conclude that the application of ethanol
as a (co-fed) carbon source and WCH as the cultivation medium outperformed the
benchmark cultivations with glucose in MSM.%”

Table 10 Comparison of methyl ketone product yields with different substrates. All yields were obtained
from batch cultivations with P. taiwanensis VLB120 A6 pProd. Note that the yield from ethanol + glucose
was derived after 24 hours, presumably not corresponding to the highest product yield in this cultivation.
WCH = washed cellulosic hydrolysate; DHH = decolorized hemicellulosic hydrolysate.

Methyl ketone yield
Substrate Comment
[Gmethyl ketones* Qsubstrate™']

Glucose 0.101 shake flasks, Nies et al.%”
Ethanol 0.154 shake flasks, this work
shake flasks, this work, measured
Ethanol + glucose 0.085 after 24 hours
WCH (glucose) 0.112 bioreactors, this work
DHH (xylose) 0.037 bioreactors, this work
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Results

3.3 Acetoin production by resting cells of Lactococcus lactis for
direct electrochemical synthesis of 2-butanone

3.3.1 Abstract

2-Butanone and acetoin are important commodity chemicals, while only the latter can
be produced biotechnologically from renewable resources in high concentrations.
Recently, electrochemical conversion of acetoin to 2-butanone was shown to be
feasible directly from microbial cultivation broth supernatants. However, the
electrocatalysis in cultivation broth suffered from parasitic reactions due to dissolved
media components. Here, we propose enantiopure (3R)-acetoin production in dilute
resting cell buffer using genetically modified Lactococcus lactis to cater for the
subsequent electrochemical catalysis. In resting cell buffers with a minimal amount of
ions and dissolved molecules, the strain achieved product yields as high as
0.49 Jacetoin*gglucose”” and product titers of 19.4 g-L-". The resting cell broth was directly
applied as the electrolyte in an electrochemical flow cell, where the conversion of the
produced acetoin to 2-butanone was assessed. The 2-butanone yield of more than
50% outperformed the synthesis from complex media fermentation supernatants and
that of previous studies. This interdisciplinary study at the interface of bio- and
electrocatalysis shows that resting cells have a high potential to move microbial
synthesis towards a cascade of processes, instead of single isolated conversion steps
for the valorization of biomass.

3.3.2 Introduction

Acetoin is a C4 methyl ketone with an additional hydroxy group that is commonly used
in the fragrance and flavor industry for its pleasant buttery aroma.3% Additionally, the
U.S. Department of Energy classifies acetoin as one of the 30 most important sugar-
derived platform chemicals.®%°® To produce acetoin, microbial production hosts offer a
non-petrochemical route, utilizing renewable resources, and industrial side streams.
For example, L. lactis is a Gram-positive, facultative anaerobic, and GRAS-certified
representative of such microorganisms.3'% 3" By means of genetic engineering,
L. lactis is able to produce a wide variety of value-added chemicals, including
recombinant proteins and vitamins.?'" 312 |n 2017, Kandasamy et al. engineered
L. lactis to produce (3R)-acetoin as the sole product by deleting the genes for all
competing by-product pathways such as acetate and lactate. This resulted in the
L. lactis strain VJ017, which was able to convert glucose to acetoin with a product yield
of 0.41 gacetoin*Qglucose™!, representing 82% of the theoretical yield, without any carbon
flux to by-products.'® While acetoin is an industrially relevant product itself, an
emerging application of acetoin with great potential is its reduction to 2-butanone.''®
313,314 2_Butanone is an important commodity chemical that is currently produced from
the Ca4 fraction of fossil oil. This C4 methyl ketone is used as a low-toxicity solvent in
various applications and has a potential use as a sustainable fuel for spark-ignition
engines.'%317 There is a high demand for the production of 2-butanone from
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renewable resources in the context of a sustainable bioeconomy.3'® Although direct
production using microorganisms is possible, previous attempts yielded product
concentrations of less than 0.5 g-L™! of 2-butanone. 08 110,319 Especially the reduction
step catalyzed by a diol dehydratase, a coenzyme B12-dependent enzyme, is slow
and cumbersome.’®® Hence, replacing this enzymatic step with efficient
electrocatalysis is attractive. Due to its high polarity and low vapor pressure, acetoin
purification from aqueous cultivation broths for subsequent reduction is challenging
and not cost-efficient. Thus, an integrated process with the direct utilization of acetoin
from cultivation broths is a more promising approach. This is enabled by direct
electrochemical conversion of biotechnologically derived acetoin to 2-butanone in an
electro-flow cell.'? Using a fermentation supernatant as the electrolyte, a 50% yield of
2-butanone and a product selectivity of 80% were achieved without intermediate
purification. However, the overall yield and faraday efficiency (FE) were reduced by
parasitic reactions, mainly hydrogen evolution reaction (HER), presumably caused by
metal ions from the trace element solution that deposited on the cathode. This effect
has been studied recently and was employed to boost HER when it was desired.'8 In
addition to the parasitic HER, the conversion was inherently limited by the side product
2,3-butanediol that consists of two isomers, of which only one is converted to
acetoin.''? 320 Therefore, the use of an acetoin solution with a minimal amount of
charged, reactive compounds and no other C4 compounds than acetoin would improve
the overall process. A reduced amount of dissolved components in the cultivation
supernatant is for example possible by the application of resting cells.3?!

Resting cells are cells that are metabolically active, but non-growing. The resting state
can be achieved by cultivation in buffers with minimal nutrients except for the carbon
substrate.3?2 The application of the resting cell method offers the possibility of high
product yields due to mitigated carbon flux to cell division and the potential for cell
recycling. Resting cells are commonly used to investigate the maximal activity of a
whole-cell catalyst in short assays of minutes or few hours, all detached from cell
division.323-325 Fyrthermore, resting cells of many different microorganisms were
utilized for the formation of various value-added products at high yields.326-328

Here, we suggest an integrated approach for a cascade from glucose to 2-butanone
by bio- and electrocatalysis (Figure 23).

HOH
Ho biocatalysis electrocatalysis
HPo ~\H — \)\ — \)]\
H OH OH
D-glucose (3R)-acetoin 2-butanone

Figure 23 Schematic representation of the substrates and products that are involved in our suggested
cascade from glucose to 2-butanone. Ratios and co-products are omitted from this overview. The figure
was previously published®?® and is reprinted with permission of Green Chemistry.
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We improved the process introduced by Harhues et al. by using L. lactis VJ017 as a
production host for enantiopure acetoin without any carbon flux to process-hindering
side products. Additionally, we produced acetoin in a resting cell environment, where
the supernatant has an increased compatibility with the electrochemical conversion
2-butanone. This enabled direct conversion of acetoin to 2-butanone with a yield of
over 50%. The integrated process at the interface of bio- and electrocatalysis
demonstrates the high potential of the production pathway from glucose to bio-based
2-butanone. The results are discussed in the context of exploiting the strengths of the
different catalysis approaches to design ever more efficient synthesis pathways, a
prerequisite for the establishment of a sustainable bioeconomy.

3.3.3 Results and Discussion
Acetoin toxicity for L. lactis VJ017

One of the main goals of this chapter was to produce a broth supernatant with high
acetoin concentrations. Acetoin was shown to be toxic for L. lactis due to interactions
of the keto group with proteins and DNA.33° Accordingly, the effect of acetoin on the
production host L. lactis VJ017 was tested. Growth in the presence of altering acetoin
concentrations was monitored by CO2 accumulation in the headspace (Figure 24).
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Figure 24 CO2 accumulation during growth of L. lactis VJ017 in the presence of various initial acetoin
concentrations. BlueSens gas sensors were used to measure the vol% of CO: in the headspace of
closed shake flasks with 3 g-L-' of glucose in M17 medium. The cultivation with 0 g-L-" acetoin had a
higher amount of glucose, thus, only the exponential phase in the first 5 hours is shown. The data
associated with this figure was obtained from Fabian Speen’s Master Thesis under supervision by
Carolin Griitering.?3! The figure was previously published3?® and is reprinted with permission of Green
Chemistry.
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The higher the initial acetoin concentration, the lower the rate of CO2 formation and
thus cell division (Table 11). Acetoin concentrations of 20 g-L™" lead to a rate reduction
of 19%, while the highest tested concentration of 80 g-L-! caused a reduction of the
COz2 formation rate by 68%.

The rate of CO2 accumulation was employed as a measure of bacterial growth
earlier.'%® Accordingly, these values can be seen in the same context as the specific
growth rates of the wild type L. lactis MG1363 that were determined by
Kandasamy et al. before the strain was modified for acetoin production.’'® Without any
initial acetoin, the CO2 formation rate is 33% lower than the assessed values of the
wild type of 1.17 h'. This reduction can originate from the differing techniques for
growth monitoring or from the rewiring of the central carbon metabolism that led to
production of acetoin as a single product. Notably, the producer L. lactis VJ017 can
tolerate higher acetoin concentrations than L. lactis MG1363. Even at high initial
product concentrations of 80 g-L-!, exponential growth was still observed, while the
wild type did not grow at all. Since acetoin is produced constitutively in every
cultivation, L. lactis VJ017 may have acquired some mechanism to tolerate increased
acetoin concentrations. L. lactis VJ017 is clearly suitable for the production of high
acetoin titers.

Table 11 Toxicity of acetoin towards L. /actis VJ017. The effect of different initial concentrations of
acetoin on the CO2 accumulation in closed shake flasks with L. /actis VJ017 and 3 g-L" glucose was
measured. The data associated with this table was obtained from Fabian Speen’s Master Thesis under
supervision by Carolin Gritering.3¥! The table was previously published3?® and is reprinted with
permission of Green Chemistry.

Acetoin concentration [g-L"] CO2 formation rate [h'] Reduction in CO2 formation rate [%]

0 0.80 -
20 0.65 19
40 0.58 28
60 0.45 44
70 0.36 55
80 0.26 68

Tailored acetoin formation for optimal electrochemical conversion

To realize efficient conversion of acetoin to 2-butanone by electrochemistry, a high
concentration of acetoin in a compatible medium is required. Three different media
were tested for acetoin synthesis by L. lactis VJO17 (Figure 25). First, M17 medium is
a complex medium that is mostly used for growth and maintenance of L. /actis strains.
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Figure 25 Growth of L. lactis VJ017 and acetoin formation with different media. The applied media were
the complex M17 medium, a chemically defined medium (CDM) by Otto et al.3%2, and a chemically
defined medium for prolonged cultivation (CDMPC) by Price et al.3%® The different media for the
cultivation of L. lactis VJ017 were tested in triplicates in shake flask with 40 g-L-" of glucose. The data
associated with this figure was obtained from Fabian Speen’s Master Thesis under supervision by
Carolin Gritering.33! The figure was previously published3?® and is reprinted with permission of Green
Chemistry.

Second, a chemically defined medium (CDM) for L. /actis with additional amino acids
was tested and is referred to as Otto medium.3¥?The third medium is a CDM for
prolonged cultivation, referred to as CDMPC.33% The media compositions are shown in
Appendix Table A 3 and Table A 4. The highest concentrations of acetoin and cells
were achieved with the complex M17 medium (Table 12). Here, 18.3 g-L" of acetoin
was produced at 90% of the theoretical maximum yield. This is higher than the yield of
0.42 Qacetoin*gglucose”! that was obtained by Kandasamy et al. from the same amount of
glucose, probably due to previously improved cultivation conditions regarding oxygen
transfer (Appendix Table A 10). At higher oxygen transfer rates, the NADH oxidase
NoxE can most likely regenerate NAD* more efficiently, which in turn can alleviate the
bottleneck of limited NAD* availability.'® 334 Using the CDMPC medium, cell division
was almost in the range of the M17 media, however, the final product concentration
was as low as 9.4 g-L™", so only at 51% of the acetoin concentration that was achieved
using the M17 medium. The Otto medium resulted in the lowest cell concentration of
4.1 g-L"', while acetoin production was similar to the CDMPC medium. Notably,
glucose was not consumed completely within the assessed 24 hours using the two
CDM. Accordingly, acetoin and cell growth worked best in the complex M17 medium.
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Table 12 Acetoin and microbial biomass yield by L. /actis VJ017 in different media from 40 g-L-' of
glucose. The bacteria were cultivated in shake flasks (500 mL, 25 mL filling volume, 30 °C, 300 rpm,
50 mm amplitude). The data associated with this table was obtained from Fabian Speen’s Master Thesis
under supervision by Carolin Gritering.33' The table was previously published®?® and is reprinted with
permission of Green Chemistry.

Acetoin yield [gacetoin"Gglucose™'] Microbial biomass yield [gcow*Ggiucose™]

M17 0.46 0.17
Otto 0.35 0.10
CDMPC 0.24 0.05

These results emphasize that acetoin can be produced biotechnologically with good
titers and yields. Since the CDMs tested did not support cell growth and acetoin
formation to the extent the M17 medium did, the two CDMs were not considered for
further evaluation. However, the complex M17 media is disadvantageous for the
envisaged electrochemical conversion of acetoin to 2-butanone since it contains high
amounts of complex, dissolved components such as meat extract and magnesium
sulphate.

Uncoupling growth and acetoin production by L. lactis VJ017

To produce acetoin in a medium with a reduced number of dissolved components,
L. lactis VJ017 was incubated in a resting cell buffer with glucose as a carbon source
(Figure 26). The biomass concentration remained constant, and acetoin was formed
mainly in the first hours.

With 20 g-L™" of glucose, acetoin reached high yields of 0.48 gacetoin*Jglucose™! With
22 mM phosphate buffer and 0.49 gacetoin'Gglucose™ with 44 mM phosphate buffer,
corresponding to 94% and 96% of the theoretical maximum, respectively. Higher
glucose concentrations were not fully supported by the buffer systems, resulting in
incomplete consumption of glucose. Notably, the final pH of all cultivations was below
6.0, far from the optimum pH of L. /actis. However, the same amount of acetoin was
produced, indicating that another, probably acidic product accumulated. Since the
genes that are necessary for the formation of all side products are removed from the
genome of the production host, it is likely that an intermediate of the central carbon
metabolism such as pyruvate accumulated. This can cause the ceased acetoin
production at high glucose concentrations and the pH drop. Accumulated intra- and
extracellular pyruvate was shown to be toxic to L. lactis.335-3%7 |Indeed, pyruvate
concentrations ranging from 0.27 g-L-" to 3.50 g-L"" were detected in the final samples
of the resting cell assays. Integration of a plasmid with an additional F1-ATPase was
shown to lead to a threefold increased glycolytic flux of resting cells, which can be used
for an ongoing acetoin formation under these conditions in future projects.338
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Figure 26 Influence of the resting cell buffer composition on acetoin production by L. lactis VJO17. The
resting cell buffer consisted of a phosphate buffer, a trace element solution, and glucose as a sole
carbon source. The concentration of the trace elements was kept constant. (A) 22 mM phosphate buffer,
20 g-L" glucose; (B) 44 mM phosphate buffer, 20 g-L-! glucose; (C) 22 mM phosphate buffer, 40 g-L-'
glucose; (D) 44 mM phosphate buffer, 40 g-L-" glucose; (E) 66 mM phosphate buffer, 60 g-L-' glucose.
Final pH values C = 5.12; D = 5.45. Final pyruvate titers A = 0.27 g-.L\; B=0.91g'L"; C=1.24 gL,
D =2.33 gL' E=3.50g-L". CDW = cell dry weight. The data associated with this figure was obtained
from Fabian Speen’s Master Thesis under supervision by Carolin Gritering.33' The figure was previously
published®? and is reprinted with permission of Green Chemistry.

With a buffer concentration of 66 mM and an initial glucose concentration of 60 g-L™,
9.3 g-L"' of glucose remained in the medium and 19.4 g-L-! of acetoin was produced,
corresponding to a yield on substrate of 0.38 gacetoin*Qglucose™!, @ value that was lower
than in previous attempts. Still, the high acetoin concentration was chosen for
subsequent electrochemical conversion.
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Electrochemical conversion of acetoin to 2-butanone

Cell-free fermentation supernatants were used without any purification for the
electrochemical conversion of acetoin to 2-butanone. As the different supernatants
contained different amounts of acetoin, the applied current density and the duration of
the experiments were adjusted (Appendix Table A 6). The resulting yields are
displayed in Figure 27 after the theoretical amount of charge necessary for a full
conversion was passed through the electrode. The yield and Faraday Efficiency (FE)
of the conversion in the different complex media (M17, HS, LB, and YEP) is
comparable at 40 to 45% in most cases. Most likely, the hydrogen evolution reaction
(HER) consumes most of the charge passed through the cathode, as shown in a
previous study and also illustrated in a recent study that showed an increased HER
with increased amount of trace metals.''? '8 The yield of the conversion in M17
complex media at a low acetoin concentration is lower at 20%, likely due to the
unfavorable ratio of acetoin and other medium components. The reproducible results
in different complex media suggest that the overall amount of ions and organic
substances hinder higher yields and facilitates HER (Table 13). This observation fits
the results from the previous study.''2
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0.5

0.4

[

0.3

Yield

0.2

0.1 1

Q o 02 Q Q Q
X\ RS v N2 O &

Figure 27 Electrochemical conversion yields of the assessed supernatants. Four different complex
media (M17, HS, LB, and YEP) were compared to the resting cell buffer (RCB). For the composition of
the media, see Table 13. All media contained enantiopure acetoin produced from glucose produced by
L. lactis VJO17. The data associated with this figure was obtained from Fabian Speen’s Master
Thesis.3' The figure was originally created by Tobias Harhues with the data obtained in cooperation
with Tobias Harhues and Fabian Speen, was previously published,??° and is reprinted with permission
of Green Chemistry.
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Table 13 Composition of the complex media for acetoin production with L. lactis VJ017. The table was
previously published3?® and is reprinted with permission of Green Chemistry.

Medium Component Concentration [g-L""]
Hestrin Schramm (HS) Peptone 5.0
Yeast extract 5.0
Sodium phosphate NaH2PO4 2.7
Citric acid 1.2
Glucose 20.0
Lysogeny broth (LB) Yeast extract 5.0
Tryptone 10.0
Sodium chloride NaCl 10.0
Glucose 20.0
Yeast extract peptone Peptone 5.0
(YEP) Yeast extract 10.0
Sodium phosphate NaH2PO4 5.0
Glucose 20.0
M17 broth Ascorbic acid 0.5
Lactose 5.0
Magnesium sulphate 0.25
Meat extract 5.0
Meat peptone 2.5
Sodium glycerophosphate 19.0
Soya peptone 5.0
Tryptone 2.5
Yeast extract 2.5
Glucose 60.0

In contrast, 2-butanone synthesis with the supernatant from the resting cells reaches
a yield well above 50%, surpassing the yield from conversion in the different complex
media. Additionally, the lower amount of dissolved components substantially reduced
process-hindering foam formation during the electrolysis.

This increased yield is most likely due to two factors. Firstly, L. /actis VJO17 as a
production host does not produce any process-hindering side products such as
2,3-butanediol, unlike the previously employed Bacillus licheniformis. Secondly, the
resting cell buffer contained far less dissolved molecules compared to the
Nakashimada medium that was used in the previous study. For example, the resting
cell buffer did not contain any Na2SeOs, H3BOs, and AIK(SOa4)2."% 33° The increasing
yield indicates the adaptions benefit the subsequent electrochemical conversion. For
the bio-based production of 2-butanone, a biocatalytic yield of 0.49 gacetoin*gglucose™' and
an electrochemical yield of 0.52 ga-butanone*Jacetoin”! result in an overall process yield
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of 0.25 g2-butanone*Jglucose™'. Regarding the evaluation of the economic competitiveness,
we did not aim to translate achievable and achieved vyields into prices due to highly
volatile market prices.

However, an improved overall process yield and space-time yield might be obtained
by applying a continuous reaction, like we recently discussed for model solutions.'2
Accordingly, continuous long-term reactions might benefit from a more robust and
specific catalyst that could suppress the HER even in presence of low concentrations
of metal ions in fermentation supernatants and thus favor the reduction of acetoin to
2-butanone. These investigations illustrate that experimental assessment of process
chains under realistic conditions is necessary when determining the feasibility of
integrated processes.34°

3.3.4 Conclusion

Genetically modified L. /actis VJO17 is a suitable host for the production of acetoin
since it can convert glucose with high efficiency and selectivity to the product. The
product yield of 0.46 gacetoin*gglucose™’ that was obtained in cultivations with an improved
oxygen transfer is the highest acetoin yield from glucose so far.''* Uncoupling growth
and acetoin formation using a resting cell buffer for the latter allowed even higher yields
of 0.49 QGacetoin*gglucose™!, about 96% of the theoretical maximum. Using this dissolved
components-reduced resting cell buffer for immediate electrochemical conversion of
acetoin resulted in a 2-butanone yield well above 50%, higher than in previous
attempts.'"? The suppression of the parasitic HER in the supernatant of the resting cell
buffer compared to the different complex media leads to a higher FE and yield for
2-butanone and improves the electrochemical conversion.

Future investigations will aim for further improvement of the suggested cascade. For a
continuous synthesis, a higher acetoin titer in the resting cell assay would be a
prerequisite. This can be achieved by means of genetic engineering, e.g. by
overexpression of an a-acetolactate synthase and an a-acetolactate decarboxylase.
Subsequently, continuous purification of 2-butanone via stripping or extraction could
increase 2-butanone yield. The additional process intensification of electrochemical
reduction and product purification could counteract the overreduction observed in a
previous study with higher acetoin titers and a longer duration of the reaction. 12

In this work, we successfully developed an integrated process for the production of
2-butanone from sustainable carbon sources through interdisciplinary investigations,
modifying the microbial process beyond its isolated figures of merit. Thereby, this
strategy benefits the integrated process which can only be achieved by experimental
work at the interface of the two disciplines, combining the advantages of bio- and
electrocatalysis.
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3.4 Foundations of biotechnological methyl ketone production

3.4.1 Abstract

Methyl ketone production with tailored Pseudomonas taiwanensis VLB120 A6 pProd
was shown to be feasible in high titers and yields. However, there are still several
parameters that have to be investigated with greater detail for a comprehensive
understanding of methyl ketone bioprocesses. In this chapter, we show that in situ gas
stripping is feasible for the C11 methyl ketone, of which 85% could be recovered. The
longer chain length congeners could not be sufficiently enriched in the solvent trap
using in situ gas stripping; accordingly, in situ extraction remains the recovery method
of choice for the methyl ketone blend. In this context, the application of different
thioesterases that can influence the hydrocarbon chain length was investigated. The
applied changes in the metabolisms of methyl ketone formation led to a shift of the C11
to C17 production pattern towards the shorter congeners. The production of methyl
ketones with a hydrocarbon chain length smaller than C11 was not possible. Lastly, the
growth temperature of the production host was evaluated, since this parameter can
influence the last, non-enzymatic step of product formation, the decarboxylation of the
B-keto acid to the corresponding methyl ketone. It was shown that 28 °C to 30 °C is
the optimum temperature. These investigations show which parameters can still be
adjusted to improve methyl ketone bioproduction.

3.4.2 Introduction

To obtain a comprehensive, holistic understanding of biotechnological methyl ketone
production and methyl ketone purification, more detailed investigations of certain
aspects are necessary.

In terms of product purification, in situ product removal (ISPR) can benefit
bioprocesses in various ways. Critical key performance indicators such as the product
yield and the space-time yield can be improved, for example, by circumvention of
product inhibition, a shift in the reaction equilibrium, or a generally reduced number of
consecutive downstream processing steps.!'® 120. 187 For methyl ketones, in situ
extraction by addition of a second, non-miscible organic solvent is often the ISPR
method of choice.8 97- 9. 241 |n sjtu extraction has the advantages mentioned above,
however, the solvent can cause additional process costs. Moreover, recovery of the
organic phase is often challenging due to detrimental emulsion formation.’3® An
alternative ISPR method for volatile compounds is in situ gas stripping. Here, a gas
stream in the bioreactor drags the volatile product out of the cultivation broth. In an
ideal case, this is highly selective, simple, cheap, energy efficient, and does not harm
the microorganism.34' 342 However, gas stripping is only possible for volatile products
that have a pronounced vapor pressure. Notably, the vapor pressure of the methyl
ketones increases with a decrease in chain length, making gas stripping as an ISPR
method especially attractive for the shorter chain length methyl ketones.?*3

In this context, thioesterases were found to be key enzymes that determine the
hydrocarbon chain length of methyl ketones.”® 3% Thioesterases catalyze, among
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other reactions, the hydrolyzation of acyl-CoA or acyl-ACP thioesters in the fatty acid
metabolism. The products of this reaction are free fatty acids and ACP or CoA
coenzymes. Depending on their physiological role and the organism, thioesterases
have different substrate spectra and thus produce fatty acids with different carbon
chain lengths. For example, FadM is a cytosolic procaryote thioesterase with a wide
substrate spectrum of Ci2 to C1s.34% In contrast to that, eucaryotic Cuphea palustris
thioesterase FatB1 (CpFatB1) is described to be highly specific for the production of
shorter Cs fatty acids.'® 34 Due to its interconnection with the fatty acid metabolism,
also methyl ketone production is affected by thioesterases (Figure 28). For example,
when Providencia sneebia thioesterase FadM (PsFadM) and CpFatB1 are expressed
in E. coli, methyl ketones with a chain length of C7 to C11 are produced.®

Pseudomonas taiwanensis A6 pProd

fatty acid

synthesis B-oxidation

(o] o
/\/\/\)‘?\S/ACP AANANA
FadM co
FatB‘ o, FadD Aﬂ o o 2

/\/\/\/’\ou—’/\/\/\)o\sfm AAANA i /\/\/?\

C, methyl ketone

Figure 28 Thioesterases involved in the metabolic pathway for methyl ketone production. The scheme
shows the production of the C7 methyl ketone 2-heptanone. FatB and FadM are shown as two exemplary
thioesterases that can be the target of genetic engineering approaches. FadD = acyl-CoA synthetase,
CoA = coenzyme A, ACP = acyl carrier protein.

Additionally, it was found that during methyl ketone production with genetically
engineered P. taiwanensis VLB120 A6 pProd, there is a notable increase in the product
concentration after depletion of the carbon source. For example, Nies et al. observed
a 50% increase in methyl ketone concentration within approximately 6 hours after the
total glucose was consumed in batch shake flask cultivations.®” In contrast to that, this
phenomenon was not observed when other strains such as Escherichia coli were
applied as the genetically engineered microbial cell factory for methyl ketone
production.8% % There are two main theories that can explain this observation. First,
the final reaction of methyl ketone production is the spontaneous decarboxylation of
the corresponding B-keto acid. For example, the removal of one CO2 from the
C16 B-keto acid leads to formation of the Cis methyl ketone 2-pentadecanone. This
step is not catalyzed by an enzyme.8° If this reaction proceeds more slowly than the
preceding enzymatic conversions, it becomes the rate limiting step that can still occur
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after carbon source depletion. Accordingly, accumulation of the B-keto acid can cause
the delayed formation of methyl ketones. Secondly, it is possible that some storage
compounds such as the polyhydroxyalkanoates (PHAs) commonly found in
Pseudomonas spp. serve as a carbon reservoir for methyl ketone production.347. 348
Transmission electron microscopy is a method to evaluate the two options, since
storage molecules such as PHAs get visible.

This being said, also the cultivation temperature can play a role in methyl ketone
production. It was shown that the methyl ketone titer can be increased when the
cultivation broth is heated to 70 °C after cultivation.®” Therefore, increasing the
temperature during the cultivation of P. taiwanensis VLB120 A6 pProd could be
beneficial for methyl ketone production, provided that the viability of the cells does not
decrease.

In this chapter, in situ gas stripping of methyl ketones was explored to evaluate
alternative and potentially advantageous ISPR methods for the product recovery. In
addition, the genes coding for alternative thioesterases were incorporated into the
methyl ketone production plasmids to potentially increase the product spectrum of the
methyl ketones in terms of chain length. The resulting hydrocarbon chain length
distribution was investigated. Lastly, the optimum growth temperature of
P. taiwanensis VLB120 A6 pProd was evaluated to assess the potential of an
increased cultivation temperature for faster decarboxylation of B-keto acids to methyl
ketone, and TEM images revealed the physiology of the production host.

3.4.3 Results and Discussion
Gas stripping for in situ product removal of methyl ketones

As an alternative to in situ extraction for methyl ketone purification, in situ gas stripping
was implemented in bioreactors (Figure 29A). After 47 hours, 17 mg of methyl ketones
were detected in the cultivation broth and 25 mg in the solvent trap through which the
exhaust air was channeled. While the methyl ketone content in the solvent trap
increased steadily, the maximum methyl ketone content in the cultivation broth of
26 mg was achieved after 29 hours. With a total amount of 3.0 g added glucose, this
results in a product yield of 0.014 gmethyl ketones*Jglucose™'. Since no organic solvent was
added to the bioreactor, biomass concentrations could be determined in this
experiment. The maximum CDW of this cultivation was 5.9 g-L™, resulting in a biomass
yield of 0.39 gcow-gglucose”!. This is a valuable insight, since methyl ketone formation
with ISPR and biomass quantification cannot be performed simultaneously when in
situ extraction is applied.

The congener distribution after 47 hours showed that in the cultivation broth, mainly
2-tridecanone and 2-tridecenone, the C13 congeners, were present (Figure 29B). In
the solvent trap, the main detected congener was 2-undecanone, the Ci1 methyl
ketone, which accounted for 76% of the total measured methyl ketones.
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Figure 29 Growth, methyl ketone production, and congener distribution of a bioreactor cultivation with
in situ gas stripping. (A) Methyl ketone production was performed in 0.2 L MSM with 10 g-L"! glucose.
The off gas was run through a solvent trap with 0.05 L of n-decane with a flow rate of 0.5 L-min,
resulting in an aeration rate of 2.5 vvm. After 27 hours, 2 mL of a 500 g-L-" glucose solution was added.
Methyl ketones broth refers to the absolute amount of product in the aqueous cultivation broth, while
methyl ketones solvent trap refers to the absolute amount of product in the solvent trap. (B) Relative
distribution of the C11, C13, and C1s methyl ketones in the solvent trap after 47 hours. MSM = mineral
salt media; vvm = volume air per volume aqueous phase per minute.

This translates to an 85% recovery of the C11 methyl ketone in the solvent trap, while
only 17% of the total C1s methyl ketones could be captured in the solvent. The longer
the hydrocarbon chain of the methyl ketone, the less it can be recovered by in situ gas
stripping.

If applicable to the corresponding bioprocess, in situ gas stripping can be
advantageous over in situ extraction as an ISPR method. For example, for acetone-
butanol-ethanol (ABE) fermentation, gas stripping is the recovery method of choice.3*"
342 Also methyl ketones are in theory volatile organic compounds with a boiling point
of 230 °C to 290 °C, so that gas stripping could be used as a recovery method.'”® In
this attempt, for a mixture of C11 to C17 methyl ketones however, in situ gas stripping
resulted in a 86% decreased product yield compared to in situ extraction. Still, it should
be noted that gas stripping worked best for the C11 methyl ketone, of which 85% could
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be captured in the solvent trap. For an envisaged production of shorter chain length
methyl ketone with hydrocarbon chain length equal to or shorter than C11, in situ gas
stripping can be a suitable product recovery method since the shorter chain methyl
ketones have higher vapor pressures.

Molecular engineering of thioesterases

Thioesterases were shown to be the key enzymes regarding the hydrocarbon chain
length of methyl ketones. Two types of thioesterases are necessary for methyl ketone
formation, namely an acyl-CoA thioesterase such as FadM or PsFadM, and an acyl-
ACP thioesterase, such as ‘tesA or CpFatB1. In E. coli, utilization of PsFadM and
CpFatB1 as the thioesterases resulted in a methyl ketone congener distribution of C7
to C11.%° In this work, incorporation of the PsFadM gene into the methyl ketone
production plasmid of P. taiwanensis VLB120 A6 pProd via Gibson assembly was
validated by Sanger sequencing. Cultivations with the newly generated methyl ketone
production host carrying the thioesterases PsFadM and ‘tesA (A6 pCG1pSN2, Table
14) was possible.

Table 14 Thioesterases and respective substrate specificities and origins used in this study. ACP = acyl
carrier protein; CoA = coenzyme A.

Production host Thioesterases Substrate specificity Origin

) ) ‘tesA Ci2-Cis acyl-ACPs**® E. coli

P. taiwanensis A6 pProd X

FadM C12-C1s acyl-CoAs® E. coli

P. taiwanensis A6 ‘tesA C12-C1s acyl-ACPs®® E. coli
pCG1pSN2 PsFadm Cs-C12 acyl-CoAs® C. palustris

The standard methyl ketone production host A6 pProd (thioesterases ‘tesA and FadM)
produced 0.20 g-L-" of methyl ketones in the solvent phase from 2 g-L-' of glucose
(Figure 30A). The newly generated production host A6 pCG1pSN2 (thioesterases
‘tesA and PsFadM) produced 0.14 g-L"' methyl ketones under the same conditions.
Regarding all methyl ketone congeners except for the saturated C11 and C1s, A6 pProd
produced more than A6 pCG1pSN2. The relative distribution (Figure 30B) of the
congeners showed that A6 pProd produced almost even percentages of C11, C13, C13:1,
and Cis:1, with C13 being the main congener. A6 pCG1pSN2 produced mainly the
shorter chain length methyl ketones, namely 2-undecanone and 2-tridecenone (C11
and C13:1).

The standard methyl ketone production host A6 pProd harbours the two thioesterases
FadM and ‘tesA, which are characterized for a substrate specificity to C12 to Cus.
Expression of these thioesterases results in methyl ketones ranging from C11 to Ci7.
The newly incorporated thioesterase PsFadM that was applied as a substitute to FadM
is described to have a substrate specificity of Cs to C12.9°
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Figure 30 Methyl ketone congener distribution that resulted from different thioesterase combinations.
Absolute (A) and relative (B) results are shown after 48 hours. Two strains are being compared (1)
P. taiwanensis VLB120 A6 pProd, harboring the genes of the two thioesterases FadM and ‘tesA, and
(2) P. taiwanensis VLB120 A6 pCG1pSN2. The methyl ketones were divided in saturated (C11, C13, and
C15) and monounsaturated (C1a:1 and Cis:1) methyl ketone congeners of different chain lengths. Cells
were cultivated with 2 mM IPTG and 1 mM arabinose in 15 mL test tubes containing 1 mL MSM with
2 g-L" glucose and 0.5 mL n-decane for methyl ketone extraction. MSM = mineral salt media; IPTG =
isopropyl B-D-1-thiogalactopyranoside. The data associated with this figure was obtained from Rebecca
Breit's Master Thesis under supervision by Carolin Griitering.65

The combination of PsFadM with ‘tesA (strain A6 pCG1pSN2) resulted in methyl
ketone production with the same chain length as A6 pProd, Ci1 to Ci7. The
concentration of methyl ketones was generally reduced as compared to the original
production host, probably because PsFadM has a lower activity than FadM. However,
a shift towards the production of C11 was observed with A6 pCG1pSN2, suggesting
that the thioesterase PsFadM favors the shorter chain lengths. Additionally, in
decreased share of the monounsaturated methyl ketones with a double bond position
at the w-7 position was observed with PsFadM. 62

Still, combining PsFadM with ‘tesA in the newly generated variant A6 pCG1pSN2 did
not result in production of C7 and Ce methyl ketones. Both A6 pProd and A6 pCG1pSN2
have a completely disrupted B-oxidation due to deletion of all FadA homologs.
Consequently, the first thioesterase that is involved in the methyl ketone metabolism,
namely the acyl-ACP thioesterase, e.g. CpFatB1 and ‘tesA, determines the chain
length of methyl ketones. An integration of CpFatB1 was not possible in this work,
because all clones showed mutations in the nucleotide sequences that are necessary
for the expression of a functional CpFatB1. There could be two possible reasons for
this. First, intracellular short-chain fatty acids, mainly the Cs and the C1o congeners,
are the products of the thioesterase CpFatB1.1%® These molecules are reported to be
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toxic to microorganisms.34%-3%" This toxicity can have generated a selection pressure
against the expression of a functional CpFatB1. Second, CpFatB1 drains intermediates
out of the fatty acid metabolism, instead of end products like ‘tesA. Accordingly, the
intermediates of fatty acid biosynthesis are not available for essential cellular functions
such as the assembly of membrane lipids.352 353 For the formation of the C7 and Co
methyl ketones, expression of a acyl-ACP thioesterase with a substrate specificity
towards the Cs and C10 acyl-ACPs is still necessary.

Optimum growth temperature of Pseudomonas taiwanensis VLB120

An increased temperature of the cultivation broth with P. taiwanensis VLB120 A6
pProd was shown to result in an increased methyl ketone formation.®” Accordingly, the
growth rate of P. taiwanensis VLB120 A6 pProd was assessed at 46 individual
temperatures within a range from 22.6 °C to 44.0 °C (Figure 31).

The course of the data points shows an increase of growth rates until a temperature of
approximately 28 °C to 30 °C, followed by a rapid decrease in growth rates at
temperatures exceeding 30 °C. The highest growth rate of 0.42 h-! was observed at a
temperature of 28.0 °C. The lowest tested temperature of 22.6 °C resulted in a growth
rate of 0.33 h™'. The highest temperature that still resulted in growth was 38.2 °C with
a growth rate of 0.03 h-'. At temperatures higher than 38.2 °C, no growth was observed
under these conditions. The overall curve shape resembles the course of an enzyme
activity and thus microbial viability at different temperatures.
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Figure 31 Growth rate of P. taiwanensis VLB120 A6 pProd over a temperature range from 22.6 °C to
44.0 °C. The growth rate was calculated as the slope of the linear equation of the natural logarithm of
the adsorption at 600 nm in the period from 5 hours to 10 hours after induction. 48 well flower plate,
620 nm, 800 pL, MSM 10 g-L" of glucose, 1,400 rpm, 3 mm shaking diameter. MSM = mineral salt
media. The data associated with this figure was obtained in cooperation with David Wollborn.
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Initially, there is an increased reaction rate with increasing temperatures, which causes
an increase in enzyme or cell viability. After reaching the optimum temperature that is
characteristic for a certain biocatalyst, there is a strong decline in activity due to protein
denaturation.3%*

It was reported that many microorganisms of various phyla are cultivated at
temperatures of 30 °C or 37 °C. However, this might not be the optimum growth
temperature but rather a temperature that was chosen out of convenience, since those
are the standard settings of shakers in laboratories.3%® Previously, for P. taiwanensis
VLB120, an optimum growth temperature of 30 to 37 °C was described.?®® Here, this
broader range was narrowed to a temperature optimum of 28 °C to 30 °C. Accordingly,
for P. taiwanensis VLB120, the preferred cultivation temperature of 30 °C seems to be
suitable to promote optimum growth. Therefore, at the current state of methyl ketone
production, it is not recommended to use higher temperatures for a fastened
decarboxylation of 3-keto acids to the corresponding methyl ketones.

Lastly, transmission electron microscopy (TEM) images were generated to unravel the
physiology of the methyl ketone production host. Micrographs during the stationary
growth phase of the P. taiwanensis VLB120 wild type and the P. taiwanensis VLB120
A6 pProd methyl ketone production host were compared (Figure A 7). The stationary
phase was chosen for this comparison since most of the methyl ketones are formed
after glucose depletion. There was no difference in the cell membrane or the size of
the periplasmatic space, indicating that methyl ketone formation has no visible impact
on the membrane, e.g. in terms of size, composition, or structure. However, the wild
type had white granules with a size of approximately 60 nm. Presumably, those were
PHA granules for carbon storage during the stationary phase, as they were observed
for various Pseudomonas species.347- 3%6-3%8 The P. taiwanensis VLB120 A6 pProd
variant has a deletion of the pha operon with the polyhydroxyalkanoate synthase genes
phaC1 and phaC1 and did not exhibit these granules. Therefore, it is unlikely that
common carbon storage molecules as PHAs are responsible for the formation of
methyl ketones during the stationary phase. Instead, it is more likely that one of the
reactions of the beta oxidation is the bottleneck. As described earlier in this chapter,
e.g. the decarboxylation of the B-keto acids to the methyl ketones can be the rate
limiting step.

3.4.4 Conclusion

This investigation of the foundations of methyl ketone production with genetically
engineered P. tawanensis VLB120 showed that there are several opportunities to
further improve and diversify this approach in terms of e.g. product recovery and
product range. Regarding ISPR, gas stripping was shown to be possible for
2-undecanone, the C11 congener of methyl ketones, of which 85% of the total amount
could be captured in a solvent trap. The higher chain length methyl ketones have a
lower vapor pressure and are thus less prone to gas stripping. In case that the
production of methyl ketones with a hydrocarbon chain length equal or lower than C14
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is aimed for, gas stripping can be a convenient ISPR method. It is likely that the C7 and
Co methyl ketone can be recovered at even higher shares by gas stripping due to their
higher vapor pressure. In situ gas stripping does not require the addition of an organic
solvent, as it is necessary for in situ extraction. Accordingly, there is no detrimental
emulsion formation and no interference with the microorganisms, while still being a
specific and easy ISPR method. In order to produce shorter chain length methyl
ketones, functional expression of an active acyl-ACP thioesterase with a substrate
specificity to shorter chain length such as CpFatB1 is still necessary. Here, e.g. the
application of promoters with different expression strengths can balance the burden of
expressing an enzyme that produces the potentially harmful medium-chain length free
fatty acids.35% 360 Additionally, FadD, the acyl-CoA synthetase, can be a target for future
investigations. In E. coli, heterologous expression of a Mycobacterium tuberculosis
FadD variant was shown to be necessary to direct the flux towards the shorter chain
methyl ketones. %6 346 |n the future, a mix-and-match approach for the thioesterases is
conceivable, with which the congener distribution and chain length of the methyl
ketones can be adapted to a specific application.

The optimum growth temperature of the production host was revealed to be 30 °C. At
higher temperatures, viability of the microorganisms rapidly decreases. If higher
cultivation temperatures for an improved conversion of B-keto acids to methyl ketones
are aimed for, adaptive laboratory evolution is an option to adapt the production host
to these conditions. Adaptive laboratory evolution was shown to be a powerful tool to
enhance the tolerance to harmful growth conditions for various applications.36!. 362
Under the current conditions however, methyl ketone production with P. taiwanensis
VLB120 A6 pProd should be performed at 30 °C. Still, the TEM images reveal that the
production host does not form intracellular PHAs that could serve as a storage
molecule. Therefore, it is likely that another intermediate of the fatty acid metabolism,
such as the B-keto acids, is the reason why methyl ketone production proceeds after
carbon source depletion. This is why an increased cultivation temperature could lead
to improved performance indicators such as product yield and production rate.
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4 General Discussion and Outlook

4.1 Fuel and bulk chemical production in integrated bioreactors

It is inevitable that we need sustainable drop-in diesel fuel replacements, and it is
inevitable that those need to be produced using straightforward, cost-efficient
processes. Various molecules, including the methyl ketones, were shown to have
suitable predicted cetane numbers. This work demonstrates that regarding methyl
ketones, also all other important parameters, such as the lubricity, viscosity, and
toxicology, are as good as or even better than the currently used diesel fuels.
Additionally, as opposed to other molecules that are discussed as diesel fuel
replacements, methyl ketones can be produced from renewables using
microorganisms within the context of a circular bioeconomy.

In situ extraction itself is already a promising concept for such an endeavor. By
performing in situ extraction in the multiphase loop reactor, the advantages of this
recovery method were even more pronounced. For other extractive fermentations in
conventional STRs, e.g. centrifugation is required to separate the organic solvent from
the cultivation broth. While centrifugation seems undemanding in a laboratory scale, it
gets costly and technically challenging during scale-up, especially for the envisaged
application of the methyl ketones as bulk chemicals or fuels. Consequently, the in situ
extraction with a solvent that is compatible with the final product mixture,
2-undecanone, and phase separation by settling, solves several challenges at once.
Notably, comparing the methyl ketone production in the MPLR to STRs, the MPLR
resulted in similar product yields and productivities until glucose depletion (MPLR:
44 mgmethyl ketones*Jglucose™!, 44 Mgmethyl ketones'Lag™'-h™"; STR: 50 MQmethy! ketones*Jglucose ",
49 mgmethyl ketones*Lag™'-h"). There seem to be no negative effects of the MPLR, e.g. by
the reduced oxygen concentration in the downcomer, on the product formation.

The overall attempt of producing methyl ketones in the MPLR has shown the potential
of in situ product extraction and solvent screenings. However, key performance
indicators (KPIs) such as the product yield, titer, and productivities were not in the
range where biotechnological production can compete with petrochemical production.
A fast conversion of the raw material to high concentrations of the product of interest
without substantial carbon losses is essential to develop a successful bioprocess.
Especially for the envisaged application of methyl ketones as a large-scale biofuel,
those KPIs have to be further improved to allow for an economically feasible
sustainable bioprocess.?®3 34 For example, the already commercialized biofuel
bioethanol (global production of 140 billion liters in 2022) is being produced at product
yields of approximately 0.400 Gethanol-Gsubstrate™!, Which is far from the maximum methy!
ketone yield in this work, namely 0.154 gmethy! ketonesGsubstrate™'.36% 366 Several options to
improve the bioprocess for methyl ketone production further are illustrated below.
Batch, fed-batch, and continuous mode are the three basic types of operation modes
of bioreactors. The batch mode was successfully implemented in the MPLR,
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showcasing the general high potential of this bioreactor setup. Performing a fed-batch
cultivation in the MPLR would be a great challenge, since the filling volume is not
constant in this mode. Consequently, the position of the coalescing unit and the solvent
withdrawal would constantly have to be adapted to the liquid level, which is technically
extremely challenging. When run in continuous mode however, the MPLR has the
potential for an outstanding performance, combining the advantages of ISPR, phase
separation by settling, and continuous fermentations.

In continuous mode in general, the flow rate of the aqueous phase in the reactor Fin
equals the flow rate out of the reactor Fout (eqn (10)). For a constant volume Vaq, this
leads to a steady state, with constant concentrations of biomass, substrate, and
product, and a direct relation of the dilution rate D with the specific growth rate px
(eqn (11)).

Fin = Fouw =F (10)

F
=D = x (1)

Accordingly, the physiological parameter px can, within certain limits, directly be
influenced by the operational parameter D, and the concentrations of the substrate and
product can be adjusted to specific optimum values. This can in turn generally
maximize the efficiency of the bioprocess, especially in cases of product toxicity or
substrate inhibition.3%* For the MPLR, this translates to not only continuously feeding
the aqueous phase to and harvesting the cultivation broth from the bioreactor, but also
recirculating the organic phase continuously from the coalescer to the solvent
disperser. A common drawback of continuous fermentations, the ease of
contaminations, can be prevented by using a solvent that is at the lower range of the
tolerated log P values, but is not hindering the production host, like shown for
2-undecanone with Pseudomonas taiwanensis VLB120 A6 pProd. This also holds the
potential for the bioprocess to produce its own solvent. In continuous mode, the organic
phase is enriched more and more with the methyl ketones, until the point when the
organic phase has the same constitution as the product congener ratio produced by
the microorganism.

For an improved product yield, further genetic engineering can be performed with the
production host, that aims for a more efficient carbon flux towards the product. For
example, an improved balancing of the promoters, or the knockout of further competing
reactions, can be beneficial for this attempt.3®° In this context, also the extension of the
methyl ketone product portfolio produced by P. taiwanensis VLB120 can be tackled.
As shown in Chapter 3.4, expression of a fadD variant with a high specificity towards
Cs to C+2 fatty acids should, in combination with PsFadM and CpFatB1, lead also to
formation of 2-heptanone and 2-nonanone.%

Also, the overall meaningfulness of biotechnological production of methyl ketones as
a fuel has to be proven. Here, life cycle analysis (LCA), life cycle costing (LCC), and
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techno-economic assessment (TEA) are tools to be applied. These can be used to
identify the levers that have the greatest impact on the overall economic and ecologic
feasibility, taking the physical limits of the bioprocess into account. Like described in
Chapter 1.1, the bio-based production of a good does not necessarily imply its
sustainability.

Regarding the analysis of the whole value chain for methyl ketones, product and
solvent losses due to emulsification should be strictly avoided. Droplet coalescence is
currently achieved in an unstructured stainless-steel mesh. This coalescing unit can
be adapted and improved to aid stable, reproductible phase separation, also under
more challenging conditions with e.g. higher biomass concentrations.367 Additionally,
the current bioreactor vessel has an absolute volume of 5 L. This was useful to
generate a successful “proof-of-principle”, however, the fluid dynamics and
emulsification behavior have to be tested in larger scales, from 100 L up to m2. In these
scales that are closer to industrial applications, different challenges can be studied.
For example, the residence time in the non-aerated downcomer compartment for
liquid-liquid extraction is prolonged at a larger scale, and the flocculation and
coalescence effects in the coalescing compartment can differ.

The general concept of the MPLR can also be a solution for other bioprocesses that
struggle from e.g. product toxicity or emulsification. The production of biosurfactants,
namely rhamnolipids, was shown to be possible in the MPLR with genetically modified
Pseudomonas putida KT2440.'45 This strain is similarly robust towards stress
conditions as P. taiwanensis VLB120.'% However, the applicability of the MPLR with
other microbial cell factories, e.g. eucaryotes, and other products, has yet to be proven.
The MPLR can be a powerful tool to produce toxic chemicals and fuels, since the
product is directly separated from its producing cell.’® Also bioprocess with
biocatalysts that are sensitive to peaks in shear stress can benefit from this setup. Due
to the omission of a stirrer, shear stress is reduced and homogeneously distributed in
the MPLR compared to STRs. 45 368, 369

4.2 Co-feeding and application of hydrolysates

It was shown that replacing fossil fuels with biofuels has the potential to reduce GHG
emissions by around 85%.%° However, it is obvious that fuel production from edible,
first generation feedstocks, as it is currently practiced, is not desirable. Less than 10%
of the terrestrial biomass can be used for food purposes, while more than 90% consists
out of lignocellulose.?? It is therefore highly inefficient to utilize only the edible parts of
plants in general, which ultimately leads to land shortage, biodiversity loss, and
competition with food supply. In contrast, making the enormous amounts of carbon that
is stored in the global non-edible lignocellulose accessible holds great potential for the
generation of more sustainable processes.

To address the issue of a sustainable supply of carbon, efficient bioprocesses that
utilize more sustainable, renewable substrates such as lignocellulosic biomass, COz2,
and waste plastic, have to be developed, not only for the generation of fuels. For methyl

103



Chapter 4

ketone production, ethanol was shown to be an excellent co-fed carbon source that
enhances high product yields and titers and can be produced in syngas fermentations
or in second-generation biorefineries.3’° The results of Chapter 3.2 show that by
applying ethanol in a batch culture, high product yields of 25% of the theoretical
maximum can be achieved, while the methyl ketone yield on glucose in batch cultures
is in the range of 10% of the theoretical maximum. However, ethanol is a chemical that
is toxic to microorganisms when it is applied in higher concentrations, as highlighted
by the fact that it is commonly used as a disinfecting agent.3”" Accordingly, applying
ethanol as a carbon source in batch mode might not be the best option for developing
a bioprocess for methyl ketones from ethanol. Alternatively, feeding ethanol in a fed-
batch approach can make the positive effects of ethanol even more pronounced. A
primary batch phase on e.g. glucose would allow for a robust development of higher
cell densities. Consecutively, feeding ethanol could allow for a high flux of this
secondary carbon source to the methyl ketones.

Regarding the utilization of wheat straw hydrolysates, P. taiwanensis VLB120 A6
pProd was again showcased to be an outstanding production host to turn
lignocellulosic biomass to value-added products. It is inherently robust towards
hydrolysis-derived inhibitors such as phenolics and furans and utilizes xylose as a
carbon source. For many other microorganisms, tremendous adaptions have to be
performed regarding robustness and Cs sugar utilization to enable the application of
lignocellulosic hydrolysates.?82 372 Still, combined bioprocessing of cellulosic and
hemicellulosic hydrolysates has to be tested, and the conversion of xylose to methyl
ketones can be improved, e.g. by implementation of the Dahms pathway. Also, the
hydrolysates should be applied in the MPLR, that was currently only tested with
minimal media. The complex composition of the hydrolysates might pose an additional
challenge to e.g. phase separation during bioprocessing of methyl ketones in the
MPLR.

Concerning the application of hydrolysates in bioprocesses in general, large-scale
feasibility can only be achieved by conducting more research and generating more
knowledge of the hydrolysis process. Lignocellulose is an extremely complex structure.
More standardized methods, also for the generation of hydrolysates from varying
feedstocks, have to be developed to render biorefinery approaches economically
feasible. Another key challenge is to reduce the enzyme load during the hydrolysis,
since the enzymes are a main contributor to the total cost of the hydrolysis.% 373

4.3 Bio-based production of C4 molecules

The biotechnological production of enantiopure (3R)-acetoin by resting cells was
shown to be feasible in yields close to the theoretical, physically possible maximum.
The electrochemical conversion of acetoin to 2-butanone was improved by adapting
the process parameters not only to the biocatalysis, but also to the electrocatalysis.
This again demonstrates the importance of holistic, interdisciplinary research to
achieve a common goal. Herein, the next step is to develop further downstream

104



General Discussion and Outlook

processing approaches for both acetoin and 2-butanone, depending on which
molecule is the product of interest.

Acetoin has a high boiling point and is highly hydrophilic, making it difficult to separate
from the aqueous fermentation broth by e.g. distillation or extraction. However,
membrane pervaporation was shown to be possible.37* In contrast to this, 2-butanone
is more volatile and hydrophobic, and recovery of 2-butanone from the electrolyte can
be accomplished by e.g. solvent extraction or gas stripping.’'? Also in terms of
applicable recovery methods, electrochemical conversion of acetoin to 2-butanone in
the fermentation broth seems to be meaningful, since the purification of the latter from
the aqueous media is more straightforward.

4.4 Concluding remarks

Industrial biotechnology is considered to be a key technology to tackle environmental
and climate challenges and to promote economic growth.®”® There has been much
progress in recent years, such as the construction of several plants to produce ethanol
by fermenting CO, CO2, and H2 gases from steel mills by LanzaTech.37®

However, much remains to be done to unleash the full potential of industrial
biotechnology. This work depicts some technical approaches to tackle those hurdles.
All problem-solving attempts have one thing in common: a strong focus on
communication and interdisciplinarity. It will be a joined effort to establish a circular
bioeconomy, and no discipline alone can provide all the answers. In addition to the
necessary technology, public communication around the bioeconomy narrative needs
to be improved. It has been shown that the term "bioeconomy" has a generally positive
connotation among the public, while there is still a lack of understanding of what a
bioeconomy actually is.3”7 Public perception and comprehension of biotechnology with
its emotive terms such as “genetically modified organisms” needs to change. This is
why we need a better science communication, with a comprehensive vocabulary that
clarifies the intention behind the scientific efforts. The implementation of model regions
can help to demonstrate the true potential of the bioeconomy. In Germany for instance,
the Rheinische Revier, Europe’s largest lignite mining area, is supposed to be
transformed into such a bioeconomy model region.3’® This can shine a light on the
economical and ecological potential of bioeconomic concepts.

Ultimately, policymakers are called upon to discontinue fossils and stop the “unlimited
economic growth” mindset. In December 2023, at the very time this thesis was written,
the COP28 climate summit pledged to “transition away from fossil fuels” which gives
hope that we are moving in the right direction; a direction where it will become easier
to generate an economic advantage out of pursuing ecological goals.37°

In the end, unlimited growth is not possible in a limited world.3&
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Table A 1 Composition of the stock solutions that were used for preparation of MSM. The phosphate
buffer was applied in as a 50x stock in case that no pH regulation was possible, e.g. in shake flasks,
MTPs, and tubes.'® MSM = mineral salt media.

Name Stock [L]

100x phosphate buffer

K:HPO4 388 g
NaH2POx 163 g
100x (NH4)2S04
(NHa)2S04 200 g

100x mineral salts

EDTA 1000 mg
MgClz - 6H20 109
ZnSO0s4 - TH20 200 mg
CaClz- 2H20 100 mg
FeSO4 - 7H20 500 mg

Na:MoOs - 2H20 20 mg
CuSOq4 - 5H20 20 mg
CoClz - 6H20 40 mg
MnClz - 2H20 100 mg

Glucose stock solution

Glucose monohydrate 550 g
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Figure A 1 Methyl ketone production by P. taiwanensis A6 pProd in shake flasks with different induction
time points. 1 mM arabinose and 2 mM IPTG were added at inoculation (0 hours) and 2 hours, 4 hours,
and 6 hours after inoculation. Cultivations were performed in 50 mL MSM with 10 g-L-" glucose and
12.5 mL n-decane for in situ extraction of methyl ketones. Values are shown as mean and deviation of
biological duplicates. MSM = mineral salt media; IPTG = isopropyl -D-1-thiogalactopyranoside.
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Name Density [g em' MP €] | Flash Point[°C] | CASNo. | Formula | Molecular Weight [g mol”]
[ZE) EEx) E3 124185 | cionz a3
Famesol 0.88 E 155 4602840 | C15H260 ma
a-farmesene 0.84 E 103 502614 | CisH24 200
Limonene 0.85 95 3 138863 | Cl0H16 1362
thyl palmitate 0.86 2 110 628977 | C18H3602 2885
0.86 123 13 124061 | C16H3202 2564
0.86 43 7 106321 | C10H2002 1723
Ethyl hexanoate 0.87 67 s 123660 | CBH1602 1432
Ethyl Butyrate. 0.88 o8 2 105544 | CoH1202 1162
Toluene 0.87 94 4 108983 921
Ethyl benzene 0.87 34 13 100414 | csH10 106.2
henylethanol 101 2 £ 98851 | C8H100 1222
0.86 87 7 108518 | CloM14 1302
1,3 dioxola 1.06 95 2 646060 | C3HE02 71
2-Methyltetrahydrofuran 0.86 136 10 2526568-3 | C5H100 8.1
Ethyl acetate 0.9 836 7 141786 | C4HBOZ 881
Hexyl acetate 0.88 .9 a5 142927 | CBH1602 14a.
Ethyl valerate 0.87 91 39 539822 | C7HL402 13018
2-Octanone 0.82 16 52 11137 | €3H160 1282
2-Nonanone 0.83 a5 64 1422
0.82 1 7 1563
0.83 12 8 1703
2-Dodecanone 0.83 EN 110 1883
2-Tridecanone 0.82 30 107 1983
2-Pentadecanon 0.81 39 13 2264
2-Heptadecanon 0.81 a8 >110 2545
1-Heptadecanol 0.85 55 155 2565
Heptyl acetate 0.88 50 68 1582
0.87 38 3 1723
Dibutoxymethane 0.84 58 a3 1603
Diethaxymethane 0.83 66 5 1042
4,5-octandiol 0.9 - 17 1462
Dibutyl ether 077 85 2 1302
0.83 7 108 1583
0.87 110 1863
Methyl nonancate 0.88 3 1723
Methyl linoleate 0.89 97 2945
Dibutyl sebacate 0.96 178 3145
Tributyl citrate 104 184 3604
Dibutyl phthalate 104 157 2783
0.83 110 1863
2-Methyltetrahydrofuran 0.86 41 8.1
Gleylamine 0.81 154 2675
1,4-Butanediol 102 121 %01
Bis(2-ethylhexyl) phthalate 0.99 215 3906
1,4 Diaminopentane 0.9 9 57 1022
Methyl tert-butyl ether 074 108 33 882
0.83 a3 2 105 1703
0.83 33 19 64 1422
0.82 27 12 56 1282
0.86 8 32 113 3105
2-Ethylhexan-1-0l 0.83 31 70 81 1303
Tributyrin 103 24 s 180 3024
(X2 a8 18 135 2264
n-octane 07 a8 56 13 1142
alpha pinene 0.86 28 -3 31 1362
3-Methoxy-3-methyl-1-butanol 0.93 04 - 7 182
Oetyl acetate 0.86 34 38 8 1723
m-Kylene 0.86 32 47 2 10616
2-Ethylhexyl acetate 0.87 32 -80 8 1723
2,5-Dimethylfuran 0.88 22 -63 1 9.1
0.86 56 10 131 2284
Cyclohexane 078 34 7 18 82
Cyelohexanel 0.95 12 s 6 1002
Mesitylene 0.87 33 | a7 50 1202
er 0.77 32 -95 25 1302
078 a7 -69 57 1583
Dien-propylether 075 2 a2z 18 1022
1-Dodecancl 0.83 51 24 127 1863
02 46 102 10 122
0 57 51 31 1283
Cyclooctane 0.83 as 15 P 122
0.86 65 18 110 2564
0.85 72 3 164 2705
0.85 82 15 110 2085
0.86 49 55 110 2003
0.86 53 31 110 2284
Methyl octanoate 0.88 36 37 8 1582
4-methyl anisole 0.97 27 a2 59 1222
3-octanone 0.82 23 3 59 1282
Octanal 0.82 28 ] 52 1282
Nerolidol 0.87 46 5 9% 2237
delta-Decalactone 0.96 25 27 110 1703
1.0ctanol 0.83 3 16 81 1303
Ethyl formate 0.92 o5 | -s0s 20 741
Ethyl propionate 0.89 12 | 739 2 1021
Ethyl lactate 103 02 2 3 11813
Ethyl glycolate 11 02 13 62 2082
Ethyl 2,a-dioxovalerate 113 0z 17 110 1582
0.84 61 a 110 2000
0.86 a6 20 102 2003
THexanol 0.86 2 4 0 1022
L-Heptanal 0.82 27 3 7 1162
Pentane 0.63 34 | 30 40 722
Hexane 0.66 39 -85 az 8.2
Propyl acetate 0.87 12 93 u 1021
Butyl acetate 0.88 18 E 2 123864 | CeH1202 1162

Figure A 2 Details of the pre-screening. This step of was for screening for beneficial physical properties
density, log P, melting point, and flash point with the respective thresholds. In case that the properties
fit into the pre-determined ranges, the respective value is highlighted in green. Solvents that have
favorable properties regarding all parameters are highlighted in blue. The data was previously
published'® and is reprinted with permission of Sustainable Energy & Fuels.

111



Appendix

Control Ethyl laurate 1-Decanol Isopropyl myristate  Octyl acetate 2-Butyl-1-octanol  Butylbenzene

Decane Ethyl myristate 1-Octanol

Tl
{

Ethyl octanoate Nonanal Isopropyl

Ethyl oleate 2-Undecanone

Figure A 3 Images of the cultivation broth of the growth assay. The production host was cultivated in
airtight tubes with 33 vol% of the respective solvent. The qualitative comparison of the images was
included in the weighted decision matrix during the solvent screening. The data was previously
published'® and is reprinted with permission of Sustainable Energy & Fuels.

RERENEER

Decane 2-Decanone 1-Octanol 1-Decanol Nonanal Undecanal ~ Butyl Octyl Hexa-
benzene  acetate decane octanol

JELLELURE

Ethyl Ethyl Ethyl Ethyl Ethyl Hexyl Octyl Isopropyl  Methyl  parpesene
octanoate decanoate  gleate myristate laurate  hexanoate octanoate Myristate decanoate

11

Isopropyl
Undecunone palmitate
Figure A 4 Images of interphases after in situ extraction of methyl ketones. The images were used for
qualitative assessment of interphase formation to estimate phase separation. The results were included
in the weighted decision matrix during the solvent screening, where a green tick v gave five points, a ~
gave three points, and a red X gave 1 point. The data was previously published'*® and is reprinted with
permission of Sustainable Energy & Fuels.
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Table A 2 Strains used in this study for the defined inoculum of the fuel tank simulation. The method
was adapted from Ackermann et al.’®? for methyl ketones. The table was previously published'#® and is
reprinted with permission of Sustainable Energy & Fuels.

Strain Database number Source
Acinetobacter beijernikii DSM 22901 DSMZ
Acinetobacter venetianus DSM 23050 DSMZ
Burkholderia cepacia DSM 7288 DSMZ
Micrococcus luteus - Leuchtle et al.™’
Micrococcus yunnanensis DSM 21948 DSMZ
Pseudomonas fluorescens - Leuchtle et al.™’
Pseudomonas poae - Leuchtle et al."®
Candida cylindracea DSM 2031 DSMZ
Debaryomyces hansenii DSM 70244 DSMZ
Debaryomyces polymorphus DSM 70816 DSMZ
Pichia membranifaciens DSM 21959 DSMZ
Raffaelea sp. - Leuchtle et al."®!
Rhodotorula mucilaginosa DSM 18184 DSMZ
Ustilago maydis - Leuchtle et al."®
Yarrowia deformans CBS 2071 DSMz
Yarrowia lipolytica - Leuchtle et al."®"
Paecilomyces lilacinus DSM 846 DSMZ
Penicillium chrysogenum DSM 21171 DSMZ

Penicillium citrinum

Micrococcus luteus

Leuchtle et al."®!

Leuchtle et al."®!
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Table A 3 Composition of the chemically defined medium (CDM) according to Otto et al.332 and Poolman
and Konings.®" The table was previously published®?® and is reprinted with permission of Green
Chemistry.

Substance Concentration
Glucose CsH1206 10 or 40 g-L™"
Dipotassium phosphate K2HPO4 25gL"
Monopotassium phosphate KH2PO4 3glL”’
Triammonium citrate CeH17N3O7 0.6 gL’
Sodium acetate C2H3sNaO2 1gL’
Cysteine hydrochloride C3HsCINO2S 0.25g-L"
Salt-free, vitamin-free casein 5g-L’
hydrolysate
100x Vitamin solution 10 mL-L™
100x Metal solution 10 mL-L™
100x Nucleic acid solution 10 mL-L™

100x Vitamin solution for CDM

Substance Concentration [mg-L™"]

Pyridoxine hydrochloride CsH12CINO3 200
Nicotinic acid CsHsNO2 100
Thiamin hydrochloride C12H1sCI2N4OS 100
Riboflavin C17H20N406 100
Calcium D-pantothenate C18Hs2CaN2010 100
Sodium p-aminobenzoate C7HsNNaO2 1,000
D-biotin C10H16N203S 1,000

Folic acid C19H19N7O6 100

Vitamin B12 Cée3HssCoN14014P 100
Orotic acid CsHaN204 500
2-Deoxythymidine C10H14N20s 500
Inosine C1oH12N4Os 500
DL-6,8-Thioctic acid CgH1402S2 250
Pyridoxamine hydrochloride CsH13CIN202 500

100x Metal solution for CDM
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Substance Concentration [mg-L™"]
Magnesium chloride hexahydrate MgClz - 6H20 20
Calcium chloride dihydrate CaClI2 - 2H20 5
Iron chloride tetrahydrate FeClz - 4H20 0.5
Zinc sulfate heptahydrate ZnS04 - 7TH20 0.5
Cobalt chloride hexahydrate CoCl - 6H20 0.25
100x Nucleic acid solution for CDM

Substance per 10 mL 0.1 M NaOH [g]
Adenine CsHsNs 10

Uracil C4HaN202 10

Xanthine CsHaN4O2 10

Guanine CsHsNsO 10
Amino acid addition to CDM
according to Poolmann and

Konings®!

Substance Concentration [mg-L™"]
L-Alanine CsH7NO2 240
L-Arginine CsH14N4O2 125

L-Asparagine C4HsN203 350

L-Glutamine CsH10N203 390

Glycine C2HsNO2 175

L-Histidine CeHoN3O2 150

L-Isoleucine CsH13NO2 210
L-Leucine CeH13NO2 475

L-Lysine CeH14N202 440
L-Methionine CsH11INO2S 125
L-Phenylalanine CoH11NO2 275
L-Proline CsHsNO2 675
L-Serine C3H7NOs 340
L-Threonine C4HoNOs 225
L-Tryptophan C11H12N202 50

115



Appendix

Substance Concentration [mg-L"']
L-Tyrosine CoH11NOs 200
L-Valine CsH11NO2 325
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Table A 4 Composition of the CDMPC medium. Price et al.33® developed a chemically defined medium
for prolonged cultivation (CDMPC) of L. lactis. The amino acid, metal, vitamin, and alkaline solutions
were prepared as stock solutions. After the addition of all components and stock solutions, the medium
was sterilized via filtration. Detailed instructions for the preparation are provided by the authors. The
table was previously published3® and is reprinted with permission of Green Chemistry.

Substance Concentration
Glucose CsH120s 10 or 40 g-L™"

Potassium phosphate KH2PO4 275¢gL"
Sodium chloride NaCl 2.90 gL'
Sodium phosphate NaH2PO4 2.85¢gL"’
10x Amino acid solution 100 mL-L"
100x Metal solution 10 mL-L™
100x Vitamin solution 10 mL-L™
100x Alkaline solution 10 mL-L™

10x Amino acid solution for COMPC

Substance Concentration [g-L™"]
L-Alanine CsH/NO2 1.30
L-Arginine CsH14N4O2 2.44
L-Asparagine CaHsN203 0.80
L-Aspartic acid C4H7NO4 1.37
L-Cysteine hydrochloride C3H7NO2S - HCI - H20 0.61

monohydrate

L-Glutamic acid CsHsNO4 0.97
L-Glutamine CsH10N203 0.96
Glycine C2HsNO2 0.29
L-Histidine CsHaN3O2 0.24
L-Isoleucine CeH13NO2 0.82
L-Leucine CeH13NO2 1.17
L-Lysine monohydrochloride CsH14N202 - HCI 1.87

Substance Concentration [g-L™"]
L-Methionine CsH11NO2S 0.38
L-Phenylalanine CoH11NO2 0.64
L-Proline CsHsNO2 4.12
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Substance Concentration [g-L"]
L-Serine CsH7NOs 1.72
L-Threonine C4sHoNOs 0.68
L-Tryptophan C11H12N202 0.36
L-Valine CsH11NO2 0.86

100x Metal solution for COMPC

Substance Concentration [mg-L™"]

Ammonium molybdate tetrahydrate (NH4)sMo7024 - 4H20 30
Calcium chloride dihydrate CaClz- 2H20 300
Cobalt sulfate heptahydrate CoS04 - 7TH20 30
Copper sulfate pentahydrate CuSOs4 - 5H20 30
Iron chloride tetrahydrate FeClz - 4H.0 400

Magnesium chloride hexahydrate MgClz - 6H20 20,000
Manganese chloride tetrahydrate MnClz - 4H.0 400
Zinc sulfate heptahydrate ZnS04 - 7TH20 30

100x Vitamin solution for COMPC

Substance Concentration [mg-L™"]
a-Lipoic acid CsH1402S2 200
D-Pantothenic acid hemicalcium salt CoH16NOs - 0.5 Ca 50
Nicotinic acid CsHsNO2 100
Pyridoxal hydrochloride CsHoNOs3 - HCI 100
Pyridoxine hydrochloride CsH11NO3 - HCI 100
Thiamine hydrochloride C12H17CIN4OS - HCI 100

100x Alkaline solution for CDMPC

Substance Concentration [mg-L™"]
Biotin C10H16N203S 10

Substance Concentration [mg-L™"]

L-Tyrosine CoH11NO3 5,000
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Table A 5 Composition of the resting cell buffer. The phosphate buffer, trace elements, and magnesium
solution were prepared as individual stock solutions in 100x concentration. The glucose solution was
prepared as a 500 g-L~" stock solution. All stock solutions were autoclaved except for the trace element
solution that was sterile filtered. For the preparation of the washing buffer, used for the washing step
during resting cell experiments, glucose was omitted. The table was previously published®?® and is
reprinted with permission of Green Chemistry.

Phosphate buffer Concentration [g-L"]
Dipotassium phosphate K2HPO4 3.88
Monosodium phosphate NaH2PO4 1.63

Magnesium sulfate MgSO4 0.25

Trace elements Concentration [mg-L™"]
EDTA C1oH16N20s 10
Magnesium chloride MgClz - 6H.0 100

hexahydrate

Zinc sulfate heptahydrate ZnS0s4 - 7TH.0 2.0
Calcium chloride dihydrate CaClz- 2H20 1.0
Iron sulfate heptahydrate FeSOs - 7H20 5.0
Sodium molybdate dihydrate Na2MoOs - 2H20 0.2
Copper sulfate pentahydrate CuSOs4 - 5H.0 0.2
Cobalt chloride hexahydrate CoClz - 6H.0 0.4
Manganese chloride dihydrate MnClz - 2H20 1.0

Table A 6 Acetoin concentrations and current densities in supernatants. Overview of the acetoin
concentration in the respective media and applied current densities for electrochemical conversion of
acetoin to 2-butanone. HS = Hestrin Schramm; LB = lysogeny broth; YEP = yeast extract peptone. The
table was previously published3?° and is reprinted with permission of Green Chemistry.

Medium Concentration [g-L"] Current density [mA-cm?]
M17 6 10
HS 7 10
LB 8 10
YEP 14 25
M17 16 25
Resting cell buffer 19 25
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Table A 7 Deleted genes in the mutant strain P. taiwanensis VLB120 A6 pProd for the genome-scale
model. The BiGG database was used to identify the corresponding gene ID in the iJN1463 model. The
table was previously published?84 and is reprinted with permission of the Journal of Industrial
Microbiology and Biotechnology.

Name Description Gene ID in iJN1463
tesB codes for fatty-acid-CoA thioesterases PP_4762
pha codes for pgzjﬁgg’so;yalkanoate PP_5003, PP_5005
FadA codes for acetyl-CoA C-acetlytransferase PP_2051
FadA2 Isoenzymes PP_3754, PP_4636
FadE codes for acyl-CoA dehydrogenase PP_1893

PP_0368, PP_2216, PP_2048,
FadE2 Isoenzymes PP_2039

Table A 8 Score explanation for establishing the weighted decision matrix. The growth assay had a
weighting of 40%, the sum of health and safety score had a weighting of 30%, the partition coefficient
had a weighting of 10%, and the interphase formation had a weighting of 20%. The data was previously
published™® and is reprinted with permission of Sustainable Energy & Fuels.

Sum of health and Partition Interphase
Score Growth assay _ .
safety score coefficient formation
1 no turbidity >7 <33 strong interphase
2 - 6 34 t0 43 -
medium turbidity + -

3 color change 5 44 t0 53 slight interphase
4 medium turbidity 4 53 to 61 -
5 turbidity like control <4 62 to 135 no interphase
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Table A 9 Results of the weighted decision matrix. Solvents are given in declining order regarding their
score. The data was previously published'*® and is reprinted with permission of Sustainable Energy &
Fuels.

Solvent Score
Octyl octanoate 4.8
Farnesene 4.7
Methyl decanoate 4.7
2-Undecanone 4.6
Hexadecane 4.6
Ethyl decanoate 4.6
2-Butyl-1-octanol 4.4
Ethyl octanoate 4.3
Isopropy! palmitate 4.3
Hexyl hexanoate 4.2
Isopropyl myristate 41
Octyl acetate 41
2-Decanon 3.9
1-Decanol 3.9
Butylbenzene 3.6
Ethyl myristate 3.4
Decane 3.3
Ethyl oleate 3.3
Ethyl laurate 2.9
Undecanal 29
Nonanal 2.8
1-Octanol 2.4
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Table A 10 Influence of the oxygen transfer rate (OTR) on acetoin formation. Variation of filling volume
in 500 mL shake flasks was applied to vary the oxygen transfer for cultivations of L. lactis VJ017 and
investigate the influence on product formation. @The oxygen transfer rate (OTR) was calculated
according to Meier et al.33% The data associated with this table was obtained from Fabian Speen’s Master
Thesis under supervision by Carolin Gritering.33' The table was previously published®?® and is reprinted
with permission of Green Chemistry.

Filling Glucose- OTR Ac.etom Acetoin yield Specific acetoin
volume concentration [mmol-L-h ]2 titer [Gacetoin-Ggucose™]  yield [Gacoton-Geow’']
[mL] [mg_L_1] [g_L_1] jacetoin glucose acetoin
50 40 28.6 13.8 0.35 2.26
25 40 47.8 16.5 0.41 297
25 10 47.8 4.8 0.48 1.85
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Figure A 5 Change of volume and hardness for different bio-hybrid fuels and reference elastomer sealing
materials. Light blue area shows the tolerance area for dynamic seals. FKM = fluorine kautschuk
material; NBR = nitrile butadiene rubber; EPDM = ethylene propylene diene monomer rubber; VMQ =
vinyl methyl silicone. The data associated with this figure was obtained in cooperation with Marius
Hofmeister. The figure was previously published'® and is reprinted with permission of Sustainable
Energy & Fuels.
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Figure A 6 Biomass growth of P. taiwanensis VLB120 A6 pProd in microtiter plates with glucose and the
five different co-fed substrates ethylene glycol, glycerol, ethanol, acetate, and formate in BioLector
cultivations. In every cultivation, the same total amount of C-mole of substrate was applied. Growth
curves result from the average of three different growth experiments. The error is calculated from the
standard deviation of these three biological replicates. The figure, originally created by Leon
Poduschnick under supervision by Carolin Griitering and Anita Ziegler, was previously published,?8 and
is reprinted with permission of the Journal of Industrial Microbiology and Biotechnology.

123



Appendix

Figure A 7 Transmission electron microscopy of P. taiwanensis VLB120 wild type (A) and P. taiwanensis
VLB120 A6 pProd (B) in stationary phase 30 hours after inoculation. The cells were obtained from a
cultivation in 500 mL shake flasks with 50 mL MSM 10 g-L-! glucose. Methyl ketone production in (B)
was induced with 2 mM IPTG and 1 mM arabinose at the time point of inoculation. 2 mL of each culture
was transferred to a sterile Eppendorf tube, centrifuged for 1 minute at 13,000 rpm, and stored on ice.
MSM = mineral salt media. Following steps were executed by Dr. rer. nat. Miriam Buhl from the Institute
of Pathology at the University Hospital Aachen. The samples were frozen by high pressure-freezing in
Leica EM ice and embedded in Epon with a freeze substitution. Images were taken with a TEM HT7800
by Hitachi (Hitachi Ltd. Corporation, Chiyoda, Japan) at 100 kV. IPTG = isopropyl B-D-1-
thiogalactopyranoside.
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