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Zusammenfassung

Die biotechnologische Produktion von Plattformchemikalien aus erneuerbaren Ressourcen
tragt dazu bei, den Verbrauch fossiler Rohstoffe in der chemischen Industrie zu senken.
Hé&ufig werden reduzierte Plattformchemikalien wie 2,3-Butandiol in mikroaeroben Prozessen
hergestellt. Bei diesen sauerstofflimitierten Kultivierungen muss die Sauerstoffverfugbarkeit
prazise eingestellt werden, um die gewiinschte Stoffwechselaktivitat zu erreichen.

In dieser Arbeit wurde die 2,3-Butandiolproduktion mit Bacillus licheniformis als Modell-
Bioprozess verwendet, um basierend auf Online-Prozesstiberwachungstechnologien Methoden
zur Beurteilung und Optimierung mikroaerober Kultivierungen zu entwickeln. Durch die
Anwendung eines definierten zweistufigen Kultivierungsprofils und eines neuen Ansatzes zur
Bestimmung der maximalen 2,3-Butandiolkonzentration wurde eine einfache und zuverlassige
Methode zur Bestimmung der optimalen Sauerstoffverfligbarkeit entwickelt. Ein genereller
Nachteil bei der Entwicklung von mikroaeroben Kultivierungen ist die begrenzte Verfiligbarkeit
von Online-Prozesstiberwachungstechnologien zur Bestimmung der Stoffwechselaktivitat in
Abhangigkeit von der Sauerstoffverfiigbarkeit. Daher wurden Online-Messungen des
Respiratorischen Quotienten mit stochiometrischen Analysen kombiniert, um die metabolische
Aktivitét in verschiedenen Kultivierungsphasen zu entschlisseln. Dartiber hinaus wurde die
Messung des Redoxpotentials zur Bestimmung sehr geringer Gel6stsauerstoffkonzentrationen
(DOT) eingesetzt. Der Einfluss von DOT, pH-Wert und Medienkomponenten auf das
Redoxpotential wurde in abiotischen Experimenten charakterisiert und quantifiziert. Durch
entsprechende Korrektur des Redoxpotentials kénnen geringe Anderungen der DOT wahrend

der Kultivierung auch bei schwankenden pH-Werten isoliert gemessen werden.

Die entwickelten Methoden sind auf andere Mikroorganismen Ubertragbar und steigern den
Informationsgewinn durch Online-Prozesstiberwachung bei mikroaeroben Kultivierungen. Der
Respiratorische Quotient und das Redoxpotential liefern detaillierte und komplementare
Informationen Uber die Stoffwechselaktivitat. Zusammen mit dem Konzept zur Untersuchung
der Sauerstoffverfligbarkeit tragt dies entscheidend zur Entwicklung verbesserter mikroaerober

Kultivierungsprozesse fir die Herstellung verschiedener biobasierter Produkte bei.
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Abstract

Biotechnological production of platform chemicals from renewable carbon sources is a
promising measure to decrease the consumption of fossil resources in the chemical industry and
the fuel sector. Reduced platform chemicals like 2,3-butanediol are often produced in
microaerobic cultivation processes. Under these oxygen-limited conditions, the precise
adjustment of the oxygen availability is crucial to obtain the desired metabolic activity.

In this thesis, 2,3-butanediol production with Bacillus licheniformis was used as model
bioprocess to develop online monitoring-based methodologies to assess microaerobic
cultivations. A fast and reliable shake flask methodology is presented to determine the optimum
oxygen availability. Comparable results and well-characterized experimental conditions were
obtained by application of a defined two-stage cultivation profile and a novel technique to
determine the maximum 2,3-butanediol concentration. As the obtained results are applicable to
stirred tank reactor cultivations, the product and by-product spectrum can be optimized at
reduced effort and costs. Still, a drawback for microaerobic process development is the limited
availability of online monitoring techniques to determine the metabolic activity with respect to
oxygen availability. Therefore, online monitoring of the respiratory quotient was combined
with stoichiometric analyses to reveal the metabolic activity during distinct cultivation phases.
Furthermore, monitoring of the redox potential was used to monitor the dissolved oxygen
tension (DOT) at trace levels that cannot be resolved with conventional DOT probes. The
influence of DOT, pH and media components on the redox potential was characterized and
quantified in abiotic experiments. On this basis, a corrected redox potential is obtained that
solely reflects changes of the DOT, even if the pH strongly fluctuates during the cultivation.

Overall, the developed methodologies are transferable to other microorganisms or products and
increase the information content from online monitoring during microaerobic cultivations.
Respiratory quotient and redox potential provide detailed and complementary information on
the metabolic activity during microaerobic cultivations. Together with the presented approach
to investigate the effects of oxygen availability, this contributes to the development of improved

microaerobic cultivation processes for the production of diverse bio-based compounds.
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Chapter 1

Introduction

In 2018, nearly 85% of the global primary energy used for electricity production originated
from fossil resources (BP, 2019). However, climate change, resource depletion and political
concerns are strong driving forces to develop alternative concepts for reduced fossil resource
utilization. A promising approach is the replacement of fossil resources by renewable
alternatives with lower carbon footprint. In this scenario, utilization of lignocellulosic biomass
or organic waste streams for biotechnological production of platform chemicals can improve
the sustainability of the chemical industry and the fuel sector (Blaschek et al., 2010; Hermann
and Patel, 2007; Koutinas et al., 2016). Especially for fuel production, reduced products like
fatty acids (e.g. in biodiesel) or alcohols are attractive due to their high specific energy (Antoni
et al., 2007). Production of these reduced compounds in bioprocesses is usually achieved by
reduction of the oxygen supply (Liu et al., 2013; Parawira et al., 2004; Saisaard et al., 2011,
Wu et al., 2019). Consequently, microaerobic or completely anaerobic cultivation processes

have gained increasing attention for biofuel production (Liu et al., 2013).

1.1 Microaerobic cultivation conditions

Bioprocesses can be categorized as anaerobic, microaerobic or aerobic based on the availability

of oxygen. In aerobic bioprocesses, the energy demand to ensure sufficient oxygen supply by
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agitation and aeration significantly contributes to the overall energy consumption
(Kreyenschulte et al., 2016). Consequently, cultivation processes with reduced oxygen transfer
are economically attractive. However, microaerobic conditions often result in enhanced
biomass and accelerated product formation compared to completely anaerobic cultivations
(Nguyen and Khanal, 2018; Saisaard et al., 2011).

Microaerobic conditions are achieved, when the oxygen transfer from the gaseous to the
aqueous phase is lower than the microorganisms’ oxygen demand. Consequently, the dissolved
oxygen tension (DOT) is in the range of the organism’s Km value, which is usually close to
zero. As depicted in Figure 1-1, the organism adapts to reduced oxygen availability by
activation of anaerobic pathways (Partridge et al., 2007). Thereby, a relative oxygen availability
of one indicates fully aerobic conditions without oxygen limitation. Anaerobic conditions are
present at a relative oxygen availability of zero and microaerobic conditions at values between
zero and one. As long as some oxygen is available, respiratory pathways remain active as this
is the most efficient way to generate energy and to maintain the NADH/NAD™ balance (Zeng
and Deckwer, 1996). However, the intracellular NADH/NAD* balance cannot solely be
maintained by oxidation of NADH in the respiratory chain under microaerobic conditions.
Consequently, the formation of reduced metabolites or organic acids via anaerobic pathways is
favored to regenerate NAD™ to maintain energy production via glycolysis (Zeng et al., 1994).
This metabolic adaption to microaerobic conditions can be utilized for biotechnological
production processes. Prominent examples for products that are obtained from microaerobic
cultivations are organic acids (Li et al., 2015b; Tian et al., 2015) or alcohols like ethanol
(Franzén, 2003; Pham et al., 2008; Saisaard et al., 2011) and 2,3-butanediol (cf. Section 1.2).
Furthermore, microaerobic cultivation conditions are often beneficial for the biotechnological
production of various products including amino acids, vitamins, polysaccharides, antibiotics,

vaccines and enzymes (Zeng and Deckwer, 1996).

Despite the benefits for many production processes, the limited availability of online process
monitoring and control possibilities is a general challenge in microaerobic cultivations. Even
though changes in the oxygen availability severely influence the cultivation performance
(Figure 1-1), online monitoring is often restricted to pH measurement (Liu et al., 2013). In
contrast, the DOT, which is often used as control parameter in aerobic cultivations, is close to

zero (in the range of the Km-value for oxygen) under microaerobic conditions. In this range, the
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DOT cannot be monitored with DOT probes. Additionally, the oxygen transfer rate (OTR) is
constant at the level of the maximum oxygen transfer capacity (OTRmax). Therefore, many
metabolic phenomena like diauxic effects, limitations and inhibitions that affect the course of
the OTR in aerobic cultivations cannot be observed (Anderlei and Bilichs, 2001). However,
measurements of the respiratory quotient (RQ) (Franzén, 2003; Zeng et al., 1991b; Zeng et al.,
1994) and the redox potential (Kjaergaard, 1977; Liu et al., 2013) have been applied to monitor
and control the metabolic activity under microaerobic cultivation conditions. Therefore, the
application of these measurement techniques was investigated in this thesis and is introduced

in detail in Chapter 4 and 5, respectively.

Anaerobic
metabolism

Aerobic
metabolism

Relative carbon utilization

Relative oxygen availabilitiy

Figure 1-1: Schematic presentation of the metabolic response to microaerobic conditions. The oxygen
availability defines if anaerobic (0), microaerobic (0-1) or completely aerobic (1) conditions are
present. Thereby, an oxygen availability of one indicates that the organism’s oxygen demand is lower
than the amount of oxygen that is supplied to the cultivation broth.

1.2 2,3-Butanediol production

2,3-Butanediol is a widely used platform chemical with numerous applications in the chemical
and pharmaceutical industry. Amongst others, it is used for 1,3-butadiene or methyl-ethyl-
ketone (MEK) synthesis and is a basis for several resins, solvents, fuels, polymers, food
additives, plasticizers, cosmetics and drugs (Bialkowska, 2016; Celinska and Grajek, 2009; Ji
etal., 2011; Penner etal., 2017). As bivalent alcohol with two chiral centers, three stereoisomers
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of 2,3-butanediol exist, two optically active isomers (referred to as D- and L-2,3-butanediol)
and the optically inactive meso-2,3-butanediol (Figure 1-2). However, in many applications
achiral products like 1,3-butadiene or MEK are derived from all 2,3-butanediol sterecisomers

since the stereo-confirmation does not affect the conversion (Drabo et al., 2017).

OH OH OH
Hsc/H/CH?, Hac/k/CH3 HBC/\/CH3
HO HO ¢

HO

D-(-)-2,3-Butanediol meso-2,3-Butanediol L-(+)-2,3-Butanediol
(R,R)-2,3-Butanediol (S,S)-2,3-Butanediol

Figure 1-2: Chemical structure and nomenclature of the 2,3-butanediol stereoisomers.

2,3-Butanediol was identified as promising intermediate for fuel production within the Cluster
of Excellence “Tailor-Made Fuels from Biomass” (TMFB) at RWTH Aachen University.
TMFB was initiated in 2007 as part of the Excellence Initiative of the German Research
Foundation (DFG). The aim of the cluster is the development of novel fuels with tailor-made
properties. Thereby, an interdisciplinary approach is followed to identify fuels with improved
combustion characteristics that can be produced via effective and sustainable production routes.
One of the identified candidate fuels is MEK that shows high knock resistance and increased
combustion stability at low engine load in spark ignition engines (Hoppe et al., 2016). Within
the TMFB, a conceptual MEK production route starting from lignocellulosic biomass was
developed (Penner et al., 2017). Lignocellulosic biomass is pretreated and hydrolyzed and the
obtained sugars are converted to 2,3-butanediol via fermentation. After separation from the
culture broth, 2,3-butanediol is dehydrated to MEK. Within this thesis, the biotechnological
2,3-butanediol production was investigated in the context of the described TMFB production

chain.

Conventionally, 2,3-butanediol is produced via chemical synthesis. Nevertheless, due to
ecological as well as political concerns and to decouple the 2,3-butanediol price from
fluctuating oil prices, biotechnological 2,3-butandediol production has been the focus of many
research activities, which have been summarized in numerous review articles (Bialkowska,
2016; Celinska and Grajek, 2009; Garg and Jain, 1995; Ji et al., 2011; Sabra et al., 2016; Syu,
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2001; Zeng and Sabra, 2011). 2,3-Butanediol can be produced from a number of different
carbon sources including hexoses, pentoses or glycerol (Syu, 2001). For industrial applications,
utilization of cheap and easily available renewable carbon sources is desirable. Lignocellulosic
biomass is the most abundant renewable carbon source (Ji et al., 2011). Therefore,
lignocellulosic substrates like corn stover (Li et al., 2015a) or wood hydrolysates (Frazer and
McCaskey, 1989) have been used for 2,3-butanediol production. However, lignocellulosic
biomass usually has to be pretreated by physiochemical or enzymatic methods to make the
sugar monomers accessible for biotechnological conversion. In contrast, non-cellulosic waste
streams or side products can often be used without physiochemical or enzymatic pretreatment
(Bialkowska, 2016). Amongst others, 2,3-butanediol production has been reported from
Jerusalem artichoke tubers (Sun et al., 2009), sugarcane molasses (Dai et al., 2015), apple
pomace hydrolysate (Bialkowska et al., 2015), whey (Perego et al., 2000) and crude glycerol

waste streams of biodiesel production (Cho et al., 2015a).

Under microaerobic conditions, 2,3-butanediol is produced in a mixed acid-2,3-butanediol
pathway (Figure 1-3). As some oxygen is available, aerobic pathways like TCA-cycle and
respiratory chain are partially active. Additionally, anaerobic pathways are activated to
maintain the NADH/NAD™ balance (Zeng and Deckwer, 1996) by formation of glycerol,
succinate, ethanol, lactate or 2,3-butanediol. The 2,3-butanediol production pathway starts from
pyruvate. Figure 1-3 shows the generation of pyruvate from glucose via glycolysis. When
pentoses are used as carbon source, pyruvate is generated via the pentose phosphate pathway
(Magee and Kosaric, 1987). Two pyruvate molecules are converted to a-acetolactate and
subsequently to acetoin (catalyzed by «-acetolactate synthase and o-acetolactate
decarboxylase). During these conversion steps, two carbon dioxide molecules are emitted.
Acetoin in finally converted to 2,3-butanediol by 2,3-butanediol dehydrogenases. Depending
on the organism, different 2,3-butanediol stereoisomers are formed as different 2,3-butanediol
dehydrogenases are present. Figure 1-3 shows the sterecisomer formation mechanism in
Bacillus licheniformis (Ge et al., 2016). In this case, a-acetolactate is converted to D-acetoin,
which is then converted to meso- and D-2,3-butanediol. In other organisms, diacetyl is formed
either directly from pyruvate, or from o-acetolactate (Ji et al., 2011). Diacetyl is then converted
to L-acetoin, which can be converted to meso- and L-2,3-butanediol (Chen et al., 2014; Ge et

al., 2016; Ji et al., 2011). Due to these pathways, most organisms produce mixtures of meso-
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2,3-butanediol and either D- or L-2,3-butanediol (Chen et al., 2014). Bacillus species usually
produce mixtures of meso- and D-2,3-butanediol (Ge et al., 2016; Ji et al., 2011; Wang et al.,
2012), whereas Klebsiella strains produce meso- and L-2,3-butanediol (Chen et al., 2014; Ji et
al., 2011). But also nearly enantiopure production of meso- or D-2,3-butanediol occurs naturally
in Serratia marcescens (Magee and Kosaric, 1987), or Paenibacillus polymyxa (Gao et al.,
2010; Nakashimada et al., 1998), respectively.

Glucose
2ATP
L 2n0P
Glycerol 4‘7T Glyceraldehyde-3-phosphate
NAD* NADH NAD* ADP
NADH <] aTp co, ADP ATP
Phosphoenolpyruvate % Succinate
ADP INADH 2ZNAD*
»CO,
NAD* NADH AP Formatez:Zsy,
Lactate M Pyruvate Acetly-CoA
@ Pyruvate 2NADH ADP
COz/r ZNAD"X \&'ATP FADH,+3NADH FAD+3NAD'
D(-)-Acetoin é a-Acetolactate Ethanol Acetate nADP  nATP

NAD* NAD*
NADH ©) \ NADH

D(-)-2,3-Butanediol meso-2,3-Butanediol

Figure 1-3: Mixed acid-2,3-butanediol production under microaerobic conditions. Aerobic pathways like
tricarboxylic acid (TCA) cycle and respiratory chain that are only active in the presence of oxygen
are shown in blue. The 2,3-butanediol stereoisomer formation mechanism is shown for Bacillus
licheniformis. Enzymes in the 2,3-butanediol pathway are indicated by numbers: o-acetolactate
synthase (1), a-acetolactate decarboxylase (2), D(-)-2,3-butanediol dehydrogenase (3) and meso-2,3-
butanediol dehydrogenase (4). Simplified multi step reaction are indicated by * next to the
arrowheads. Modified to show the metabolic activity of Bacillus licheniformis based on Ge et al.
(2016), Ji et al. (2011) and Shariati et al. (1995).

Production of high 2,3-butanediol concentrations up to 150 g/L has been reported especially
with pathogenic organisms like Klebsiella pneumoniae (Ma et al., 2009), Klebsiella oxytoca
(Cho et al., 2015b), Enterobacter cloacae (Li et al., 2015a), Enterobacter aerogenes (Zeng et
al., 1991a) and Serracia marcescens (Zhang et al., 2010). However, utilization of pathogenic

organisms results in higher safety regulations and, therefore, higher costs in industrial
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applications. Consequently, non-pathogenic 2,3-butanediol producers are promising candidates
for industrial production processes (Jurchescu et al., 2013; Yang et al., 2011). Genetic
engineering enables 2,3-butanediol production with well-characterized strains like Escherichia
coli (Chu et al., 2015; Erian et al., 2018; Hwang et al., 2018; Xu et al., 2014), Saccharomyces
cerevisiae (Kim et al., 2017; Yamada et al., 2018), Zymomonas mobilis (Yang et al., 2016) and
Corynebacterium glutamicum (Rados et al., 2015; Yang et al., 2015). Furthermore, some
Bacillus and Paenibacillus strains naturally produce 2,3-butanediol (Héassler et al., 2012;
Jurchescu et al., 2013). High 2,3-butanediol concentrations of 145 g/L with a space-time yield
of 1.14 g/L/h were achieved with the wild type Bacillus licheniformis DSM 8785 by additional
glucose pulsing (Jurchescu et al., 2013). These performance parameters are in the range of the
ones of frequently used pathogenic organisms (Ji et al., 2011). Therefore, Bacillus licheniformis

DSM 8785 was chosen as production organism in this thesis.

B. licheniformis belongs to the family of the Bacillaceae and is a rod-shaped gram-positive
bacterium. To endure harsh environmental conditions, B licheniformis is capable to produce
heat-resistant endospores (Bisset and Street, 1973; Liang et al., 2018). B. licheniformis belongs
to the B. subtilis group (group 11) of Bacillus species (Alina et al., 2015). B. subtilis is one of
the best-studied microorganisms and probably the best-studied gram-positive bacterium (Rey
et al., 2004). Therefore, it was used to reveal central characteristics of gram-positive bacteria
like gene expression or physiology (Sonenshein et al., 2002). Due to their close relationship,
many of the insights gained about B. subtilis are also true for B. licheniformis (Veith et al.,
2004). B. licheniformis can utilize a large number of different carbon sources including hexoses,
pentoses, glycerol, disaccharides and organic acids (Kallbach et al., 2017). Due to its high
growth rate, the capacity to secrete proteins and its GRAS status (generally regarded as safe),
it is used as industrial production host (Schallmey et al., 2004). Its industrial products include
several enzymes like proteases, a-amylase, penicillinase, pentosanase,
cycloglucosyltransferase, B-mannanase and pectinolytic enzymes (Rey et al., 2004).
Additionally, other industrially interesting products like poly-y-glutamic acid (Meissner et al.,
2015), surfactants (Horowitz et al., 1990; Yakimov et al., 1995), 2,3-butanediol (Jurchescu et
al., 2013) and citric acid (Sardinas, 1973) have been reported.
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1.3 Objectives of this thesis

Microaerobic 2,3-butanediol production with Bacillus licheniformis DSM 8785 is investigated
in this thesis. Thereby, two key objectives are pursued. On the one hand, the role of oxygen
supply during 2,3-butanediol production with B. licheniformis is characterized in detail in
Chapter 3. On the other hand, general methodologies are presented and assessed to provide
deeper insights in microaerobic cultivations. In this context, a shake flask methodology is
developed for a fast, simple, and precise determination of the impact of the maximum oxygen
transfer capacity during microaerobic cultivations (Chapter 3). Additionally, advanced online
monitoring approaches for microaerobic cultivations are investigated. In Chapter 4, online
monitoring of the respiratory quotient is combined with stoichiometric calculations to reveal
distinct metabolic phases during the cultivation. Additionally, redox potential measurements
are characterized regarding the influence of dissolved oxygen tension, pH and changing
medium composition in Chapter 5. This allows monitoring the dissolved oxygen tension in
cultivations without pH control at low levels that cannot be measured directly. Overall, deep
insights about 2,3-butanediol production with B. licheniformis are gained with the described
methodologies. At the same time, this specific bioprocess serves as case study to investigate
and validate methodologies that can be transferred to other microaerobic systems to improve

the information content of online monitoring.
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Chapter 2

Materials and Methods

2.1 Microorganism and medium composition

All biological experiments were performed with Bacillus licheniformis DSM 8785. The cells
were stored at -80 °C in 150 g/L glycerol. Pre- and main-cultures were performed in a complex
medium based on the medium described by Nakashimada et al. (1998). The medium contained
180 g/L glucose, 5 g/L yeast extract (Karl Roth GMBH, Karlsruhe, Germany), 5 g/L tryptone
(Karl Roth GMBH, Karlsruhe, Germany), 7 g/L KoHPQOg4, 5.5 g/L KH2PO4, 1 g/L (NH4)2SOs4,
0.25g/L MgSO47H20, 0.12¢g/L Na:MoOs2H20, 0.021g/L CaCl>2H20, 0.029 g/L
Co(NO3)2:6H20, 0.039 g/L  (NH4)2Fe(SO4)2:6H20, 0.002 g/L nicotinic acid, 0.0002 g/L
Na>SeOz, 0.00005 g/L NiCl,-6H20, 0.005 g/L MnCl2-4H20, 0.001 g/L HsBOs, 0.0002 g/L
AIK(S04)2:12H20, 0.00001 g/L CuCl-2H>0, and 0.0055 g/L Na2EDTA-2H>0. In shake flask
cultivations, 100 mM MES (2-(N-morpholino) ethanesulfonic acid) buffer was added to prevent
detrimental decreases of the pH. In stirred tank reactor cultivations, pH values above 5.5 were
maintained by automated addition of 2 M NaOH. In both reactor types, the initial pH was
adjusted to 6.5 by addition of NaOH.
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2.2 Shake flask cultivations

Cultivations were performed in unbaffled 250 mL shake flasks on an orbital shaker (Climo
shaker ISF1-X, Adolf Kuihner AG, Birsfelden, Switzerland), with a shaking diameter of 50 mm
at 37 °C. For the pre-culture, 20 mL medium per flask were inoculated with 20 puL from the
glycerol stock, cultivated at 350 rpm and harvested in the exponential growth phase that was
determined via online monitoring of the oxygen transfer rate (OTR). For the main culture, a
master mix was inoculated from the pre culture to an initial optical density (ODeoo) of 0.1. The
master mix was then distributed to the individual shake flasks. At the beginning of the
cultivation, a shaking frequency of 350 rpm was adjusted, which was reduced to 100 rpm when
an OTR of 20 mmol/L/h was reached. As visualized in Figure 2-1, online monitoring of the

respiratory activity was combined with offline sampling.

Oxygen transfer rate (OTR)
y vy

Metabolites

Figure 2-1:  Schematic illustration of the experimental setup. Cultivations are performed in multiple
individual shake flasks in parallel. As indicated by different colors, four different experimental
conditions are investigated in one experiment. Online measurement (A) of oxygen transfer rate
(OTR), carbon dioxide transfer rate (CTR) and the respiratory quotient (RQ) is performed as
duplicates in a Respiration Activity Monitoring System (RAMOS). Offline samples (B) are taken
from individual shake flasks, which are not returned to the shaker after sampling.

All shake flasks were cultivated in parallel under identical conditions. Online monitoring of
OTR, carbon dioxide transfer rate (CTR), and respiratory quotient (RQ) (Figure 2-1A) was
performed with an in-house fabricated Respiration Activity Monitoring System (RAMOS)
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(Anderlei et al., 2004). Commercial versions of the RAMOS device are available from HiTec
Zang GMBH (Herzogenrath, Germany) or Adolf Kiuhner AG (Birsfelden, Switzerland). For
offline sampling, conventional 250 mL shake flasks were used (Figure 2-1B). At each sampling
point, one flask for each cultivation condition was removed from the shaker, subjected to offline
analysis and not returned to the shaker again. Consequently, cultivation data for each
experimental condition are derived from multiple individual shake flasks. Therefore,
reproducibility of the cultivations is given when a steady course of all offline samples is

observed.

2.3 Stirred tank reactor cultivations

A 2 L Autoclavable Bioreactor (Applikon Biotechnology, Foster City, USA) was equipped with
three baffles and two Rushton Turbines (6 blades, 45 mm stirrer diameter) and operated with a
filling volume of 1.5 L. The reactor was aerated with 0.5 L/min (0.33 vvm) pressurized air via
an L-type gas sparger. Dissolved oxygen tension (DOT) (AppliSens pO2 sensor; Applikon
Biotechnology, Foster City, USA), pH (AppliSens pH Sensor; Applikon Biotechnology, Foster
City, USA) and redox potential (Redox Probe Pt 4805-DPAS-SC-S8/225; Mettler-Toledo,
Giellen, Germany) were monitored online during the cultivation. DOT and pH signals were
recorded via the control unit of the bioreactor. The redox potential was recorded via an in-house
developed LabVIEW program (National Instruments Germany GmbH, Munchen, Germany).
The temperature was adjusted to 37 °C using a Pt-100 sensor (Applikon Biotechnology, Foster
City, USA) and the integrated cooling jacket. An X-STREAM exhaust gas analyzer (Emerson
Process Management GmbH, Wessling, Germany) was used to obtain OTR, CTR and RQ.
Plurafac LF 1300 anti-foaming agent (BASF, Ludwigshafen, Germany) was added before
inoculation (2 mL) and when foaming was observed during the cultivation (1 mL). 20 mL of
an overnight pre-culture (cultivation conditions as described for the shake flask experiments)
were used for inoculation. Unless specified otherwise, a high agitation rate was applied at the
beginning of the main cultivation to enable oxygen unlimited growth conditions. At a defined
OTR of 20 mmol/L/h the agitation rate was reduced to initiate oxygen limitation. The agitation

rates of the individual experiments are specified in the respective figure captions.
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2.4 Offline analytics

Upon sampling, the remaining liquid volume in the individual shake flasks was determined,
resulting in an evaporation rate of 0.04 mL/h. At the point of maximum 2,3-butanediol
concentration, between 7 and 20% of the initial filling volume have evaporated (for cultivations
with 60 and 10 mL filling volume, respectively). To account for the increase of metabolite
concentrations due to this evaporation of water, all concentrations were corrected accordingly
and referred to the initial filling volume. In stirred tank reactor cultivations, evaporation was
minimized using an exhaust gas cooler and not considered for offline analysis. Cells were
separated via centrifugation (5 min at 17,968 g). The cell dry weight was determined
gravimetrically in pre-dried and -weighted 2 mL reaction tubes after two washing steps with
deionized water. The obtained pellet was dried for at least 48 h at 60 °C. The supernatant of the
first centrifugation step was used for further analysis. Metabolite concentrations of the filtered
supernatant were determined via high-performance liquid chromatography (HPLC) after 20-
fold dilution with deionized water. Metabolites were quantified with a Dionex UltiMate 3000
HPLC system (Dionex, Sunnyvale, USA) at 70 °C using an organic acid-resin (250 - 8 mm,
CS-Chromatographie, Langerwehe, Germany) and a Shodex RI-101 detector (Showa Denko,
Munich, Germany). As mobile phase 2.5 mM sulfuric acid was chosen with a flow rate of
0.5 mL/min. Unless specified otherwise, 2,3-butanediol concentrations in this work always
refer to the sum of all stereocisomers. With the applied method, meso-2,3-butanediol was
separated from the D- and L-isomer, whereas distinction between the latter was not possible.
As only production of meso- and D-2,3-butanediol is described in the literature for B.
licheniformis (Li et al., 2013; Nilegaonkar et al., 1992), the second peak was considered to be
D-2,3-butanediol. The pH was measured with a CyberScan pH 510 (Eutech Instruments,

Landsmeer, the Netherlands) pH meter.
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2.5 Calculation of metabolite concentrations upon glucose
depletion

A combination of offline sampling and online monitoring of the respiratory activity was used
to calculate the concentrations of 2,3-butanediol, acetoin and glycerol upon glucose depletion
in Chapter 3. The time point of glucose depletion was determined based on the sudden drop of
the RQ as mean of duplicate cultivations (t2 in Appendix 1). A decrease of more than 20%
between two consecutive measurement points was chosen as cut-off value. The corresponding
concentration was calculated from a linear correlation derived from offline samples that were
taken during the oxygen-limited phase and before the point of glucose depletion. Only samples
with concentrations >0 g/L of the respective metabolite were considered.

2.6 RQ calculations and stoichiometry

The theoretical RQ during different phases of the cultivation was calculated based on partial
reaction stoichiometries in Chapter 4. In the metabolic network, these reactions are coupled and
do not occur separately. In the course of the cultivation, changing combinations of all partial
reactions result in the overall metabolic activity. Stoichiometric coefficients of carbon dioxide

formation (vco,) and oxygen consumption (vo,) were obtained from partial reaction

stoichiometries. The theoretical RQ was calculated according to Equation 2-1:

Veo, (2-1)
Vo

RQ =

2

To setup the stoichiometry of growth on glucose (Equation 2-2), a biomass composition for B.
licheniformis of C1H1600.4No.2 was assumed based on biomass compositions of B. subtilis that

were determined by Dauner et al. (2001) in N- and P-limited chemostat experiments.

CoHy20 + 0.75 05 + NH; = 5 CyHy 00.4No2 + CO, + 3.5 H,0 (2-2)
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Complete combustion of glucose via the respiratory chain follows the stoichiometry of
Equation 2-3:

CoHy,0s + 6 0, > 6 CO, + 6 H,0 (2-3)

Equation 2-4 shows the stoichiometry of 2,3-butanediol production from glucose:

CoHy206 + 0.5 0, > C4Hy00, + 2 CO, + Hy0 (2-4)

Glycerol formation from glucose is accompanied by the conversion of NADH to NAD™.
Consequently, less NADH is oxidized via the respiratory chain and the RQ increases. Equation

2-5 expresses this as partial reaction stoichiometry:

C6H1206 + 2 HzO il 2 C3H803 + 02 (2'5)

The conversion of 2,3-butanediol to acetoin after glucose depletion is shown in Equation 2-6:

C4H1002 + 05 02 - C4H802 + H20 (2'6)

Under anaerobic conditions, ethanol is formed from glucose according to Equation 2-7:

CoHy,04 = 2 C,HG0 + 2 CO, (2-7)

Lactate combustion follows the stoichiometry shown in Equation 2-8:

C3Hg03 +3 0, - 3C0, + 3 H,0 (2-8)

Based on Equation 2-1 to 2-8, theoretical RQs were calculated for specific phases during the
cultivation based on partial reaction stoichiometries. Additionally, average RQs for cultivations
with different OTRmax Were calculated. Based on the respective carbon mass balances the

produced carbon dioxide was calculated considering all metabolites shown in Equation 2-9.
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Thereby, only glucose (180 g/L) was considered as carbon source, while the carbon released
from undefined components like yeast extract and tryptone (5 g/L each) was neglected.

Ve Glucose + v,0;, + vyy,NH3 = vpy2,3-Butanediol + vyeeroAcetoin +  (2-9)
VeiyGlycerol + vgg Ethanol + vycecqAcetate + vigcLactate +

VsyeSuccinate + vepy Cell dry weight + v, CO; + vy, oH, 0

This calculation was performed for the 2,3-butanediol production phase between the initiation
of oxygen-limited conditions and glucose depletion as depicted in Appendix 1B. Oxygen-
limited conditions are induced by reduction of the shaking frequency. Glucose depletion can be
detected online, as it results in a steep decrease of the RQ. The stoichiometric coefficients vi
were determined from offline samples. The product concentrations upon glucose depletion were
determined via linear interpolation as described and validated in Section 2.5 and 3.3 (Heyman
etal., 2019). To minimize the experimental error, also the glucose concentration at the initiation
of the oxygen limitation was calculated from the glucose consumption rate. To do so, the
glucose consumption rate was determined via linear regression from all samples taken during
the 2,3-butanediol production phase. Based on the obtained linear equation, the glucose
concentration at the initiation of the 2,3-butanediol production phase was calculated. The
consumed oxygen during the 2,3-butanediol production phase was calculated by integrating the
measured OTR.

2.7 Abiotic investigations of the redox potential

Unless specified otherwise, abiotic investigations of the redox potential in Chapter 5 were
performed in the cultivation medium described in Section 2.1 at 37 °C in a BIOSTAT® B plus
benchtop fermenter (Satorius, Géttingen, Germany). Similar to the cultivation experiments,
2 mL Plurafac LF 1300 anti-foaming agent (BASF, Ludwigshafen, Germany) were added. To
avoid contamination, kanamycin (33 mg/L) and ampicillin (67 mg/L) were added to the
medium. The pH was adjusted by titration of NaOH and H2SOs. Pressurized air and nitrogen
were mixed with the control unit of the bioreactor to adjust the DOT. DOT (Visiferm DO 120;
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Hamilton, Reno, USA) and pH (Easyferm Plus K8 200; Hamilton, Reno, USA) were recorded
with the digital control unit of the bioreactor. The redox potential was monitored as specified

in Section 2.3.

2.8 Calculation of the DOT from the redox potential

The calculation of the DOT from the redox potential is based on a preceding correction of the

measured redox potential at each individual time point tn (Encor,) according to Equation 2-10.

Thereby, the influence of the pH on the redox potential was eliminated.
Ehcor,tn = Ehmeasured,tn o (thn o pro) ) AEPH;tn (2-10)

The indices indicate if the corresponding parameter was corrected (cor), measured (measured),
calculated (caic) or calibrated (caib) and if it refers to the beginning of the cultivation (to) or any
time point during the cultivation (t,). The pH dependency of the redox potential for each time

point (AEpHt,) was determined depending on the respective measured DOT (DOTmeasured,ty)

based on the results shown in Figure 5-5 according to Equation 2-11.

AE,u, = 0.613* DOTpeqsurea, — 87-06 (2-11)

The calculated DOT was derived from the logarithmic DOT (log10(DOTcarc,)) calculated for

each time point during the cultivation according to Equation 2-12.

loglO(DOTcalc,tn) = (A loglo (DOT)/AEh)calib ) (Ehcor,tn - Eh ) + (2'12)

cor, tg
10910 (DOTcalib,to)

(Alog10(DOT)/AER)calib is the slope of the correlation between the data shown in Figure 5-7 with

the logarithmic DOT on the ordinate and the redox potential on the abscissa (reverted ordinate

and abscissa compared to Figure 5-7). 10910(DOT caiib,t) is the respective ordinate section. The
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calculation of the DOT is based on the change of the corrected redox potential relative to the
initial value at the beginning of the cultivation. Thereby, the calculation is also valid for

changing initial redox potentials.
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Chapter 3

Impact of the oxygen availability on 2,3-butanediol
production with Bacillus licheniformis

3.1 Introduction

Independent of the selected microorganism, the oxygen availability during the cultivation is
generally accepted to be one of the most influential parameters for 2,3-butanediol production,
which occurs under oxygen-limited or microaerobic conditions. The 2,3-butanediol vyield
increases at lower oxygen availability, while cell growth is favored at high oxygen availability,
resulting in faster product formation rates (Jansen et al., 1984; Rodriguez et al., 2017).
Furthermore, also the production of by-products strongly depends on the availability of oxygen.
Accumulation of acetoin is observed at high oxygen availability, whereas glycerol and ethanol

are formed at low oxygen availability (Converti et al., 2003; Rebecchi et al., 2018).

Several different process strategies have been developed to improve 2,3-butanediol production
depending on the oxygen availability. Zeng et al. (1994) used the respiratory quotient (RQ) as
control parameter and Beronio and Tsao (1993) maintained constant biomass specific oxygen
uptake rates. The contrarious effects of oxygen availability on growth and product formation
have been addressed in various studies by the application of two-stage cultivation strategies to
accelerate 2,3-butanediol production (Cho et al., 2015b; Dai et al., 2014; Fages et al., 1986; Ji
et al., 2009; Li et al., 2013; Park et al., 2013; Priya et al., 2016; Qiu et al., 2016; Zhang et al.,
2010). Hereby, an initial phase of high oxygen availability leads to increased cell growth and
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afterwards 2,3-butanediol production is favored at lower oxygen availability. However, most
studies defined the oxygen availability solely based on variations of reactor specific parameters
like the agitation or aeration rate. Thus, the resulting oxygen availability and the observed
effects are highly dependent on the utilized reactor geometry and operation. To establish general
cultivation strategies, detailed characterization and quantification of the influence of oxygen
availability on 2,3-butanediol production is required. Thereby, scalable parameters like the k.a
value or the maximum oxygen transfer capacity (OTRmax) should be used to quantify the oxygen
availability independently of the utilized reactor type, geometry and operation. Only a limited
number of studies investigated the effect of oxygen availability based on these parameters (de
Mas et al., 1988; Jansen et al., 1984; Ji et al., 2009; Ramachandran and Goma, 1987;
Ramachandran et al., 1990; Rebecchi et al., 2018). The studies based on the kia value led to
contradictory results, as the highest 2,3-butanediol concentration with Klebsiella oxytoca was
obtained at 18 h* by Ji et al. (2009) and at 78 h* by Ramachandran et al. (1990). This
contradiction can be attributed either to different optimum oxygen availabilities amongst
individual K. oxytoca strains, or to the different utilized dynamic methods for kia determination
(Na2SO3 method and gassing out method, respectively). The OTRmax leading to the highest 2,3-
butanediol concentration differs between different organisms. The highest concentrations were
reached at about 15 mmol/L/h for P. polymyxa and K. pneumonia (de Mas et al., 1988;
Ramachandran and Goma, 1987) and at 10 mmol/L/h for B. licheniformis and K. oxytoca
(Jansen et al., 1984; Rebecchi et al., 2018). This demonstrates the need for a fast, inexpensive
and reliable methodology to identify the influence of the oxygen availability on 2,3-butanediol
production. A necessary prerequisite is the reliable quantification of the maximum 2,3-
butanediol concentration. However, 2,3-butanediol is consumed by the organism upon substrate
depletion (Ji et al., 2011). Consequently, the maximum 2,3-butanediol concentration has to be
determined exactly at this point. Otherwise, the difference between the sampling time and the
time of substrate depletion hampers the interpretation of the experimental results. Furthermore,
the previously mentioned studies on the effect of oxygen availability on 2,3-butanediol
production were performed in stirred tank reactor cultivations, which generally require high

cultivation volumes, technical effort and long setup times.

The aim of this chapter is the development of a shake flask methodology to increase the

experimental throughput and to reduce the experimental effort and costs. Moreover, the gained
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results are scalable and transferable to other reactor systems. First, a defined two-stage protocol
for the cultivation of Bacillus licheniformis DSM 8785 was developed. At the beginning of the
cultivation, a high shaking frequency results in oxygen-unlimited conditions and consequently
unrestricted biomass formation. At a defined oxygen transfer rate (OTR) different levels of
oxygen limitation are initiated in shake flasks with different filling volumes. Afterwards, a
procedure to determine the maximum 2,3-butanediol concentration at the time of substrate
depletion has been developed. On this basis, the influence of the OTRmax on the cultivation was
investigated. Thereby, a fast and reliable methodology to select the ideal cultivation conditions
based on the overall demand of any individual process is presented. The results presented in
this chapter have been published previously (Heyman et al., 2019). Parts of the results were
obtained in collaboration with Hannah Tulke (research internship and master’s thesis) and

Patrick Lichtner (research internship).

3.2 Selection of suitable cultivation conditions

High 2,3-butanediol production with B. licheniformis has been demonstrated in cultivations in
baffled shake flasks by Jurchescu et al. (2013). As 2,3-butanediol is produced under oxygen-
limited conditions, only low OTRmax are required that can easily be achieved with unbaffled
shake flasks. Furthermore, utilization of unbaffled shake flasks results in more defined flow
regimes and reduces the experimental error (Buichs, 2001; McDaniel et al., 1965). Therefore,
cultivation of B. licheniformis was performed in unbaffled 250 mL shake flasks in this thesis.
As visualized in Figure 2-1, parallel cultivations were performed in multiple shake flasks to
combine online monitoring of oxygen and carbon dioxide transfer rates (OTR, CTR) and the
RQ with offline sampling.

To investigate the effect of oxygen availability during the cultivation, different OTRmax can be
adjusted by variation of the filling volume in shake flasks. In Figure 3-1 cultivations with filling
volumes between 10 and 60 mL are shown, which were performed in the same medium used
by Jurchescu et al. (2013). For all filling volumes a steep increase of the OTR after the lag phase

is followed by a plateau (Figure 3-1A) indicating oxygen limitation (Anderlei et al., 2004). The
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level of the plateau, which corresponds to the respective OTRmax (Clearly visualized in
Appendix 1), increases from 2.5 to 13 mmol/L/h with decreasing filling volume. The transition
from unlimited growth to oxygen-limited conditions occurs as soon as the OTRmax is reached.
Therefore, cultivations with low OTRmax (high filling volumes) have a shorter unlimited growth
phase compared to cultivations with a high OTRmax (low filling volumes) as shown in the
magnified inlet of Figure 3-1A.

Further information about the metabolic activity of the cultures can be derived from the RQ
(Figure 3-1B). The RQ of the cultivation with 10 mL filling volume slowly increases to values
around 2 and then drops together with the OTR after 30 h. For higher filling volumes, higher
RQ levels can be observed. During the steep increase of the OTR, RQ values around 1 indicate
aerobic cell growth. When oxygen-limited conditions are reached, the RQs increase and stay
nearly constant at values between 4 and 6 for 50, 90 and 115 h (20, 40 and 60 mL, respectively).
Hereby, lower OTRmax (higher filling volumes) result in higher RQs. The course of the RQ can
be explained by 2,3-butanediol production (Figure 3-1C), which leads to high RQs, as 2,3-
butanediol is more reduced than the substrate glucose. Subsequent consumption of 2,3-
butanediol results in RQ values below 1. The course of the pH during the cultivations is shown
in Figure 3-1D. At the beginning of the cultivation, the pH decreases due to the formation of
organic acids and the consumption of ammonia (Ji et al., 2011; Meissner et al., 2015). In the
further course of the cultivation, the organism switches from organic acid to 2,3-butanediol
formation to prevent further acidification (Ji et al., 2011) and the pH increases due to organic
acid consumption. After 21 h, the lowest pH is observed for the cultivation with 10 mL filling
volume. At this condition, the pH further decreases to values below 5 and does not increase as
observed for the other cultivations. This stronger acidification explains the deviation to the other
cultivations, as it causes the metabolic activity to stop after 30 h (Figure 3-1A and B) resulting

in much lower overall 2,3-butanediol production (Figure 3-1C).
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Figure 3-1: Cultivation of Bacillus licheniformis DSM 8785 under oxygen-limited conditions. Variation of
the filling volume results in different maximum oxygen transfer capacities (OTRmax) in shake flask
cultivations. Data on oxygen transfer rate (OTR) (A), respiratory quotient (RQ) (B), total 2,3-
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butanediol concentration (C) and pH (D) are depicted. 2,3-Butanediol is shown as sum of the
stereoisomers. The RQ is only shown for OTR > 1 mmol/L/h. To account for the increase of
metabolite concentrations due to evaporation of water, all concentrations were corrected accordingly
and referred to the initial filling volume. Cultivation conditions: 250 mL unbaffled shake flasks,
temperature: 37 °C, shaking frequency: 100 rpm, shaking diameter: 50 mm, Nakashimada medium
without addition of MES buffer.

The results presented in Figure 3-1 reveal three obstacles for a precise assessment of the effects
of varied OTRmax On 2,3-butanediol production. First, high OTRmax cannot be investigated, as
the medium is not sufficiently buffered to prevent acidification. Second, the length of the
unlimited growth phase at the beginning of the cultivation depends on the target OTRmax.
Therefore, changes of the OTRmax do not solely affect the oxygen availability during the
oxygen-limited phase, but also lead to inconsistent growth conditions. Third, 2,3-butanediol is
consumed after the maximum concentration is reached. Therefore, a methodology to determine
the maximum 2,3-butanediol concentration is required to properly compare different cultivation

conditions.

In the used cultivation medium, acidification cannot be prevented as the buffer capacity of the
utilized phosphate buffer (with pKavalues of 2, 7.4 and 12.3) is below 10% at the observed pH
values during the cultivation. To reduce acidification, an increased initial pH and addition of
different MES buffer (pKa = 6.1) concentrations was tested (Appendix 2). The increased initial
pH did not prevent acidification and addition of 200 mM MES buffer slightly prolonged the
cultivation. Therefore, 100 mM MES buffer was added to reduce the acidification during the
cultivation in the following experiments (Figure 3-2). However, tight pH control should be
avoided as with decreasing pH the metabolism shifts from organic acid to 2,3-butanediol
production (Ji et al., 2011). Furthermore, a defined two-stage cultivation profile was applied in

the experiment shown in Figure 3-2.
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Figure 3-2: Effects of buffering on 2,3-butanediol production with Bacillus licheniformis DSM 8785.
Cultivations in Nakashimada medium with (+) and without (-) addition of 100 mM MES buffer are
compared. Variation of the filling volume results in different maximum oxygen transfer capacities
(OTRma) in shake flask cultivations. As indicated by the vertical dotted line, the shaking frequency
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was reduced from 350 to 100 rpm after 3 h. Thereby, oxygen-limited conditions are induced at the
same time for all cultivations. Data on oxygen transfer rate (OTR) (A), respiratory quotient (RQ) (B),
total 2,3-butanediol concentration (C) and pH (D) are depicted. 2,3-Butanediol is shown as sum of
the stereoisomers. The RQ is only shown for OTR > 1 mmol/L/h. To account for the increase of
metabolite concentrations due to evaporation of water, all concentrations were corrected accordingly
and referred to the initial filling volume. Cultivation conditions: 250 mL unbaffled shake flasks,
temperature: 37 °C, shaking frequency: 350/100 rpm, shaking diameter: 50 mm.

At the beginning of the cultivation, a shaking frequency of 350 rpm results in oxygen-unlimited
conditions for all cultivations (Figure 3-2A). This results in a steeply increasing OTR for all
filling volumes. When cultivations reached an oxygen transfer rate of 20 mmol/L/h, the shaking
frequency was reduced to 100 rpm to induce oxygen limitation. By this two-stage cultivation
profile, defined and comparable cultivation conditions are obtained. The OTRmax is the only
variation during the second cultivation stage. As soon as the cultures are oxygen-limited, the
RQ increases and 2,3-butanediol production is initiated (Figure 3-2B and C). Application of the
two stage cultivation profile without MES buffer addition results in the same behavior in terms
of OTR, RQ, 2,3-butanediol concentration and pH, compared to the respective cultivations with
a constant shaking frequency (cf. Figure 3-1). Consequently, defined cultivation conditions are
obtained without changing the general cultivation characteristics.

As depicted in Figure 3-2D, addition of MES buffer prevented acidification of the cultures
below pH values of 6 for both filling volumes. Thereby, the early decrease of OTR and RQ for
the cultivation with 10 mL filling volume, which was observed without MES buffer addition
(Figure 3-1), could be prevented. For the cultivations with 20 mL filling volume, similar
courses of OTR, RQ and 2,3-butanediol formation are observed irrespective of MES buffer
addition. By the addition of 100 mM MES buffer and application of a two-stage cultivation
strategy, defined cultivation conditions were established without changing the general
cultivation characteristics. Thereby, the effect of a broad range of different OTRmax can be

investigated. Consequently, these conditions were applied for all following cultivations.
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3.3 Determination of the maximum 2,3-butanediol
concentration

To determine the maximum 2,3-butanediol concentration, offline sampling was focused on the
time of the dropping RQ (Figure 3-3). At this point glucose is depleted and the maximum 2,3-
butanediol concentration is reached (Figure 3-3B). During oxygen limitation, constant glucose
consumption and 2,3-butanediol production rates were observed until glucose depletion. For
glycerol production a similar trend is visible as for 2,3-butanediol. It is produced at a constant
rate, reaches its maximum concentration upon glucose depletion and is consumed afterwards
(Figure 3-3C). However, in contrast to 2,3-butanediol, glycerol production does not start as
soon as oxygen limitation starts, but is delayed by a few hours. The acetoin concentration slowly
increases as long as glucose is present, followed by rapid acetoin accumulation upon glucose

depletion.
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Figure 3-3: Glucose consumption and product formation during the cultivation of Bacillus licheniformis

DSM 8785. As indicated by the left vertical dotted line, the shaking frequency was reduced from 350
to 100 rpm after 3 h. Data on oxygen transfer rate (OTR) and respiratory quotient (RQ) (A), glucose
and total 2,3-butanediol concentration (B) and glycerol and acetoin concentration (C) are depicted.
The solid lines represent linear correlations during the 2,3-butanediol production phase (between the
dotted wvertical lines) with R? > 0.99 for glucose, 2,3-butanediol and glycerol and R? = 0.89 for
acetoin. Filling of symbols represents data points that were (closed symbols) or were not (open
symbols) considered for linear correlation. 2,3-Butanediol is shown as sum of the stereoisomers. The
RQ is only shown for OTR > 1 mmol/L/h. To account for the increase of metabolite concentrations
due to evaporation of water, all concentrations were corrected accordingly and referred to the initial
filling volume. Cultivation conditions: 250 mL unbaffled shake flasks, temperature: 37 °C, shaking
frequency: 350/100 rpm, shaking diameter: 50 mm, filling volume: 30 mL, Nakashimada medium
with 100 mM MES buffer.
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Stoichiometric calculations show that high RQs result from consumption of glucose and
formation of reduced products (mainly 2,3-butanediol, glycerol; cf. Equations 2-4 and 2-5 in
Section 2.6), whereas low RQs result from the oxidation of 2,3-butanediol to acetoin and the
consumption of glycerol (cf. Equations 2-5 and 2-6). Therefore, online monitoring of the RQ
enables the identification of this metabolic switching point, which is not visible in OTR or
dissolved oxygen measurements. Identification of this switching point is crucial to assess the
impact of different cultivation conditions as samples have to be taken exactly at this point to
correctly determine the maximum 2,3-butanediol concentration. Therefore, without
determination of this time point, very close sampling intervals throughout the cultivation would
be required. With the aid of online RQ monitoring, fewer samples have to be taken. Still, the
requirement to take samples at a distinct time point, which also changes with changing
cultivation conditions, makes the experiments very complicated. Therefore, a methodology to
determine the maximum 2,3-butanediol concentration was developed combining offline
sampling and online monitoring of the RQ. The maximum 2,3-butanediol concentration is
calculated from the 2,3-butanediol production rate and the time point of glucose depletion,
which is determined from the dropping RQ. The 2,3-butanediol production rate is derived from
offline samples taken at arbitrary time points during the 2,3-butanediol production phase. With
this methodology, the maximum 2,3-butanediol concentration can be calculated for every
experiment without the need of sampling at defined time points. Besides 2,3-butanediol, also
the concentrations of glucose, glycerol and acetoin can be calculated with this methodology.
To verify the basis for this methodology, constant production rates throughout the oxygen-
limited phase were confirmed for different OTRmax and initial glucose concentrations
(Appendix 3). Thereby, the average deviation between the measured and the calculated 2,3-

butanediol concentration of the respective experiment was 3.6%.

34 Influence of the maximum oxygen transfer capacity on
the cultivation

Based on the described methodology, the influence of different OTRmax 0n the cultivation of B.
licheniformis DSM 8785 was investigated (Figure 3-4). The courses of OTR and RQ resemble

the previous experiments. The application of the two-stage cultivation strategy results in a short
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standardized oxygen-unlimited growth phase followed by an oxygen-limited phase with
decreasing OTRmax for increased filling volumes (Figure 3-4A). A high OTRmax leads to higher
glucose consumption rates and consequently earlier glucose depletion. This is also reflected in
the course of the RQ (Figure 3-4B and C). Measured metabolite concentrations are represented
by half-closed symbols and connected with solid lines, whereas the calculated concentrations
upon glucose depletion are shown as closed symbols with dotted connection lines (also clearly
illustrated in Appendix 4). Increased OTRmax result in higher biomass formation with cell dry
weights of up to 10 g/L (Figure 3-4D). Fast biomass formation during the first 24 h of
cultivation is followed by a phase of slowly increasing biomass. Around the time of glucose
depletion, the cell dry weight decreases. From the cell dry weight measurements and the online
monitored OTRmax, Specific oxygen uptake rates can be calculated (Figure 3-4E). With
increased OTRmax, also the specific oxygen uptake rate increases. However, in contrast to the
OTRmax, the specific oxygen uptake rates are not constant, but decrease in the course of the
cultivation. As observed before, the 2,3-butanediol production rate correlates with the OTRmax.
However, lower maximum 2,3-butanediol concentrations occur at high OTRmax (Figure 3-4F).
This finding could only be revealed by calculating the maximum concentration according to the
previously described methodology (Section 3.3). As B. licheniformis produces two different
stereoisomers, D- and meso-2,3-butanediol (Li et al., 2013; Nilegaonkar et al., 1992), Figure
3-4G and H visualize the impact of the OTRmax 0n the 2,3-butanediol composition. As long as
glucose is present, both stereoisomers are produced at constant rates, whereby roughly 1.3 times
more meso-2,3-butanediol is formed. Upon glucose depletion, only D-2,3-butanediol is
oxidized to acetoin, whereas the concentration of meso-2,3-butanediol remains constant. B.
licheniformis expresses two different 2,3-butanediol dehydrogenases that convert acetoin to
2,3-butanediol resulting in the formation of the two observed stereoisomers (Ge et al., 2016).
Consequently, the observed conversion of D-2,3-butanediol indicates that only one of the 2,3-

butanediol dehydrogenases catalyzes a reversible reaction.
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oxygen transfer capacities (OTRmax) in shake flask cultivations. As indicated by the vertical dotted
line, the shaking frequency was reduced from 350 to 100 rpm after 3 h. Thereby, oxygen-limited
conditions are induced at the same time for all cultivations. Data on oxygen transfer rate (OTR) (A),
respiratory quotient (RQ) (B), glucose (C), cell dry weight (D), specific oxygen uptake rate (E), total
2,3-butanediol (F), 2,3-butanediol stereo isomer (G and H), glycerol (1) and acetoin (J) concentrations
are depicted. In addition to offline samples (half-closed symbols), the concentrations upon glucose
depletion were calculated as described in Figure 3-3 (closed symbols). For clarity, the connection
between the measured and calculated values is shown as dotted line. The RQ is only shown for OTR
> 1 mmol/L/h. To account for the increase of metabolite concentrations due to evaporation of water,
all concentrations were corrected accordingly and referred to the initial filling volume. Cultivation
conditions: 250 mL unbaffled shake flasks, temperature: 37 °C, shaking frequency: 350/100 rpm,
shaking diameter: 50 mm, Nakashimada medium with 200 mM MES buffer.

Both, the glycerol formation rate as well as the maximum concentration increase with
decreasing OTRmax (Figure 3-41). Up to 18 g/L glycerol are formed at the lowest OTRmax
(40 mL filling volume), whereas glycerol formation is completely prevented for the cultivation
with the highest OTRmax (15 mL filling volume). In contrast to that, higher OTRmax result in
higher acetoin concentrations (Figure 3-4J). Whereas acetoin only accumulates after glucose
depletion for cultivations with low OTRmax (30 and 40 mL filling volume), higher OTRmax result
in increasing acetoin concentrations throughout the cultivation (15 and 20 mL filling volume).

Upon glucose depletion, oxidation of D-2,3-butanediol results in acetoin accumulation.

As the course of the acetoin concentration drastically changes upon glucose depletion, this
aspect was investigated in detail in Figure 3-5. Here, the time axis is shifted to the point of
glucose depletion (shown as 0 h for all cultivations). At this point, increasing OTRmax lead to
increased acetoin concentrations ranging from 2 to 28 g/L for 4 and 16 mmol/L/h, respectively.
As long as glucose is present, the acetoin concentration steadily increases for cultivations with
OTRmax above 10 mmol/L/h (filling volumes lower than 20 mL). For lower OTRmax, the acetoin
concentration remains constantly low as long as glucose is present. As soon as glucose is
depleted, fast acetoin accumulation is observed for all cultivations as explained in the
description of Figure 3-4.
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Figure 3-5:  Influence of different maximum oxygen transfer capacities on acetoin formation with Bacillus
licheniformis DSM 8785. Variation of the filling volume results in different maximum oxygen
transfer capacities (OTRmax) in shake flask cultivations. The shaking frequency was reduced from
350 to 100 rpm after 3 h. Thereby, oxygen-limited conditions are induced at the same time for all
cultivations. Oxygen transfer rates (OTR) (A) and acetoin concentrations (B) are depicted. The time
on the abscissa is presented relative to the time of glucose depletion (0 h). In addition to offline
samples (open symbols), the concentrations upon glucose depletion were calculated as described in
Figure 3-3 (closed symbols). For clarity, the connection between the measured and calculated
values is shown as dotted line. The time of glucose depletion is derived from the sudden drop of the
respiratory quotient (RQ), as illustrated in Figure 3-3. To account for the increase of metabolite
concentrations due to evaporation of water, all concentrations were corrected accordingly and
referred to the initial filling volume. Cultivation conditions: 250 mL unbaffled shake flasks,
temperature: 37 °C, shaking frequency: 350/100 rpm, shaking diameter: 50 mm, Nakashimada
medium with 100 mM MES buffer.

To analyze the influence of the OTRmax in more detail, Figure 3-6 shows the calculated
metabolite concentrations upon glucose depletion from 28 individual experiments plotted as
function of the respective OTRmax. Thereby, the observed results can be applied independent of
the utilized reactor system and scale. When the OTRmax is increased from 4 to 16 mmol/L/h,
the maximum 2,3-butanediol concentration linearly decreases from 80 to 65 g/L (Figure 3-6A).

Consequently, the molar yield also decreases from 0.9 to 0.7, as 180 g/L glucose was used as
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substrate in all cultivations. This accounts for up to 90% of the stoichiometrically possible yield,
neglecting that carbon is also utilized for cell growth or maintenance. The glycerol
concentration decreases linearly with increasing OTRmax. Glycerol is not formed at all for
OTRmax higher than 10 mmol/L/h (Figure 3-6B). In contrast to that, the acetoin concentration
increases with increasing OTRmax (Figure 3-6C). For OTRmax between 4 and 13 mmol/L/h, a
moderate increase from 2 to 12 g/L acetoin is observed. However, higher OTRmax result in a
stronger increase and much higher acetoin concentrations of up to 28 g/L at 16 mmol/L/h. The
sum of glycerol and acetoin concentrations is shown in Figure 3-6D. A minimum by-product
concentration is observed for an OTRmax of 10 mmol/L/h, resulting from the lowest acetoin
concentration without glycerol formation. Consequently, the by-product concentration
increases with higher OTRmax due to increased acetoin formation. At lower OTRmax, higher by-
product concentrations result from glycerol formation, which has a stronger impact than the

reduced acetoin formation under these conditions.

The influence of the OTRmax on the product and by-product spectrum of B. licheniformis can
be explained based on the NADH/NAD™ balance of the organism (cf. Figure 1-3). During
oxygen limitation, only small amounts of NADH can be oxidized in the electron transport chain.
Therefore, glycolysis becomes a major source of the organism’s ATP production. There are two
options to oxidize the herein produced NADH to NAD™, which is crucial to maintain ATP
production via glycolysis. One option is the production of reduced overflow metabolites like
2,3-butanediol or glycerol. Additionally, oxidation via the electron transport chain occurs in
accordance with the available amount of oxygen. Consequently, increasing amounts of NADH
have to be oxidized by overflow metabolite production with decreasing OTRmax. For the
production of 1 mole 2,3-butanediol from 1 mole of glucose, 2 moles of NADH are obtained
during glycolysis, whereas only 1 mole of NADH is oxidized to NAD* during the reduction of
acetoin to 2,3-butanediol (Ji et al., 2011). For high OTRmax, acetoin accumulates, as enough
oxygen is available to oxidize more than 1 mole of NADH via the electron transport chain. For
low OTRmax, the NADH oxidation in the electron transport chain decreases leading to almost
complete acetoin reduction to 2,3-butanediol. Moreover, increasing amounts of glycerol are
formed. For glycerol formation from glucose, 1 molar equivalent of NADH is oxidized to NAD”*
without NADH generation. Therefore, glycerol formation can balance out the NAD™ deficiency

during 2,3-butanediol production at low OTRmax.
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concentrations (C), the sum of accumulated by-products (D), the time until glucose was depleted (E)
and the space-time yield (F) are shown in dependency of the maximum oxygen transfer capacity
(OTRmax) during the 2,3-butanediol production phase. Each data point is derived from one of 28
individual experiments and refers to the time point of glucose depletion. 2,3-Butanediol is shown as
sum of the stereoisomers. The time of glucose depletion is determined from the sudden drop of the
respiratory quotient, which was measured in biological duplicates. Acetoin, 2,3-butanediol and
glycerol concentrations at this time were calculated from offline samples as illustrated in Figure 3-3.
The space-time yield was calculated from the time of glucose depletion and the maximum 2,3-
butanediol concentration. The solid lines represent the fitted linear (A and B), exponential (C and E)
or cubic (F) correlations. The solid line in E was calculated as sum of the fitted lines from B and C.
Error margins (10% for A, D and E; 3 g/L for B, C and D) are represented by dashed lines. To account
for the increase of metabolite concentrations due to evaporation of water, all concentrations were
corrected accordingly and referred to the initial filling volume.

Apart from product and by-product formation, the overall cultivation time also has a significant
impact on the selection of suitable cultivation conditions. For industrial 2,3-butanediol
production, cultivations should be terminated as soon as glucose is depleted to achieve the
maximum 2,3-butanediol concentration, complete substrate utilization and to avoid acetoin
accumulation. Therefore, the influence of the OTRmax on the time until glucose is depleted is
analyzed in Figure 3-6E. Low OTRmax 0f 4 mmol/L/h result in long cultivation times of nearly
100 h. The cultivation time decreases, when the OTRmax is increased. Increasing the OTRmax
above 11 mmol/L/h has only minor effects on the cultivation time. From the cultivation time
and the 2,3-butanediol concentration, the space-time yield was calculated (Figure 3-6F). The
maximum space-time yield of 1.3 g/L/h is reached at an OTRmax of 13 mmol/L/h. At higher
OTRmax, the space-time yield decreases due to lower 2,3-butanediol concentrations. In contrast,

lower OTRmax lead to decreased space-time yields due to increased cultivation times.

Overall, the results presented in Figure 3-6 clearly show that there is not one defined optimum
condition for 2,3-butanediol production with B. licheniformis. Different parameters become
more or less important depending on the overall production chain and economics. The
concentrations of 2,3-butanediol, acetoin and glycerol are especially important with regard to
the chosen downstream processing. Depending on the demands, either high 2,3-butanediol
concentrations, or low by-product concentrations are most beneficial. It is also important to
consider, whether efficient separation of acetoin or glycerol from 2,3-butanediol is possible.
For example, via distillation acetoin (boiling point at 148 °C) can be separated from 2,3-
butanediol (boiling point at 183 °C) together with the process water. However, for glycerol

separation (boiling point at 290 °C), a second distillation step would be necessary. Qureshi et
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al. (1994) investigated vacuum membrane distillation for 2,3-butanediol resulting in constantly
decreasing 2,3-butanediol to acetoin ratios. Using different solvents for 2,3-butanediol
extraction, Anvari et al. (2009) did not observe co-extraction of acetoin. Also during anionic
extraction of 2,3-butanediol via phenylboronic acid, no acetoin is co-extracted, whereas co-
extraction of glycerol was observed (Drabo et al., 2017). In these cases, avoiding glycerol
formation by selection of OTRmax above 10 mmol/L/h will most likely be beneficial. Even
though the selection of suitable OTRmax strongly depends on the specific process demands,
some general conclusions can be drawn. OTRmax above 13 mmol/L/h should be avoided. In that
case, 2,3-butanediol concentration and space-time yield decrease, while the acetoin
concentration severely increases. Also very low OTRmax should not be selected, as this only
leads to small increases in the 2,3-butanediol concentration at the expense of severely prolonged
cultivation times and higher glycerol formation. Selection of an OTRmax between 11 and
13 mmol/L/h will be beneficial for most processes. This results in high space-time yields at low

by-product formation and completely avoids glycerol formation.

3.5 Comparison between shake flask and stirred tank
reactor cultivations

To verify that the results obtained in Figure 3-6 can be transferred between different bioreactor
systems, a shake flask and a stirred tank reactor cultivation are compared in Figure 3-7. As
shown in Figure 3-7A and D, the same OTRmax of 7 mmol/L/h was adjusted in both scales after
reduction of the shaking frequency and agitation rate, respectively. This results in comparable
process performance as demonstrated by the similar courses of glucose and 2,3-butanediol
concentrations (Figure 3-7B and E). The courses of the RQ are comparable (Figure 3-7A and
D), however, in the stirred tank reactor a higher RQ results from increased glycerol formation
compared to the shake flask cultivation (Figure 3-7C and F). The cell dry weight increases to
5 g/L during the first 24 h of cultivation in both bioreactor systems, stays constant until glucose
is depleted and decreases afterwards (Figure 3-7C and F). The previously described rapid

accumulation of acetoin upon glucose depletion is also observed in both bioreactors (Figure



38 Chapter 3: Impact of the oxygen availability on 2,3-butanediol production

3-7C and F). This comparison shows that the OTRmax IS a suitable parameter to achieve

comparable process performance in shake flasks and lab-scale stirred tank reactors.

Shake flask Stirred tank reactor
8 g
© [0’
b <
o = c
33 £
s E S
-;-:' o
5 g
e ®
o~ ‘S
[
@
4
i 2,3-Butanediol . 2,3-Butanediol

2004: - : -80
g | é S C.
2 4504; \ : L60 3
o 0 : o
8 : e
S 1004: 40 &
3 ' S
° - @
0 )
504: 20 o

0 ] ] L) ] L) ] -0

F
d =
— X : |
= N B
2 : 20 _
= 3
o 3
] >
3 o
> : g -
o 24 Glycerol .. 10 %
E g 7 Glycerol E;
; <
- ¥ Acetoin . Acetoin
0 -0
L] L] L] L] L L] L] L]
0 24 48 72 96 0 24 48 72 96 120

Time [h] Time [h]

Figure 3-7: Comparison of shake flask and stirred tank reactor cultivations of Bacillus licheniformis DSM
8785. As indicated by the vertical dotted lines, the shaking frequency of the shake flask cultivation
(A-C) and the agitation rate of the stirred tank reactor cultivation (D-F) were reduced from 350 to
100 and from 1000 to 500 rpm after 4.5 and 3 h, respectively. The courses of oxygen transfer rates
(OTR) and respiratory quotients (RQ) (A and D), glucose and total 2,3-butanediol concentrations (B
and E), as well as cell dry weight, acetoin and glycerol concentrations (C and F) are shown. In
addition to offline samples (half-closed symbols), the concentrations upon glucose depletion were
calculated as described in Figure 3-3 (closed symbols). For clarity, the connections between the
measured and calculated values are shown as dotted lines. 2,3-Butanediol is shown as sum of the
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stereoisomers. The RQ is only shown for OTR > 1 mmol/L/h. To account for the increase of
metabolite concentrations due to evaporation of water, concentrations of the shake flask cultivation
were corrected accordingly and referred to the initial filling volume. Cultivation conditions:
Temperature: 37 °C; shake flask cultivation: 250 mL unbaffled shake flasks, filling volume: 30 mL,
shaking frequency: 350/100 rpm, shaking diameter: 50 mm; Nakashimada medium with 100 mM
MES buffer. Stirred tank reactor cultivation: 2 L stirred tank reactor, filling volume: 1.5 L, aeration
rate: 0.5 L/min (0.33 vvm), agitation rate: 1000/500 rpm, Nakashimada medium without MES buffer
addition.

In addition to the direct comparison between shake flask and stirred tank reactor cultivations
(Figure 3-7), the impact of the OTRmax on the cultivation (cf. Figure 3-6) is comparable to the
results Rebecchi et al. (2018) generated in a stirred tank reactor with the same organism. The
same maximum 2,3-butanediol yields of 0.9 mol/mol (0.45 g/g) were observed in both studies.
However, a linear dependency between OTRmax and 2,3-butanediol yield was observed in
Figure 3-6, whereas Rebecchi et al. (2018) observed reduced yields between 2 and 7 mmol/L/h.
This probably results from missing offline samples at the time of maximum 2,3-butanediol
concentration. In this thesis, this problem is avoided by the described method to quantify the
maximum 2,3-butanediol concentration. The highest space-time yield was observed at OTRmax
slightly above 10 mmol/L/h in both studies. However, in this thesis a higher space-time yield
was reached (1.3 instead of 1.0 g/L/h), which probably results from the utilization of different
cultivation media. In both studies, exactly the same OTRmax Of at least 10 mmol/L/h completely

prevented glycerol formation.

3.6 Conclusion

Even though the impact of the oxygen availability on 2,3-butanediol production is widely
discussed in the literature, only few studies focused on this effect on the basis of scalable
parameters (de Mas et al., 1988; Jansen et al., 1984; Ji et al., 2009; Ramachandran and Goma,
1987; Ramachandran et al., 1990; Rebecchi et al., 2018). However, this is necessary to transfer
the obtained results to other bioreactor setups and, thus, make them available to other research
groups. Therefore, the OTRmax Was selected to quantify the effects of oxygen availability in this
chapter. The above-mentioned studies revealed different optimum oxygen availabilities for
different microorganisms. Therefore, a fast and simple, but reliable methodology to investigate
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this effect was presented in this chapter. In contrast to the above-mentioned studies, this chapter
presents a shake flask methodology to reduce the technical and experimental effort.

Two concepts were applied to increase the precision of the experimental results compared to
existing studies (de Mas et al., 1988; Jansen et al., 1984; Ji et al., 2009; Ramachandran and
Goma, 1987; Ramachandran et al., 1990; Rebecchi et al., 2018). First, online monitoring of the
RQ was combined with offline sampling to determine metabolite concentrations exactly at the
point of glucose depletion. This prevents misinterpretation of results due to inadequate
sampling time points, as 2,3-butanediol and glycerol are consumed and acetoin accumulates
after glucose depletion (Figure 3-3). To the author’s knowledge, this effect has not yet been
considered in the existing literature. Second, a defined two-stage cultivation profile was
applied. Two-stage cultivation strategies have already been described in the literature to
accelerate 2,3-butanediol formation (Cho et al., 2015b; Dai et al., 2014; Fages et al., 1986; Ji et
al., 2009; Li et al., 2013; Park et al., 2013; Priya et al., 2016; Qiu et al., 2016; Zhang et al.,
2010). In contrast, the here applied two-stage cultivation profile aimed at providing defined
cultivation conditions instead of accelerating product formation. This strategy synchronizes the
initiation of oxygen limitation between different cultivations and, thus, allows for the isolated

determination of the influence of the OTRmax.

Optimum cultivation conditions for Bacillus licheniformis DSM 8785 were identified at
OTRmax between 11 and 13 mmol/L/h. Under these conditions, high product and space-time
yields are achieved, while glycerol formation is completely prevented and only small amounts
of acetoin accumulate. Moreover, selection of suitable OTRmax slightly improves 2,3-butanediol
production compared to the so far best reported results from batch experiments with the same
organism (73 g/L 2,3-butanediol at a space-time yield of 0.86 g/L/h) (Jurchescu et al., 2013).
In this thesis, the same space-time yield was achieved at an OTRmax of 4.3 mmol/L/h, resulting
in an increased 2,3-butanediol concentration of 77 g/L. A maximum value of 73 g/L 2,3-
butanediol was observed at an OTRmax 0f 8.3 mmol/L/h at an increased space-time yield of
1.27 g/L/h. Generally, the shake flask-based results in this chapter are in good agreement with
own and external stirred tank reactor cultivations (Rebecchi et al., 2018). This demonstrates
that the presented approach is suitable to investigate the impact of the OTRmax 0n 2,3-butanediol
production and can probably be transferred to other organisms.
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Chapter 4

Potential of online respiratory quotient monitoring during
microaerobic cultivations

4.1 Introduction

Biotechnological 2,3-butanediol production is a much studied example for microaerobic
cultivation processes. As explained in detail in Section 1.2, 2,3-butanediol is produced in a
mixed acid-2,3-butanediol fermentation pathway (Kallbach et al., 2017). Depending on the
oxygen availability, different by-products like acetoin, glycerol, ethanol and organic acids are
formed (Converti et al., 2003; Heyman et al., 2019; Ji et al., 2011; Rebecchi et al., 2018). This
results in reduced product yields, as well as more challenging downstream processing (Qureshi
et al., 1994; Xiu and Zeng, 2008). Consequently, online monitoring of the production process
to understand and control the underlying mechanisms of by-product formation is an essential

step towards commercially feasible 2,3-butanediol production.

As discussed in Section 1.1, online monitoring during microaerobic cultivations is challenging
as the dissolved oxygen tension (DOT) cannot be measured and the information content from
oxygen transfer rate (OTR) measurements is limited. In contrast, the respiratory quotient (RQ)
has been successfully applied for process monitoring and control during microaerobic
cultivations (Brandberg et al., 2007; Chen et al., 2003; Franzén, 2003; Franzén et al., 1996; Xiu
et al., 2007; Zhang et al., 2010). Furthermore, Zeng et al. (1994) used the RQ to control the

oxygen supply for 2,3-butanediol production and to monitor the viable biomass during the
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cultivation (Zeng et al., 1991b). The RQ is the quotient of carbon dioxide formation and oxygen
consumption and provides additional information about the metabolic activity of the organism.
Different RQs are observed depending on the utilized carbon source, biomass formation and
the formation of overflow metabolites. Generally, an RQ of 1 results when substrate and product
have the same degree of reduction. The RQ is above 1 when the product is more reduced than
the substrate and below 1 in the opposite case. For a given reaction stoichiometry, a theoretical

RQ can be calculated based on oxygen consumption and carbon dioxide formation.

Despite the above-mentioned benefits, there is not much literature about RQ monitoring of
microaerobic cultivations. Most of these studies either focused on process control and scale-up
strategies (Franzén et al., 1996; Rebecchi et al., 2018; Zeng et al., 1994; Zhang et al., 2010) or
investigated the formation of ethanol, (Brandberg et al., 2007; Franzén, 2003) and 1,3-
propanediol (Chen et al., 2003; Xiu et al., 2007). Therefore, the aim of this chapter is to
understand the metabolic activity in different cultivation phases of the mixed acid-2,3-
butanediol production and to improve the explanatory power of online RQ monitoring.
Therefore, microaerobic cultivations of Bacillus licheniformis DSM 8785 were investigated,
both in shake flasks and in a stirred tank reactor. Consequently, the obtained results are
independent of the utilized bioreactor system and scale. According to the measured RQ, partial
reaction stoichiometries were set up for each metabolic phase. Thereby, the respective
predominant metabolic activity was identified and confirmed by offline sampling. Finally, the
average RQ was correlated to the maximum oxygen transfer capacity (OTRmax) of different
cultivations, reflecting the metabolic response to changing oxygen availability. Most results
presented in this chapter have been published previously (Heyman et al., 2020). Parts of these
results have been obtained in collaboration with Hannah Tulke (research internship and

master’s thesis) and Damarice Wandji (master’s thesis).

4.2 Cultivation of Bacillus licheniformis DSM 8785

In this chapter, cultivations were performed in unbaffled 250 mL shake flasks and a 2 L stirred

tank reactor. All shake flask cultivations were performed in at least 7 shake flasks in parallel
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and the respiration activity was monitored online with the Respiration Activity Monitoring
System (RAMOS) (Anderlei et al., 2004) as visualized in Figure 2-1.

The cultivation of B. licheniformis under microaerobic conditions follows three distinct phases
(Figure 4-1). An unlimited growth phase (until the first dotted line) is followed by the 2,3-
butanediol production phase (between the dotted lines) and finally 2,3-butanediol is converted
to acetoin (after the second dotted line). Figure 4-1A depicts the courses of OTR and carbon
dioxide transfer rate (CTR) in 250 mL shake flasks. A two-stage cultivation profile was applied
in all cultivations to enable defined microaerobic cultivation conditions as described in detail
in Section 3.3. At the beginning of the cultivation, a shaking frequency of 350 rpm resulted in
oxygen unlimited growth as shown by the steep increase of the OTR. When the OTR reached
values around 20 mmol/L/h, the shaking frequency was decreased to 100 rpm. Thereby, oxygen
limitation was initiated, resulting in an OTR plateau at the level of the OTRmax of 5 mmol/L/h
(cf. Appendix 1A). The CTR peaks at 30 mmol/L/h at the beginning of the oxygen-limited 2,3-
butanediol production phase and then remains constant at 20 mmol/L/h until 60 h. Between 60
and 90 h the CTR slowly declines. Afterwards, a sharp decrease of the CTR to a shoulder at
6 mmol/L/h is followed by a second sharp decrease to 2 mmol/L/h at 96 h. Figure 4-1B shows
the course of the RQ. A theoretical RQ can be calculated for a given reaction stoichiometry
based on oxygen consumption and carbon dioxide formation (Equation 2-1 in Section 2.6).
Thus, monitoring of the RQ can be combined with stoichiometric considerations to understand
the metabolic activity during the cultivation. During the oxygen unlimited phase in the first 3 h
of the cultivation, the RQ is around 1 indicating growth on glucose. Due to the high lipid content
in the membrane, biomass is more reduced than glucose, resulting in a calculated RQ of 1.3
during biomass formation (Equation 2-2). However, this calculation does not include
maintenance or other energy requiring processes. Thus, a slightly lower RQ can be expected,
when a combination of growth and glucose combustion is assumed during the first 3 h of
cultivation (Figure 4-1B). Afterwards, the course of the RQ resembles the course of the CTR,
as the OTR stays constant due to oxygen limitation. The general course of the RQ can be
explained by the courses of glucose, 2,3-butanediol (Figure 4-1C), glycerol and acetoin (Figure
4-1D). The RQ of 4 between 9 and 90 h mainly results from glucose consumption and 2,3-
butanediol production, as the calculated RQ for this reaction is 4 (Equation 2-4). Additionally,

glycerol and biomass are formed at that time (Figure 4-1D). Compared to 2,3-butanediol
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production, biomass formation reduces the RQ (Equation 2-2 and 2-4), whereas glycerol
formation increases the RQ (Equation 2-5). Upon glucose depletion, 2,3-butanediol is
consumed and converted to acetoin (clearly visible in Figure 3-4). This conversion provides
protons that can be oxidized in the respiratory chain (Equation 2-6) resulting in RQ values
below 1. The above-mentioned RQ course has been investigated and discussed in detail in
Chapter 3. However, the peak after 7 h, the slow decline between 60 and 90 h and the shoulder
between 90 and 96 h (highlighted as I, Il and I1I in Figure 4-1B) cannot be explained by the

above mentioned mechanisms and were investigated in this chapter.

For a comprehensive and universal investigation of these phenomena, shake flask and stirred
tank reactor cultivations were combined. Thereby, the benefits of both systems can be utilized.
Shake flasks provide high experimental throughput and parallelization, whereas stirred tank
reactors provide high reaction volumes and a technical setup that is closer to industrial
production processes. The scalability of the investigated 2,3-butanediol production process
between shake flasks and stirred tank reactor was already demonstrated in Section 3.5 (Figure
3-7). However, different oxygen transfer mechanisms are relevant in the different bioreactor
systems. In unbaffled shake flasks, oxygen transfer from the gas to the liquid phase takes place
at the liquid surface. The shape of the rotating bulk liquid in shake flasks only depends on the
operation conditions and not on the physiochemical properties of the culture liquid. Thus, the
mass transfer area is very defined and constant (Klockner and Biichs, 2012; Maier and Biichs,
2001). In contrast, oxygen transfer in stirred tank reactors occurs at the interface between gas
bubbles and the liquid. Thus, complex phenomena like bubble dispersion and coalescence or
foaming affect the oxygen transfer (Devi and Kumar, 2017; Karimi et al., 2013; Martinov et
al., 2008; Schaepe et al., 2013; Takesono et al., 2001). Consequently, combination of both
systems guarantees that biological effects can be investigated under microaerobic conditions,

independent of bioreactor-specific oxygen transfer phenomena.
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Figure 4-1: Shake flask cultivation of Bacillus licheniformis DSM 8785 under microaerobic conditions. The
courses of oxygen (OTR) and carbon dioxide transfer rates (CTR) (A), the respiratory quotient (RQ)
(B), as well as glucose, 2,3-butanediol (C), acetoin, glycerol and cell dry weight (D) are shown. The
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shaking frequency was reduced from 350 to 100 rpm after 3 h (left vertical dotted line). As visualized
by the vertical dotted lines, an oxygen unlimited growth phase is followed by the 2,3-butanediol
production phase and subsequent 2,3-butanediol consumption. The peak (1), the slow decline (I1) and
the shoulder (111) of the RQ course (B) are investigated in this chapter. Cultivation conditions:
250 mL unbaffled shake flasks, temperature: 37 °C, filling volume: 40 mL, shaking frequency:
350/100 rpm, shaking diameter: 50 mm, Nakashimada medium with 200 mM MES buffer.

4.3 Investigation of the peak in the respiratory quotient

The metabolic causes for the RQ peak at the beginning of the 2,3-butanediol production phase
(marked as | in Figure 4-1B) were investigated. As described above, the RQ provides
information on the degree of reduction of the utilized carbon source and the produced
metabolites. Consumption of glucose and formation of 2,3-butanediol result in RQs around 4
(Equation 2-4). The RQ peak can have two different metabolic causes: Either, the production
of a by-product that is more reduced than 2,3-butanediol, or the consumption of a substrate that
is more oxidized than glucose. As the OTR is constant during the period of the RQ peak, it
originates from a CTR peak (cf. Figure 4-1A). Thus, also non-metabolic effects that cause
additional carbon dioxide release could be an explanation for the observed peak. When the pH
decreases during the cultivation in the range of the pKa value of the bicarbonate buffer (6.1),
previously dissolved carbon dioxide can be released from the culture broth. This carbon dioxide

will then be detected in the gas phase and result in an overestimation of the CTR.

To investigate the cause of the RQ peak, two shake flask cultivations with different filling
volumes and a stirred tank reactor cultivation are compared in Figure 4-2. The filling volume
of shake flask cultivations determines the OTRmax (Appendix 1) and, thus, severely influences
the formation of by-products (Heyman et al., 2019; Rebecchi et al., 2018). Figure 4-2A-C depict
the CTRs and RQs during the first 30 h of cultivation, forming the previously observed peaks.
For all cultivation conditions, the pH decreases from 6.6 to 6 during the first hours of cultivation
before the RQ peak occurs (Figure 4-2D-F). During the RQ peak, the pH slightly increases and
decreases after the peak. Consequently, the course of the pH cannot explain the RQ peak.

Equilibrium changes of the bicarbonate buffer only cause carbon dioxide release from the
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culture broth at decreasing pH values. Thus, with the observed pH profile the measured CTR

would rather be decreased than increased.

Shake flask (20 mL)

Shake flask (30 mL)

Stirred tank reactor

@ ‘ ,
B 904A 1B: 1C -6
g £ RQ : RQ
& G B0- - L
s E 60 4
2= CTR CTR
3 & 30 2
TE T ¢ 1 & i
se : 58.3mmoliL CO, | J¥  ¥<55.9 mmollL CO, pJ! 24.5 mmol/L CO,
Su 0 f = 2.7 g/L Ethanol : = 2.5 g/L Ethanol |/ : = 1.1 g/L Ethanol 0
D E F

259 S§2 Ethanol 1 Ethanol 1.
g 20 ,O o Qowh_""“-~-_.
2 207 o O 104 '
5 1.5 / Ll | Ethanol
2 0 ¥ ; W
« o . -
£ 1.04 A 4 1 -6.0
b L e : .-

054 :© I 41 -5.8

] . . e

00 G/:Ol L L L H‘ ) L L L I.;" L L) L) L
5 05{ {1 R i L5
2 # BRI
© 0.4+ 1,{La(:tate . jt2 9 . -4
T I 4 Lactate
= 0.3 1 AN ! - -3
S : ¥ Tl R
S 024 ﬁﬁ* w4 ﬁﬁ?‘«’ I Lactate 5
n ’ . : . o
< ; )%8 v 00 Succinate \} Acetate T
s 011 o o Succinate C:FOO \CRIQ:“ 1« -~ -1
S o0 Lgetaldn | o-gAcetate o 4ot 0
< . T T T T T T T T T T T T

0 6 12 18 24 0 12 18 24 0 6 12 18 24 30
Time [h] Time [h] Time [h]

6.6
6.4
6.2

Respiratory quotient (RQ) [-]

pH [

Lactate [g/L]

Figure 4-2: Investigation of the peak in the respiratory quotient. The formation of the peak (marked as I in
Figure 4-1B) is investigated in shake flask (A, B, D, E, G, H) and stirred tank reactor (C, F, I)
cultivations. Carbon dioxide transfer rates (CTR) and respiratory quotients (RQ) (A-C), ethanol
concentrations and pH values (D-F) as well as organic acid concentrations (G-I) are shown. In the
stirred tank reactor, the pH was measured online (line) and offline (symbols). Ethanol formation
under microaerobic conditions results in equimolar carbon dioxide formation (blue colored areas
under the CTR peak in A-C). The shaking frequency and the agitation rate were reduced from 350 to
100 rpm and from 1000 to 500 rpm after 3 and 4 h, respectively (vertical dotted lines). Cultivation
conditions: Temperature: 37 °C; shake flask cultivation: 250 mL unbaffled shake flasks, shaking
frequency: 350/100 rpm, shaking diameter: 50 mm, Nakashimada medium with 100 mM MES
buffer. Stirred tank reactor cultivation: 2 L stirred tank reactor, filling volume: 1.5 L, aeration rate:
0.5 L/min (0.33 vvm), agitation rate: 1000/500 rpm, Nakashimada medium without MES buffer

addition.
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Ethanol, a highly reduced by-product is formed during the RQ peak (Figure 4-2D-F). Under
microaerobic cultivation conditions, ethanol formation results in equimolar carbon dioxide
formation (Equation 2-7). The excess carbon dioxide formation during the period of the peak
time (blue colored areas in Figure 4-2A-C) was calculated to 58, 56 and 25 mmol/L/h, which
correlates to the formation of 2.7, 2.5 and 1.1 g/L ethanol for the shake flasks with 20 and 30 mL
and the stirred tank reactor cultivation, respectively. This is in good agreement with the offline
measured ethanol concentrations (Figure 4-2D-F) and indicates that ethanol formation causes
the peak in the RQ at about 7 h. Furthermore, Zeng et al. (1994) concluded that increased RQs
can be expected upon ethanol formation, which further substantiates this result.

Under microaerobic conditions, 2,3-butanediol production is initiated as response to previous
organic acid formation (Ji etal., 2011). As some organic acids (e.g. succinate) are more oxidized
than glucose, organic acid formation during the period of the RQ peak was investigated.
Concentrations of succinate, acetate and lactate are shown in Figure 4-2 G-1. In addition to these
organic acids, formate formation is reported in the literature (Ji et al., 2011), which could not
be detected in the conducted experiments. Only consumption of acetate (probably carried over
from the pre-culture) could be observed during the RQ peak in the stirred tank reactor
cultivation. No organic acid consumption was observed in the shake flask experiments at this
time. As acetate has the same degree of reduction as glucose, acetate formation cannot cause
the RQ peak. Up to 0.2 g/L succinate, which is more oxidized than glucose, was formed during
the period of the RQ peak. As succinate production leads to a decreased RQ, this is also not the
cause of the RQ peak. As neither pH-changes (Figure 4-2D-F), nor organic acid consumption
(Figure 4-2G-1) can explain the RQ peak, this confirms that the RQ peak results from ethanol
formation (Figure 4-2D-F).

4.4 Investigation of the slowly declining respiratory
guotient

At the end of the 2,3-butanediol production phase, a slow decline of the RQ is observed (marked

as Il in Figure 4-1B), before the RQ drops sharply upon glucose depletion. During 2,3-
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butanediol production with Enterobacter aerogenes, Zeng et al. (1991b) also observed a slow
decline of the RQ. They reported that this decline originates from a decrease of the viable cell
mass that could not be detected via cell dry weight measurements. The oxygen supply to the
culture broth stays constant during the cultivation, as the OTRmax does not change. When the
amount of viable and actively breathing cells decreases, the ratio of available oxygen per cell
increases. Thereby, the amount of glucose that is completely oxidized via the respiratory chain
increases. According to Equation 2-3, complete utilization of glucose in this pathway would
result in an RQ of 1. Consequently, an increased oxidative utilization of glucose decreases the
RQ during the 2,3-butanediol production phase, as Equation 2-3 and 2-4 have to be combined
to describe the predominant metabolic activity.

To test if decreasing viable cell mass explains the observed slow decline of the RQ during
cultivations of B. licheniformis, the shaking frequency was steadily reduced during shake flask
experiments (Figure 4-3). Thereby, the OTRmax is reduced to counteract the decreasing viable
cell mass. A reference cultivation with constant shaking frequency during the 2,3-butanediol
production phase is compared to two cultivations with different shaking frequency reduction
rates in Figure 4-3A. Due to the reduction of the shaking frequency, the OTR decreases (Figure
4-3B), reflecting the reduction of the OTRmax. In the reference cultivation, the RQ slowly
declines between 30 and 65 h (Figure 4-3C). In contrast, the RQ stays constant at values slightly

above 4 during this time at both reduction rates of the shaking frequency.

As shown in Figure 4-3, the slow decline of the RQ can be prevented by reduction of the shaking
frequency. This supports the hypothesis that this decline is caused by decreasing viable cell
mass as observed by Zeng et al. (1991b). Furthermore, this conclusion is in good agreement
with redox potential measurements performed in stirred tank reactor cultivations (Section 5.7).
These redox potential measurements revealed that the DOT increases during the cultivation. In
a similar experiment to the one shown in Figure 4-3, reduction of the agitation rate resulted in
a constantly low DOT during the 2,3-butanediol production phase (cf. Figure 5-11). These
matching results of redox potential and RQ measurements in shake flask and stirred tank reactor
cultivations are a strong evidence that the observed slow decline of the RQ results from

decreasing viable cell mass.
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Figure 4-3: Investigation of the slowly declining respiratory quotient. The course of the respiratory quotient
(RQ) at the end of the 2,3-butanediol production phase (marked as Il in Figure 4-1B) was manipulated
by reduction of the shaking frequency in shake flask cultivations. Courses of the shaking frequency
(A), the oxygen transfer rate (OTR) (B) and the RQ (C) are shown for three cultivations. After 3.5 h
the shaking frequency was reduced from 350 to 100 rpm to induce oxygen limitation. The following
steady reduction of the agitation rate (reduction rate is indicated in the figure legend) was predefined
using a shaker control software (ISIS-Software; Adolf Kihner AG, Birsfelden, Switzerland).
Cultivation conditions: Temperature: 37 °C; 250 mL unbaffled shake flasks, filling volume: 30 mL,
shaking diameter: 50 mm, Nakashimada medium with 200 mM MES buffer.
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4.5 Investigation of the shoulder in the respiratory quotient

The sharp drop of the RQ at the end of the 2,3-butanediol production phase is caused by glucose
depletion. The formation of a shoulder (marked as Ill in Figure 4-1B) during this drop is only
observed for strong oxygen limitations at low OTRmax (Appendix 1). With increasing OTRmax,
the shoulder becomes smaller and finally disappears completely. To investigate the RQ
shoulder, a shake flask and a stirred tank reactor cultivation are compared in Figure 4-4. The
shake flask cultivation (Figure 4-4A) has a slightly lower OTRmax resulting in a longer RQ
shoulder compared to the stirred tank reactor cultivation (Figure 4-4B). The formation of the
RQ shoulder is accompanied by a rapidly decreasing lactate concentration, resulting in a
simultaneous increase of the pH (Figure 4-4C and D). As specified by Equation 2-8, combustion
of lactate results in a theoretical RQ of 1. The measured RQ during the shoulder is slightly
above 1 (at 90 and 72 h in Figure 4-4A and B, respectively). However, also other factors like
the consumption of non-detected by-products most likely have an effect on the level of the RQ
during this time. Therefore, lactate combustion is not the only, but the major factor causing the
shoulder in the RQ.
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Figure 4-4: Investigation of the shoulder in the respiratory quotient. The formation of the shoulder (marked
as I1lin Figure 4-1B) is investigated in shake flask (A, C) and stirred tank reactor (B, D) cultivations.
Oxygen transfer rates (OTR) and respiratory quotients (RQ) (A, B) and the pH and lactate
concentrations (C, D) are shown. In the stirred tank reactor, the pH was measured online (line) and
offline (symbols). The shaking frequency and the agitation rate were reduced from 350 to 100 rpm
and from 1000 to 500 rpm after 4.5 and 3.5 h, respectively (vertical dotted lines). Cultivation
conditions: Temperature: 37 °C; shake flask cultivation: 250 mL unbaffled shake flasks, filling
volume: 40 mL, shaking frequency: 350/100 rpm, shaking diameter: 50 mm, Nakashimada medium
with 100 mM MES buffer. Stirred tank reactor cultivation: 2 L stirred tank reactor, filling volume:
1.5 L, aeration rate: 0.5 L/min (0.33 vvm), agitation rate: 1000/500 rpm, Nakashimada medium

without MES buffer addition.

4.6 Correlation between average RQ and maximum oxygen
transfer capacity

In the previously described results, the RQ was used to understand the metabolic activity during

specific phases of the cultivation. In addition to these learnings, the average RQ during a longer
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cultivation period provides information on the overall stoichiometry of the cultivation.
Therefore, the average RQ during the 2,3-butanediol production phase was determined. In
shake flasks, the 2,3-butanediol production phase is initiated by the reduction of the shaking
frequency to induce oxygen limitation and ends when the RQ sharply drops upon glucose
depletion (visualized in Appendix 1). The average RQ was determined by two different
approaches. For the conventional determination, the online measured carbon dioxide formation
and oxygen consumption are divided according to Equation 2-1. Additionally, carbon mass
balancing (Equation 2-9; Appendix 5) based on measured metabolite and cell dry weight
concentrations was used to calculate the carbon dioxide formation, which was then divided by
the online measured oxygen consumption. Figure 4-5 shows the correlation between the

average RQ and the OTRmax for 19 individual experiments.
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Figure 4-5: Correlation between average respiratory quotient and maximum oxygen transfer capacity.
Average respiratory quotients (RQ) from 19 individual shake flask cultivations at varied maximum
oxygen transfer capacities (OTRmax) are shown. The OTRmax was derived from the course of the OTR
(cf. Appendix 1). To calculate the RQ, carbon dioxide formation during 2,3-butanediol production
was either measured online, or derived from carbon balances of offline samples (cf. Appendix 1,
Equation 2-9). The metabolite and cell dry weight formation during the 2,3-butanediol production
phase is summarized in Appendix 5. The consumed oxygen for RQ calculations was derived from
measured oxygen transfer rates. Cultivation conditions: 250 mL unbaffled shake flasks, temperature:
37 °C, shaking frequency: 350/100 rpm, shaking diameter: 50 mm, Nakashimada medium with
100 mM MES buffer.

The OTRmax is one of the most influential parameters during microaerobic cultivations and
strongly determines the product and by-product spectrum (Heyman et al., 2019; Rebecchi et al.,
2018). With increasing OTRmax, the average RQ from online carbon dioxide measurement
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(black symbols) decreases linearly from 4 to 2.5. The average RQ from carbon mass balances
(red symbols) decreases from 5 to 3 with increasing OTRmax. Even though generally higher RQs
were derived from mass balancing, the overall trend matches the results obtained from carbon
dioxide measurements. This confirms that the dependency of the average RQ of the OTRmax
reflects the adaption of the metabolism to changing oxygen availability. With decreasing
OTRmax, the amount of energy that can be obtained by oxidation in the respiratory chain
decreases (Zeng et al., 1994). Consequently, more energy has to be generated via glycolysis.
To regenerate NADH and to maintain glycolysis, more reduced overflow metabolites have to

be formed (Appendix 5) resulting in an increased average RQ.

Rebecchi et al. (2018) also observed decreasing RQs for cultivations with increasing OTRmax.
However, it is not clear if this refers to average RQs or to RQs measured at a specific time
during the cultivation. In this thesis, calculation of the average RQ based on carbon mass
balances from offline samples yielded generally higher RQs and shows a higher variation
compared to RQs derived from online carbon dioxide measurements. The cultivations were
performed in a complex medium in the presence of undefined components like yeast extract
and tryptone. Their contribution to the carbon balance was neglected. Consequently, exact
calculation of the RQ could not be expected. Still the overall trend matches the measured RQs.
This clearly indicates that the observed correlation reflects the organism’s metabolic response

to varied oxygen availability as already explained in detail in Section 3.4.

4.7 Conclusion

Based on the course of the RQ, the cultivation can be divided into different metabolic phases.
With the initiation of oxygen-limited conditions, the 2,3-butanediol production phase starts
(Figure 4-1). At the beginning of this phase, additional ethanol formation results in an RQ peak
(cf. Figure 4-2). Afterwards, an RQ plateau is observed, but due to decreasing viable cell mass,
the RQ slowly declines towards the end of the 2,3-butanediol production phase (cf. Figure 4-3).
Upon glucose depletion, the RQ rapidly drops to values below 1. In cultivations with low

OTRmax, utilization of the previously formed lactate results in a formation of a shoulder during
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this drop (cf. Figure 4-4). Finally, 2,3-butanediol is converted to acetoin after glucose depletion.
A very similar course of the RQ was observed for the cultivation of Bacillus vallismortis
(Kallbach, 2018). However, to the author’s knowledge, the metabolic reasons for the observed

peak and shoulder have not yet been described in the literature.

In this chapter, two approaches were presented to utilize online monitoring of the RQ to gain
deeper insights into the metabolic activity of a culture under microaerobic cultivation
conditions. Based on the course of the RQ, different metabolic phases during the cultivation
were identified. Combined with partial reaction stoichiometries, the predominant metabolic
activities in these phases were revealed. Additionally, the average RQs in the 2,3-butanediol
production phase of 19 individual cultivations at varied OTRmax reflect the organism’s
metabolic adaption to varied oxygen availability. The combination of online RQ monitoring
with stoichiometric considerations is generally applicable to other microorganism and products.
Thus, the presented approaches increase the potential of online process monitoring and

characterization tools for microaerobic cultivations.
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Chapter 5

Redox potential measurement as online dissolved oxygen
monitoring tool for microaerobic cultivations

5.1 Introduction

In a reduction-oxidation (redox) reaction, electrons are transferred from one compound to
another. One compound (Ox) transfers n electrons (e to the other compound (Red) as shown

in Equation 5-1.
Ox+n-e” 2 Red (5-1)

With the help of the Nernst Equation (Equation 5-2), the redox potential En can be calculated

for any redox reaction (Kjaergaard, 1977).

RT activity of Ox (5-2)
nkF activity of Red

In this equation, E? is the standard potential referred to the normal hydrogen electrode. R and F

are the gas and Faraday constants, respectively and T is the absolute temperature.

The redox potential, also called oxidation-reduction potential (ORP), or reduction potential
describes the affinity of a redox pair to electrons. Thereby, high (positive) redox potentials
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indicate high electron affinity and vice versa. The redox potential can be calculated easily for
simple reactions as shown in Equation 5-1 and 5-2. In contrast, precise calculations in biological
systems are problematic due to the large number of (often unknown) involved redox reactions
(Kjaergaard, 1977). However, measurement of the redox potential in biological systems
provides valuable information about the metabolic activity. In general two principles of redox
potential measurement in biological systems can be distinguished, measurement of intracellular

or extracellular redox potential (Liu et al., 2013).

The intracellular redox potential can be measured optically, using fluorescent sensor proteins
(Gutscher et al., 2008; Hung et al., 2011; Schwarzlander et al., 2016) or Raman spectroscopy-
based nanosensors (Auchinvole et al., 2012). Measurement of the redox potential in the
individual organelles of a cell provides valuable insights on the cellular activity and viability.
Consequently, measurement and manipulation of the intracellular redox potential are promising
approaches in the development of medical therapies and strain engineering (Auchinvole et al.,
2012; Liu et al., 2013). The intracellular redox potential is highly regulated and dysregulation
is associated with several cardiovascular and neurodegenerative diseases and cancer (Dewhirst
et al., 2008; Wright et al., 2010). Furthermore, the intracellular redox potential is crucially
involved in inflammation, apoptosis, toxicity, protein interactions, signaling, cell cycle and
differentiation (D'Autreaux and Toledano, 2007; Liu et al., 2009; Menon and Goswami, 2007;
Paulsen and Carroll, 2010; Rybicka et al., 2010). The intracellular redox potential can be
manipulated to redirect the electron flow in the cell and alter metabolic pathways (Liu et al.,
2013). Following this strategy, genetic engineering approaches have been used to improve the
production of butanol (Shen et al., 2011) or lactic acid (Liu et al., 2011).

Theoretically, there are two principles for the measurement of the extracellular redox potential.
Measurement via electrochemical redox probes or via redox dyes (Kjaergaard, 1977). However,
measurement via redox dyes is only semi quantitative and the dyes may be inhibitory or toxic
for the cells (Hill, 1973). Consequently, the extracellular redox potential is usually measured
with electrochemical redox probes during a cultivation. The extracellular redox potential
influences the intracellular redox potential via electrons or substances that cross the cell
membrane (de Graef et al., 1999; Liu et al., 2013). Therefore, the extracellular redox potential
can be altered to manipulate the intracellular redox potential. By addition of reducing agents,
the production of reduced compounds like 2,3-butanediol (Dai et al., 2014) or 1,3-propanediol
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(Zhang et al., 2005) and even oxidized compounds like succinate (Park and Zeikus, 1999) can
be improved. Additionally, application of electrical current in bioelectrical reactors resulted in

increased succinate (Park and Zeikus, 1999) and ethanol (Jeon and Park, 2010) production.

This chapter focuses on the measurement of the extracellular redox potential. Therefore, unless
specified otherwise, the term redox potential will be used to refer to the extracellular redox
potential from here on. The temperature influences the redox potential of each redox pair (cf.
Equation 5-2). However, as cultivations are usually performed at a constant temperature, the
redox potential is not influenced by temperature changes. In temperature controlled aerobic
cultivations, the observed changes of the redox potential AEy result from the influences of
changing chemical composition of the medium (AEmedium), the dissolved oxygen tension
(AEpor) and the pH (AEpn) on the redox potential (Ishizaki et al., 1974; Kjaergaard, 1977) as

expressed in Equation 5-3.

AEn = AEgeqium + AEpor + AEpH (5'3)

Depending on the cultivation conditions, different conclusions can be drawn from redox
potential measurements. During anaerobic or DOT-controlled cultivations, AEpor is zero. The
same applies for AE,H at pH-controlled conditions. Therefore, in pH controlled cultivations, the
redox potential provides direct information about changing medium composition under
anaerobic (Liu et al., 2013) or DOT-controlled (Ishizaki et al., 1974) conditions.

The redox potential is often measured to determine low DOTSs in pH-controlled cultivations. In
this case, the redox potential is influenced by DOT and medium composition changes
(Equation 5-3). The major redox pairs involved in biological systems have standard redox
potentials between H*/H (-420 mV) and O2/H,O (+820 mV) (Liu et al., 2013). Therefore,
oxygen is the prior acceptor for transferred electrons. Consequently, oxygen has a stronger
effect on the redox potential than other involved metabolites even at low DOTs (Pham et al.,
2008). The influence of changing DOT on the redox potential (AEpor) is expressed by the
Nernst Equation as function of the oxygen activity ao, (Equation 5-4) (Ishizaki et al., 1974;

Kjaergaard, 1977). This shows that the redox potential decreases with decreasing DOT.
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However, the amount of the redox potential change depends on the total amount of transferred

electrons (n) and the amount of oxygen that serves as electron acceptor (j).

2.3jRT 5-4
2 Alog(aoz) (5-4)

AEpor =

Kjaergaard (1977) calculated a redox potential decrease of 14.8 mV upon reduction of the DOT
by a factor of 10. This is in good agreement with measured values (15 mV) in phosphate buffer
(Ishizaki et al., 1974). However, during cultivations of Bacillus subtilis (40 mV) (Shibai et al.,
1974) Brevibacterium lactofermentum (40 mV) (Akashi et al., 1978) Bacillus megaterium
(100 mV) (Ishizaki et al., 1974) and Brevibacterium flavum (115 mV) (Ishizaki et al., 1974)
different correlations between redox potential and logarithmic DOT were observed. This
deviation highlights the difficulties to calculate the redox potential in biological systems. The
difference between the calculated and measured values are most likely attributed to the different
medium compositions that change the ratio of transferred electrons and oxygen as electron
acceptor in Equation 5-4. Nevertheless, redox potential measurements to monitor traces of
oxygen in microaerobic cultivations were successfully applied to enhance the formation of
numerous products. Amongst others, this includes leucine production with Brevibacterium
lactofermentum (Akashi et al., 1978), xylitol production with Candida tropicalis (Kastner et
al., 2003) or Candida parapsilosis (Oh et al., 1997), acetic acid production with Bacillus
licheniformis (Kjaergaard, 1976), ethanol production with Saccharomyces cerevisiae (Liu et
al., 2016) and xylanase, amylase and protease production with Bacillus amyloliquefaciens
(Memmert and Wandrey, 1987).

In this chapter, redox potential measurements are used to investigate 2,3-butanediol production
with Bacillus licheniformis DSM 8785 in microaerobic cultivations with uncontrolled pH.
Therefore, the redox potential is not only affected by DOT and medium changes, but also by
pH changes (Equation 5-3). Similar to the influence of the DOT, the influence of the pH on the
redox potential AEpH can be expressed by the Nernst Equation (Ishizaki et al., 1974; Kjaergaard,

1977) depending on the amount of transferred protons (m) and electrons (n) (Equation 5-5).

2.3mRT 4 (5-5)

AE ;= — H
PH nF p
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To quantify the influences of DOT and pH on the redox potential, abiotic experiments were
performed. The results were then used to calculate the DOT during the cultivation of B.
licheniformis. Parts of the results presented in this chapter have been obtained in collaboration
with Hannah Tulke (master’s thesis), Damarice Wandji (master’s thesis) and Katja Rohr
(research internship).

5.2 Redox potential measurement during cultivations of
Bacillus licheniformis DSM 8785

To investigate the feasibility of redox potential measurements as online monitoring tool during
microaerobic cultivations, a stirred tank reactor cultivation of B. licheniformis is shown in
Figure 5-1. The two-stage cultivation profile explained in Section 3.2 was not applied here.
Nevertheless, the courses of oxygen transfer rate (OTR) and respiratory quotient (RQ) (Figure
5-1A) follow the same trends as described before (cf. Section 3.2 and 4.2). The sudden increase
of the OTR and the corresponding response of the RQ after 18 h result from an adjustment of
the agitation rate as specified in the figure caption. The peak in the OTR after 96 h probably
results from an elevated gas liquid mass transfer due to foam formation upon cell lysis. Also
the courses of offline measured glucose and 2,3-butanediol concentrations, as well as the final
2,3-butanediol concentration of 80 g/L (Figure 5-1C) are in good agreement with the previously
discussed shake flask results at the same maximum oxygen transfer capacity (OTRmax; cf.
Figure 3-6). The online monitored courses of pH, DOT and the redox potential are shown in
Figure 5-1B. As the cultivation was performed without pH control, the previously observed
course of the pH is visible (cf. Figure 3-1 and Figure 4-4). During the first hours of cultivation,
the pH decreases to 5.5 followed by a fluctuating increase to values around 6.5 until the end of
the cultivation. The DOT decreases from 100 to 0% within the first 2 h and stays at this level.
The redox potential follows the decreasing DOT, however, the minimum of -200 mV is reached
after 7 instead of 2 h. In the following course of the cultivation, the redox potential increases
slowly. Similar to the increase of the pH, there is no constant, but a fluctuating increase.
However, a thorough comparison of the courses of pH and redox potential reveals a reversed

trend between the two signals. During phases of slightly decreasing pH values (e.g. after 48 and



62

Chapter 5: Redox potential measurement as DOT monitoring tool

90 h) the redox potential increases. When the pH increases (e.g. after 72 h), a nearly constant

redox potential is observed. As already described in the literature (Ishizaki et al., 1974;

Kjaergaard, 1977), this demonstrates that the redox potential is not only affected by the DOT,
but also by the pH (Equation 5-3).
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Figure 5-1: Redox potential measurement during a cultivation of Bacillus licheniformis DSM 8785 at

uncontrolled pH. The courses of oxygen transfer rate (OTR) and respiratory quotient (RQ) (A),
dissolved oxygen tension (DOT), pH and redox potential (B), as well as glucose and total 2,3-
butanediol concentrations (C) are shown. 2,3-Butanediol is shown as sum of the sterecisomers. At
the beginning of the cultivation, an agitation rate of 400 rpm was applied. At 18 h, the agitation rate
was shortly adjusted to 500 rpm for 0.5 h and then reduced to 450 rpm for the rest of the cultivation.
Cultivation conditions: Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L, aeration
rate: 0.5 L/min (0.33 vvm), Nakashimada medium without MES buffer addition.
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To exclude the influence of changing pH values on the course of the redox potential,
cultivations with pH control were conducted (Figure 5-2). To investigate the influence of pH
control on the cultivation, two different pH set points were chosen. Both cultivations were
controlled at low pH values, as acidification of the culture broth triggers 2,3-butanediol
production (Ji et al., 2011). Raspoet et al. (1991) conducted pH controlled cultivations with B.
licheniformis and observed the best 2,3-butanediol production at the lowest tested pH of 6.
Therefore, two cultivations with different pH set points of 6 and 5.5 were investigated (Figure
5-2). The pH set-point of 5.5 (Figure 5-2A-C) is the minimum observed value in the cultivation
without pH control (Figure 5-1) and was found to be close to the minimum tolerable pH of the
organism (cf. Figure 3-1). To promote biomass formation, the cultivation was started at a pH
of 6.5. The pH control was activated as soon as the set point was reached by the organism’s

natural acidification of the culture broth.

The OTR reaches values around 5 mmol/L/h after 3 h (Figure 5-2A). However, in contrast to
the cultivation without pH control (Figure 5-1A), the OTR does not stay constant, but oscillates
between 4 and 7 mmol/L/h until the end of the cultivation. This oscillation might be caused by
switching metabolic activity as the mixed acid-2,3-butanediol fermentation is amongst others
regulated by the course of the pH (Ji et al., 2011). Therefore, a forced constant pH might
interfere with this regulation. A comparable behavior of B. licheniformis has been observed in
pH controlled fed-batch cultivations in the literature (Giesecke et al., 1991; Mao et al., 1992).
Even though the authors did not show OTR data, the agitation rate fluctuates during phases of
controlled and constant DOT. This indicates similar switching metabolic activity as observed
from the oscillating OTR at constant agitation in Figure 5-1A. Furthermore, the course of the
RQ shows an oscillating trend that can probably be attributed to the same effects. Consequently,
local minima of the OTR correspond with local maxima of the RQ and vice versa. During the
first 70 h of cultivation, the RQ decreases to 1.5, followed by a steep increase to 6. After 115 h

the typical steep decrease to values below 1 occurs indicating complete glucose consumption.
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Figure 5-2: Redox potential measurement during pH controlled cultivations of Bacillus licheniformis DSM
8785. Two cultivations with different pH set points of 5.5 (A-C) and 6 (D-F) are compared. The
courses of oxygen transfer rate (OTR) and respiratory quotient (RQ) (A, D), dissolved oxygen tension
(DOT), pH and redox potential (B, E), as well as glucose and total 2,3-butanediol concentrations (C,
F) are shown. 2,3-Butanediol is shown as sum of the sterecisomers. In the cultivation with a pH set
point of 5.5, pH control was started as soon as the set point was reached by natural acidification of
the organism. In the cultivation with a pH set point of 6, pH control was started at the beginning of
the cultivation. Due to a leakage in the tubing, no pH control was active between 105 and 120 h
(decreased pH in E). Cultivation conditions: Temperature: 37 °C, 2 L stirred tank reactor, filling
volume: 1.5 L, aeration rate: 0.5 L/min (0.33 vvm), agitation rate: 450 rpm, Nakashimada medium
without MES buffer addition.
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As the same agitation rate was chosen as in the experiment without pH control (Figure 5-1),
oxygen-limited conditions were expected. However, the DOT does not fall below 20% as long
as glucose is present (Figure 5-2B). Interestingly, the DOT follows a similar trend as the RQ
with a minimum after 70 h. Gassing with nitrogen after the cultivation confirmed that the DOT
probe worked properly as it reached 0% (not shown here). Remarkably, more than 70 g/L 2,3-
butanediol were produced (Figure 5-2C), which usually requires oxygen-limited conditions (Ji
etal., 2011). The pH set point of 5.5 was reached after 5 h due to acidification of the organism
and afterwards the pH was controlled (Figure 5-2B). Between 5 and 60 h the pH was controlled
at the lower boundary of the set point range (= 0.05 pH units), indicating that acidification was
prevented. Between 60 and 90 h, this changed to the upper boundary as an increase of the pH
was prevented. In contrast, increasing pH values were observed from 24 h onwards in the

cultivation without pH control (Figure 5-1).

In the second pH-controlled cultivation, the pH was set to 6 to provide milder conditions (Figure
5-2D-F). The pH control was activated at the beginning of the cultivation, resulting in a
prolonged lag phase of 8 h. OTR and RQ (Figure 5-2D) show comparable trends to the
cultivation with a pH set point of 5.5 (Figure 5-2A). Both values oscillate and after 96 h, the
RQ decreases below 1 even though glucose is not depleted. At this point also a peak in the DOT
is visible (Figure 5-2E). However, in contrast to the cultivation controlled at a pH of 5.5, the
DOT stays at 0% during the rest of the cultivation. At around 100 h, the pH shortly decreases
to nearly 5, as a leakage in the pumping tubes occurred (Figure 5-2E). Even though this did not
negatively affect the glucose consumption rate, the 2,3-butanediol concentration decreased
from that time on. Interestingly, the glucose consumption rate was not constant during this
cultivation. At around 72 h, the glucose consumption rate decreased. At this point, the pH

control still worked properly. This effect has not been observed in any other cultivation.

The cultivations with pH regulation have been performed to analyze the redox potential without
the influence of pH effects. In both cultivations, the redox potential decreased at the beginning
of the cultivation together with the DOT (Figure 5-2B and E). Afterwards, a steady increase
was observed resulting in a maximum at the same time, when the RQ reached its minimum. At
this time, also the DOT increased in the cultivation controlled at a pH of 6 (Figure 5-2E). After
the described maximum, the redox potential decreased in both cultivations as the RQ increased

again. In the cultivation controlled at a pH of 6, the previously observed and expected positive
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correlation between redox potential and DOT was visible (Figure 5-2E). However, in the
cultivation controlled at pH 5.5, the redox potential shows the inverse behavior compared to
the DOT.

The results presented in Figure 5-2 demonstrate that cultivation of Bacillus licheniformis DSM
8785 at controlled pH has several disadvantages. Instead of improved process monitoring from
an easily interpretable redox potential, the information content gained from online monitoring
is reduced. Several phenomena like the oscillating trends of OTR and RQ do not follow the
trends of uncontrolled cultivations that were investigated in detail in Chapter 3 and 4 and are
well understood. Therefore, the metabolic activity can no longer be monitored precisely.
Furthermore, pH control leads to increased cultivation times and consequently reduced space-
time yields. Consequently, pH controlled cultivations are not applicable for 2,3-butanediol

production with Bacillus licheniformis DSM 8785.

5.3 Characterization of the redox potential in abiotic
experiments

To investigate the applicability of redox potential measurements for process monitoring in
cultivations without pH control, the influence of pH and DOT on the redox potential were
investigated. To minimize any influencing factors related to microbial activity and the resulting
changes of the medium composition, these investigations were performed in abiotic
experiments. Figure 5-3 shows redox potential, pH and DOT measurements in the sterile
cultivation medium. Gassing with nitrogen and pressurized air was used to change the DOT.
The pH was varied by addition of NaOH and H2SOa.

Low aeration and agitation rates were chosen to obtain a low gas liquid mass transfer and a
slowly changing DOT (Figure 5-3A). Thereby, multiple data points could be recorded during
dynamically changing DOT levels to investigate the influence of the DOT on the redox
potential. Starting from nitrogen-saturated conditions, aeration with pressurized air during the

first 0.5 h, results in an increase of both, DOT and redox potential (Figure 5-3B). Titration of
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the pH at a constant DOT between 0.5 and 1 h revealed a negative correlation between pH and
DOT. When the reactor was gassed with nitrogen at a constant pH between 1.2 and 2.5 h, the
redox potential constantly decreased, even when the DOT reached a constant level. The results
presented in Figure 5-3 clearly demonstrate that dynamically changing conditions are not well
suited to quantify the correlation between the redox potential and pH or DOT.
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Figure 5-3: Abiotic redox potential measurement under dynamic conditions. To exclude any effects of
microbial growth, sterile cultivation medium was used to investigate the redox potential. By changing
the aeration and agitation rate (A) and switching between pressurized air and nitrogen gassing, the
dissolved oxygen tension (DOT) was changed. Pressurized air was supplied via the control unit of
the bioreactor and monitored online. Nitrogen was supplied directly to the stirred tank reactor and
not monitored. Redox potential, DOT and pH were monitored online (B). The pH was adjusted by
titration with H,SO4 and NaOH. Experimental setup: Temperature: 37 °C, 2 L stirred tank reactor,
filling volume: 1.5 L, Nakashimada medium without MES buffer addition.
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5.4 Correlation between pH and redox potential

To quantify the correlation between pH and redox potential, the pH was adjusted at a constant
DOT in abiotic experiments. When steady state conditions were achieved, redox potential and
pH values were recorded to set up the correlation. Figure 5-4 shows the response of the redox
potential to changing pH values between 5 and 7.5 at constant nitrogen gassing resulting in a
DOT of 0%. Thereby, the whole pH range that occurs during pH-uncontrolled cultivations of
B. licheniformis is covered (cf. Figure 5-1). As observed before, the redox potential decreases
with increasing pH in a range from -100 to -300 mV. Steady state conditions were achieved

within a few minutes after pH titration.
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Figure 5-4: Influence of the pH on the redox potential. To exclude any effects of microbial growth, sterile
cultivation medium was used to investigate the redox potential. The reactor was constantly gassed
with nitrogen and the pH was adjusted by NaOH titration. Data pairs of pH and redox potential were
determined as indicated by the red marks and used to set up the correlation presented in Figure 5-5.
Experimental setup: Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L, Nakashimada
medium without MES buffer addition.

From similar experiments, the correlation between redox potential and pH at different constant
DOT levels was derived (Figure 5-5A). The absolute values of the redox potential vary greatly
due to the different DOT levels (Appendix 6). As the absolute redox potential is influenced by
a variety of different factors, the shift of the redox potential due to pH changes is more
interesting than the absolute value. To clearly visualize the changes caused by the pH, the redox
potential shift is shown in Figure 5-5A. To calculate this shift, the redox potential at a pH of 5
was subtracted from each value measured at a different pH.
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Figure 5-5: Correlation between pH and redox potential. Correlations between pH and redox potential shift
(A) were derived from three abiotic experiments similar to the one shown in Figure 5-4. The redox
potential was shifted by subtracting the redox potential at a pH of 5 from each data point. The pH
dependency of the redox potential (AE,+) shown in (B) is defined as the slope of the linear correlation
between redox potential and pH in (A). Data points in (B) represent the slope of the linear correlation
of the respective dataset in (A) measured at the constant dissolved oxygen tension (DOT) that is
shown on the abscissa. The coefficients of determination for the correlations (R?) in (A) were 0.99,
0.95 and 0.98 in order of increasing DOT. Experimental setup: Temperature: 37 °C, 2 L stirred tank
reactor, filling volume: 1.5 L, Nakashimada medium without MES buffer addition.

A linear dependency between redox potential and pH is observed for all DOT levels. In addition
to the shown DOT levels, experiments were conducted to determine the correlation between
redox potential and pH at DOTs below 5%. However, in this range, the DOT could not be
adjusted to a constant level (Appendix 7). Due to the constantly changing DOT, these
experiments could not be evaluated, as the redox potential was influenced by two changing

factors.

The pH dependency of the redox potential (AEyH; the slope of the linear correlation between
redox potential shift and pH) changes from -31 mV at a DOT of 100% to -50 and -91 mV at
DOT levels of 50 and 0%, respectively (Figure 5-5A). AE,4 is plotted in Figure 5-5B as function
of the DOT. The data points correspond to the respective slopes of the linear correlations shown
in Figure 5-5A and reveal a linear correlation to the DOT themselves. This shows that AE,H

changes at different DOT levels.

The observed negative correlation between redox potential and pH is also predicted by

Equation 5-5. The dependency of AE,+ from the DOT might be attributed to decreasing amounts
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of transferred electrons (n in Equation 5-5), when less oxygen is available as electron acceptor.
Ishizaki et al. (1974) determined a correlation between redox potential and pH of -33 mV during
a cultivation of Bacillus megaterium. The exact DOT is not mentioned, but the DOT was kept
constant at non-limiting conditions. Therefore, the correlation between redox potential and pH
is at least in the same order of magnitude as observed in this chapter.

5.5 Correlation between dissolved oxygen tension and
redox potential

To investigate the influence of the DOT on the redox potential, abiotic experiments at constant
pH values were performed in the cultivation medium. Defined DOTSs were adjusted by gassing
with mixtures of pressurized air and nitrogen. When the gas composition was changed, the DOT
changed rapidly and a constant DOT level was achieved within minutes. In contrast, the redox
potential did not reach constant values even when the DOT remained constant for several hours.
Data of two exemplary experiments are shown in Figure 5-6 to demonstrate typical problems
that occurred during these measurements. In the experiment shown in Figure 5-6A, the redox
potential decreased constantly, even when the DOT stayed constant for 70 h. Additionally, also
oscillating courses of the redox potential were observed (Figure 5-6B), resulting in a repeated
24 h cycle of increasing and decreasing redox potential. To exclude medium specific reasons
for the observed phenomena, comparable experiments were conducted in pure phosphate
buffer, revealing similar effects (Appendix 8) as in the cultivation medium. In addition,
temperature related effects can be excluded, as the experiments were performed at controlled
temperature in a stirred tank reactor. Interestingly, these phenomena only occurred in abiotic
experiments and not during cultivations of B. licheniformis. A substantial difference between
biotic and abiotic experiments is the addition of nitrogen in the gas mixture during abiotic
experiments. In Figure 5-6B, the high peaks on the redox potential only occured during gassing
with a mixture of nitrogen and pressurized air. However, also during gassing with pure
pressurized air during the first 30 h an oscillating signal was observed. In the experiments to
investigate the influence of the pH on the redox potential (Figure 5-5) the above described

problems were not observed. This might be explained by the different experiment length of
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several hours for the pH experiments compared to several days for the DOT experiments (cf.
Figure 5-4, Figure 5-6).
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Figure 5-6: Influence of the dissolved oxygen tension on the redox potential. To exclude any effects of
microbial growth, sterile cultivation medium was used to investigate the redox potential. The pH was
kept at constant levels (7.5 in (A) and 5.5 in (B)) and the dissolved oxygen tension (DOT) was
adjusted by gassing with mixtures of pressurized air and nitrogen. The figure shows exemplary data
sets that highlight two observed obstacles for the data acquisition to investigate the correlation
between redox potential and DOT. The redox potential either decreased at constant DOTSs (A) or
oscillated in 24 h cycles (B). Data pairs of DOT and redox potential were determined as indicated by
the red marks and used to set up the correlation presented in Figure 5-7. Experimental setup:
Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L, Nakashimada medium without
MES buffer addition.

Even though the problems described above could neither be explained nor solved,
corresponding redox potentials to each DOT level were determined as best as possible
(highlighted by the red marks in Figure 5-6). The resulting correlation between redox potential
and DOT is shown in Figure 5-7. Figure 5-7A combines data from six experiments at three
different pH values as indicated in the figure legend. No significant difference could be

observed amongst the experiments conducted at different pH values. With increasing DOT, the
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redox potential increases, resulting in a linear correlation between the logarithmic DOT and the

redox potential with a slope of 4Epot =79 mV.
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Figure 5-7: Correlation between dissolved oxygen tension and redox potential. A correlation between
dissolved oxygen tension (DOT) and redox potential shift (A) was derived from six abiotic
experiments similar to the one shown in Figure 5-6. The redox potential was shifted by subtracting
the redox potential at a DOT of 100% from each data point. The DOT dependency of the redox
potential (4Epor) shown in (B) is defined as the slope of the linear correlation between redox potential
and logarithmic DOT in (A). Data points in (B) represent the slope of the linear correlation of the
respective dataset in (A) measured at the constant pH that is shown on the abscissa. Experimental
setup: Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L, Nakashimada medium
without MES buffer addition.

For each of the six conducted experiments, the slope of the correlation between redox potential
and the logarithmic DOT (4Ebor) was calculated separately (Figure 5-7B). Even though there
is a high variation between the resulting slopes, the pH does not seem to influence 4Epor. The
high variation between the observed slopes in the individual experiments probably results from
the unsteady courses of the redox potential during data acquisition (cf. Figure 5-6) resulting in
error prone data analysis. This is also reflected in the mediocre coefficient of determination
(R? = 0.87) of the correlation between redox potential and logarithmic DOT in Figure 5-7A.
Furthermore, it has to be noted that only three data points at DOT below 10% were considered
for the correlation. Compared to all other data points, these data points at low DOT have a
disproportionately high impact on the slope of the linear correlation. Moreover, these three data
point were all taken from the same experiment. Due to the described experimental difficulties,
this was not possible in the other experiments. Other authors determined AEpor during the

cultivation and not in abiotic steady state conditions (Akashi et al., 1978; Ishizaki et al., 1974,
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Shibai et al., 1974). In contrast, Schuldiner et al. (1966) designed a special gas tight reactor to
investigate abiotic steady state redox potentials. Thereby, small amounts of oxygen leaking into
the system were prevented. Nevertheless, the authors concluded that especially at low oxygen
partial pressures long time periods (up to a month) are needed to obtain true steady state

conditions.

Overall, the results shown in Figure 5-7 confirm that there is a linear correlation between redox
potential and the logarithmic DOT as already described in the literature (Kjaergaard, 1977)
(Equation 5-4). However, due to experimental difficulties during data acquisition, a
considerable error on the slope of this correlation can be expected. Nevertheless, the obtained
value for 4Epotr = 79 mV is in good agreement with literature values. During cultivation of
different Bacillus and Brevibacterium strains 4Epor values between 40 and 115 mV were
observed in different cultivation media (Akashi et al., 1978; Ishizaki et al., 1974; Shibai et al.,
1974).

5.6 Influence of media components on the redox potential

In the above-described abiotic experiments, changes of the culture medium that occur during
the cultivation of microorganisms were not considered. Therefore, the influence of glucose and
2,3-butanediol concentration on the redox potential was investigated. During the cultivation of
B. licheniformis, the glucose concentration decreases from 180 to O g/L, while 2,3-butanediol
increases from 0 to 80 g/L. These are by far the strongest changes of the medium composition.
Consequently, their influence on the redox potential helps to estimate the impact of changing

medium composition on the redox potential.

Figure 5-8 shows an abiotic experiment with changing glucose and 2,3-butanediol
concentrations in the cultivation medium. With increasing glucose concentration, the redox
potential increases linearly with a slope of 0.06 mV/(g/L) (Figure 5-8A). In contrast, the redox
potential decreases with increasing 2,3-butanediol concentration with a slope of -0.13 mV/(g/L)

(Figure 5-8B) independent of the present glucose concentration. Consequently, during a
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cultivation, consumption of 180 g/L glucose and production of 80 g/L 2,3-butanediol results in
a decrease of the redox potential by 20 mV. Of course, this only gives a first impression of the
impact of changing medium composition as no other products and substrates were considered.
Especially, as a complex cultivation medium is used, changes in the undefined components like

yeast extract and tryptone will affect the redox potential.
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Figure 5-8: Influence of glucose and 2,3-butanediol concentration on the redox potential. Correlations
between glucose and redox potential shift (A) and 2,3-butanediol and redox potential shift (B) are
shown. The influence of 2,3-butanediol was tested in the presence and absence of glucose. The redox
potential was shifted by subtracting the redox potential at a concentration of 0 g/L from each data
point. The dependency of the redox potential (4Eew and 4Es.) on both substances is defined as the
slope of the linear correlation between redox potential and the concentration of the respective
substance. Experimental setup: Sterile Nakashimada medium (without MES buffer addition) was
mixed in a beaker glass with a magnetic stirrer at room temperature and glucose or 2,3-butanediol
solutions were added gradually. Data pairs were recorded when the redox potential reached constant
values. A negative control with water addition confirmed that the observed effects do not originate
from the dilution of the cultivation medium (Appendix 9).

In Figure 5-9 the same data as in Figure 5-5, Figure 5-7 and Figure 5-8 are shown. However, in
Figure 5-9 the dependency of the redox potential on pH, DOT, glucose and 2,3-butanediol is
compared with the same scaling of the ordinate. This demonstrates that compared to the
influence of DOT and pH on the redox potential, the observed effects of changing medium
composition can be neglected. As oxygen is the primary electron acceptor in biological systems,
the influence of media components on the redox potential will always be smaller when oxygen
is available (Pham et al., 2008).
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Comparison of different influences on the redox potential. The influence of pH (A), dissolved
oxygen tension (DOT) (C), glucose (B) and 2,3-butanediol (D) on the redox potential is compared.
The same data as in Figure 5-5, Figure 5-7 and Figure 5-8 are shown, but the ordinate showing the
redox potential shift is scaled identically for easy comparison. The absolute measurement values of
the redox potential are shown in Appendix 6. Solid lines represent linear correlations in the range of
the measured data. The dashed line in (C) visualizes the approach to interpolate the correlation to
determine low DOTS via redox potential measurements.

Calculation of the dissolved oxygen tension from redox
potential measurements

Figure 5-9C shows the dependency of the redox potential on the logarithmic DOT and

demonstrates the underlying approach of redox potential measurements to monitor low DOTSs

during a cultivation (Akashi et al., 1978). The correlation between redox potential and
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logarithmic DOT is established at DOTSs that can be measured with conventional DOT probes

(solid line). Then this correlation is extrapolated to lower DOTSs (dashed lines).

Figure 5-10 shows data from the cultivation of B. licheniformis without pH control that is also
depicted in Figure 5-1. The measured DOT (Figure 5-10B) decreases to 0% at the beginning of
the cultivation and stays at this level. As discussed above, the measured redox potential (Figure
5-10B) mainly depends on the DOT and the pH. Therefore, the online measured pH was used
to correct the redox potential according to the correlations described in Figure 5-5 (the
calculation is explained in detail in Section 2.8). The course of the resulting corrected redox
potential (Figure 5-10C) shows the response of the redox potential to changing DOT
independent of the pH. The corrected redox potential decreases to a minimum of -280 mV
within the first 20 h of the cultivation. Afterwards the corrected redox potential increases
steadily to -150 mV at the point of glucose depletion (when the RQ steeply decreases after
100 h). As the course of the redox potential is predominantly influenced by the DOT, this
indicates an increasing DOT during the cultivation, which cannot be detected by the DOT

probe.

The corrected redox potential was then used to calculate the DOT according to the correlation
set up in Figure 5-7 (explained in detail in Section 2.8). The calculated DOT (Figure 5-10C)
decreases to 0.00% within 20 h. Afterwards, the calculated DOT increases up to a maximum of
0.05% upon glucose depletion after 100 h. It has to be noted that the absolute values of the
calculated DOT are not necessarily precise. Due to the linear correlation between redox
potential and logarithmic DOT, high signal changes in the redox potential occur at low changes
of the DOT. Nevertheless, due to the high degree of extrapolation, potential inaccuracies in the
underlying linear equation can sum up to substantial inaccuracies in DOT quantification.
Consequently, relative changes of the DOT can be monitored precisely via redox potential
measurements. However, the exact quantification of the DOT will be error prone, especially
regarding the discussed problems during data acquisition (cf. Figure 5-6). This leads to
significant differences in the slopes of the linear correlation between redox potential and
logarithmic DOT between six individual experiments as shown in Figure 5-7B. To assess the
error range of DOT quantification via the redox potential, the slopes of the linear correlations
derived from each of the six individual experiments (4Epot) were used to calculate the DOT

during the cultivation (Appendix 10). With one exception, the absolute calculated DOT values
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vary between 0.01 and 0.1% at the point of glucose depletion. The relative trend of slowly
increasing DOT in the course of the cultivation is consistent in all calculations. Furthermore,
the calculated increase of the DOT in the course of the cultivation matches the observations of

the slowly decreasing RQ as discussed in Section 4.4.
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Figure 5-10: Calculation of the dissolved oxygen tension via redox potential measurement during the
cultivation of Bacillus licheniformis DSM 8785. The courses of oxygen transfer rate (OTR) and
respiratory quotient (RQ) (A), dissolved oxygen tension (DOT), pH and redox potential (B) are
shown. Additionally, the measured redox potential was corrected by the influence of the pH based
on the correlations set up in Figure 5-5 (C). From this corrected redox potential the DOT was
calculated according to the correlation set up in Figure 5-7A (C). At the beginning of the cultivation,
an agitation rate of 400 rpm was applied. At 18 h, the agitation rate was shortly adjusted to 500 rpm
for 0.5 h and then reduced to 450 rpm for the rest of the cultivation. Cultivation conditions:
Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L, aeration rate: 0.5 L/min
(0.33 vvm), Nakashimada medium without MES buffer addition.
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To validate the calculation of the DOT based on the redox potential, the agitation rate was
slowly decreased during a cultivation of B. licheniformis. Thereby, the observed increase of the
calculated DOT was counteracted by reduction of the maximum oxygen transfer capacity
(OTRmax). Figure 5-11 shows two cultivations of B. licheniformis without pH control. A two-
stage cultivation profile as explained in Section 3.2 was applied in both cultivations. In the
reference cultivation, the agitation rate was kept constant at 500 rpm after the initial reduction
at 4.5 h (Figure 5-11A). In contrast, the agitation rate was steadily decreased after 19 h in the
other cultivation (Figure 5-11E). OTR, RQ (Figure 5-11B), pH and DOT (Figure 5-11C) of the
reference cultivation show the same courses as observed before (Figure 3-7, Figure 5-1). As
expected, the reduction of the agitation rate in the other cultivation resulted in a steadily
decreasing OTR, as the OTRmax decreased (Figure 5-11F). This also resulted in an increase of
the RQ, which is in good agreement with the trends observed in Figure 4-5. The sharp decrease
of the RQ indicating glucose depletion (cf. Figure 3-3) is slightly delayed in the cultivation with
decreased agitation rate. However, this delay is comparable to the variations observed between
different experiments with the same cultivation conditions (cf. Figure 3-6). Furthermore,
biomass formation and 2,3-butanediol yields are comparable between both cultivations
(Appendix 11). In contrast, acetoin and glycerol yields reflect the reduced OTRmax With
decreases agitation rate. However, as for the time of glucose depletion no significant variation

can be proven.

While the redox potential stayed nearly constant in the reference cultivation (Figure 5-11C), it
slightly decreased with the reduction of the shaking frequency (Figure 5-11G). Interestingly,
the measured DOT in the cultivation with steady reduction of the shaking frequency decreases
from 5 to 0% between 4 and 50 h. As the OTR indicates oxygen limitation during this time
(Figure 5-11F), this might be attributed to an inaccurate calibration of the DOT probe.
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Figure 5-11: Reduction of the agitation rate during the cultivation of Bacillus licheniformis DSM 8785. A
reference cultivation (A-D) and a cultivation with steadily decreased agitation rate (E-F). The courses
of the agitation rate (A, E), oxygen transfer rate (OTR) and respiratory quotient (RQ) (B, F),
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dissolved oxygen tension (DOT), pH and redox potential (C, G) are shown. Additionally, the
measured redox potential was corrected by the influence of the pH based on the correlations set up
in Figure 5-5 (D, H). From this corrected redox potential, the DOT was calculated according to the
correlation set up in Figure 5-7A (D, H). At the beginning of the cultivation, oxygen unlimited growth
conditions were assured using an agitation rate control (DOT>30%) (A) or a manually adjusted high
agitation rate (E). To induce oxygen-limited conditions the agitation rate was then reduced to
500 rpm. After 19 h the agitation rate was steadily decreased to counteract the increasing DOT in E.
Cultivation conditions: Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L, aeration
rate: 0.5 L/min (0.33 vvm), Nakashimada medium without MES buffer addition.

Similar to Figure 5-10C, the effect of the pH on the redox potential was corrected and the DOT
was calculated from the corrected redox potential (Figure 5-11D and H). In the reference
cultivation, the corrected redox potential and the calculated DOT increase during the course of
the cultivation, as previously observed in Figure 5-10C. Moreover, the range of the calculated
DOT is comparable in both experiments. This indicates that a relative comparison of calculated
DOTs between experiments with a comparable setup is possible. In the experiment with steady
reduction of the agitation rate, the corrected redox potential stays nearly constant until the RQ
decreases due to glucose depletion (Figure 5-11H). Consequently, the calculated DOT also
stays constant at 0.00%. This matches the expectations, as the reduction of the agitation rate
results in a constantly decreasing OTRmax and consequently reduced oxygen supply. Therefore,
an increase of the DOT during the cultivation is prevented. Overall, the results presented in
Figure 5-11 show that the calculation of the DOT from the redox potential is a suitable approach
to investigate small changes of the DOT during the cultivation that cannot be revealed with
conventional DOT probes.

5.8 Conclusion

Microaerobic cultivation conditions are operated at DOT levels that cannot be measured with
conventional DOT probes (Liu et al., 2013). Therefore, the redox potential was investigated in
this chapter with the aim to monitor minor changes of the DOT close to 0%. Apart from the
DOT, also the pH has a significant influence on the redox potential. The commonly described
approach to eliminate pH effects on the redox potential is pH regulation during the cultivation
(Akashi et al., 1978; Kastner et al., 2003; Kjaergaard, 1976; Memmert and Wandrey, 1987).
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However, during the cultivation of Bacillus licheniformis DSM 8785, pH regulation results in
decreased 2,3-butanediol production (cf. Figure 5-1 and Figure 5-2). Additionally, oscillating
courses of OTR and RQ were observed. Therefore, pH control is not a suitable approach as it

decreases both, the information content from online monitoring and product formation.

To utilize the redox potential during cultivations without pH control, the influence of pH, DOT
and changing concentrations of glucose and 2,3-butanediol was investigated in abiotic
experiments. In comparison to the strong effects of changing pH and DOT, the influence of
glucose consumption and 2,3-butanediol production on the redox potential can be neglected
(Figure 5-9). A linear correlation between pH and redox potential was observed at constant
DOTs. However, the slope of this correlation changed depending on the DOT (Figure 5-5).
Consequently, the influence of the pH on the redox potential also depends on the present DOT.
Additionally, a linear correlation between redox potential and the logarithmic DOT was
determined at constant pH values (Figure 5-7). However, experimental difficulties during data
acquisition hindered the precise quantification of this correlation. Therefore, it could not be
clarified with certainty if the correlation between redox potential and logarithmic DOT is pH

dependent or not.

Based on the correlation between redox potential and pH, the measured redox potential during
the cultivation was corrected to be independent of pH changes. Subsequently, the resulting
corrected redox potential was used to calculate the DOT during the cultivation. This procedure
revealed a steady increase of the calculated DOT even before glucose was depleted (Figure
5-10). The observed trend of the calculated DOT was validated in a cultivation experiment with
steadily decreased OTRmax, resulting in a constant calculated DOT as response to the decreased

oxygen supply (Figure 5-11).

The results presented in this chapter clearly demonstrate that online measurement of the redox
potential can be used to monitor minor DOT changes during cultivations without pH control.
While the qualitative trend of the DOT is reliable, the absolute values of the calculated DOT
could not be quantified precisely. However, a qualitative trend of the DOT already provides
valuable information about the cultivation. Moreover, for a constant experimental setup, the

obtained DOT levels from different cultivations can probably be compared. However, to
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develop quantitative DOT monitoring during microaerobic cultivations without pH control, a

more precise correlation between redox potential and DOT is required.
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Chapter 6

Conclusion and Outlook

Production of 2,3-butanediol from renewable resources is a promising measure to decrease the
consumption of fossil resources in the chemical industry. As precursor for the production of
high volume products like 1,3-butadiene or methyl-ethyl-ketone (MEK) it is a versatile platform
chemical that can be utilized in diverse chemical production processes to substitute oil-based
intermediates (Bialkowska, 2016). One of the most influential process parameters on
biotechnological 2,3-butanediol production is the oxygen availability during the cultivation. As
2,3-butanediol is produced under microaerobic process conditions, a well-controlled oxygen
supply is the key parameter to control biomass, 2,3-butanediol and by-product formation. As
biomass is on the one hand not the final product, but on the other hand the essential biocatalyst,
the optimal compromise between biomass formation and 2,3-butanediol production has to be
defined. Therefore, a fast and simple shake flask methodology to determine suitable oxygen
supply conditions during the cultivation was developed in this thesis. It was applied to
characterize the influence of oxygen availability during 2,3-butanediol production with Bacillus
licheniformis DSM 8785. Furthermore, online monitoring of the respiratory quotient (RQ) and
the redox potential was studied to improve the information content of online monitoring during

microaerobic cultivations.

Suitable cultivation conditions for Bacillus licheniformis DSM 8785 were selected to
investigate the influence of the maximum oxygen transfer capacity (OTRmax) on 2,3-butanediol
production in Chapter 3. In shake flask cultivations, the OTRmax can be adjusted by variations
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of the filling volume. At the beginning of the cultivation, oxygen-unlimited conditions are
present due to the low biomass concentration. As soon as the organism’s oxygen demand
exceeds the OTRmax, 0OXygen-limited conditions are initiated. This results in inconsistent
cultivation conditions, as the duration of the oxygen-unlimited growth phase depends on the
OTRmax. Therefore, a defined two-stage cultivation strategy was introduced and oxygen
limitation was induced by reduction of the shaking frequency at a defined oxygen transfer rate
(OTR) of 20 mmol/L/h. This enabled the investigation of the metabolic response to different
defined OTRmax at equal initial growth conditions. The RQ was measured online to determine
the point of glucose depletion, as 2,3-butanediol is consumed afterwards. At this point, the
maximum product concentration is reached. By a combination of online RQ monitoring and
offline sampling at arbitrary time points, the maximum 2,3-butanediol concentration was
calculated for 28 independent cultivations. On this basis, the influence of the OTRmax on 2,3-
butanediol and by-product formation and the space-time yield was determined. The highest
space-time yield (1.3 g/L/h) and a 2,3-butanediol concentration of 68 g/L combined with low
acetoin concentrations and avoided glycerol formation were achieved at an OTRmax of
13 mmol/L/h. The highest overall 2,3-butanediol concentration of 78 g/L was observed at an
OTRmax of 4 mmol/L/h. With the OTRmax, a scalable parameter that is independent of the chosen
bioreactor type and scale was chosen to quantify the oxygen availability. Consequently, the
shake flask cultivations could be transferred to a stirred tank reactor by adjustment of the
OTRmax. Furthermore, the observed impact of the OTRmax on the cultivation is consistent with
results obtained by Rebecchi et al. (2018) in stirred tank reactor cultivations of the same

organism.

To date, all profound investigations on the impact of oxygen availability on 2,3-butanediol
production were performed in stirred tank reactor cultivations (de Mas et al., 1988; Jansen et
al., 1984; Ji et al., 2009; Ramachandran and Goma, 1987; Ramachandran et al., 1990; Rebecchi
etal., 2018). As described above, the shake flask methodology developed in Chapter 3 provides
comparable results to stirred tank reactor cultivations. Therefore, this methodology allows for
precise investigations at a reduced technical and experimental effort with reduced material
consumption and costs. This methodology is independent of the utilized microorganism and
can easily be adapted to investigate and optimize 2,3-butanediol production with other

organisms. Furthermore, the principle approach of combining online monitoring of the
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respiratory activity in shake flasks with offline sampling can be adapted to other microaerobic

cultivations.

In Chapter 4, online monitoring of the RQ was used to investigate the metabolic activity of
Bacillus licheniformis DSM 8785 during 2,3-butanediol production in more detail. Thereby,
the RQ provides valuable information about different metabolic phases during the cultivation.
In addition to RQ monitoring, partial reaction stoichiometries were set up to reveal the
metabolic activity in each phase of the cultivation. The cultivation can be divided in three
distinct phases. After an oxygen unlimited growth phase at an RQ around 1, the 2,3-butanediol
production phase is initiated upon oxygen limitation. In this phase, constant glucose
consumption and 2,3-butanediol and glycerol formation is observed, resulting in RQs between
2.5 and 6. As soon as glucose is depleted, 2,3-butanediol is converted to acetoin and glycerol is
consumed at an RQ below 1. However, especially during the 2,3-butanediol production phase
the metabolic activity gradually changes as indicated by the roman numbers in Figure 4-1.
Shortly after the initiation of oxygen limitation, ethanol formation results in a peak in the RQ
(I). Towards the end of the 2,3-butanediol production phase, the RQ slowly declines (I1) as the
viable cell mass decreases. Finally, lactate consumption upon glucose depletion results in the
formation of a shoulder in the RQ (I11), before the RQ finally drops to values below 1. This

demonstrates that the metabolic activity is directly reflected in the course of the RQ.

In addition to the specific RQ, which provides details about the metabolic activity during the
individual cultivation phases, the average RQ throughout the cultivation was investigated. The
average RQ negatively correlates with the OTRmax during the cultivation. Carbon mass
balancing revealed that this reflects the increased formation of reduced metabolites like 2,3-
butanediol and glycerol with decreasing OTRmax. This observation is in good agreement with
the impact of the OTRmax 0n the cultivation that was investigated in detail in Chapter 3. Overall,
the combination of online RQ monitoring and stoichiometric calculations provides detailed
insights in the metabolic activity during specific phases of the cultivation. This approach is
generally applicable to different microaerobic cultivations, as the stoichiometry is independent
of the utilized microorganism. Consequently, it can be applied to reveal the formation of by-

products under microaerobic conditions and to adapt the cultivation process accordingly.
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The applicability of redox potential measurements to monitor trace levels of oxygen
(DOT < 1%) during microaerobic cultivations was investigated in Chapter 5. The most
commonly described approach to monitor low dissolved oxygen tensions (DOT) is the
reduction of other parameters that influence the redox potential. Usually, this is achieved in
temperature- and pH-controlled cultivations (Akashi et al., 1978; Kastner et al., 2003;
Kjaergaard, 1976; Memmert and Wandrey, 1987). However, pH-control results in impaired 2,3-
butanediol production with Bacillus licheniformis DSM 8785. Therefore, DOT monitoring via

redox potential measurement in cultivations without pH control was envisaged in Chapter 5.

The influence of pH, DOT and changing glucose and 2,3-butanediol concentrations on the
redox potential was investigated separately in abiotic experiments. Thereby, changes of 2,3-
butanediol and glucose concentration in the ranges that occur during the cultivation only have
a minor impact on the redox potential. In contrast, pH changes have significant impact on the
redox potential. Therefore, the redox potential was corrected to exclude the influence of the pH.
Subsequently, the course of the DOT was calculated from this corrected redox potential. This
revealed a steady increase of the DOT during the oxygen-limited 2,3-butanediol production
phase. By steady reduction of the agitation rate during the cultivation, the increasing calculated
DOT could be prevented, demonstrating the qualitative feasibility of the presented calculations.
In contrast, the absolute DOT could not be calculated precisely, as experimental difficulties
resulted in a considerable uncertainty of the correlation between redox potential and DOT.
Experimental methods to obtain more reliable data on the impact of DOT changes on the redox
potential are required to improve the quantitative monitoring of low DOT levels. The utilization
of special gas tight reactors might be necessary to obtain these data, as Schuldiner et al. (1966)
observed leakage of oxygen into a glass reactor that could be prevented by operating the whole
reactor in a controlled nitrogen atmosphere. Nevertheless, the obtained qualitative DOT trends
provide additional information about the cultivation that would not be available without redox
potential measurements. Similar to the RQ monitoring approaches investigated in Chapter 4,
the presented redox potential-based DOT monitoring can easily be transferred to microaerobic

cultivations with different microorganisms and products.

In the literature, high 2,3-butanediol concentrations are generally achieved by additional
glucose supplementation during the cultivation (Cho et al., 2015b; Hassler et al., 2012;
Jurchescu et al., 2013; Ma et al., 2009). Thereby, the 2,3-butanediol production phase is
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prolonged by maintaining high glucose concentrations. However, this thesis aimed at the
characterization of basic process parameters and the development of transferrable
methodologies and not on optimized 2,3-butanediol production. Thus, a batch operation mode
was chosen to minimize the experimental complexity. Nevertheless, reasonable production
conditions were applied as a high initial glucose concentration of 180 g/L was chosen. This
results in high maximum 2,3-butanediol concentrations up to 80 g/L, which is amongst the

highest reported concentrations from batch experiments (Jurchescu et al., 2013).

The online monitoring-based approaches presented in this thesis can be utilized to develop and
improve microaerobic cultivation processes. Based on the methodology presented in Chapter 3,
the optimal OTRmax can be selected for any individual 2,3-butanediol production process. While
this is one of the key parameters for microaerobic cultivations, also other factors are important
for industrially relevant production processes. To increase the final 2,3-butanediol
concentration, additional glucose supplementation during the cultivation is essential (Jurchescu
et al.,, 2013; Ma et al., 2009). Additionally, genetic engineering to decrease by-product
formation and to enable production of optically pure 2,3-butanediol will be beneficial (Lee et
al., 2015; Li et al., 2015a; Wang et al., 2012). Furthermore, the cultivation medium has to be
optimized with respect to utilization of cheaper carbon sources and media components
(Bialkowska et al., 2015; Erian et al., 2018; Pfllgl et al., 2014; Rebecchi et al., 2018; Yang et
al., 2016). In this context, especially utilization of renewable carbon sources derived from
organic waste streams, or lignocellulosic biomass is a challenging, but necessary precondition
to supply 2,3-butanediol as environmentally friendly and economically feasible alternative for
industrial applications.

In this thesis, 2,3-butanediol production with Bacillus licheniformis DSM 8785 was used as
model bioprocess to develop online monitoring-based methodologies to understand and assess
microaerobic cultivations. A shake flask methodology was presented to investigate the impact
of the OTRmax on 2,3-butanediol production. Furthermore, improved approaches to utilize
online RQ and redox potential monitoring were presented. Finally, application of these
methodologies increased the understanding of microaerobic 2,3-butanediol production with
Bacillus licheniformis DSM 8785. This can directly be applied for the improvement of 2,3-
butanediol production processes with regard to the oxygen availability, contributing to the

industrial application of bio-based 2,3-butanediol. Additionally, the presented methodologies
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can be transferred to other microaerobic bioprocesses to facilitate the development of further
biotechnological production processes.
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Appendix 1: Cultivation of Bacillus licheniformis DSM 8785 at different maximum oxygen transfer
capacities. The courses of oxygen transfer rates (OTR) (A) and the respiratory quotients (RQ) (B)
are shown for cultivations with different filling volumes. The shaking frequency was reduced from
350 to 100 rpm after 3 h (vertical dotted line at t1). 2,3-Butanediol production begins upon reduction
of the shaking frequency (t1) and ends when the RQ drops (t2). The average RQ during 2,3-
butanediol production (& RQ) and the maximum oxygen transfer capacity (OTRmax) are depicted.
Cultivation conditions: 250 mL unbaffled shake flasks, temperature: 37 °C, shaking frequency:
350/100 rpm, shaking diameter: 50 mm, Nakashimada medium with 100 mM MES buffer.
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Appendix 2: Reduced acidification during the cultivation of Bacillus licheniformis DSM 8785. Cultivations
in 10 mL Nakashimada medium with addition of different MES buffer concentrations (0, 100 and
200 mM as indicated in the figure) and different initial pH values (6.5 and 7.0 as indicated in the
figure) are compared. Without addition of MES buffer, acetate formation was observed (up to 4.0
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and 5.8 g/L for the cultivations with initial pH of 6.5 and 7, respectively). No acetate was measured
in the cultures with MES addition. As indicated by the vertical dotted line, the shaking frequency
was reduced from 350 to 100 rpm after 3 h. Thereby, oxygen-limited conditions are induced at the
same time for all cultivations. Data on oxygen transfer rate (OTR) (A), glucose (B) and total 2,3-
butanediol concentration (C) and pH (D) are depicted. 2,3-Butanediol is shown as sum of the
stereoisomers. To account for the increase of metabolite concentrations due to evaporation of water,
all concentrations were corrected accordingly and referred to the initial filling volume. Cultivation
conditions: 250 mL unbaffled shake flasks, temperature: 37 °C, shaking frequency: 350/100 rpm,
shaking diameter: 50 mm, filling volume: 10 mL.
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Appendix 3: Glucose consumption and product formation during different cultivations of Bacillus

licheniformis DSM 8785. Cultivations with varied filling volumes and glucose concentrations are
compared as described in the figure legend. Variation of the filling volume results in different
maximum oxygen transfer capacities (OTRmax) in shake flask cultivations. The shaking frequency
was reduced from 350 to 100 rpm after 3 h. Thereby, oxygen-limited conditions are induced at the
same time for all cultivations. Data on glucose (A) total 2,3-butanediol (B) glycerol (C) and acetoin
concentration (D) are depicted. 2,3-Butanediol is shown as sum of the stereoisomers. The vertical
dotted lines represent the time of glucose depletion derived from the sharply decreasing respiratory
quotient (data not shown) as described in Figure 3-3. At this point the average deviation between
the calculated and measured 2,3-butanediol concentration was 3.6% (2.4, 8.8, 0.7, 3.4 and 2.7% for
the individual cultivations from top to bottom of the legend). To account for the increase of
metabolite concentrations due to evaporation of water, all concentrations were corrected accordingly
and referred to the initial filling volume. Cultivation conditions: 250 mL unbaffled shake flasks,
temperature: 37 °C, shaking frequency: 350/100 rpm, shaking diameter: 50 mm, Nakashimada
medium with 100 mM MES buffer (90 or 180 g/L glucose).
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Appendix 4: 2,3-Butanediol formation and subsequent consumption during the cultivation of Bacillus
licheniformis DSM 8785. As indicated by the vertical dotted line, the shaking frequency was
reduced from 350 to 100 rpm after 3 h. Data on oxygen transfer rate (OTR) and respiratory quotient
(RQ) (A), and total 2,3-butanediol and glucose concentration (B) are depicted. In addition to offline
samples (open symbols), the concentrations upon glucose depletion were calculated as illustrated
in Figure 3-3 (closed symbols). For clarity, the connection between the measured and calculated
values is shown as dotted line. 2,3-Butanediol is shown as sum of the stereocisomers. The RQ is
only shown for OTR > 1 mmol/L/h. To account for the increase of metabolite concentrations due
to evaporation of water, all concentrations were corrected accordingly and referred to the initial
filling volume. Cultivation conditions: 250 mL unbaffled shake flasks, temperature: 37 °C, shaking
frequency: 350/100 rpm, shaking diameter: 50 mm, filling volume: 30 mL, Nakashimada medium
with 100 mM MES buffer.
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Appendix 5: Calculation of the average respiratory quotient from offline samples. This table provides

additional information to Figure 4-5. The metabolite formation during the 2,3-butanediol
production phase (between t; and t; in Appendix 1) is shown for 19 individual shake flask
cultivations with different maximum oxygen transfer capacity (OTRmax). The algebraic sign
indicates if the metabolite was formed (positive) or consumed (negative) in the observed cultivation
period. The average RQ was calculated from these values according to Equation 2-9.

OTRmax Metabolite and cell dry weight formation [g/L] average RQ [-]
[mmol/L/h] | Glucose CDW BDO Glycerol Acetoin Lactate Ethanol Succinate Acetate | calculated measured
4.3 -171.3 2.0 70.7 10.6 3.9 13 n.d. n.d. -0.2 4.6 4.1
4.4 -163.8 -2.2 69.7 12.2 1.2 -3.5 -0.5 n.d. n.d. 6.0 4.2
4.7 -198.1 5.6 86.3 17.8 1.0 2.1 14 n.d. n.d. 4.3 4.3
5.4 -161.2 59 650 7.9 1.6 2.0 13 n.d. n.d. 5.0 4.4
5.7 -196.6 7.0 80.3 12.0 1.3 0.6 13 n.d. n.d. 5.1 4.2
6.2 -170.8 3.2 68.7 7.8 4.5 1.7 n.d. n.d. -0.3 4.6 3.9
6.4 -161.6 -2.0 68.1 7.2 1.8 -2.4 -0.5 n.d. n.d. 53 3.9
7.2 -165.6 6.2 67.8 4.2 1.4 5.5 2.9 n.d. n.d. 4.0 3.7
9.0 -165.3 6.1 71.0 1.6 2.9 2.6 25 n.d. n.d. 34 3.4
9.2 -169.1 49 66.1 2.8 6.0 1.6 n.d. n.d. -0.3 4.4 3.7
9.3 -171.4 -0.7 70.0 0.9 4.9 -7.1 -2.5 n.d. n.d. 5.6 3.5
9.4 -181.9 8.0 80.2 0.7 6.4 n.d. n.d. n.d. n.d. 31 34
10.1 -163.5 2.6 71.2 1.2 5.0 -5.5 -0.7 n.d. n.d. 4.0 3.1
12.7 -161.7 6.6 66.6 n.d. 8.6 -0.9 11 n.d. n.d. 2.7 2.7
12.8 -188.6 7.4 759 nd. 10.0 n.d. n.d. n.d. n.d. 2.9 2.6
12.9 -170.1 3.7 619 04 7.4 -5.8 -2.9 n.d. n.d. 4.4 2.9
13.4 -1729 49 60.2 0.2 10.4 -3.1 -2.7 -0.1 n.d. 4.2 2.6
15.5 -169.3 54 558 n.d. 16.0 -1.2 -1.6 n.d. n.d. 33 2.7
16.0 -165.3 -1.2 559 n.d. 23.6 n.d. -0.7 -0.7 n.d. 2.5 2.4

CDW: Cell dry weight; BDO: 2,3-butanediol; n.d.: not detected
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Appendix 6: Comparison of different influences on the absolute value of the redox potential. The influence
of pH (A), dissolved oxygen tension (DOT) (C), glucose (B) and 2,3-butanediol (D) on the redox
potential is compared. The same data as in Figure 5-9 are shown, but the absolute redox potential
is shown instead of the redox potential shift. Solid lines represent linear correlations in the range of
the measured data. The dashed line in (C) visualizes the approach to interpolate the correlation to
determine low DOTs via redox potential measurements.
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Appendix 7: Influence of the pH on the redox potential at a dissolved oxygen tension of 3%. To exclude any
effects of microbial growth, sterile cultivation medium was used to investigate the redox potential.
The reactor was constantly gassed with a mixture of nitrogen and pressurized air and the pH was
adjusted by NaOH titration. Experimental setup: Temperature: 37 °C, 2 L stirred tank reactor,
filling volume: 1.5 L, Nakashimada medium without MES buffer addition.
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Appendix 8: Redox potential measurements in phosphate buffer. Redox potential, pH and dissolved oxygen
tension (DOT) measurements in sterile phosphate buffer (80 mM) are shown. The reactor was
constantly gassed with nitrogen and the pH was adjusted by NaOH or H,SO\ titration. Experimental
setup: Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L.
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Appendix 9:
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Influence of glucose, 2,3-butanediol and water addition on the redox potential. The influence
of 2,3-butanediol was tested in the presence and absence of glucose. Experimental setup: Sterile
Nakashimada medium (without MES buffer addition) was mixed in a beaker glass with a magnetic
stirrer at room temperature and water, glucose or 2,3-butanediol solutions were added gradually.
Data pairs were recorded when the redox potential reached constant values.
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Appendix 10: Calculation of the dissolved oxygen tension from the redox potential. The dissolved oxygen
tension (DOT) was calculated based on the course of the redox potential shown in Figure 5-10. The
calculation is based on the AEpor derived from each individual experiment shown in Figure 5-7 as
indicated by the respective symbol behind each curve. The overall correlation that is also used for
the calculation of the DOT in Figure 5-10 is shown as reference. Different scalings of the ordinate
are used in A and B. At the beginning of the cultivation, an agitation rate of 400 rpm was applied.
At 18 h, the agitation rate was shortly adjusted to 500 rpm for 0.5 h and then reduced to 450 rpm
for the rest of the cultivation. Cultivation conditions: Temperature: 37 °C, 2 L stirred tank reactor,
filling volume: 1.5 L, aeration rate: 0.5 L/min (0.33 vvm), Nakashimada medium without MES

buffer addition.
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Appendix 11: Reduction of the agitation rate during the cultivation of Bacillus licheniformis DSM 8785. The

corresponding offline samples to the reference cultivation (black) and a cultivation with steadily
decreased agitation rate (blue) shown in Figure 5-11 are presented. The courses of glucose
concentration (A), 2,3-butanediol (B), glycerol (C), acetoin (D) yields and the cell dry weight (E)
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are shown. At the beginning of the cultivation, oxygen unlimited growth conditions were assured
using an agitation rate control (DOT > 30%) (black) or a manually adjusted high agitation rate
(blue). To induce oxygen-limited conditions the agitation rate was then reduced to 500 rpm. After
19 h the agitation rate was steadily decreased to counteract the increasing DOT in (E). Cultivation
conditions: Temperature: 37 °C, 2 L stirred tank reactor, filling volume: 1.5 L, aeration rate: 0.5
L/min (0.33 vvm), Nakashimada medium without MES buffer addition.



