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Motivation and objective

A sustainable lifestyle and the green production of goods are increasingly becoming the focus of society,
which is confronted with the rapidly advancing climate change coupled with the dependency on finite
resources and environmental pollution. Microbial biotechnology is part of the solution as it focuses on
the sustainable production of chemicals and fuels from renewable resources using tailor-made
production strains.

This work deals with the production of succinate and pyruvate from glucose using engineered
Vibrio natriegens strains and with obstacles arising from byproducts such as exopolysaccharides.
Succinate belongs to the group of C4-dicarboxylates and has been ranked by the U.S. Department of
Energy among the top twelve building block chemicals that can be converted into high-value bio-based
chemicals, including biodegradable plastic (Werpy and Petersen, 2004; Cao et al., 2013). Its
manufacture is mainly satisfied by chemical synthesis from fossil fuels, and hence its production is
dependent on finite resources and comes with high environmental costs, mainly in the form of CO:2
(Okino et al., 2008). Thus, microbial production is preferable, and furthermore, CO: is assimilated during
the anaerobic formation of succinate (Sauer et al., 2008).

V. natriegens is an attractive host for biotechnology due to its high growth and substrate consumption
rates, and in addition, the marine bacterium has attracted much attention by demonstrating exceptionally
high volumetric productivities (Hoffart et al., 2017; Thoma et al., 2021). This makes V. natriegens the
perfect candidate to realize the aim of this work: the development of a suitable production process for
succinate that does not rely on the addition of expensive supplements such as yeast extract or vitamins.
Another target of this study was the establishment of a production process for pyruvate. Pyruvate is an
important key element of the central metabolism and is therefore the optimal precursor for a huge variety
of different products, including carbohydrates, amino and fatty acids, as well as alcohols. Due to this
diversity, many applications are possible, but the pharmaceutical, cosmetic and food industries in
particular benefit from the valuable properties of pyruvate. Pyruvate is regarded as safe by the European
Food Safety Authority and is mainly applied as a dietary supplement for weight loss or as a cosmetic
agent for skin treatments (EFSA, 2009; Maleki and Eiteman, 2017; Yuan et al., 2022). However, there
are many downsides to its production. Pyruvate is mainly generated by chemical synthesis from tartaric
acid, which is accompanied by serious environmental issues in addition to being cost-inefficient. A
sustainable approach with the greatest potential for a clean and cost-effective production of pyruvate is
direct fermentation, and the establishment of such a production process for V. natriegens was precisely

the aim of this work.
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Abstract

The high growth and substrate uptake rates of Vibrio natriegens render this marine bacterium an
emerging host for biotechnology. For industrial processes, key performance indicators need to be
maximized and typically fed-batch processes are applied to obtain high space-time yields. This work
deals with the establishment of a glucose-limited fed-batch process for V. natriegens wildtype that
yielded 28.4 g biomass L. During this process, 157 mg exopolysaccharides (EPS) L were secreted,
resulting in an approximately 800-fold increase in the viscosity of the bioreactor broth. Multiple strains
lacking EPS-related genes were constructed to target this issue. Nevertheless, all mutant strains still
secreted EPS in varying amounts, but the monomeric composition differed for all of them compared to
the wildtype strain. However, the inactivation of the transcriptional biofilm regulator CpsR resulted in a
consistently low viscosity throughout the process. Furthermore, two mutant strains lacking the EPS gene
clusters syp and cps did not increase the viscosity either, and both secreted the least amount of EPS
(about 80 mg L1).

An anaerobic two-stage process was developed for the succinate producer V. natriegens Alldh Adldh
Apfl Aald Adns::pyccg (Succl) using minimal medium without expensive supplements. A titer of
60.4 g succinate L' was achieved along with an exceptionally high maximum productivity of
20.8 gsuc L' h! and an overall productivity of 8.6 gsuc L h'l. However, only 62% of the carbon from
glucose was recovered at the end of the process. In addition, an elevated viscosity was observed as
well, and it was speculated that EPS formation was at least partially responsible for the carbon sink. The
additional deletion of cpsR and cps in V. natriegens Succl resulted in a consistently low viscosity
throughout the fermentation. Furthermore, about 80% of the carbon was recovered and the product yield
was improved to 1.4 molsuc moleic™t, which corresponds to 81% of the theoretical maximum.

Besides the development of a production process for succinate, an aerobic fed-batch process for the
acetate auxotrophic pyruvate producer V. natriegens Avnpl2 AaceE was established. Usually, high
biomass concentrations are required to meet the process demands for volumetric productivities.
However, this also means that most of the carbon is converted into the catalyst rather than the product,
and that a large amount of biomass waste is generated that needs to be dealt with once the process is
complete. Due to the high substrate consumption rates of V. natriegens, high productivities are
achievable even at low biomass concentrations, and the process presented in this work takes advantage
of this. The pyruvate process was performed in minimal medium with glucose and, due to the auxotrophy
of the pyruvate strain, acetate was provided. A final titer of 22 g pyruvate L' was obtained with a
productivity of 2.2 geyr L2 h'l. The addition of an 8 mM acetate h* feed increased the titer by 85% to
41 g pyruvate L* and the volumetric productivity was enhanced to 4.1 geyr L1 h't, which is one of the

highest productivities reported to date.
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Zusammenfassung

Vibrio natriegens ist aufgrund seiner hohen Wachstums- und Substrataufnahmeraten ein
vielversprechender Produktionswirt fir die industrielle Biotechnologie. Die Evaluierung industrieller
Prozesse erfolgt haufig anhand von Leistungsindikatoren wie dem Produkttiter, der Produktausbeute
und der volumetrischen Produktivitdt. Das Ziel industrieller Prozesse liegt in der Maximierung dieser
Parameter, wobei hdufig Fed-Batch-Prozesse eingesetzt werden, um hohe Raum-Zeit-Ausbeuten zu
erhalten. Die folgende Arbeit befasst sich mit der Etablierung eines Glukose-limitierten Fed-Batch-
Prozesses fir den V. natriegens Wildtyp. Wahrend des Prozesses wurden 28 g Biomasse L erreicht,
allerdings wurden dabei ebenfalls 157 mg Exopolysaccharide (EPS) L in das Medium sekretiert, was
zu einer Erhdhung der Viskositat um das 800-fache fuhrte. Daraufhin wurden mehrere Mutantenstamme
konstruiert, denen EPS-bezogene Gene fehlten. Alle Stdmme produzierten weiterhin EPS in
variierenden Mengen, allerdings unterschied sich die monomere Zusammensetzung der einzelnen EPS
im Vergleich zum Wildtyp. Die Inaktivierung des transkriptionellen Biofilmregulators CpsR resultierte in
einer konstant niedrigen Viskositat wahrend des gesamten Prozesses. Zwei weitere Mutanten, denen
die EPS-Gencluster syp und cps fehlten, wiesen die geringste EPS Produktion auf (circa 80 mg L) und
erhohten die Viskositéat ebenfalls nicht.

Fir den Succinatproduzenten V. natriegens Alldh Adldh Apfl Aald Adns::pyccg (Succl) wurde ein
zweistufiger anaerober Prozess unter Verwendung von Minimalmedium ohne teure Zusatze entwickelt.
Dabei wurde ein Titer von 60,4 g Succinat L* und eine auRergewdhnlich hohe maximale Produktivitat
von 20,8 gsuc L h! erzielt. Die Gesamtproduktivitat betrug 8,6 gsuc L* h't. Am Ende des Prozesses
konnten jedoch nur 62 % des Kohlenstoffs aus Glucose identifiziert werden. Zudem wurde eine erhéhte
Viskositat beobachtet, was zu der Annahme flhrte, dass die Bildung von EPS zumindest teilweise fir
den fehlenden Kohlenstoff verantwortlich ist. Durch die zusatzliche Deletion von cpsR und cps in
V. natriegens Succl gelang es, die Viskositat wahrend der Fermentation konstant niedrig zu halten und
es konnten anschlieBend etwa 80 % des Kohlenstoffs zugeordnet werden. Des Weiteren konnte die
Produktausbeute auf 1,4 molsuc moleic* verbessert werden. Dies entspricht bereits 81 % des
theoretischen Maximums.

Zusétzlich zur Entwicklung eines Succinatprozesses wurde ein aerober Fed-Batch-Prozess fur den
acetatauxotrophen Pyruvatproduzenten V. natriegens Avnpl2 AaceE etabliert. In der Regel sind hohe
Biomassekonzentrationen erforderlich, um die Prozessanforderungen an die volumetrische
Produktivitat zu erfullen. Dies hat jedoch zur Folge, dass ein Grof3teil des Kohlenstoffs in den Katalysator
und nicht in das Produkt umgewandelt wird und zudem eine erhebliche Menge an Biomasseabfallen
entsteht, die nach Abschluss des Prozesses abgetrennt und entsorgt werden missen. Aufgrund der

hohen Substrataufnahme von V. natriegens sind hohe Produktivitaiten selbst bei geringen
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Biomassekonzentrationen moglich, was sich der in dieser Arbeit vorgestellte Prozess zu Nutze macht.
Der Pyruvatprozess wurde in Minimalmedium mit Glukose durchgefiihrt und aufgrund der Auxotrophie
des Pyruvatstammes wurde zusatzlich Acetat supplementiert. Zunachst wurde ein Titer von
22 g Pyruvat L' mit einer Produktivitdt von 2,2 gryr L't h'l erreicht. Durch die Verwendung eines
8 mM Acetat h'1 Feeds konnte der Titer um 85 % auf 41 g Pyruvat L gesteigert und die volumetrische

Produktivitat auf 4,1 geyr L't h'* erhoht werden. Dies entspricht einer der héchsten bisher berichteten

Produktivitaten.
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1. Introduction

1.1. Intrinsic properties of Vibrio natriegens

Vibrio natriegens was first isolated in 1958 from marsh mud from the coast of Sapelo Island in Georgia
(Payne, 1958). The Gram-negative y-proteobacterium is rod-shaped and has one to three polar flagella,
with a single flagellum being the most common (Austin et al., 1978). It is prototrophic, but requires Na*
for proliferation, substrate utilization, and protein expression, although it remains metabolically active in
the absence of Na* (Payne, 1958, 1960; Payne et al., 1961; Webb and Payne, 1971; Thoma and
Blombach, 2021). The marine bacterium tolerates a wide pH range between 6.0 and 9.5 with an optimum
at pH 7.5 (Payne et al., 1961). V. natriegens has received much attention due to its outstandingly high
growth and biomass-specific substrate uptake rates (Hoffart et al., 2017). With a doubling time of less
than 10 min in complex medium at 37 °C, it is the fastest growing non-pathogenic bacterium known to
date (Eagon, 1962). In minimal medium containing glucose, V. natriegens exhibits growth rates of
approximately 1.7 h't and 0.9 h'1 under aerobic and anaerobic conditions, respectively (Hoffart et al.,
2017; Long et al., 2017), which are at least twice as high as the growth rates reported for other
industrially relevant organisms such as Escherichia coli, Corynebacterium glutamicum, Bacillus subtilis,
and Saccharomyces cerevisiae (Varma and Palsson, 1994; Albers et al., 1996; Sauer et al., 1996;
Gombert et al., 2001; Blombach et al., 2013; Michel et al., 2015; Gonzalez et al., 2017; Hoffart et al.,
2017; Long et al., 2017).

V. natriegens shows remarkable flexibility with respect to carbon sources under aerobic conditions, and
furthermore, the substrates D-gluconate, D-glucose, D-mannitol, and D-ribose support biomass
formation even under anaerobic conditions (Hoff et al., 2020; Thoma and Blombach, 2021).
13C metabolic flux analysis revealed that V. natriegens and E. coli share a similar core carbon
metabolism when grown on glucose. Under aerobic conditions, glucose is mainly metabolized via the
Embden-Meyerhof-Parnas (EMP) pathway and to a lesser extent via the pentose phosphate pathway
(PPP), whereby the flux through the latter is reduced by 33% compared to E. coli (Long et al., 2017).
The resulting nicotinamide adenine dinucleotide phosphate (NADPH) deficiency is compensated by
transhydrogenase activity, which accounts for 56% of NADPH formation (Long et al., 2017; Thoma and
Blombach, 2021). The genome of V. natriegens has been fully sequenced and is divided into two circular
chromosomes of approximately 3.24 Mb (chromosome 1) and 1.92 Mb (chromosome 2) (Maida et al.,
2013; Wang et al., 2013; Lee et al., 2016). V. natriegens meets biosafety level 1 standards and a genetic

toolbox is already available that has been applied to modify the bacterium for the production of various



compounds (Weinstock et al., 2016; Hoff et al., 2020; Stukenberg et al., 2021; Thoma and Blombach,
2021; Teufel et al., 2022).

1.1.1. Exopolysaccharide formation

Exopolysaccharides (EPS) are high-molecular-weight carbohydrate polymers secreted by various
organisms, such as bacteria, yeast, and fungi, into their surrounding environment without any
attachment to the cell or as capsular polysaccharides (CPS) that are still associated with the cell surface
(Cescutti, 2010; Barcelos et al., 2020). Further, they can be categorized as homopolysaccharides, which
are built from only one type of monosaccharide, and the more common form, heteropolysaccharides,
which consist of several different types of monomeric sugars (Barcelos et al., 2020). The structure of
heteropolysaccharides is often composed of hexoses, pentoses, amino sugars, as well as uronic acids.
In addition, non-sugar organic and inorganic substituents such as succinic and acetic acids, sulfates and
phosphates may be present (Kenne and Lindberg, 1983, Nichols et al., 2005). EPS serve many
important functions. They are crucial for the formation of biofilms and protect the cell from biotic and
abiotic stress factors by altering the physical and chemical microenvironment around the cell.
Furthermore, EPS can mediate pathogenicity and are essential for the adhesion to surfaces or the
colonization of other organisms (Nichols et al., 2005; Moradali and Rehm, 2020). In addition, EPS
synthesis is often closely linked to biofilm formation and quorum sensing, the cell-to-cell communication
(Yildiz and Visick, 2009). Due to the great chemical diversity of EPS, a wide range of applications is
possible in the medical, pharmaceutical, waste water, and food industries, among others. Their
biosynthesis is being studied in detail in order to identify valuable EPS and to engineer production hosts
towards tailor-made EPS with valuable physicochemical properties (Barcelos et al., 2020; Schilling et
al., 2020). Prominent examples include xanthan gum, which is widely used as an emulsifier and food
thickener in the food industry (Lopes et al., 2015), or hyaluronic acid, a popular cosmetic ingredient (Yao
et al., 2021). Some promising EPS for Vibrio species in the medical and cosmetic fields have also been
described, such as the EPS formed by Vibrio alginolyticus and Vibrio diabolicus (Zanchetta et al., 2003;
Goudenége et al., 2014; Drouillard et al., 2015, 2018). Although there are many possible applications
for EPS, they are often secreted as an unwanted byproduct during production processes and negatively
affect them. The synthesis can be growth or non-growth associated and the fundamental challenge of
EPS formation to the operation of bioreactors is the shift in rheology from a non-viscous Newtonian to a
high-viscous non-Newtonian bioreactor broth, which ultimately leads to a heterogeneous system
causing several negative effects. Due to the resulting shear-thinning nature of the bioreactor broth, a
small area near the impeller (high shear zone) still exhibits a low viscosity and this area remains well

mixed and aerated (Freitas et al., 2011; Seviour et al., 2011; Freitas et al., 2017). However, the mass



transfer is reduced for the major part of the bioreactor, resulting in a poor heat transfer and an insufficient
oxygen supply. The latter cannot be remedied by increasing the aeration rate, as the gas would simply
flood the impeller as it flows through the well-mixed, low viscosity region (Seviour et al., 2011). In
addition, the heterogenicity complicates the monitoring and control of the process parameters and
negatively affects the subsequent downstream processing, particularly the recovery and purification of
the product (McNeil and Harvey, 1993; Freitas et al., 2011; Seviour et al., 2011; Freitas et al., 2017).

Vibrio species are well known for their ability to produce EPS and biofilms, and colonization of metallic
surfaces by a V. natriegens biofilm using EPS as adhesives has already been described (Cheng et al.,
2010; Dong et al., 2016). Several genes and gene clusters potentially involved in the synthesis of EPS
have been identified (Figure 1). In total, a remarkable 0.7% of the genome of V. natriegens consists of
such genes (Schulze et al., 2023). In 2018, Lebellenger et al. examined 103 genome sequences of
Vibrionaceae and identified genetic elements similar to the syp cluster of V. diabolicus in 70% of them.
Syp stands for symbiosis polysaccharides, and this gene cluster is best known from Vibrio fischeri,
where it is required for biofilm formation and the symbiotic colonization of the Hawaiian bobtail squid
Euprymna scolopes (Yip et al., 2005). Moreover, the syp cluster was linked to the synthesis of the
valuable hyaluronic acid-like EPS HE800 produced by V. diabolicus, which attracted attention for its
bone-healing properties (Zanchetta et al., 2003; Goudenege et al., 2014). Homologous clusters were
also present in Vibrio parahaemolyticus and Vibrio vulnificus (Yip et al., 2005). BLASTP analysis of
SypK from V. fischeri VF_A1030 revealed a 35% identity hit with PN96_04625, and the genomic region
showed a syp-like cluster in V. natriegens (Ruby et al., 2005; Schulze et al., 2023) (Figure 1).
Furthermore, it has already been reported that sypK encodes for an oligosaccharide translocase and
that its deletion could significantly reduce EPS formation in V. diabolicus (Goudenége et al., 2014).
Another EPS cluster, cps, is required for the synthesis of CPS in V. parahaemolyticus (Glvener and
McCarter, 2003). In V. natriegens, a gene PN96_14980 has been detected that shares 79% identity with
the nucleotide sequence of cpsA, which is part of the cps cluster in V. parahaemolyticus (Jensen et al.,
2013, Schulze et al., 2023). In addition, the genomic region around PN96_14980 resembled the cps
cluster in V. natriegens (Schulze et al., 2023) (Figure 1). Furthermore, the gene PN96_10960 showed
a 71% and 81% identity to the nucleotide sequence of vpsR of Vibrio cholerae VC_0665 (Heidelberg et
al.,, 2000) and cpsR of V. parahaemolyticus AY216912 (Guvener and McCarter, 2003), respectively,
which are described as positive transcriptional regulators of EPS formation (Yildiz et al., 2001), and
hence the gene PN96_10960 is hereinafter referred to as cpsR (Schulze et al., 2023). Another gene
involved in CPS synthesis is the gene wbfF (Dalia et al., 2017), which is also present in V. natriegens.
Several genes annotated for polysaccharide and lipopolysaccharide synthesis are located in the vicinity
of this gene, including sugar transferases and a type Il secretion system for polysaccharides (Ali et al.,

2000; Johnson et al., 2014; Schulze et al., 2023).
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Figure 1: Genetic regions and genes potentially related to polysaccharide biosynthesis in V. natriegens.
Genes are represented by arrows in scale. Positions are ordered by their locations on the chromosomes
and labeled with their respective gene identifiers. Similarities of the syp and cps regions to published
clusters of V. fischeri (VF_A1020-VF_A1037) (Yip et al., 2005) and V. parahaemolyticus (VPBB_A1276-
VPBB_A1286) (Gluvener and McCarter, 2003) are shown by matching colors for genes displaying over
60% sequence identity by BLASTN. (Schulze et al., 2023)

1.1.2. Quorum sensing and viable but non-culturable cells

The formation of EPS and biofilms is often tightly regulated by quorum sensing (Yildiz and Visick, 2009).
Quorum sensing is the cell-to-cell communication that regulates gene expression in response to the cell
population density. The transfer of information between cells of either the same or different species is
mediated by chemical signal molecules known as autoinducers (Al). The chemical communication
includes the production, release, detection, and response of the small hormone-like Al (Waters and
Bassler, 2005). Once a critical threshold is exceeded, a change in cell metabolism is triggered and
coordinated gene expression of an entire cell population is enabled, allowing bacteria to function as a
multicellular organism (Waters and Bassler, 2005). Quorum sensing occurs in many Vibrio species such
as Vibrio harveyi (Henke and Bassler, 2004), V. cholerae (Jung et al., 2016), V. parahaemolyticus
(Kalburge et al., 2017), and V. fischeri (Ball et al., 2017). V. fischeri forms a symbiotic relationship with

the Hawaiian bobtail squid E. scolopes. The bacterium colonizes the nutrient-rich light organ where it



grows to high cell densities while inducing bioluminescence. The light emission serves the squid as a
defense against predators by mimicking moonlight, thus preventing a telltale shadow on the ocean floor
(Visick and McFall-Ngai, 2000). V. fischeri uses a LuxIR signaling circuit for quorum sensing (Waters
and Bassler, 2005). Luxl is an Al synthase that produces the Al acyl-homoserine lactone (AHL) and
LuxR serves as a cytoplasmatic Al receptor/DNA binding transcriptional activator. The external
concentration of the Al rises with an increasing cell-population density. Once a critical concentration has
been reached, AHL is bound by LuxR and the complex activates the transcription of the luciferase
operon luxICDABE, which is required for light emission. In addition, LUuxR-AHL also induces the
expression of luxl, since it is encoded in the luciferase operon, resulting in the flooding of the
environment with AHL, thus creating a positive feedback loop (Waters and Bassler, 2005). The LuxIR
system is widely spread among Gram-negative bacteria (Ball et al., 2017). However, membrane-bound
Al receptors are more common in other Vibrio species. These receptors initiate a signaling cascade
resulting in the expression of a TetR-type transcription factor that regulates quorum sensing genes. This
master quorum sensing regulator is highly conserved among many Vibrio species (e.g., HapR in
V. cholerae, SmcR in V. vulnificus, LitR in V. fischeri, and OpaR in V. parahaemolyticus). The regulator
in V. harveyi has been named LuxR as well, although it differs structurally, biochemically, and genetically
from the LuxR protein of V. fischeri (Ball et al.,, 2017). V. harveyi utilizes multiple quorum sensing
signaling systems that regulate bioluminescence and EPS production, among other things (Milton,
2006). The bacterium possesses three Al-synthases, LuxM, CgsA, and LuxS, which produce harveyi
autoinducer 1 (HAI-1), cholera autoinducer 1 (CAI-1), and autoinducer 2 (Al-2), respectively (Figure 2).
At a low cell density (Figure 2A), the extracellular concentration of Al is not sufficient to bind to the
respective membrane receptors LUxN, CgsS, and LuxPQ (Ball et al., 2017). The latter is a complex
consisting of the periplasmic receptor LuxP, which binds Al-2 and regulates the activity of the inner
membrane sensor LuxQ, which transmits Al-2 information into the cytoplasm (Neiditch et al., 2005). The
membrane receptors act as kinases and phosphorylate the protein LuxU (Figure 2A). LuxU transfers
the phosphate to the regulator LuxO, and LuxO~P in turn activates the quorum regulatory RNAs (Qrrs).
The Qrrs activate the transcription factor AphA, while the production of LuxR is negatively regulated
(Figure 2A). As Al accumulate in the surrounding environment of the bacterial cell, the membrane-bound
receptors bind the Al and subsequently, function as phosphatases by removing phosphate from LuxO-
P (Figure 2B). Thus, Qrrs are no longer expressed, AphA is no longer produced, and expression of LUxR
is high, which regulates quorum sensing related genes responsible for the uniform behavior of a cell
population (Ball et al., 2017) (Figure 2B). Multiple feedback loops ensure the precise expression of the
master regulators AphA (for low cell densities) and LuxR (for high cell densities). Qrrs activates AphA
expression and represses the expression of LuxR, LuxM, and LuxO, while LuxR activates qrr
transcription. AphA and LuxR auto-repress their own expression, and in addition, AphA represses LuxR

and vice versa (Ball et al., 2017) (Figure 2).
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Figure 2: Quorum sensing system of V. harveyi. Activation mechanisms are indicated by arrows and
repression mechanisms by lines with a bar at the end. The autoinducer synthases CqsA, LuxM, and
LuxS produce the autoinducers (Al) CAI-1, HAI-1, and Al-2, respectively. At low cell densities (A), the

concentration of the Al is not sufficient to bind to the membrane receptors CqgsS, LuxN, and LuxPQ.



LuxU gets phosphorylated and then transfers the phosphate to the regulator LuxO. LuxO ~ P activates
guorum regulatory RNAs (Qrrs), which in turn activate the expression of the low cell density regulator
AphA. Simultaneously, Qrrs repress LuxR, LuxM, and LuxO. AphA represses the expression of LuxR,
Qrrs, and itself. LUxR auto-represses its own expression as well as that of AphA and activates Qrrs. At
high cell densities (B), the Al bind to the receptors, which then dephosphorylate LuxU. Thus, LuxO is
not phosphorylated and Qrrs and AphA are not expressed. LUxR is expressed at high levels and
regulates genes involved in group behavior. The high cell density regulator activates qgrr transcription
and represses aphA transcription. In addition, LuxR auto-represses its expression. Regulators and
receptors in bold are annotated by KEGG database for V. natriegens. Qrrs written in gray indicate that

they are not active. OM stands for outer membrane and IM for inner membrane.

Quorum sensing has not been studied in V. natriegens so far. However, some genes potentially involved
in quorum sensing have been annotated by KEGG (Table Al), and essential components of the quorum
sensing system of V. harveyi have also been identified in V. natriegens, such as the membrane-bound
receptors CgsS, LuxN, and LuxQ for the signaling molecules CAI-1, HAI-1, and Al-2. Furthermore, the
regulators LuxU, LuxO and HapR, which is a homolog of LuxR, as well as the Al-synthase LuxS have
been identified (Figure 2) (Waters and Bassler, 2005; Ball et al., 2017; Schulze et al., 2023).

Apart from biofilm and EPS formation, quorum sensing is also involved in other biological processes,
such as the mediation of the viable but non-culturable state (VBNC) (Li and Zhao, 2020). Under adverse
environmental conditions, such as limitations and changes in nutrient availability, salinity, temperature,
solar radiation, and oxygen saturation, some bacteria can enter the VBNC state to improve their chances
of survival. In this state, the cells cannot be cultured on routine growth media. Once the stress factors
are no longer present and the conditions are again favorable for growth, the cells can be resuscitated
(McDougald et al., 1998; Zhang et al., 2021a). The transition to the VBNC state is usually accompanied
by morphological alterations, such as shrinkage and a change to a coccoid form. Additionally,
differences in the composition of the cell wall, genetic expression, and metabolism have been reported,
including the reduction in nutrient transport, respiration, and macromolecular synthesis (Oliver, 2005;
Asakura et al., 2007; Du et al., 2007). Du et al. (2007) reported that the morphological changes are
reversible for resuscitated cells of V. alginolyticus VIB283 and almost no morphological differences were
observed compared to normal cells.

VBNC was first discovered in 1982 by Xu et al. for E. coli and V. cholerae and has since been reported
for many other bacteria, including some Vibrio species, such as V. fischeri (Ramaiah et al., 2002),
V. harveyi (Sun et al., 2008), V. alginolyticus (Du et al., 2007), and V. vulnificus (Oliver, 1995).
V. natriegens has also been listed as one of approximately 60 bacteria capable of entering the VBNC
state (Oliver, 1995, 2005). The initiation of the VBNC state in Vibrio species is often cold-related, and a

temperature upshift has been reported to promote resuscitation (Xu et al., 1982; Oliver, 1995; Wong et



al., 2004; Du et al., 2007; Sun et al., 2008). Other resuscitation-promoting factors, such as the
supplementation of sodium pyruvate, amino acids, vitamins, and many others, have been reported for
various bacteria (Zhang et al., 2021a). Among these are also quorum sensing molecules. Ayrapetyan
et al. (2014) discovered that Al-2 can induce the resuscitation of V. vulnificus. Mutants unable to produce
Al-2 could not be resuscitated unless exogenous Al-2 was provided. Furthermore, it was shown that
cinnamaldehyde, a quorum sensing inhibitor, could delay the resuscitation of wildtype (wt) cells,
confirming the importance of quorum sensing in resuscitation. A similar study for V. cholerae reported
that the addition of CAI-1 and Al-2 to environmental samples could enhance the recovery of dormant
cells (Bari et al., 2013). In addition, it was shown that V. cholerae O1 uses quorum sensing to prevent
the transition into the VBNC state and, in particular, that the upregulation of hapR resulted in a prolonged

culturability in artificial seawater at 4 °C (Wu et al., 2020).

1.2. Vibrio natriegens — a new industrial host

Key performance indicators (KPIs) are used to assess the suitability of microbial processes. To be
competitive for industrial applications, conventional production processes for bulk chemicals must be
improved and the KPIs must be pushed to their maximum. High product titers of 100 g L, product yields
Yris of around 80 — 90%, and productivities of at least 2.5 g L h'l are demanded (Werpy and Petersen,
2004; Thoma and Blombach, 2021). The volumetric productivity Qp is determined by the biomass-
specific product formation rate ge, which in turn depends on the biomass-specific substrate uptake rate
gs, as this parameter defines the amount of carbon that can be converted into the desired product. The
gs is directly related to the growth rate u, rendering the fastest growing non-pathogenic bacterium

V. natriegens a promising candidate to exploit its potential as a new industrial host (Hoffart et al., 2017).

1.2.1. Bioprocess engineering with V. natriegens

To meet the requirements for KPIs, high biomass (X) concentrations are often essential and fed-batch
processes are usually applied to achieve high space-time yields. Thiele et al. (2021) conducted a fed-
batch process with V. natriegens wt using a combination of an exponential and a constant glucose
feeding strategy. The DO was regulated above 40% via agitation rate, air flow, and oxygen content in
the gas mix. A beneficial effect of reducing the cultivation temperature from 37 to 30 °C was reported
and a cell dry weight (CDW) of 55 gx L'! was achieved. V. natriegens requires sodium for proliferation
and its demand is mostly satisfied with sodium chloride. This can pose a challenge, since high salt loads

complicate downstream processing and chloride can cause corrosion on metal surfaces, such as those



used in bioreactors. Therefore, a medium containing only traces of chloride has been developed that
maintains the growth rate at 91% (Hoffart et al., 2017). Recently, Biener et al. (2023) reported the highest
CDW of approximately 60 gx L for V. natriegens during a fed-batch process at 30 °C using a minimal
medium in which sodium chloride was completely replaced by disodium hydrogen phosphate, disodium
sulfate, and sodium citrate.

Although high salt loads may negatively impact downstream processing, the halotolerance of
V. natriegens can also be used to advantage. Typically, large amounts of sterile fresh water are required
for media and feedstock preparation, contributing to the overall production costs (Chen, 2012). Due to
the halotolerance of V. natriegens, fresh water can be replaced by less expensive high salinity water
such as seawater or even wastewater streams. In addition, sterilization is no longer required, saving
time and costs, as the growth of a vast number of microorganisms is inhibited or abolished under these
conditions. The production of 2,3-butanediole (2,3-BDO) and poly-B-hydroxybutyrate (PHB) under non-
sterile conditions has already been reported for V. natriegens. In general, PHB production is
accompanied by high substrate and sterilization costs, which account for up to 50% of the total
production cost (Li et al., 2023b). V. natriegens p15A-phaBAC was able to produce 2.4 g PHB L from
glycerol (Gly) wunder non-sterile conditions, outperforming the genetically engineered
E. coli MG1655 p15A-phaBAC strain  (Li et al., 2023b). For 2,3-BDO production with
V. natriegens AfrdA AldhA-pETRABC, a non-sterile process using seawater-based minimal medium

was performed, achieving 41 g 2,3-BDO L within 12 h (Meng et al., 2022).

1.2.2. Biotechnological applications

Over the past 10 years, V. natriegens has attracted a lot of attention due to its unique features and
numerous publications have appeared on this bacterium. First chassis strains have already been
developed for biotechnological applications. To obtain a robust platform strain, Pfeifer et al. (2019)
identified and consequently deleted two prophage regions (VNP1 and VNP2) from the genome, which
can be activated under stress but also spontaneously under standard cultivation conditions. Further, two
commercially available strains, Vmax™ Express and the next generation strain Vmax™ X2 (Synthetic
Genomics Inc., La Jolla, CA, U.S.A.), have been modified for improved protein expression and the
incorporation of noncanonical a-amino acids (Gonzalez et al., 2021; Mojica et al., 2024). Both strains
have a reduced genome and a genomically integrated and inducible T7 RNA polymerase system,
allowing the usage of pET and pET-like vectors (Weinstock et al., 2016; Xu et al., 2021).

V. natriegens has been engineered for a variety of different products, including alcohols, organic and
amino acids, polyesters, as well as pigments such as melanin. Conventionally, melanin is produced by

chemical synthesis or by isolation from natural sources such as sepia ink (Smith et al., 2023). Wang et



al. (2020) overexpressed the tyrosinase gene tyrl from Priestia megaterium in V. natriegens. The
resulting strain V. natriegens pJV-Tyrl formed 0.5 g melanin L* from L-tyrosine within 2 h. Recently,
Smith et al. (2023) optimized the minimal medium M9v2 for V. natriegens pJV-Tyrl and were able to
further enhance the titer to 7.6 g melanin L* from overnight (O/N) cultures, achieving the highest
reported volumetric productivity to date of 473 mg L1 h-1.

Li et al. (2023a) presented a strategy for carbon-negative biosynthesis of several products. In a
phototrophic community, Synechococcus elongatus was used to produce sucrose from carbon dioxide
(CO2), and V.natriegens successfully metabolized the sugar to various products
(313 mg lactic acid L*, 137 mg 2,3-BDO L, 25 mg p-coumaric acid L1, and 9 mg melanin L?). A
remarkably high productivity of 34 g L* h'! for alanine production was reported by Hoffart et al. (2017).
Therefore, V. natriegens was engineered to eliminate byproduct formation of lactate, acetate, formate,
succinate, and ethanol. The resulting strain, V. natriegens Adldh Alldh Apfl Amdh, produced
17 g alanine L™ from glucose using an anaerobic resting cell approach in minimal medium. Zhang et al.
(2021b) engineered V. natriegens for the production of 1,3-propanediol (1,3-PDO) and 3-
hydroxypropionate (3HP) by removing byproduct related genes and by introducing a high-copy plasmid
pTrc99a for gene overexpression. Further, the gene glpD, which is essential for glycerol degradation,
was shifted from the chromosome to the plasmid to increase plasmid stability. High final concentrations
of 65 g 3-HP L*and 70 g 1,3-PDO L! were obtained from glycerol. In 2023, Zhang et al. reported a
strategy to systematically engineer V. natriegens for 1,3-PDO production using a genome-scale
metabolic model (GEM) based on AutoKEGGRec. By analyzing the product pathway from glycerol
together with the metabolic flux distribution, a strategy to improve the production from glycerol was
developed. Therefore, the synthetic production pathway and the glycerol oxidation pathway were
balanced, the intracellular reducing environment was optimized, e.g., by improving NADPH availability,
and byproduct-related genes encoding for ethanol, lactate, acetate, formate, and 3-HP were deleted.
Further, the dissolved oxygen (DO) levels were adjusted during the cultivation. This resulted in a final
concentration of approximately 70 g 1,3-PDO L with a product yield of 0.61 moli;3-ppo moley? and a
volumetric productivity of 2.4 gi,3ppo L1 h'l. For the production of 2,3-BDO and acetoin, a pulsed
microaerobic fed-batch process was performed with V. natriegens harboring the plasmid p455-Ediss
containing genes (budA, budB, and budC from Enterobacter cloacae subsp. dissolvens) for the 2,3-BDO
synthetic pathway. A combined diol titer of 50 g L't and an overall productivity of 3.9 gpio L'* h'* were
obtained (Erian et al., 2020). Meng et al. (2022) utilized V. natriegens AfrdA AldhA-pETRABC for 2,3-
BDO production and achieved 41 g 2,3-BDO L with an overall productivity of 3.4 gz2,3-8po L* h't using a
non-sterilized fed-batch process. Wu et al. (2023) attenuated the translation of the aceE gene encoding
for the E1 subunit of the pyruvate dehydrogenase complex (PDHC), fine-tuned ppc encoding for
phosphoenolpyruvate carboxylase (PEPC), and removed the prophage regions VNP12 along with

genes required for the biosynthesis of byproducts to obtain a suitable pyruvate producer strain. The final
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strain V. natriegens AVPN1 AVPN2 ApfiB Alldh Adidh Appsl Apps2 P2-aceE™¢ P2-ppcAT¢ produced
54 g pyruvate (Pyr) L1 from glucose within 16 h using a fed-batch process. Most recently, the high
tolerance of V. natriegens to formate and its capability to efficiently utilize the promising C1 feedstock
was proven (Tian et al., 2023). To further improve formate assimilation, the serine synthesis and formate
utilization pathways were coupled and subsequently adaptive laboratory evolution experiments were
conducted. Finally, the genes idgs from Streptomyces lividans and sfp from B. subtilis were integrated
to establish an indigoidine production pathway. The resulting strain S-TCA-2.0-IE consumed
165 g formate Lt and formed 29 g indigoidine Lt within 72 h (Tian et al., 2023). Other examples of
successful applications of V. natriegens include the production of PHB (Dalia et al., 2017; Li et al.,
2023b), selenium and selenium nanoparticles (Fernandez-Llamosas et al., 2017), darobactin A (Wuisan
et al., 2021), B-carotene (Ellis et al., 2019), violacein (Ellis et al., 2019), and L-3,4-dihydroxyphenyl-L-
alanine (L-DOPA) (Liu et al., 2022).

1.2.2.1. Succinate production

Succinate is an intermediate of the tricarboxylic acid (TCA) cycle and a fermentative end product. It can
be formed by several pathways starting from glycolysis (Thoma et al., 2021). The oxidative pathway of
the TCA (TCAox) and the glyoxylate shunt both yield 1 mol of succinate (Suc) per mol of glucose (Glc)
and thereby generating 3 mol of nicotinamide adenine dinucleotide (NADH) and 2 mol of CO.. The
highest theoretical product yield of 2 molsuc moleic™ is obtained when succinate is produced by the
reductive arm of the TCA (TCAred). Therefore, 1 mol of pyruvate together with 2 mol of NADH and 1 mol
of CO2 are required to obtain 1 mol of succinate. However, the redox state of the cell is not balanced
regardless of the pathway used. If the carbon is routed via TCAred, more reducing power is required.
NADH can be generated when pyruvate is decarboxylated by the PDHC to acetyl-CoA, which in turn is
converted to 1 mol of acetate (Ace), yielding 1 mol of adenosine triphosphate (ATP) and 1mol of NADH.
The usage of the TCAox creates a surplus of NADH that cannot be recycled by the respiratory chain
under anaerobic conditions and no other electron acceptors are available. If all pathways are fully
operational under anaerobic conditions, the redox state and carbon flux of the cell can be balanced and
a maximum yield of 1.71 molsuc moleic? is possible when 71% of the carbon is channeled via the TCAred
and 29% via the TCAox/glyoxylate shunt (Vuoristo et al., 2016; Thoma et al., 2021).

Succinate belongs to the group of 1,4-dicarboxylates and has been ranked by the U.S. Department of
Energy as one of the top twelve building block chemicals that can be converted from sugar to high-value
biobased chemicals through biological conversion (Werpy and Petersen, 2004). Succinate serves as
precursor for numerous chemicals including tetrahydrofuran, 1,4-butanediol, y-butyrolactone,

pyrrolidones, and hydroxybutyric acid, which can be used directly or converted into valuable compounds
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for various industrial sectors (Werpy and Petersen, 2004). Further, succinate functions as a platform
compound for the synthesis of polyesters and biodegradable materials, such as the plastic polybutylene
succinate. In addition, it can be used as an anticarcinogenic and insulinotropic agent in the
pharmaceutical industry (Cao et al.,, 2013). In the agricultural sector, succinate is used for seed
treatment and as a growth regulator. Moreover, it is used in the food industry as a bread-softening agent
and flavor enhancer, among other things (Yang et al., 2020). The market potential for succinic acid (SA)
and its direct derivatives is expected to be 245,000 tons per year, while the market potential for succinic
acid-derived polymers is estimated at 25,000,000 tons per year (Bozell and Petersen, 2010).

To date, the demand for succinate has been met mainly by petrochemical synthesis from the precursor
n-butane/butadiene via maleic anhydride (Bechthold et al., 2008). Traditional chemical processes cause
serious environmental problems, often require high temperatures and pressures, and are confronted
with declining global fossil fuel resources and their increasing prices (Cao et al., 2013). Therefore,
sustainable and environmentally friendly biobased processes must be established. However, the overall
cost of biobased fermentations must first be reduced in order to become more competitive with existing
petrochemical processes. High product titers of 100 g L', yields of around 80 —90% and minimum
productivities of 2.5 g L1 h' are required (Werpy and Petersen, 2004; Thoma and Blombach, 2021).
Moreover, to cut fermentation costs, the usage of minimal media without the addition of expensive
components such as yeast extract is necessary. The costs of substrate and downstream processing
must be considered and carefully weighed. For instance, refined sugar is an expensive carbon source,
but natural carbon sources often contain a large number of substances that may interfere with the
process and increase the cost of product purification (Sauer et al., 2008). The purification costs for
fermentative-based products typically account to more than 60% of the overall cost, and hence it is
crucial to minimize downstream-related costs to enhance competitiveness with petrochemical processes
(Bechthold et al., 2008, Dai et al., 2020). Ideally, the pH value of the bioreactor broth should be low and
pH adjustment should be avoided throughout the fermentation to reduce the costs of neutralization
(Werpy and Petersen, 2004). In addition, succinate is present in the undissociated form, which is
advantageous since the free acid form rather than the salt form is required for most applications
(Bechthold et al., 2008). Finally, the accumulation of byproducts needs to be reduced, as the subsequent
separation from the product adds to the overall cost.

Many efforts have been made to optimize succinate production using natural succinate overproducers
like Actinobacillus succinogenes, Anaerobiospirillum succiniproducens, and
Mannheimia succiniciproducens, as well as with metabolically engineered bacteria and yeasts, such as
E. coli, C. glutamicum, and S. cerevisiae. Various strategies have been applied to either improve
existing metabolic pathways or to introduce new ones (Cheng et al.,, 2013). Common approaches
include the elimination of byproduct formation through gene knockouts and the overexpression of genes

directly involved in the succinate production pathway. In addition, strategies to alter the substrate and
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product transport and to improve the internal NADH and ATP formation have been employed, and often
a combination of all of the above has been used. Acetate, formate, lactate, and pyruvate have been
repeatedly reported as common byproducts and are thus the main targets for metabolic engineering.
Lee et al. (2006) disrupted the IdhA, pflB, pta, and ackA genes in M. succiniciproducens and obtained a
strain that produced 52 g SAL?! with almost no formation of acetate, formate, and lactate.
C. glutamicum AldhA - pCRA717 was engineered to overexpress the pyc gene encoding for the
pyruvate carboxylase (Pyc) to increase the anaplerotic flux towards oxaloacetate and to limit lactate
production. A final titer of 146 g SAL?! was achieved within 46 h (Okino et al., 2008).
C. glutamicum BOL-3/pAN6-gap was successfully modified to eliminate byproducts such as acetate and
lactate. Furthermore, the redox balance was improved by chromosomal integration of an NAD*-coupled
formate dehydrogenase from Mycobacterium vaccae. Thus, formate could be used as a donor for
reducing equivalents and CO2. Moreover, pyruvate carboxylation was enhanced by integration of the
pyc gene from C. glutamicum DM1727. A titer of 134 g succinate L'? was obtained with a volumetric
productivity of 2.6 gsucL?*h? (Litsanov et al, 2012). Sanchez et al. (2005) engineered
E. coli SBS550MG (pHL413) by deleting genes belonging to the lactate, ethanol, and acetate pathways
to conserve NADH and/or carbon. Further, heterologous overexpression of pyc from Lactococcus lactis
was conducted and the gene icIR, which encodes for a transcriptional repressor protein of the glyoxylate
shunt, was deleted. This strategy was used to construct a dual succinate synthesis pathway in which
the carbon flux is directed simultaneously through the TCAred and the glyoxylate shunt to improve NADH
availability, since the glyoxylate shunt requires less NADH for succinate formation, thus increasing the
overall yield of succinate. A high average product yield of 1.5 molsuc moleict was reported. Zhu et al.
(2014) showed that the overexpression of the succinate exporter Suc and the overexpression of
enzymes belonging to the glyoxylate shunt could improve the succinate yield from glucose. Using an
anaerobic fed-batch process, a final titer of 109 g succinate L* with a final yield of 1.32 molsuc molgic?
was achieved with C. glutamicum. Besides bacteria, the yeast S. cerevisiae is an established succinate
producer that has been used for aerobic succinate production since the reductive pathway is
thermodynamically unfavorable and the corresponding enzymes are subject to glucose repression
(Raab and Lang, 2011). The high acid- and osmotolerance of S. cerevisiae allows fermentation at a low
pH value without the necessity for pH titration, which facilitates downstream processing by eliminating
the need for salt neutralization, thus reducing production costs (Raab and Lang, 2011).

Dual phase or two-stage processes are often used for succinate production. These processes have the
advantage of decoupling the growth from the production phase, allowing ideal conditions to be applied
to each phase. In a dual-phase system, a transition is made from aerobiosis to anaerobiosis, while in a
two-stage process, the different stages are performed in two different vessels (Lange et al., 2017). The
timing of the transition has to be chosen carefully, as the productivity of the cells is highly dependent on

their physiological state at that time. Furthermore, enzymes that are expressed during aerobic growth
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can remain active throughout the production phase, and thus have a strong influence on productivity.
Vemuri et al. (2002) used oxygen-dependent changes in fermentation parameters, such as the
respiratory quotient and the DO content, to test different transition times with E. coli AFP111/pTrc99A-
pyc in a dual-phase process, as oxygen is considered an important regulator for facultative anaerobes
due to a variety of alternative enzymes that are expressed at different oxygen levels. The highest titer
of 98 g succinate L! was reached when the transition to the anaerobic phase occurred at a DO value of
around 90%. Wang et al. (2011) chose a different approach and tested different cell densities to
determine the transition time. A positive correlation was found between higher CDWs and the overall
process performance in terms of titer, yield, and productivity. The highest titer of 116 g succinate Lt was
achieved with 20 gx L1 at the transition time with E. coli SD121. The strain showed a productivity of
1.55 gsuc Lt h't and a remarkable product yield of 1.7 molsuc moleic. Jiang et al. (2010) discovered that
the applied growth rate and the chosen glucose supply have an influence on succinate production as
well. A beneficial effect of a glucose-limited growth compared to a stable glucose concentration of
20 g glucose L was observed for a two-stage process, and the reduction of the growth rate from 0.15
to 0.07 h-! further increased the final concentration by 36% to 101 g SA L.

In some cases, triple-phase processes with an oxygen-limited interface between aerobic biomass
formation and zero-growth product formation are applied to adapt the enzymatic machinery towards
anaerobiosis (Lange et al., 2017). Zhu et al. (2011) investigated the difference in the length of the
microaerobic phases using E. coli SBS550MG (pHL413) and reported that the duration of the
microaerobic phase greatly affects the cell viability when switching to anaerobic conditions. An optimum
of 2—-5h was found. Furthermore, the DO regulated by the agitation rate during the aerobic and
microaerobic phases had an effect on cell viability, succinate production, and byproduct formation, and
it was shown that more pyruvate accumulation occurred in high DO experiments. Depending on the
chosen agitation rate, yields between 1.24 and 1.60 molsuc molaic'* were obtained. The effect of the pH
regulation was studied as well, and a negative effect was shown in regard of specific succinate
production rate and yield when a pH control was applied during the aerobic and microaerobic phases
as long as the value did not drop below pH 5.5. By applying the best conditions, a titer of
62 gsuccinate L1 was obtained. Martinez et al. (2010) investigated the impact of different aeration rates
in a dual-phase system with E. coli SB550MG (pHL413) using a 1 L bioreactor. At a high aeration rate
of 150 L h'1, a productivity of 0.9 gsuc L1 h'l and a yield of 1.25 molsuc moleic’* were obtained. Pyruvate
accumulation was observed during the production phase. Reducing the aeration rate to 90 L h'! resulted
in a three-hour microaerobic phase. Almost no pyruvate formation was observed and, in addition, the
productivity and yield were increased to 1.3 gsuc L'* h't and 1.55 molsuc molaic?, respectively.

The following Table 1 provides an overview of the KPIs achieved by bacterial fermentation. The data

generated in this work for V. natriegens will be discussed in more detail below.
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Table 1: Overview of bacterial succinate production processes. Reported values for succinic acid

production have been recalculated for succinate and are marked with the symbol ",

Complex/organic Qe | Titer | Yield| Time|
Organism Substrate Reference
supplements gL*h® gL' gg? h
Actinobacillus Sucrose + CO2 + Yeast extract + . . . Jiang et al.
2.1 59.5 0.82 28
succinogenes Na2COs Corn steep liquor (2014)
. . . Okino et
Glucose + NaHCO3  Biotin + Thiamine 3.1 144 0.90 46
al. (2008)
Corynebacterium  Glucose + Formate Litsanov et
/ 25 134 1.08 53
glutamicum + NAHCOs3 al. (2012)
Zhu et al.
Glucose + NAHCOs / 11 109 0.85 98
(2014)
Yeast extract +
Glucose + CO2 + Vemuri et
Tryptone + Biotin + 1.3 98 1.14 75
Na2COs al. (2002)
Thiamine
Sanchez
Glucose + CO2 + Yeast extract +
/ 40 0.97 / et al.
Na2COs Tryptone
(2005)
Tryptone + Yeast Martinez
Escherichia coli Glucose + COz2 extract + Thiamine 1.3 19 1.55 15 etal.
+ Biotin (2010)
Glucose + CO2 +
NAHCO3
Thiamine HCI + . . . Jiang et al.
Citric acid + 1.9 99 1.05 /
Biotin (2010)
Fe(lll) citrate +
Mgs(CO3)a
Glucose + NAHCOs  Tryptone + Yeast Wang et
1.6 116 11 75
+ CO2 extract al. (2011)
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Complex/organic Qr | Titer | Yield| Time|
Organism Substrate Reference
supplements gL*ht gL' gg*? h

Biotin +
Ca-pantothenate +

Pyridoxine-HCI +
Glucose + Glycerol . . . Ahn et al.
Thiamine + 10.2 132 0.80 13
+ NaHCOs + COz2 (2020)

Mannheimia Ascorbic acid +

succiniciproducens
Nicotinic acid +

Amino acids
) . . Lee et al.
Glucose + CO2 Yeast extract 1.8 52 0.73 29
(2006)

Thoma et

Glucose + KHCO3 / 8.6 60 0.74 7 al. (2021)
This work

Vibrio natriegens

Schulze et

Glucose + KHCO3 / 8.5 51 0.90 6 al. (2023)
This work

For V. natriegens, it has already been shown that both the TCAred as well as the TCAox/glyoxylate shunt
contribute to succinate formation under anaerobic conditions (Figure 3) (Thoma et al., 2021). Genes for
a PEPC and a PEP carboxykinase (Pck) are annotated in contrast to a Pyc, and thus it is possible that
the anaerobic flux to oxaloacetate is only provided via PEP carboxylation (Thoma et al., 2021). In 2021,
V. natriegens was already engineered for anaerobic succinate production based on a strain lacking the
genes for a D- and L-lactate dehydrogenase (dldh and lidh) and for a pyruvate formate lyase (pfl) (Hoffart
et al.,, 2017) (Figure 3). To eliminate other competing pathways and to increase the availability of
precursors, the ald gene, annotated for alanine dehydrogenase, was removed (Figure 3). These genetic
modifications were intended to increase the pyruvate pool. In addition, the pyc gene from C. glutamicum
was integrated to support the anaplerotic flux from pyruvate (Figure 3). The resulting strain V. natriegens
Alldh Adldh Apfl Aald Adns::pyccg (Succl) formed 60 g succinate L from glucose during a zero-growth
process in VN medium that did not require the addition of vitamins, amino acids, or other expensive

supplements. A product yield of 1.14 molsuc moleic was obtained, and an exceptionally high overall
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productivity of 8.6 gsuc L™ h'! was achieved. During the initial production phase, a maximum productivity

of 20.8 gsuc L™* h'! was reported (Thoma et al., 2021).
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Figure 3: Pathways for succinate formation in V. natriegens. Dashed lines indicate multistep reactions.
The reductive branch of the TCA cycle is highlighted in green and the oxidative branch in dark blue. The
glyoxylate shunt is depicted in light blue. Red lines indicate that the metabolism has been engineered
and the corresponding red written genes have been deleted. A yellow path represents the genomic
integration of an enzyme. Metabolites are boxed and the corresponding enzymes and cofactors are

written underneath or next to them. Abbreviations for metabolites and cofactors: Acetyl-CoA — acetyl-

coenzyme A, Acetyl-P — acetyl phosphate, ADP — adenosine diphosphate, AMP — adenosine
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monophosphate, ATP — adenosine triphosphate, CO2 — carbon dioxide, GAP — glyceraldehyde 3-
phosphate, HCOs™ — hydrogen carbonate, H.O — water, NAD* — nicotinamide adenine dinucleotide
(oxidized), NADH - nicotinamide adenine dinucleotide (reduced), NADP* — nicotinamide adenine
dinucleotide phosphate (oxidized), NADPH — nicotinamide adenine dinucleotide phosphate (reduced),
Pi — phosphate, PEP — phosphoenolpyruvate, PPi — pyrophosphate, Q% — quinone, Q4 — quinol;

Abbreviations for enzymes: aKGDHC — a-ketoglutarate dehydrogenase complex, AckA — acetate

kinase, ACN — aconitase, AcS — acetyl-CoA synthetase, Ald — alanine dehydrogenase, CS — citrate
synthase, DIldh — D-lactate dehydrogenase, FH — fumarate hydratase, Frd — fumarate reductase, ICDH
— isocitrate dehydrogenase, ICL — isocitrate lyase, Lldh — L-lactate dehydrogenase, Mae — malic
enzyme, Mdh — malate dehydrogenase, MS — malate synthase, Mgo — malate:quinone oxidoreductase,
Odc - oxaloacetate decarboxylase, Pck — PEP carboxykinase, PDHC - pyruvate dehydrogenase
complex, PEPC — PEP carboxylase, Pfl — pyruvate formate lyase, PPS — PEP synthase, Pta — phosphate
acetyltransferase, Pycce — pyruvate carboxylase from C. glutamicum, PyK — pyruvate kinase, Sdh —

succinate dehydrogenase, Suc — succinyl-CoA synthetase.

1.2.2.2. Pyruvate production

Pyruvate is a three-carbon 2-oxo-monocarboxylic acid and the final product of glycolysis (Maleki and
Eiteman, 2017). Located in the central metabolism, it is an important intermediate for various products
like carbohydrates, alanine, ethanol, fatty acids, and energy (via TCA) (Yuan et al., 2022).

Pyruvate and its derivatives find many applications in the pharmaceutical, cosmetic, and food industries.
It is used as a dietary supplement for weight loss and for the enhancement of the physical condition.
Other health benefits include an improvement of the myocardial function or a reduction of the HDL
cholesterol. Moreover, it possesses antioxidant effects and could be used as nutraceutical for diabetes
Il (Maleki and Eiteman, 2017; Yuan et al., 2022). In the cosmetic industry, pyruvic acid (PA) is used as
a potent chemical peeling agent for the treatment of acne, superficial scars, photodamage, and
pigmentary disorders (Berardesca et al., 2006). Furthermore, pyruvate serves as a precursor for various
chemicals, including L-tyrosine, L-tryptophan, N-acetylneuraminic acid (sialic acid), and L-DOPA (Yuan
et al., 2022). Additionally, it has been used for butanol production via a three-enzyme cascade and has
been proposed as a starting material for the enzymatic synthesis of propionate (Maleki and Eiteman,
2017). Pyruvate is mainly produced by chemical synthesis through dehydration and decarboxylation of
tartaric acid. This process is easy to implement, but requires high temperatures, causes serious
environmental issues, and is also not cost efficient (Li et al., 2001a; Yuan et al., 2022). Another method
uses lactic acid as a raw material and causes it to react with oxygen under the action of catalysts. This

method is being investigated as an environmentally friendly alternative to the tartaric acid method.
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However, biotechnological production offers a promising alternative for the cost-efficient production of
pyruvate (Li et al., 2001a; Yuan et al., 2022). There are three options for biotechnological production of
pyruvate: the resting cell approach, which decouples the growth and production phases, the enzymatic
conversion, and the direct fermentation method. The latter shows the greatest potential in terms of cost-
effectiveness and product purity (Li et al., 2001a).

Early metabolic engineering approaches for microbial processes focused on increasing the rate of
glycolysis (Maleki and Eiteman, 2017). From 1 mol of glucose, 2 mol of pyruvate are formed,
accompanied by the generation of 2 mol of NADH and ATP. When ATP production decreases, the cells
attempt to compensate for the reduced ATP availability by increasing the rate of glycolysis (Maleki and
Eiteman, 2017). The deletion of atpFH resulted in an inactivation of FO of the (FLFO)H+-ATP synthase
complex in an E. coli strain that also contained mutations in aceEF, pfl, poxB, pps, and IdhA. This
additional deletion significantly increased the specific glucose consumption rate by 36% and the specific
pyruvate production rate by 49% compared to the parental strain. The deletion of the respiratory
repressor ArcA further increased the KPIs, and the final strain E. coli ALS1059 strain reached
90 g pyruvate L1 with a volumetric productivity of 2.1 geyr L2 h'1 in a fed-batch process and yielded
0.68 gryr gaic! (Zhu et al., 2008). Another possibility to enhance pyruvate formation is to increase the
oxidation of NADH and thus the availability of NAD*. Overexpression of a water-forming NADH oxidase
from Streptococcus pneumoniae increased the glucose uptake rate in E. coli by 70% (Vemuri et al.,
2006). The introduction of the NADH oxidase in E. coli ALS1059 could further improve the specific
glucose uptake and pyruvate formation rate by about 10% (Zhu et al., 2008).

Due to the central position of pyruvate in aerobic and anaerobic microbial metabolism and its
involvement in many subsequent reactions, byproducts such as acetate, lactate, and ethanol frequently
accumulate during fermentations. This consumes a large amount of carbon that is not channeled into
the desired product and further, it complicates the subsequent product separation. Thus, metabolic
engineering is required to eliminate competing pathways and to promote pyruvate accumulation.
Biobased production is mainly performed with E. coli and yeasts. Many studies on vitamin-auxotroph
yeasts, e.g., Candida glabrata, Yarrowia lipolytica (formerly known as Torulopsis glabrata and
Candida lipolytica), and S. cerevisiae have been reported (Li et al., 2001a). For instance, Li et al.
(2001Db) utilized a multivitamin auxotrophic C. glabrata strain (WSH-IP303) for pyruvate production in a
batch culture. The accumulation of large amounts of pyruvate requires a specific balance of thiamine,
nicotinic acid, biotin, riboflavin, and pyridoxine. It has been shown that thiamine, a cofactor of the PDHC
and pyruvate decarboxylase (Li et al., 2001a), had the greatest influence on pyruvate production. By
combining the optimal vitamin concentrations, a titer of 69 g pyruvate L'* and a product yield of
0.62 gryr gaic’t were achieved within 56 h (Li et al., 2001b). Yuan et al. (2020) utilized the yeast
Y. lipolytica for the formation of PA from glycerol. Osmotic stress is known to limit cell growth as well as

biomass yield and it strongly affects the product synthesis in Y. lipolytica. Therefore, mutations were
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induced by the atmospheric and room temperature plasma (ARTP) method and a subsequent screening
of mutants with elevated NaCl tolerance was conducted. The resulting mutant strain A4 was able to
resist the osmotic pressure caused by NaCl and survived concentrations of up to 160 g NaCl L.
Further, it achieved a final titer of 97 g PA L! and a yield of 0.8 gra gaiy, which was about 30% higher
compared to the parental strain. In a fed-batch process, Y. lipolytica SKO 6 produced 126 g PA L1 and
124 g PA L1 with yields of 0.68 gra gaiy™* and 0.62 gra gaiy from pure and crude glycerol, respectively
(Cybulski et al.,, 2019). Van Maris et al. (2004) utilized a pyruvate decarboxylase-negative (Pdc-)
S. cerevisiae strain for aerobic pyruvate production in batch cultures. Pdc- strains require C2
compounds such as acetate or ethanol for growth, and further, they are not able to grow on defined
medium with glucose even in the presence of a C2 source. Therefore, a selection pressure was applied
in a chemostat culture to obtain a C2-independent strain, and in a subsequent selection round it was
screened for glucose tolerance in batch cultures. The selected strain TAM produced 135 g pyruvate L
within 100 h with a product yield of 0.54 gryr gaiy™*.

In E. coli, a common strategy to limit or block the carbon flux from glycolysis to TCA is the deletion or
downregulation of a component of the PDHC (Figure 3). The PDHC is responsible for the oxidative
decarboxylation of pyruvate to acetyl-CoA, and thus represents a key element between glycolysis and
TCA. Tomar et al. (2003) studied different E. coli strains, each containing a mutation of a gene involved
in the PDHC (aceE, aceF, and Ipd) or in the acetate synthesis pathway (ack, pta, and rpoS). In addition,
the gene ppc, which encodes for PEPC, was deleted in each mutant strain. Manipulation of the PDHC
resulted in the cessation of the flux to acetyl-CoA, which is necessary for cell growth, and thus additional
carbon in the form of acetate was provided for the synthesis of acetyl-CoA. During the initial screening
for a high product yield, it was shown that the ppc mutation decreased pyruvate yield in all strains except
for the lowest producer strain (rpoS mutant), which obtained 0.09 gryr geict. The highest yields were
obtained for the aceE and aceF mutants (0.54 and 0.47 geyr gcic't, respectively), and batch fermentations
for pyruvate production were subsequently conducted with these strains. The best results were obtained
for the aceF mutant. A titer of approximately 35 g pyruvate L' was achieved with a productivity of
1.5 gryr L2 h' and a high yield of 0.72 gryr gaic. Zeli¢ et al. (2003) used the acetate auxotrophic E. coli
strain YYC202 IdhA::Kan strain for pyruvate production in a fed-batch process. Therefore, the correlation
between the CO2 production rate and the acetate consumption rate was determined experimentally and
was subsequently used for on-line regulation of the acetate feed. A final concentration of
62 g pyruvate L1 was obtained with a yield of 1.11 molryr moleic’t and a productivity of 1.8 geyr L2 h1. In
a subsequent study, several process alternatives were investigated. Using a continuous process with
cell retention, a high productivity of 4.6 geyr L't h't was achieved. However, this approach was not
pursued further, since long-term production instabilities were observed. Moreover, an in-situ product
recovery process (ISPR) was tested. The integration of on-line product recovery is crucial for inhibiting

products and this could be the case at high pyruvate concentrations above 500 mM pyruvate L (Zeli¢
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etal.,, 2003; Zeli¢ et al., 2004). During this ISPR process, electrodialysis was used for product separation
and a final (calculated) titer of 79 g pyruvate L1 was obtained. The highest yield of 1.78 molpyr molgic?
together with a high productivity of 6.0 geyr L1 h' was achieved using a repetitive fed-batch approach
(Zeli¢ et al., 2004).

Besides E. coli and yeasts, other bacteria have been utilized for pyruvate production. C. glutamicum
was engineered to accumulate pyruvate. The PDHC and the pyruvate:quinone oxidoreductase were
inactivated. In addition, the gene IdhA encoding for a NAD*-dependent L-lactate dehydrogenase (LIdhA)
was deleted and the native acetohydroxyacid synthase was replaced by an attenuated variant (AC-T
llvN) to abolish L-valine overflow. Furthermore, the genes alaT and avtA encoding for transaminases
were deleted to reduce L-alanine formation. The resulting strain C. glutamicum AaceE Apgo AldhA AC-
T ilvN AalaT AavtA produced approximately 45 g pyruvate L-* with a yield of 0.97 molpyr molcic? using a
fed-batch process with oxygen deprivation during the mid- and late-growth phases (Wieschalka et al.,
2012).

Halophilic microbes have gained attention for the production of organic acids (Li et al., 2001a; Yin et al.,
2015) and the halophilic, alkaliphilic Halomonas sp. KM-1 was studied for pyruvate production. The
bacterium secreted 63 g pyruvate L1 within 48 h using an aerobic batch cultivation with sodium nitrate-
and glucose-rich medium without sterilization (Kawata et al., 2016).

Recently, V. natriegens has been engineered for pyruvate production as well (Wu et al., 2023). The two
prophage regions VNP1 and VNP2 were deleted to improve cell robustness. Furthermore, it has already
been shown that prophage-free V. natriegens exhibits an increased pyruvate production (Pfeifer et al.,
2019). In a next step, essential genes for the synthesis of byproducts such as formate, lactate, and PEP
were removed by deleting the genes encoding for pyruvate formate lyase (pflB), L-lactate
dehydrogenase (lldh), D-lactate dehydrogenase (dldh), and PEP synthase (ppsl and pps2). Further,
the aceE gene encoding for the E1 subunit of the PDHC was downregulated and the expression of the
ppc gene encoding for the PEPC was fine-tuned to balance the formation of biomass and pyruvate. The
resulting strain PYR32 achieved a titer of 54 g pyruvate L, a yield of 1.17 molryr moleic, and a total
volumetric productivity of 3.4 gryr L2 h'! in a fed-batch process at 30 °C (Wu et al., 2023). Moreover,
high titers were obtained when pyruvate was produced from sucrose (34 g L) or gluconate (57 g L)
with yields around 1.3 molryr molst. However, the productivity decreased to 1.6 geyr L2 h'! from sucrose
and to 1.8 gryr L h't from gluconate (Wu et al., 2023).

Besides the typical fermentative byproducts, e.g., acetate, lactate, and ethanol that can occur during
pyruvate production, the molecule parapyruvate, also known as 4-hydroxy-4-methyl-2-oxogluterate and
2-hydroxy-2-methyl-4-oxopentanedioic acid, is a less studied compound responsible for impurities in PA
or PA salts (Montgomery and Webb, 1956; Margolis and Coxon, 1986; Chang et al., 2018).
Parapyruvate is the result of an aldol-type condensation that can occur under strongly acidic and basic

conditions. It can be present as dicarboxylic acid and cyclic lactone derivate as well as linear polymers.
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Solutions of sodium pyruvate are unstable and the instability is greater at higher temperatures, at basic
pH values, or in the presence of Tris or ammonium salts. The solution is also not suitable for storage at
-20 °C or above (Margolis and Coxon, 1986). Parapyruvate inhibits the enzyme lactate dehydrogenase
and it can react with transaminases to form amino acids (Margolis and Coxon, 1986). Further, it is an
analog of a-ketoglutarate and may therefore be a competitive inhibitor of the a-ketoglutarate
dehydrogenase complex (aKGDHC) and consequently of the TCA (Montgomery and Webb, 1956).
Inhibition of the enzyme complex is associated with functional abnormalities in mitochondria, and a
decreased activity is implicated in age-related neurodegenerative diseases such as Alzheimer’s or
Parkinson’s disease (Chang et al., 2018). In a study using human fibroblastic Hs68 cells, it was shown
that parapyruvate can inhibit aKGDHC activity and induce senescence in Hs68 cells. This effect can be
reversed by the supplementation with high levels of calcium ions (Ca?*), which are an activator of the
oaKGDHC (Chang et al., 2018).

Pyruvate is an approved food supplement by the European Food Safety Authority (EFSA, 2009). The
industrial production of calcium pyruvate requires alkaline treatment, which promotes the formation of
parapyruvate. Chang et al. (2018) detected parapyruvate between 1.4 and 10.6% in all five tested
commercially available supplements from the U.S. market. Stability tests of parapyruvate at pH 2
suggested that the compound remains stable in acidic environments, such as the stomach, and thus the
authors concluded that parapyruvate content should be an important issue for the food safety of pyruvate

supplements.
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2. Material & Methods

This chapter provides an overview of the bacterial strains used in this work and their various cultivation
methods, ranging from small-scale shaking flasks and test tubes up to bioreactor cultures and the
associated operating methods, such as batch, fed-batch, and two-stage processes. Furthermore, the
composition of the media used is given. Sample processing, the subsequent analytical evaluation, as
well as the determination of growth parameters and KPIs are stated. The chemicals, devices, software
and materials used in this work alongside the corresponding manufacturers are listed in Table A2,

Table A3, and Table A4. Figures 2 — 7 were generated with Biorender.com.

2.1. Bacterial strains

All bacterial strains used in this work are summarized in Table 2. For long-term storage, the strains were
preserved at -80 °C as 30% (v v1) glycerol stocks. For stock preparation, cells were cultivated O/N in
5 mL 2xYTN (adapted from Sambrook and Russell (2001)), and then an appropriate amount of the cell

suspension was transferred and mixed with glycerol. Thereafter, the stock was immediately frozen.
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Table 2: Bacterial strains

Strain

Relevant characteristic(s)

Source or
reference

V. natriegens wt

V. natriegens AluxS

V. natriegens AsypK

V. natriegens AcpsR

V. natriegens AwbfF

V. natriegens Acps

V. natriegens Asyp Acps

V. natriegens Succl

V. natriegens Succl AackA

V. natriegens Succl AcpsR

V. natriegens Succl Acps

V. natriegens AaceE

V. natriegens Avnp12
AaceE

V. natriegens Avnp12
AaceE ApapA

V. natriegens Avnp12
AaceE pEKEx2-papA

Wildtype strain DSM 759 (ATCC 14048)

V. natriegens wt with deletion of the luxS gene
(PN96_01245)

V. natriegens wt with deletion of the sypK gene
(PN96_04625)

V. natriegens wt with deletion of the cpsR gene
(PN96_10960)

V. natriegens wt with deletion of the wbfF gene
(PN96_12195)

V. natriegens wt with deletion of the genomic region
PN96_14980 to PN96_15050

V. natriegens Acps with additional deletion of the genomic
region PN96_04590 to PN96_04675

V. natriegens Alldh Adldh Apfl Aald Adns::pyccg (locus tags:

PN96_16785, PN96_16800, PN96_08455, PN96_09745
and genomic integration of pyc gene from C. glutamicum
ATCC 13032 into the dns gene (PN96_00865))

V. natriegens Succl with deletion of an ackA gene
(PN96_21510)

V. natriegens Succl with deletion of the cpsR gene
(PN96_10960)

V. natriegens Succl with deletion of the genomic region
PN96_14980 to PN96_15050

V. natriegens wt with deletion of the gene PN96_01335

V. natriegens AaceE with the additional deletion of the
vnpl2 gene clusters (Pfeifer et al., 2019)

V. natriegens Avnp12 AaceE with the additional deletion of
the gene PN96_18530

V. natriegens Avnp12 AaceE with the plasmid pEKEx2 with
the gene papA under the control of the tac-promotor Ptac

German Collection
of Microorganisms
and Cell Cultures

provided by
Maurice Hadrich

provided by
Maurice Hadrich

Schulze et al.
(2023)

Schulze et al.
(2023)

Schulze et al.
(2023)

Schulze et al.
(2023)

Thoma et al. (2021)

Thoma et al. (2021)

Schulze et al.
(2023)

Schulze et al.
(2023)

provided by
Maurice Hadrich

provided by
Maurice Hadrich

provided by
Maurice Hadrich

provided by
Maurice Hadrich
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2.2. Cultivation media

An overview of all media, including supplements, is provided below. Media and supplements were
prepared with deionized water unless otherwise stated. The sterilization of the media was performed by
autoclaving, and the supplements were sterilized by passing the solutions through a 0.2 pm filter
(Filtropur S plus 0.2, SARSTEDT, Numbrecht, Germany). Sterile liquid media were stored at
room temperature (RT), and sterile supplements were aliquoted and then frozen at -20 °C. Supplements
were thawed shortly before usage and added to the already autoclaved medium.

Cultivations were performed using 2xYTN medium (Table 3 and 4).

Table 3: 2xYTN agar plates (adapted from Sambrook and Russell (2001))

Compound Concentration
Tryptone 16glL?
Yeast extract 10gL?
NaCl 15gL?
Agar-Agar 15¢gL?

Agar plates were stored at 4 °C.

Table 4: 2xYTN medium for liquid cultures (adapted from Sambrook and Russell (2001))

Compound Concentration
Tryptone 16glL?
Yeast extract 10gL?
NaCl 15¢gL?
MgClz x 6 H20 50 mM

Minimal cultures were conducted with VN medium supplemented with CaClz, MgSO4 x 7 H20, and trace
element solution 1 (TCE1) (Table 5). For shaking flask cultures, the pH was adjusted to 7.5 with
5 M KOH before the medium was autoclaved. The pH of all TCE solutions was adjusted to 1 with 32%

hydrochloric acid (HCI) to ensure the complete dissolution of all compounds prior to filtration.
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Table 5: VN minimal medium (Hoffart et al., 2017). No MOPS was added for bioreactor cultures.

Compound Concentration
(NH4)2S04 5gL?
NaCl 15¢gL?
K2HPO4 1glL?
KH2PO4 1glL?
MOPS 21gL?
CaClz x 2 H20 0.01glL?
MgSOs x 7 H20 0.25gL%
TCE1 (1000x stock) 1mLL?
TCEL1 (1000x% stock)
FeSOa4 x 7 H20 16.4gL?
MnSO4 x H20 10gL?
CuSOs4 x 5 H20 031glL?
ZnS04 x 7 H20 lglL?
NiClz x 6 H20 0.02gL?

The medium was slightly modified for fed-batch processes to accumulate high biomass concentrations

(Table 6).

Table 6: VN minimal medium for fed-batch processes (adapted from Hoffart et al. (2017)).

Compound Concentration
(NH4)2S0a4 5gL?
NaCl 15¢gL?
K2HPO4 1glL?
KH2PO4 1glL?
CaClz x 2 H20 0.01glL?
MgSOa x 7 H20 1.2gL?
Fe(lll) citrate x H20 0.1glL?
TCE1 (1000x stock) 1mLL?
TCE1 (1000x stock)
FeS0O4 x 7 H20 16.4gL?
MnSO4 x H20 10gL?
CuSO4 x 5 H20 031glL?
ZnS04 x 7 H20 lglL?
NiClz x 6 H20 0.02glL?
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As an alternative to a chloride-containing medium, the following medium VNyv:z (Table 7) was used.

Table 7: VNv2 minimal medium without chloride (adapted from Hoffart et al. (2017)). No MOPS was

used for bioreactor cultures.

Compound Concentration

(NH4)2S04 5gL?
Na2S04 18gL?
K2HPO4 1glL?
KH2PO4 1glL?
MOPS 21gL?

CaClz x 2 H20 0.01gL?

MgSOax 7 H20 0.25gL?
TCEL (1000x stock) 1mLL?

TCE1 (1000x stock)

FeSOs x 7 H20 16.4g L1
MnSOa4 x H20 10gL?
CuSOa x 5 H20 0.31gL?

ZnS0s x 7 H20 1gLt
NiCl> x 6 H20 0.02gL?

During the establishment of a fed-batch process for V. natriegens wt, media optimization was performed

and a tabular summary of the media used is presented below (Table 8).
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Table 8: Tested media and supplements for the optimization of fed-batch processes

Medium Compound Concentration
(NH4)2S04 10gL?
NaCl 15¢gL?
K2HPO4 3glL?
Concentrated VN medium (VNc)
KH2PO4 3glL?
CaClz x 2 H20 0.01glL?
MgSOa4x 7 H20 1.20gL?
TCEL (1000x stock) 1mLL?
(NH4)2S0a4 20gL?
NaCl 15gL?
Multi-concentrated VN medium (VNmc) KzHPO4 20g Lt
(adapted from Thiele et al. (2021)) KH2PO4 20gL?
MgSOa4x 7 H20 5gL?
TCEL (1000x stock) 1mLL?
(NH4)2S0a4 4gL?
NaCl 15gL?
Minimal medium for high cell density KH2PO4 13.3¢gL?
cultivations (MMHcbc) - .
Citric acid 1.7glL?
(adapted from Riesenberg et al.
(1991)) CaCl2 x 2 H20 0.01glL?
MgSOax 7 H20 1.20gL?
TCE3 (1000x% stock) ImLL?
Supplements Compound Concentration
H3BO3 0.4glL?
Trace Element Solution 2 (TCE2) Na2SeOs 04glL?
(1000x stock) (adapted from Erian et
al. (2018) and Nimbalkar et al. (2018)) NazWOa x 2 H20 04gL*
Na2MoO4 x 2 H20 0.4glL?
CoClz x 6 H20 25¢gL?
Trace Element Solution 3 (TCE3)
(1000x stock) EDTA 8.4gLt
(adapted from Riesenberg et al. H3BO3 3.0glL?

(1991))

NazMoOasx 2 H20

25¢gL?




During fed-batch fermentations a glucose-feed was applied with the following composition (Table 9):

Table 9: Feeding solution

Compound Concentration
Glucose 550 g L?
NaCl 15¢gL?
MgSOs x 7 H20 12gL?

Each medium for the pyruvate producer strain V. natriegens Avnpl2 AaceE pEKEx2-papA was
additionally ~ supplemented  with 1mM isopropyl B-D-1-thiogalactopyranosid (IPTG) and
50 pg Kanamycin mL1 (Kan%9).

2.3. Shaking flask cultures

All cultivations started from a glycerol stock, from which cells were streaked out on a 2xYTN agar plate.
After an O/N incubation at 37 °C, a single colony was used to inoculate a glass tube filled with 5 mL of
2xYTN. The preculture was again left to grow O/N on an orbital shaker (& 25 mm, Multitron®2, INFORS
GmbH, Einsbach, Germany) at 37 °C and 180 rpm. Subsequently, 500 pL of the cell suspension was
used to inoculate a 500 mL baffled shaking flask preculture containing 50 mL of VN minimal medium
supplemented with 10 g glucose L. During the exponential growth phase, an appropriate amount of the
preculture was harvested to inoculate the main culture to an optical density measured at 600 nm (ODsoo)
of 0.1. Therefore, the preculture was centrifuged (10 min, RT, 4,347xg), the supernatant was discarded,
and the remaining cell pellet was resuspended in 1 mL of 0.9% NaCl (w v). The suspension was used
to inoculate a second shaking flask containing VN medium with 10 g glucose L (Figure 4). All shaking
flask cultures had an initial pH of 7.5 and cultivation was performed on an orbital shaker at 37 °C and
180 rpm, unless otherwise stated. For pyruvate production, shaking flask were supplemented with
7.5 g glucose Lt and 1 g acetate L instead of 10 g glucose L1. Acetate was added by a 25% (w/v?)
potassium acetate solution, and the glucose stock solution used (50% (w/v-1)) was prepared with D(+)-

glucose monohydrate. The pH of the stock solutions was not adjusted.
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— > —_—>
Glycerol Agar plate Reaction tube Shaking flask Shaking flask
stock 2xYTN 5 mL 2xYTN preculture main culture
37 °C, O/N 37 °C, O/N, 50 mL VN 50 mL VN
180 rpm 37 °C, 180 rpm, 37 °C, 180 rpm,
pH 7.5 pH 7.5

Figure 4: Seed train for shaking flask cultures.

2.4. Batch process

A seed train similar to the one used for shaking flask cultivations was applied for batch processes
(Figure 5). The shaking flask preculture was harvested by centrifugation (10 min, RT, 4,347xg) during
the exponential growth phase. The cell pellet was resuspended in 1 mL of 0.9% NaCl (w v1) and the
volume was filled up to 50 mL with VN medium. The suspension was used to inoculate a bioreactor with
1L of VN minimal medium supplemented with 10 g glucose L* to an ODeco of 0.1. All bioreactor
processes were performed using a DASGIP Parallel Bioreactor System (Eppendorf, Jilich, Germany)
with a vessel volume of 2 L. The antifoam agent Struktol® J 647 (Schill+Seilacher GmbH, Hamburg,

Germany) was manually added as required through a septum port.

e e —> — & > é
Glycerol Agar plate Reaction tube Shaking flask Inoculation to Bioreactor
stock 2xYTN 5 mL 2xYTN preculture an ODeoo of 0.1 main culture
37 °C, O/N 37 °C, O/N, 50 mL VN 1LVN
180 rpm 37 °C, 180 rpm, 37 °C, 1 vwm
pH7.5 pH7

Figure 5: Seed train for batch processes.
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Cultivations were conducted at 37 °C. Pressurized air at 1 vwm was used for aeration. The DO was
controlled at 50% via the agitation rate (between 400 and 1,500 rpm) and the DO was monitored with a
polarographic probe (DO Sensor InPro®6800, Mettler Toledo, Giessen, Germany). The DO sensors
were calibrated after the bioreactors were autoclaved and all supplements were added to the medium.
Subsequently, the temperature, the agitation and aeration rate were adjusted to the initially set process
parameters and a one-point calibration to 100% was performed once the set parameters were stable.
The content of oxygen (O2) and CO: in the exhaust gas was detected with the gas analyzer GA4
(Eppendorf, Julich, Germany). A one-point calibration with pressurized air was performed before usage.
The pH value was determined with a standard pH probe (405-DPAS-SC-K8S/325, Mettler Toledo,
Giessen, Germany) and it was maintained at 7 using a two-sided pH regulation with 13.3 M NH4OH and
1.1 M HsPOas. Prior to installing the pH sensors in the bioreactors, a two-point calibration was conducted
with buffer solutions at a pH of 4 and 7. Acids, bases and feeds were added as required during the
process using peristaltic pumps controlled by the DASGIP MP8 module. The module was calibrated at
regular intervals according to the manual provided by Eppendorf. For this purpose, a defined volume of
a liquid of known density was pumped into a container and the value was compared to the theoretically
calculated volume. The deviation was used to adjust the calibration factor. The monitoring of the process
parameters and the calibration procedures were the same for all subsequent processes, unless

otherwise indicated.

2.5. Glucose-limited fed-batch process

For glucose-limited fed-batch process, an identical seed train as shown in Figure 5 was applied.
Bioreactor cultivation was performed with 1 L of VN minimal medium (Table 6). The process was divided
into two phases. Initially, 6 g glucose L* were provided and during this first batch phase the cells grew
unlimited with a maximum growth rate pmax. Shortly before glucose depletion, an exponentially
increasing glucose feed (Table 9) was started at the beginning of the fed-batch phase to limit the growth
rate Uset in order to avoid an overflow metabolism, which would occur above a critical growth rate perit.

The process parameters were set and controlled according to 2.4. The feeding rate over time F(t) was

calculated by using Equation (1).

F(t) = Foxe"set | L h™ @)
Ft)|Lh? Time-dependent feeding rate
Fo|Lht Feeding rate at the start of the fed-batch phase
Mset | ht Set growth rate
tlh Process time
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The initial feeding rate Fo was determined with the following Equation (2).

VR X Qg X Cx fed

Fo= [LhT )
CFeed
Vr|L Initial bioreactor volume (medium)
gs|gs gx h? Biomass-specific substrate uptake rate
Cxfed | Ox L2 Biomass concentration at the beginning of the fed-batch phase
Creed | gs L Substrate concentration in the feeding solution

The bioreactor contained a volume Vr of 1 L VN minimal medium. The biomass-specific substrate
uptake rate gs is based on the substrate requirements for biomass formation, cell maintenance, and

product formation (Equation (3)).

- Mset

A -
9s Yxis *Ms+Gsp | 9s gy h (3

Yxs | gx gs?t Biomass yield
ms| gsgx h? Substrate uptake required for cell maintenance

gsp | gsge h'l  Substrate uptake required for product formation

The growth rate pset was defined as 0.1 h-! and the biomass yield Yxis was adopted from Hoffart et al.
(2017) with 0.38 gx gaict. During the process, no product formation should occur, and hence the term
for gsp can be set to zero. The required glucose uptake for maintenance metabolism was already
determined by Linton et al. (1977) with 0.063 gcic gx* ht.

The biomass concentration at the beginning of the fed batch phase cxd Was calculated by converting

Equation (4).

ACx  Cxfea — Cxo

Yxis = = ~ | gy gy (4)
Acs  Cso — Csfed X =s
cxo | gx L1 Initial biomass concentration
Cso | galc L Initial glucose concentration

Cs/fed | galc L2 Substrate concentration at the beginning of the fed-batch phase

The substrate concentration cs,o, and the biomass concentration cx,o were set to 6 g glucose L* and
0.03 gx L%, respectively, at the beginning of the process. It was assumed that glucose was (almost)
depleted at the transition to the fed-batch phase and therefore csfdwas defined as 0 g glucose L. The
substrate concentration in the feeding solution creed contained 550 g glucose L (Table 9). Thus, all

parameters for the calculation of Fo are known.
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A detailed summary of all fed-batch processes, including deviations from the conditions described in

this section, is provided in Table 10.

Table 10: Overview of all glucose-limited fed-batch processes. Only deviations from the reference

process are mentioned. Reference: Fed-batch process with V. natriegens wildtype in 1 L of VN medium

initially containing 6 g glucose L1. After 2.6 h, shortly before glucose depletion, a feed containing

550 g glucose L1, 1.2 g MgSO4 x 7 H20 L1, and 15 g NaCl L* was started to limit the growth rate pset

to 0.1 hl. The temperature was set at 37 °C and the pH was adjusted to 7. The gassing rate F was kept

constant at 1 vvm of pressurized air (2 60 L h1). The dissolved oxygen (DO) was controlled at 50% with

the agitation rate (400 — 1,500 rpm), and three Rushton impellers were installed. A slash indicates that

there were no deviations from the reference. The start of the feed is displayed with treed.

Identification Bioreactor Deviation process Deviation feed
450 goic L?
0.25 gmgsoa x 7 Hzo Lt
0.25 gmgsoa x 7 H20 L
R1 no Fe(lll) citrate x H20
feed was calculated without ms
two Rushton impellers
treed = 2.9 h
Mset = 0.3 ht 450 galc Lt
0.25 gmgsos x 7 Hz2o Lt 0.25 gmgsos x 7 Hzo Lt
R2
no Fe(lll) citrate x H20 feed was calculated without ms
two Rushton impellers treed = 2.9 h
Vi
Mset = 0.5 ht 450 golc L
0.25 gmgsoa x 7Hzo LT 0.25 gwmgsoa x 7Hzo L1
R3
no Fe(lll) citrate x H20 feed was calculated without ms
two Rushton impellers treed = 2.9 h
Pset = 0.7 ht 450 goic L
0.25 gmgsos x 7Hzo LT 0.25 gmgsoa x 7 Hzo L
R4

no Fe(lll) citrate x H20

two Rushton impellers

feed was calculated without ms

treed = 2.9 h
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F=60-90Lh?

Identification Bioreactor Deviation process Deviation feed
0.25 gmgsoa x 7 Hzo Lt 450 gelc L?
R1 no Fe(lll) citrate x H20 0.25 gmgsoa x 7H20 Lt
two Rushton impellers treed = 2.9 h
0.4 mgrcez L
450 goic L?
0.25 gmgsoa x 7H20 L2
R2 0.25 gmgsoa x 7H20 L1
no Fe(lll) citrate x H20
treed = 2.9 N
two Rushton impellers
V2
2.5 Jvyeast extract Lt
450 galc Lt
0.25 gmgsoa x 7Hz20 L1
R3 0.25 gmMgsoa x 7H2o Lt
no Fe(lll) citrate x H20
treed = 2.9 h
two Rushton impellers
450 galc Lt
0.06 mgkios Lt
R4 0.25 gmgsoa x 7 H20 L
two Rushton impellers
treed = 2.9 h
0.06 mgkios L
450 goic L?
R1 two Rushton impellers
0.25 gmgsoa x 7H20 L1
F=60-90Lh*
0.25 gmgsoa x 7H20 L2
no Fe(lll) citrate x H20 450 goic L?
R2
0.06 mgkioz Lt 0.25 gwmgsoa x 7Hzo L1
V3 two Rushton impellers
no Fe(lll) citrate x H20
450 golc L?
R3 two Rushton impellers
0.25 gmgsoa x 7H20 L1
F=60-90Lh?
0.25 gmgsoa x 7Hz0 LT
450 galc Lt
R4 two Rushton impellers

0.25 gmgsoa x 7H20 L1




Identification Bioreactor Deviation process Deviation feed
0.06 mgkios L*
450 goic L?
R1 two Rushton impellers
0.25 gmgsoa x 7 H20 L1
F=60-120Lh?1
0.06 mgkios L*
VNc 450 golc L
R2
two Rushton impellers 0.25 gmgsoa x 7H20 L1
F=60-120Lh%1
V4 0.06 mgkios Lt
VNc
450 goic L?
R3 2 mLrcer L
0.25 gmgsoa x 7H2o Lt
two Rushton impellers
F=60-120Lh?1
V. natriegens Succl
0.06 mgkios Lt 450 goic L?
R4
two Rushton impellers 0.25 gmgsoa x 7 H20 L
F=60-120Lh?1
R1 / 450 goic L
450 goic L?
1 mLrcer L
R2 F=60-90Lh?
1 mLrces L?
1.7 Jcitric acid Lt
V5
TCE3 450 goic L
R3
1.7 gcitric acid L™ 1 mLrcer L?
450 galc Lt
MMHucpc 1 mLrcer L
R4
F=60-90Lh? 1 mbLrcea L

1.7 gcitric acid Lt

35



Identification Bioreactor Deviation process Deviation feed
R1 F=60-120Lh?1 450 goic L?
Triple-phase process (2.6.3)
R2 V. natriegens Succl AackA 450 golc L?
F=12-60Lh*
V6 Triple-phase process (2.6.3)
R3 V. natriegens Succl AackA 450 golc L
F=6-60Lh?
Triple-phase process (2.6.3)
R4 V. natriegens Succl AackA 450 geic L
F=12-60Lh*
R1 F=60-120Lh%1 450 golc L
V. natriegens AluxS
R2 450 golc L
F=60-120Lh%1
V7 .
V. natriegens AcpsR
R3 450 galc L
F=60-120L h?
V. natriegens AsypK
R4 450 goic L
F=60-120Lh?1
Triple-phase process (2.6.3)
R1 /
V. natriegens Succl
Triple-phase process (2.6.3)
R2 /
V. natriegens Succl
V8
Triple-phase process (2.6.3)
R3 /
V. natriegens Succl
T=30°C
R4 /

F=60-120Lh?

36



Identification Bioreactor Deviation process Deviation feed
V. natriegens AwbfF
V9 R1 treed = 3.6 h
F=60-120Lh%1
R1 F=60-120Lh?1 /
V. natriegens AcpsR
R2 /
V10 F=60-120Lh?1
V. natriegens AwbfF
R3 treed = 3.1 h
F=60-120Lh?1
0.0135 gcacos L
R1 VNme
no CaClz
treed = 3.6 N
V11
10 geic L 600 gaic L
R2 0.0135 gcacos Lt VNme
no CaClz combination of exponential and
constant feed
R1 / /
R2 V. natriegens AcpsR /
V12
R3 V. natriegens Acps /
R4 V. natriegens AwbfF treed = 3.1 O
R1 / /
R2 V. natriegens AcpsR /
V13
R3 V. natriegens Acps /
R4 V. natriegens Asyp Acps /




Identification Bioreactor Deviation process Deviation feed

R1 / /
R2 V. natriegens AcpsR /

V14
R3 V. natriegens Acps /
R4 V. natriegens AwbfF treed = 3.1 h
R1 / /
R2 V. natriegens Asyp Acps /

V15
R3 V. natriegens Asyp Acps /
R4 V. natriegens AwbfF treed = 3.1 0

DO was additionally regulated over the
R1 /
oxygen concentration

R2 / /

V16
R3 / /
R4 V. natriegens AwbfF treed = 3.1 h
R2 / /

V17 R3 / /
R4 / /
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2.6. Succinate production

The suitability of V. natriegens for succinate production was investigated using various cultivation
methods. Small-scale cultures, such as test tubes and shaking flasks, were used to characterize the
kinetics of potential producer strains. Zero-growth and triple-phase processes were applied to achieve

high productivities.

2.6.1. Small-scale cultivation

Aerobic cultivations in shaking flasks were carried out as described in 2.3. Small-scale anaerobic
cultivation experiments were conducted in parallel in 15 mL test tubes (adapted from Thoma et al.
(2021)). For this purpose, 2xYTN shaking flask precultures were generated as described above and
incubated for 4 — 5 h to obtain a sufficient amount of cell mass (by centrifugation at 4,000xg at RT for
20 min) to subsequently inoculate 120 mL of VN medium to an OD of 5. Subsequently, 100 mM KHCOs
and 5 g glucose L were added to start the cultivation, and a sample was taken immediately (t = 0 h)
just before the cell suspension was aliquoted into the airtight tubes. A whole tube was harvested every

hour to ensure anaerobic conditions in the remaining parallel cultures.

2.6.2. Zero-growth anaerobic bioprocess for succinate production

A two-stage process and the corresponding seed train were established for succinate production
(Figure 6). Starting from O/N incubated reaction tubes (2.3), 500 uL of the bacterial suspension was
used each time to inoculate a total of nine 2xYTN shaking flask precultures. The precultures were
cultivated at 37 °C and 180 rpm. During the exponential growth phase, the cells were harvested by
centrifugation (10 min, RT, 4,347xg) and used to inoculate three bioreactors containing 1.5 L of 2xYTN
medium. The pH was adjusted to 7.5. To achieve microaerobic conditions, the aeration rate was set to
0.5 vwm and the agitation rate was kept constant at 600 rpm. After 2.5 h, the bioreactor broths were
harvested by centrifugation (10 min, RT, 4,347xg) and the cell pellet was resuspended in 0.4 L VN
medium initially containing 100 g glucose L** and 150 mM KHCOzs. The resuspension was used to
inoculate the main culture at a CDW of approximately 17 — 20 gx L't. Anaerobic conditions were
achieved by limiting the stirrer rate to a constant 180 rpm and by flushing the headspace of the bioreactor
with 12 L CO:2 ht for about 5 min to displace residual oxygen. No submerged aeration was applied
during the cultivation. The temperature was set at 37 °C and the pH was adjusted to 7.5. A constant
feed of 100 MM KHCO3 ht was started immediately after inoculation. All process parameters were

regulated as described in 2.4, unless otherwise stated.

39



Glycerol Agar plate Reaction tube 9 x Shaking flask 3 Shaking flasks Bioreactor
stock 2xYTN 5mL 2xYTN preculture were used to preculture
37 °C, O/N 37 °C, OIN, 50 mL 2xYTN inoculate 1 bioreactor 3x1.5L2xYTN
180 rpm 37 °C,180 rpm, 37 °C, 600 rpm,
pH7.5 pH 7.5,0.5 wm

microaerobic

L J
F ®
~ &, _, .
Centrifugation Biomass resuspension Bioreactor
10 min, RT, 4,347xg in 0.4 L VN with main culture
glucose and KHCO3 0.4 LWN
37°C,pH75 37 °C, 180 rpm,
pH 7.5,0 wm
anaerobic

Figure 6: Seed train for succinate processes.

An overview of all succinate fermentations is given in Table 11. During the process development, various
strategies have been investigated and the previous description does not apply to all succinate
processes. The differences mainly concern the precultures used (shaking flasks and/or bioreactors), the
initial glucose and biomass concentrations, and the supply of inorganic carbon. Furthermore,

microaerobic and aerobic precultures have been tested as well.

Table 11: Overview of all succinate processes. Only deviations from the reference process are
mentioned. Reference: Bioreactor precultures were performed at 37 °C and a pH of 7.5. The agitation
rate was set to 600 rpm and the aeration rate to 0.5 vvm of pressurized air to obtain microaerobic
conditions. The temperature and pH remained the same for the main culture, but the agitation rate was
limited to 180 rpm and no submerged gassing was applied. The headspace of the bioreactor was
flushed with 12 Lcoz h™! for about 5 min. The complex medium in VA — VG did not contain 50 mMwgciz.
The abbreviation SF stands for shaking flasks. The gassing rate is indicated by F and the agitation

rate by N.
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Provision of CDW/| Provision of
ID Preculture Main culture Strain
CO2/HCO3 gxL? glucose
3x0.2L2xYTN SF
3 x 1.0 L 2xYTN Bioreactor 0.5L VN
(aerobic) no flushing of Succl
VA Fco2=15L h? 17.1 225 galc L?
pH=7 headspace AackA
N =400 - 1,500 rpm N =600 rpm
F=1vvm
4x0.2L2xYTN SF
4 x 1.0 L 2xYTN Bioreactor 0.5L VN
Succl
(aerobic) no flushing of 200 mMkhcos
VB AackA 7.8 100 goic L?
pH=7 headspace Fco2=15L h?
N =400 - 1,500 rpm N =600 rpm
F=1vvm
4x0.2L2xYTN SF
0.5L VN
4 x 1.0 L 2xYTN Bioreactor
no flushing of
(aerobic) 100 mMkHcos Succl
VvC headspace 13.8 100 galc L?
pH=7 Fco2=15L h? AackA
pH=7
N =400 - 1,500 rpm
N =300 rpm
F=1vvm
0.5L VN
N =300 rpm 100 mMkHcos Succl
vd 20 x 0.2 L 2xYTN SF 14.4 50 galc Lt
no flushing of Fcoz=12L ht AackA
headspace
0.5L VN
headspace Succl
Ve 12 x 0.05L 2xYTN SF 100 mMkHcos 1.5 5 goic Lt
flushed with AackA
6 Lcoz ht
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Provision of CDW/| Provision of
ID Preculture Main culture Strain
CO2/HCO3 gxL? glucose
0.5L VN
headspace Succl
Vf_R1 10 x0.05 L 2xYTN SF 100 mMkHcos 14 100 gorc Lt
flushed with AackA
6 Lcoz ht
0.5L VN
100 mMkHcos Succl
Vf_R2 10 x 0.05 L 2xYTN SF no flushing of 1.3 5galc LT
Fco2=6Lh? AackA
headspace
0.5L VN
2x0.05L 2xYTN SF
headspace Succl
VF 1x 1.0 L 2xYTN Bioreactor 100 mMkHcos 1.6 5 gole Lt
flushed with AackA
F=1vvm
6 Lcoz h?t
2x0.05L 2xYTN SF
1x 1.0 L 2xYTN Bioreactor
Succl
VG_R3 (aerobic) 0.5L VN 100 mMkHcos 1.9 5 galc L
AackA
N =400 - 1,500 rpm
F=1vvm
2x0.05L 2xYTN SF
Succl
VG_R4 1x1.0L 2xYTN Bioreactor 0.5L VN 100 mMkHcos 1.2 5 gole Lt
AackA
N =450 rpm
9x0.05L 2xYTN SF
VH 3x1.5L 2xYTN Bioreactor 0.5L VN 100 mMkHcos Succl 125 5 gole Lt
F=0.3vm
3x0.05L 2xYTN SF
VI_R3 0.5L VN 400 mMkHcos Succl 15 5 galc LT
1x1.5L 2xYTN Bioreactor
20 mMMkhcos
3x0.05L 2xYTN SF
VI_R4 0.5L VN 50 mMkhcos ht Succl 14 50 galc Lt

1x 1.5L 2xYTN Bioreactor

feed
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Provision of CDW/| Provision of
ID Preculture Main culture Strain
CO2/HCO3 gxL? glucose
9x0.05L 2xYTN SF
\YA} 0.5L VN 400 mMkHcos Succl 13.5 50 gaic Lt
3 x 1.5 L 2xYTN Bioreactor
400 mMkhcos 100 goic Lt
9x0.05L 2xYTN SF
VK 0.4 L1.5xVN 400 mMkhcos puls  Succl 19.5 100 geic L
3 x 1.5L 2xYTN Bioreactor
att=2and6h pulsatt=6h
400 mMkhcos 100 goic L
9x0.05L 2xYTN SF
VL 0.4 L1.5xVN 200 mMkhcosz puls  Succl 171 50 galc Lt
3 x 1.5L 2xYTN Bioreactor
att=6nh puls att = 6h
9x0.05L 2xYTN SF
VM 0.4 L 1.5xVN 400 mMkHcos Succl 13.2 100 geic L
3 x 1.5L 2xYTN Bioreactor
150 mMkHco3
9x0.05L 2xYTN SF
VN 0.4LVN 8 MMkhcos ht Succl 18.0 100 goic L?
3 x 1.5L 2xYTN Bioreactor
feed
200 mMkhco3s
applied feed:
0-3h:
9x0.05L 2xYTN SF 0.4 L 1.5xVN 100 mMkHcos ht
VO Succl 21.3 150 geic Lt
3x 1.5 L 2xYTN Bioreactor 5 Qveast extract L 3-4h:
75 mMMkrcosz ht
4 —-20.75 h:
50 mMkhcos ht
150 mMMkHcos3
9x0.05L 2xYTN SF
VP 0.4L VN 8 MMkHcos ht Succl 19.8 100 geic L
3 x 1.5L 2xYTN Bioreactor
feed
150 mMkHcos
9x0.05L 2xYTN SF
VQ 0.4L VN 8 MMkHcos ht Succl 17.4 100 geic L

3 x 1.5 L 2xYTN Bioreactor

feed

43



2.6.3. Triple-phase process

Triple-phase processes (V6 and V8, Table 10) were performed, consisting of an aerobic biomass
formation phase, a microaerobic transition, and an anaerobic production phase. In order to obtain a
sufficient CDW, a glucose-limited fed-batch process was applied as described in chapter 2.5., and some
adjustments were made to support succinate production.

Three parallel fermentations were carried out with V. natriegens Succl AackA and different methods to
initiate microaerobic conditions after 23 h were tested. In V6_R2, a microaerobic phase was induced by
limiting the agitation rate to 1,200 rpm. In V6_R3, the gas flow of the pressurized air was adjusted to
0.1 vvm, and in V6_R4, a 50:50 mixture of CO2 and pressurized air was used at a flow rate of 0.5 vvm.
After approximately 23.5 — 24 h, microaerobic conditions were reached in all bioreactors, and an
additional second feed containing 750 g glucose L1, 15 g NaCl L1, and 1.2 g MgSOs4 x 7 H20 L1 was
pumped into the bioreactors at 40 mL h'l. After 26 h, strict anaerobic conditions were achieved by
sparging with 0.2 vvm CO:2 and by reducing the agitation rate to 800 rpm.

In V8, a different approach was chosen to achieve microaerobic conditions. From the beginning, the
agitation rate was limited to 1,300 rpm instead of 1,500 rpm to allow the cells to grow into the
microaerobic state on their own, as sufficient oxygen supply was no longer guaranteed at higher cell
concentrations. After approximately 24 h, V. natriegens Succl entered the microaerobic phase and a
glucose pulse (50 g L'') was added to provide sufficient carbon for succinate synthesis. After 2 h at a
DO of about 0%, the gas flow was stopped and the agitation rate was limited to 600 rpm to achieve

anaerobic conditions.

2.7. Pyruvate production

Potential producer strains were first characterized in shaking flasks cultures, as already described in 2.3
and suitable candidates were subsequently tested on a larger scale. For this purpose, a fed-batch
process was applied as shown in Figure 7. Starting from a glycerol stock, cells were streaked onto an
agar plate, and thereafter, O/N-grown single colonies were used to inoculate 2xYTN reaction tubes
(2.3). Shaking flask precultures containing 50 mL of VN supplemented with 7.5 g glucose L* and
1 g acetate L were then inoculated with 500 pL each of the O/N reaction tube cultures. After 4 — 5 h of
incubation on a rotary shaker (37 °C, 180 rpm), the cells were harvested by centrifugation (10 min, RT,
4,347x%q), resuspended in 1 mL of 0.9% NaCl (w v1), and an appropriate volume was used to inoculate
a bioreactor containing 0.5 L of VN medium supplemented with 100 g glucose L and 2 g acetate L to
an ODeoo of 0.5. A constant acetate feed (8 mMace h't) was started immediately after inoculation. For

pyruvate production, the temperature was set at 37 °C and the pH was maintained at 7.5. A gassing
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rate of 1 vvm pressurized air was applied. The regulation of the process parameters was carried out as

described in 2.4.

—> e & —>
Glycerol Agar plate Reaction tube Shaking flask Inoculation to Bioreactor
stock 2xYTN 5 mL 2xYTN preculture an ODeoo of 0.5 main culture
37 °C, OIN 37 °C, O/N, 50 mL VN 0.5LVN
180 rpm 37 °C, 180 rpm, 37 °C, 1 vwm,
pH 7.5 pH7.5

Figure 7: Seed train for pyruvate processes.

During the establishment of a pyruvate process, some process parameters were altered to achieve
optimal production conditions. Table 12 summarizes all pyruvate processes and lists possible
differences regarding the main culture and the provision of acetate. The generation of the precultures

remained the same.

Table 12: Overview of all pyruvate production processes. Only deviations from the reference process
are stated. Reference: A bioreactor containing 0.5L of VN medium supplemented with
100 g glucose L't and 2 g acetate L'* was inoculated to an ODeoo of 0.5. The temperature was set at
37 °C and the pH was adjusted to 7.5. The gassing rate was kept constant at 1 vvm of pressurized air.
The DO was controlled at 50% via the agitation rate (400 — 1,500 rpm) and one Rushton impeller was
installed. A feed of 8 mM acetate h'! was started immediately after the inoculation (treed = 0 h).

Triplicates are indicated with n = 3.

Identification Bioreactor Main culture Provision of acetate Strain
PyrA 1 OoD=0.1 No feed V. natriegens AaceE
1
OD=0.1 No feed V. natriegens AaceE
(n=3)
PyrB
2
OD=0.1 No feed V. natriegens Avnpl2 AaceE::cat
(n=3)
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OD=0.1 No feed . hatriegens Avnpl2 AaceE::cat
PyrC
2 mMMace h! feed
OD=0.1 . hatriegens Avnpl2 AaceE::cat
treed =5 h
OoDb=0.1 No feed . natriegens Avnpl2 AaceE::cat
2 mMMace ht feed
OD=0.1 . hatriegens Avnpl2 AaceE::cat
treed =5 h
PyrD
8 MMace h'! feed
OD=0.1 . hatriegens Avnpl2 AacekE::cat
treed =5 h
16 mMace ht feed
OD=0.1 . hatriegens Avnpl2 AacekE::cat
treea =5 h
/ No feed V. natriegens Avnpl2 AaceE
Pyre / treed =5 h V. natriegens Avnpl2 AaceE
/ / V. natriegens Avnpl2 AaceE
/ No feed V. natriegens Avnpl2 AaceE
PyrF
/ / V. natriegens Avnpl2 AaceE
/ No feed V. natriegens Avnpl2 AaceE
PyrG
/ / V. natriegens Avnpl2 AaceE
10% ammonia
/ V. natriegens Avnpl2 AaceE
water for titration
PyrH

pH 6.5

V. natriegens Avnpl2 AaceE
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Pyrl

30 °C

V. natriegens Avnpl2 AaceE

25°C

V. natriegens Avnp12 AaceE

20°C

V. natriegens Avnpl2 AaceE

PyrJd

. hatriegens Avnpl2 AaceE ApapA

. hatriegens Avnp12 AaceE pekEx-

papA

PyrK

. natriegens Avnpl2 AaceE ApapA

. natriegens Avnp12 AaceE pekEx-

papA

. natriegens Avnpl2 AaceE ApapA

. natriegens Avnpl2 AaceE pekEx-

papA

PyrL

. hatriegens Avnp12 AaceE pekEx-

papA

. hatriegens Avnp12 AaceE pekEx-

papA

a7



2.8. Analytics

The following subchapters provide an overview of sample preparation, measurement methods for the

guantification of substrates and (by)products, and the calculation of important KPIs.

2.8.1. Quantification of sugars and acids

Samples were prepared by centrifugation (10 min, RT, 4,347xg) and the supernatant was analyzed via
a high-performance liquid chromatography (HPLC). For high-viscosity samples, the supernatant was
additionally processed through a 0.2 um filter (Filtropur S plus 0.2, SARSTEDT, Numbrecht, Germany).
An Agilent 1260 infinity Il series device (Agilent Technologies, Waldbronn, Germany) equipped with a
Hi-Plex H column (7.7 x 300 mm, 8 um) and protected by a Hi-Plex H guard cartridge (3.0 x 5.0 mm,
8 um) was used for the quantification of sugars and acids, such as glucose, lactate, succinate, pyruvate,
and acetate. The isocratic separation of the analytes was achieved with a 5 mM H2SO4 mobile phase
(0.4 mL min at 50 °C) and a refractive index detector (RID) was used for detection. The concentration
of the analytes was calculated by the comparison of the peak areas with a 7-point external standard
ranging from 1 to 200 mM (Siebert et al., 2021).

For the quantification of amino acids, an identical device equipped with an AdvanceBio Amino Acid
Analysis (AAA) column (4.6 x 100 mm, 2.7 um) protected by an AdvanceBio AAA guard column
(4.6 x 5 mm, 2.7 um) was used. Amino acids were derivatized online with o-phthaldialdehyde, and the
subsequent separation of the analytes was achieved by a gradient of a polar phase, consisting of
10 mM Na2HPO4 and 10 mM Na2B4O- at a pH 8.2, versus a non-polar phase, containing 45% (v v1)
acetonitrile, 45% (v v*) methanol, and 10% (v v-*) H20, by linearly increasing the gradient from 2% non-
polar fraction to 43% within 10 min and from 43 to 100% within 2.5 min, at a flow rate of 1 mL min? at
40 °C. A fluorescence detector (FLD, excitation wavelength 340 nm, emission wavelength 450 nm, and
photomultiplier tube (PMT) gain 10) was applied for detection. An internal standard (100 um norvaline)
was used to normalize the peak area, and the final concentration of the analytes was calculated by
comparing the peak area to a 7-point external standard ranging from 1 to 400 uM (Siebert et al., 2021).
For the quantification of EPS, the samples were centrifuged (15,871xg, 10 min) and the supernatants
were stored at -20 °C until measurement. After thawing, the samples were first gel-filtrated (96-well
SpinColumn G-25, Harvard Apparatus) to remove monomeric sugars. In a next step, the polymer was
hydrolyzed with 4 M trifluoroacetic acid at 121 °C for 1.5 h to release the monomers, which were then
analyzed using the high throughput 1-phenyl-3-methyl-5-pyrazolone (HT-PMP) method coupled with an
ultra high-performance liquid chromatography with ultraviolet and electrospray ionization ion trap

tandem mass spectrometry (UHPLC-UV-ESI-MS/MS). A detailed method description can be found in
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Ruhmann et al. (2014, 2015) and Schulze et al. (2023). The limit of detection for the monomeric sugars
ranged from 0.2 to 0.6 mg L1, and the limit of quantification varied from 0.5 to 2 mg L (Rihmann et al.,

2015).

2.8.2. Determination of growth parameters and key performance

indicators

The ODeoo was determined by using a spectrophotometer (Ultrospec 10 cell density meter, Harvard
Biochrom, Holliston, MA, USA). The CDW was then calculated by conversion with a predetermined
correlation factor of 0.3. A semi-logarithnmic plot of the CDW over the process time was used to determine
the growth rate by the slope of a linear regression curve. The biomass yield was obtained by linear
regression of the CDW versus the respective glucose concentration for the exponential growth phase.
The biomass-specific glucose consumption rate was calculated using Equation 3. However, the terms
for ms and gr,s were neglected for simplification, unless otherwise noted.

The oxygen transfer rate (OTR) was calculated via gas mass balance of the exhaust gas according to
Equation 5. Therefore, a gas analyzer GA4 (Eppendorf, Jilich, Germany) equipped with a galvanic

measurement cell was connected to the bioreactors and used to detect Oz and COz in the exhaust gas.

(Fin x y02,in_ Fou'f x y02,out)

OTR = Ve XV | mol L™ h’ (5)
Fin| L h? Gas flow to the bioreactor
Fou | L ht Gas flow from the bioreactor
yozin | Oxygen content in the gas flow to the bioreactor
yozout | Oxygen content in the gas flow from the bioreactor
Vm | L mol? Molar gas volume at standard conditions

Since the inlet and outlet gas flows should be identical, Equation 5 can be simplified as follows

(Equation 6):

Fx (Yozin™ Yoz.out)

TR =
© Ve XV

| mol L' h™ (6)

The quality of a production process is often evaluated using KPIs such as product titer, yield, and
volumetric productivity. The titer can be determined by HPLC as described in 2.8.1. The product yield
Yrss is the quotient of the product formed versus the substrate consumed (Equation 7). The value can

be given either in gr gs* or molr mols™.
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ACP _ Cp.end -~ Cp start

Ypis = | gp 93 (7)
ACS CS,start - CS,end P s
Cpend | gp L Final product concentration
Cpstart | gp L1 Initial product concentration
Csgstart | gs Lt Initial substrate concentration
Csend | gs L? Final substrate concentration

The volumetric productivity is calculated from the amount of product formed per time and volume
(Equation 8).

Qp lgp L'h" 8)

- _Me
tx Vg

me | gp Final product mass

2.8.3. Rheological measurements

Samples for rheological measurements were prepared by centrifugation (10 min, RT, 15,871xg) and the
supernatant was stored at -20 °C until measurement. The viscosity was determined at 20 °C using a
rotational rheometer (MCR302, Anton-Paar, Graz, Austria) which was equipped with a TEK150 chamber

and a CP50-1 measuring cell.

2.8.4. Transcriptome analysis

Next generation sequencing was performed by Genewiz Germany GmbH (Leipzig, Germany) for
V. natriegens wt, V. natriegens AcpsR, and V. natriegens Acps. For this purpose, biological triplicates
of shaking flask cultures were performed for the aforementioned strains as described in 2.3. After 2 h,
when a CDW of 0.5 gx L' was reached, samples were removed from the main cultures, centrifuged
(1 min, RT, 15,871xg), and subsequently the supernatant was discarded. The cell pellets were
immediately shock frozen in liquid nitrogen and stored at -80 °C until shipment to Genewiz. The INVIEW
Transcriptome Bacteria package of 2 x 150 base pair reads for a total of 10 million reads was purchased,
which covered further sample preparation, library preparation with rRNA depletion, sequencing, and
processing of the raw data including mapping of the reads to the available genome of V. natriegens
ATCC 14048. The reference sequences for chromosome 1l and 2 were NZ_CP016345.1 and
NZ_CP016346.1, respectively (Weinstock et al., 2016). The processed data obtained from Genewiz
were then filtered using a log2 fold-change of + 1.5 as well as an adjusted p-value of < 0.05 and finally

used to compare the transcriptional changes between the strains.

50



3. Results
3.1. Characterization of V. natriegens wildtype

The following section deals with the cultivation and characterization of V. natriegens wt in different

culture vessels under various conditions.

3.1.1. Cultivation in shaking flasks

In shaking flask cultures in VN minimal medium supplemented with glucose, V. natriegens wt showed a
lag phase of about half an hour. Thereafter, it grew exponentially with a growth rate p of 1.56 £ 0.01 h!
and reached a final cell dry weight CDWmax of 3.06 + 0.26 gx L (Figure 8). A biomass yield of
0.47 £0.03 gx gs* and a biomass-specific glucose consumption rate of 3.35 +0.27 gs gx h'* were
obtained. At the transition from the exponential to the stationary phase, a strong increase in pyruvate
(.97 £ 0.16 g L) was observed. In addition, acetate and lactate accumulated in the medium to
maximum concentrations of 1.02 + 0.03 g Lt and 0.21 £ 0.04 g L1, respectively. No succinate formation
was detected throughout the cultivation. V. natriegens stopped glucose consumption after 4 h and
0.90 + 0.25 g glucose L* were left. The pH measurements at the end of the cultivation showed a

decrease from the initial value of 7.5 to about 5.
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Figure 8: Growth of V. natriegens wildtype in shaking flasks with VN minimal medium on glucose. The
cell dry weight is depicted with transparent circles and the course of glucose is represented by crosses.
Formed products are pictured as follows: acetate (circle), pyruvate (diamond), succinate (triangle), and
lactate (square). Results given are means and standard deviations of three independent biological

replicates.
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3.1.2. Batch process in minimal medium with and without chloride

In a bioreactor with VN minimal medium on glucose, V. natriegens wt grew exponentially for around 3 h
with a g of 1.68 + 0.01 h't during a batch cultivation (Figure 9, left). After 4 h, glucose was depleted and
a gs of 3.66 £0.02gsgxh'! and a Yxs of 0.46 £ 0.01 gx gs* were obtained. The experiment was
repeated with a modified medium (VNv2) to determine whether it is possible to replace NaCl with
Na2S0a4. No significant change was found for the Yxs (0.49 £ 0.04 gx gs?). A reduction of the
(1.39 £ 0.02 h'Y) and consequently of the gs (2.88 + 0.21 gs gx h'') was observed (Figure 9, right).
Furthermore, the lag-phase was extended when only traces of chloride were present. Final CDWs of
approximately 4 gx L were achieved in both cultivations.

Regardless of the medium, neither succinate nor lactate was produced, and only small amounts of
pyruvate (<0.5gL?) were detected. In the standard VN medium, a maximum concentration of
1.89 + 0.01 g acetate L' was determined, which is about 25% less compared to the cultivation in

chloride-free medium.
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Figure 9: Growth of V. natriegens wildtype during a batch process in VN (left) and VNvz (right) minimal
medium. The cell dry weight is depicted with transparent circles and the course of glucose is represented
by crosses. Formed products are pictured as follows: acetate (circle), pyruvate (diamond), succinate
(triangle), and lactate (square). Results given are means and standard deviations of three independent

biological replicates.
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3.2. Development of a fed-batch process for
V. natriegens wildtype

A glucose-limited fed-batch process was established to achieve high space-time yields as a basis for
further production processes. Therefore, different growth rates, media, and feed compositions as well

as the adjustment of process parameters were investigated to obtain the optimal process for

V. natriegens wt.

3.2.1. Growth rates

V. natriegens wt exhibits an acetate overflow metabolism. A first fermentation (V1) was conducted to
overcome acetate production in order to channel all the carbon towards biomass formation. To achieve
this, different growth rates between 0.1 and 0.7 h? were tested during the fed-batch phase, starting at

2.9 h, to observe the impact on byproduct formation (Figure 10).
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Figure 10: Growth of V. natriegens wildtype during a fed-batch process with the following growth rates:
0.1h1(A),0.3h1(B),0.5h1(C),and0.7 h'l (D). Glucose and metabolites are shown as follows: glucose

(cross), acetate (circle), pyruvate (diamond), succinate (triangle), and lactate (square).
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Significant differences were observed regarding glucose accumulation and byproduct formation. At a
pset of 0.1 h1, only 2 g acetate Lt and 0.23 g succinate L** were secreted into the medium after 21 h,
and the supplied glucose was completely consumed. In the remaining bioreactors, glucose accumulation
started already between 5 and 9.5 h, and a maximum concentration of 108 g glucose L was found for
V. natriegens growing at a pset of 0.7 h'l. In the other cultivations, approximately 90 g glucose L were
detected together with 4 — 5 g pyruvate L, 1 g lactate L1, and 6 — 8 g acetate L'1. The carbon balance
(C-balance) of the batch phase was closed to 95 — 102% for all bioreactors. However, this changed
drastically in the fed-batch phase. While the C-balance was still closed to 83% after 21 h for the
bioreactor with the lowest pset, only 66, 55, and 63% of the carbon was recovered from glucose for the
processes with a pset of 0.3, 0.5, and 0.7 h', respectively. No other carbon sinks were detected,
indicating the formation of unknown products. Further, it was observed that the measured p deviated
from the pset in all bioreactors and the actual values varied between 0.06 and 0.40 h1. In addition, only
small amounts of biomass were obtained, ranging from 5gx L' for the lowest growth rate to
10 — 14 gx L* for the remaining bioreactors. Possible reasons for this were investigated in the following

fed-batch processes.

3.2.2. Medium and process optimization

In the previously conducted fed-batch process, the application of a pset of 0.1 h-1 during the feeding
phase significantly reduced byproduct formation. However, a discrepancy between the pset and the
actual measured p was observed and, in addition, the CDW decreased already after 12 h. To further
support biomass formation, several adjustments were made to the process conditions of V1 in terms of

medium composition and regulation of the process parameters, as listed in Table 13 below.
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Table 13: Overview of the process development for a fed-batch process. Only deviations from the first

process (V1) are mentioned. Reference V1: Fed-batch process with V. natriegens wt in 1 L of VN

medium supplemented with 6 g glucose L'1. After 2.9h, a feed containing 450 g glucose L1,

0.25 g MgS04 x 7 H20 L1, and 15 g NaCl L! was started to adjust the growth rate pset to 0.1 h't. The

glucose uptake for cell maintenance ms was not considered in the calculation of the feed for V1, but it

was included for all other fermentations and is not mentioned again under deviations in this table. The

temperature was set to 37 °C and the pH was adjusted to 7. The gassing rate F was kept constant at

1 vvm (£ 60 L h't). The dissolved oxygen was controlled at 50% via the agitation rate (400 — 1,500 rpm),

and two Rushton impellers were installed. A slash indicates that there were no deviations from V1. The

start of the feed is displayed with treed.

Identification Bioreactor

Deviation process

Deviation feed

CDWmax | Ox L1

R1 / / 9.5
R2 0.4 mgrcez2 L1 / 9.8
V2 R3 2.5 Qgveast extract Lt / 13.2
0.06 mgkios Lt
R4 1.2 gmgsoa x 7H20 LT / 18.0
0.1 JFe(Ill) citrate x H20 L1
0.06 mgkios L
1.2 gmgso4 x 7 Hzo Lt
Rl treed = 2.6 h 300
0.1 JFe(Ill) citrate x H20 L1
F=60-90 Lairht
V3 R2 0.06 mgkios Lt treed = 2.6 h 6.6
1.2 gmgso4 x 7H20 LT
R3 treed = 2.6 h 210
F=60-90 Lairht
0.1 gre() citrate x H20 LT
R4 treed = 2.6 h 12.6

F =60 - 90 Lair h?
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Identification Bioreactor

Deviation process

Deviation feed CDWiax | gx L

0.06 mgkios Lt

1.2 gmgsoa x7Hzo LT

Rl treed = 2.6h 216
0.1 JFe(ll) citrate x H20 L1
F =60- 120 Lair h1
0.06 mgkios L
0.1 JFe(ll) citrate x H20 L1
R2 treed = 2.6 h 180
V4 VN
F =60-120 Lair h1
0.06 mgkios L
0.1 JFe(Ill) citrate x H20 L1
R3 VNc treed = 2.6h 198
2 mbrce1 L1
F =60— 120 Lair h1
1.2 gmgsos x 7H20 L
1.2 gmgsoa x7H20 L1
R1 0.1 gre(u) citrate x H20 Lt 25.2
tFeed = 2.6 N
three Rushton impellers
1.2 gmgso4 x 7Hzo Lt
1.2 gmgsoa x 7H20 LT
1 mbLycer L2
0.1 JFe(Ill) citrate x H20 L1
R2 1 mbLyces L? 22.8
three Rushton impellers
V5 1.7 gcitric acid L
F =60 - 120 Lair h?
treed = 2.6 N
1.2 gmgsoa x 7H20 LT
0.1 gre) citrate x H20 L1 1.2 gmgsoa x 7H20 LT
R3 1 mLvyces L? 1 mLrcer L? 12.0

1.7 Jcitric acid L1

three Rushton impellers

treed = 2.6 N
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Identification Bioreactor

Deviation process

Deviation feed

CDWhax I gx Lt

1.2 gmgsoa x 7 H2o L1

0.1 gre) citrate x H20 L1

1.2 gmgsoa x 7 Hzo LT

1 mbLrce1 L?
MMucoc
R4 1 mLvces L-1 14.4
1 mLrces L?
1.7 gcitric acid L
three Rushton impellers
treed = 2.6 h
F =60-120 Lar h?
1.2 gmgsoa x 7Hzo LT
0.1 gre) citrate x H20 L1 1.2 gmgsoa x 7H20 LT
V8 R4 three Rushton impellers 550 gaelucose Lt 31.2
T=30°C treed = 2.6 N
F =60 - 120 Lar h?
1.2 gmgsoa x 7H20 LT
0.1 JFe(Ill) citrate x H20 L1 VNmec
R1 three Rushton impellers 550 gaelucose Lt 12.9
0.0135 gcacos L instead of treed = 2.6 h
0.01 gcaciz L
vil 10 golucose Lt instead of 6 g L VNme
1.2 gmgsoa x 7 Hzo L1 600 galucose L1
0.1 gre() citrate x H20 Lt combination of
R2 23.4

three Rushton impellers
0.0135 gcacos Lt instead of
0.01 gcaciz Lt

exponential and
constant feed

tFeed = 2.6 N
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In V2, in addition to the commonly used TCE1 solution, different TCE were provided, which were
selected based on studies by Erian et al. (2018) and Nimbalkar et al. (2018). Further, yeast extract and
a combination of KlO3, MgSOa4 x 7 H20, and Fe(lll) citrate x H2.O were added to overcome possible
limitations. The provision of TCEZ2 solution had no clear advantage for the formation of biomass. A higher
CDW of 13.2 gx L* was obtained with yeast extract. The most beneficial effect was observed for the
addition of KIOs, MgSOs x 7 H20, and Fe(lll) citrate x H2O. A maximum CDW of 18.0 gx L was

achieved, which was about twice as high compared to the control group (bioreactor 1, R1) (Figure 11).
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Figure 11: Effect of different supplements on the cell dry weight for the fed-batch process V2. The
bioreactors are depicted as follows: bioreactor 1 in green, bioreactor 2 (supplemented with TCE2) in
orange, bioreactor 3 (supplemented with yeast extract) in light blue, and bioreactor 4 (supplemented

with KlOs, Fe(lll) citrate x H20, and MgSOa4 x 7 H20) in dark blue.

Following up, a next fermentation set (V3) was conducted to analyze which of the three supplements
was responsible for the improved growth. The results indicate that there seems to be a synergistic effect,
since the highest CDW of 30 gx L-! was achieved in the control group (V3_R1, Table 13), in which KIOs,
MgSOa4 x 7 H20, and Fe(lll) citrate x H20 were provided. Hence, the supplements were also added in
the following fermentations. In addition, the CDWmax was raised by 67% compared to V2_R4, possibly
caused by increasing the gassing rate from 60 to 90 Lair " when the DO fell below 10%, thus preventing
a drop to 0% (Figure 12). However, even before the gassing rate was adjusted, the DO remained stable

for a longer period of time.
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Figure 12: Influence of the gassing rate on the dissolved oxygen. The course of the dissolved oxygen
is depicted in dark blue for V2_R4 and in green for V3_R1. Both media in the bioreactors were
supplemented with KIOs and Fe(lll) citrate x H20, and had an elevated MgSO4 x 7 H20O concentration.

An arrow indicates the increase of the gassing rate from 60 to 90 Lair h2.

Next, a higher concentration of the VN minimal medium (VN¢) and twice the amount of TCE1 were
tested, but no improvement was observed (V4, Table 13). Furthermore, based on media from a high cell
density cultivation (HCDC) with E. coli and a fed-batch process with V. natriegens (Riesenberg et al.,
1991, Erian et al., 2020), the medium MMwcoc, the trace element solution TCE3, and the addition of citric
acid were tried. A variation of different feeds containing TCE solutions and citric acid was tested as well,
but none of the supplements resulted in a higher CDW compared to the reference (V5, Table 13). It was
speculated that KlOs, in contrast to MgSO4 x 7 H20 and Fe(lll) citrate x H20, did not contribute to an
improved biomass formation and was therefore no longer provided. This is also indicated by the results
of V3_R2, in which KIOs was added, but less CDW was formed compared to a process without the
additional supplementation (V2_R1, Table 13). None of the aforementioned compounds could further
improve the growth phase and the CDWmax. However, the addition of a third Rushton impeller (V5,
Table 13) resulted in an 18% increase of the OTR (Figure 13) and a 17% increase of the CDWmax.

Hence, all subsequent fermentations were conducted with a third Rushton impeller.
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Figure 13: Impact of a third Rushton impeller on cell dry weight and oxygen transfer rate. The course

over time is depicted for bioreactor 1 of V4 (dark blue) and V5 (light blue). Both bioreactors were

supplemented with Fe(lll) citrate x H2O and MgSOa4 x 7 H20. In V4, KlO3 was added as well. A third

Rushton impeller was installed in V5. The OTR is depicted in dark green for V4 and light green for V5.

In addition to the changes of the medium and feed, the effect of reducing the cultivation temperature to

30 °C was investigated as well (V8_R4, Table 13 and Figure 14).
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Figure 14: Growth of V. natriegens wildtype during a fed-batch process at different temperatures. On

the left, the control group cultivated at 37 °C (V7_R1) is depicted and on the right, a cultivation with a

reduced temperature of 30 °C (V8_R4) is shown. The cell dry weight is indicated by transparent circles

and the concentration of the metabolites are presented as follows: glucose (cross), acetate (circle),

pyruvate (diamond), succinate (triangle), and lactate (square).
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During the exponential growth phase, the culture grown at a temperature of 30 °C exhibited a reduced
u of 1.38 h'l. Subsequently, a p of 0.12 h-1 was obtained and a CDWmax of 31.2 gx L was reached within
30 h. Around 26 h, acetate formation occurred and the concentration in the medium increased to a total
of 9.2 g L'1. Subsequently, glucose accumulated to 7.0 g L%, and 8 g pyruvate L-! was secreted along
with about 0.5 g succinate and lactate L-1. The most recently performed fermentation V7 was used as a
control (Table 10 and Figure 14, left). At an optimal growth temperature of 37 °C, the p was significantly
increased by 30% (u = 1.8 h'1). During the fed-batch phase, the pset of 0.1 h"? was reached and an
identical CDWmax of 31.2 gx L was observed. Acetate began to accumulate as well at about 26 h to a
final concentration of 9.4 g L'1. Although no differences were found for acetate formation, a significant
reduction was measured for the other byproducts. No pyruvate formation occurred during the entire
cultivation and only during the last hour of the process low concentrations of about 0.1 g succinate and
lactate L-* were measured. As no positive effect of a reduced cultivation temperature was observed, all
subsequent fermentations were carried out at 37 °C unless otherwise indicated.

Based on a publication by Thiele et al. (2021), a final fermentation series (V11, Table 13) was performed
(Figure 15). Therefore, CaClz was substituted with CaCOs and, in addition, the medium VNmc was fed
(V11_R1). In V11_R2, a combination of different feed profiles was tested. First, the feeding rate was
increased exponentially for 4 h to reach a pset of 0.5 h'%, and then it was kept constant for the remainder

of the process.
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Figure 15: Growth of V. natriegens wildtype during a fed-batch process with a combined exponential
and constant feeding strategy. On the left, the VN medium was slightly modified (CaCOs was used) and
a multi-concentrated VN medium was fed. On the right, the initial glucose concentration was raised to
10 g glucose L and the feeding was delayed for 1 h. After 4 h, the exponential feed was changed to a
constant feed. The cell dry weight is indicated by transparent circles and the concentrations of the
metabolites are presented as follows: glucose (cross), acetate (circle), pyruvate (diamond), succinate

(triangle), and lactate (square).
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No significant differences were observed during the exponential growth phase. In both bioreactors,
V. natriegens grew with a p of 1.74 -1.78 h1, yielded 0.55-0.56 gxgs?!, and showed a gs of
3.16 gs gx* h'l. However, the alteration of the medium and its feeding resulted in a higher CDW. In
bioreactor 1, the cells grew with a p of 0.09 h'! to a CDW of 12.9 gx L* during the fed-batch phase. At
the end of the fermentation, about 2 g acetate L1, 1 g pyruvate L1, and 0.2 g lactate L were detected.
After 26 h, glucose accumulated to 0.4 g L (Figure 15, left). The combination of exponential and
constant feeding resulted in 23.4 gx L* within only 12 h (Figure 15, right). However, around 7 h, the DO
dropped drastically to 1 —2% and remained there until the end of the fermentation. At this time,
byproduct formation increased sharply and high concentrations of succinate (10.7 g L!) and acetate
(7.5 g L't) were measured. Lactate and pyruvate were secreted as well, but in smaller amounts (between
0.6 and 0.8 g L?). The pset of 0.5 h't was not reached and only a p of 0.37 h-1 was obtained.

Hitherto, the best approach to achieve a high CDW while reducing byproduct formation for V. natriegens
wt has been a reduction of the growth rate during the fed-batch phase to 0.1 h'! and the addition of a
third Rushton impeller to enable higher OTRs. Furthermore, the supplementation of
0.1 g Fe(lll) citrate x H20 together with 1.2 g MgSOa4 x 7 H20 L promoted biomass formation, and thus

these changes were adopted for all subsequent processes (V11 — V17).

3.2.3. Characterization of V. natriegens wildtype in a fed-batch
process

V. natriegens wt grew with a growth rate of 1.67 + 0.01 h-* and exhibited a Yxs of 0.49 + 0.01 gx gs*
and a gs of 3.44 + 0.10 gs gx* h'! during the exponential growth phase of a fed-batch process. Acetate
rapidly accumulated to 1.2 g L? in the medium, but it was quickly reutilized after 2.6 h when glucose-
limited conditions were introduced (Figure 16B). During the fed-batch phase, the growth rate was limited
to 0.10 £ 0.01 h. A Yxs and a gs of 0.36 + 0.01 gx gs* and 0.27 + 0.01 gs gx* h'l, respectively, were
observed. After 24 h, the DO dropped below 5% (Figure 16A) and acetate secretion resumed.
Thereafter, pyruvate accumulated as well, and after 28 h, a decline of the growth rate and subsequently
of the CDW was measurable. In total, 13.78 £ 0.62 g acetate L' and 10.77 + 1.06 g pyruvate L* were
formed. A maximum CDW of 28.40 + 0.75 gx L'* was achieved (Figure 16A and B).

During the process, an increased viscosity was observed and later confirmed via rotational rheometer
measurements. At the end of the process, the highest viscosity n of 3,344 £ 903 mPa s (at a shear rate
of 0.1 s'1) was detected, which corresponds to an increase by a factor of 800 compared to the beginning

of the process (Figure 16B).
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Figure 16: Final glucose-limited fed-batch process with V. natriegens wildtype. The courses of the cell
dry weight (hollow circle) and dissolved oxygen (dark blue) are shown in (A). The concentrations of
acetate (circle), pyruvate (square), and viscosity (green line) measured at a shear rate of 0.1 s are
depicted in (B). Results shown are means and standard deviations (error bars for cell dry weight and
metabolites; gray line for dissolved oxygen) of three independent experiments. The arrow indicates a

deviation from the growth rate pset. (Schulze et al., 2023)
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3.3. Exopolysaccharides

In glucose-limited fed-batch processes with V. natriegens wt, an 800-fold increase in viscosity was
observed. It was speculated that the formation of EPS was the cause for this. Therefore, genes and
gene clusters that might be involved in EPS formation were deleted in order to find potential targets to
affect EPS formation in V. natriegens. This resulted in the following EPS mutant strains:

V. natriegens AcpsR, V. natriegens AwbfF, V. natriegens Acps, V. natriegens Asyp Acps,
V. natriegens AluxS, and V. natriegens AsypK. CpsR was chosen as it is already described as a positive
transcriptional regulator for EPS formation. Two EPS gene clusters, syp and cps, were identified and
subsequently removed. Within the genomic region of the syp cluster is the gene sypK located. The
deletion of this gene could significantly reduce EPS formation in V. diabolicus, and was therefore
removed as well. Further, the gene wbfF was targeted as it is associated with the formation of CPS.
Finally, the gene luxS, which encodes for an Al-synthase, was selected. These strains were thereupon
characterized for their ability to produce EPS, first in shaking flask cultures and then in glucose-limited

fed-batch fermentations.

3.3.1. EPS mutant strains in shaking flasks

Shaking flasks cultivations in VN minimal medium on glucose were conducted with V. natriegens wt and
the EPS mutant strains. A wt-like growth was observed for all stains except for V. natriegens AwbfF,

which had a prolonged lag phase and subsequently grew with a reduced p of 1.46 + 0.04 h-! (Figure 17).

10.00 1
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Figure 17: Course of the cell dry weight of the EPS mutant strains in shaking flasks. The strains are
depicted as follows: V. natriegens wildtype (black), V. natriegens AcpsR (orange), V. natriegens AwbfF
(dark blue), V. natriegens Acps (light blue), V. natriegens Asyp Acps (olive green), V. natriegens AluxS
(light green), and V. natriegens AsypK (dark orange). Results given are means and standard deviations

of biological triplicates.
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The wt yielded 0.47 £ 0.03 gx gs! and showed a gs of 3.35+ 0.27 gs gx* h'l. Besides biomass,

1.02 £ 0.03 g acetate L1, 1.97 + 0.16 g pyruvate L1, and 0.21 + 0.04 g lactate L-* were produced. No

succinate was detected. Glucose was not depleted and 0.90 + 0.25 g L* remained at the end of the

cultivation. After 3.5 h, a maximum CDW of 3.06 + 0.26 gx L't was reached. All EPS mutant strains

showed similar characteristics as the wt. The only noteworthy difference was a slightly increased acetate

concentration (1.24 + 0.05 g LY) for V. natriegens AwbfF. A detailed overview of the growth kinetics,

CDW, and byproduct formation is given in the following Table 14.

Table 14: Growth parameters for V. natriegens wildtype and the EPS mutant strains. Results given are

means and standard deviations of three independent biological replicates.

V. natriegens

Growth
parameters wt AcpsR AwbfF Acps Asyp Acps AluxS AsypK
u|ht 156 +0.01 1.55+0.02 1.46+0.04 1.58+0.03 1.60+0.08 1.56+0.03 1.59+0.05
Yxis| gx gs?t 0.47+£0.03 0.44+0.04 0.46+0.04 0.48+0.02 051+0.10 0.46+0.04 0.47+0.02
gs | gs gxt ht 3.35+0.27 352+0.30 3.22+0.20 3.33+0.11 3.24+0.46 3.45+0.35 3.42+0.29
CAcetatemax | g LT 1.02+0.03 1.00+0.01 1.24+0.05 1.02+0.03 1.00+0.01 1.10+0.03 1.12+0.05
Chyrwvatemax | g L1 1.97 £0.16 2.06+0.04 1.89+0.04 2.06+0.04 2.09+0.01 2.00+0.14 1.97+0.15
Clactatemax | g LT 0.21+£0.04 0.27+0.01 0.24+0.04 0.24+0.04 0.24+0.04 0.21+0.04 0.18+0.01
Colucoselet | g LT 0.90+0.25 1.08+0.15 1.14+0.31 1.02+0.22 0.96+0.31 0.90+0.15 0.78+0.31
CDWnmax | gxL? 3.06+0.26 2.96+0.06 2.80+0.07 2.83+0.09 293+0.16 272+0.19 2.94+0.05
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3.3.2. Pre-characterization of EPS mutant strains in a fed-batch
process

A first fed-batch series (V7) was conducted with the EPS mutant strains V. natriegens Aluxs,

V. natriegens AcpsR, and V. natriegens AsypK and a comparison was made to the wit.
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Figure 18: The course of the oxygen transfer rate as well as the concentration of glucose and cell dry
weight for V. natriegens wildtype (black), V. natriegens AcpsR (orange), V. natriegens AluxS (green),
and V. natriegens AsypK (blue). On the left, the cell dry weight (hollow circle) and glucose concentration

(cross) are shown over time. The oxygen transfer rates over time are depicted on the right.

The course of the CDW over time was similar for all strains (Figure 18, left), and CDWs between 31 and
32 gx Lt were achieved, with the exception of V. natriegens AcpsR, which reached only 28 gx L.
Glucose was depleted shortly after the fed-batch phase was initiated, and no further accumulation
occurred during the process for all strains (Figure 18, left). Furthermore, almost no byproduct formation
was detected after 31 h (Cbyproducts excluding acetate < 0.4 g L1), apart from acetate, which accumulated
between 5 and 9 g L! in the medium. The highest concentration was found for the wt and the lowest for
V. natriegens AsypK.

The EPS concentration was determined for the 31 h samples. The wt produced 367 mg EPS L. A
higher value of 405 mg EPS L* was obtained for V. natriegens AluxS. By far the highest concentration
was measured for V. natriegens AsypK, which produced 2.5 times more EPS (925 mg EPS L) than the
wt. The only gene deletion that actually reduced the formation of EPS was cpsR. This strain produced
292 mg EPS L1, which corresponds to a reduction of 20% compared to the wt. It was assumed that the
reduction of EPS formation had a positive impact on the OTR in the bioreactors (Figure 18, right). For
V. natriegens AcpsR, which secreted the least EPS, the highest OTRmax of 207 mM-! h-1 was observed.
However, although V. natriegens AsypK secreted far more EPS, the course of the OTR was similar to
that of the wt, and an OTRmax of around 150 mM-! h-1 was obtained for both strains. The OTR during the

cultivation with V. natriegens AluxS was about 20% higher compared to the wt.
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In addition to the EPS concentration, the composition was analyzed as well (Table 15). The EPS
produced by V. natriegens AluxS was very similar to V. natriegens wt and no significant deviations were
found. For V. natriegens AsypK, the same was true for glucose, galacturonic acid, and rhamnose.
However, about 30% more galactose and reduced values for the remaining carbohydrates were found
(3% fucose, 1% glucosamine, and 6% ribose). The EPS of V. natriegens AcpsR differed the most from
the EPS produced by the wt and the other mutant strains. The EPS is characterized by a reduced
glucose content of 42% and a remarkably higher rhamnose content of 24%. Furthermore, the galactose
content was significantly reduced to 9%. The values for galacturonic acid, fucose, glucosamine, and

ribose were slightly higher compared to the EPS produced by the other strains.

Table 15: Carbohydrate content of the exopolysaccharides produced by different V. natriegens strains
in fed-batch processes. Results given are mean values of technical triplicates of the 31 h samples for

the wildtype and the EPS mutant strains.

V. natriegens

Carbohydrate
content |
mass % (31 h) wt AluxS AcpsR AsypK
Glucose 51 53 42 52
Galactose 17 16 9 22
Galacturonic acid 2 3 5 2
Rhamnose 14 13 24 13
Fucose 6 6 8 3
Glucosamine 2 2 3 1
Ribose 8 8 9 6

Since the deletions of luxS and sypK did not result in a reduced EPS formation, no further experiments
were conducted with these strains. Instead, new EPS mutant strains (V. natriegens AwbfF,
V. natriegens Acps, and V. natriegens Asyp Acps) were characterized in subsequent fed-batch

processes, which are described in the following subchapter.
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3.3.3. Characterization of EPS mutant strains in a fed-batch
process

The strains V. natriegens AwbfF, V. natriegens Acps, and V. natriegens Asyp Acps were characterized
in addition to V. natriegens AcpsR and to the wt with respect to their growth parameters, substrate
consumption, and product formation. During the processes, samples were taken for rheological
measurements to investigate a possible correlation between EPS formation, viscosity and the OTR. In
addition, the course of EPS formation was analyzed and the composition over the 22 — 28 h period was
considered rather than just the endpoint determinations.

During the unlimited growth phase, all strains carrying single gene deletions grew wt-like
(uwt = 1.67 h'1), whereas V. natriegens Asyp Acps showed a slightly reduced p of 1.52 +0.08 hl,
During the feeding phase, maximal CDWs between 24 and 28 gx L' were reached and the Hset of
0.1 h'1 remained stable until around 26 h. Subsequently, the CDW decreased and glucose accumulated
in the medium (Figure 19A). The formation of the most abundant byproducts, acetate and pyruvate,
started already after 24 h. The concentration for both metabolites was significantly reduced for the
deletion strains compared to the wt strain, which produced 13.78 +0.62 g acetate L't and
10.77 £ 1.06 g pyruvate L. Among the mutant strains, V. natriegens AwbfF secreted the most pyruvate
(2.67 £ 0.46 g L), whereas V. natriegens Asyp Acps produced the least (0.06 = 0.04 g L'1). The highest
acetate concentration was detected for V. natriegens Acps (7.54 + 0.90 g L'1) and the lowest one for
V. natriegens AwbfF (5.18 +1.61gL?). At the end of the process, small amounts of succinate
(£0.5gL?) were present in all cultivations and the deletion strains additionally formed lactate

(0.7 g LY).
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Figure 19: Glucose-limited  fed-batch  processes  with V. natriegens wildtype  (black),
V. natriegens AcpsR (orange), V. natriegens AwbfF (dark blue), V. natriegens Acps (light blue), and
V. natriegens Asyp Acps (green). The courses of cell dry weight (hollow circle) and glucose
concentration (cross) are shown in (A). In (B), the oxygen transfer rate (bar) is depicted over time. The
course of the viscosity (diamond) measured at a shear rate of 0.1 s is shown in (C) and the EPS
concentrations are pictured in (D). Results given are means and standard deviations of three

independent biological replicates. (Schulze et al., 2023)

The OTR in the bioreactor with the wt increased steadily, peaked at the end of the batch phase, and
thereafter continued to rise to a maximum OTR of 132 £+ 3 mM-! h'! at 24 h. The course over time was
similar for the bioreactors with the EPS mutant strains. However, the OTR further increased up to
26 — 28 h and an OTRmax of around 170 mM h-! was observed (Figure 19B). During the cultivation, the
wt produced 157 + 20 mg EPS L and a steady increase of the viscosity up to 3,344 £ 903 mPa s was
measured (Figure 19C). For V. natriegens AwbfF, a continuously increasing EPS concentration was
found as well, and the highest concentration of 299 + 69 mg EPS L! was observed. However, although
the EPS concentration increased throughout the process, the viscosity peaked at 22 h with
1,054 + 203 mPa s and subsequently declined to 15 +5 mPa s at the end of the fermentation. The
bioreactor broths for both strains exhibited a shear thinning behavior (Figure A1 and Figure A2). The

cultivations with the remaining deletion strains showed no alterations of the viscosity and remained
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constantly low between 3+ 1 mPas and 7 + 1 mPa s (Figure 19C). Nevertheless, all three strains still
secreted EPS into the medium (Figure 19D). V. natriegens AcpsR produced 176 + 8 mg EPS L! and
both strains carrying the EPS cluster deletions formed about 80 mg EPS L. The aforementioned KPIs

are summarized in Table 16.

Table 16: Growth parameters, substrate and metabolite concentrations, as well as the viscosity for fed-
batch processes with V. natriegens wildtype and the given deletion mutants. Results given are means

and standard deviations of three independent biological replicates. (Schulze et al., 2023)

V. natriegens

KPI
wt AcpsR AwbfF Acps Asyp Acps
plht 1.67 £0.01 1.63+0.03 1.57 £ 0.09 1.66 +0.05 1.52 +0.08
2— Yxs| gx gst 0.49 +0.01 0.45+0.01 0.36 £ 0.01 0.46 + 0.05 0.42 £ 0.03
[8]
o
@ gs|gs gxth? 3.44+0.10 3.66 £ 0.05 441 +0.33 3.66 +0.27 3.61 +£0.09
plht 0.10 £ 0.01 0.10 £ 0.01 0.11 +0.01 0.10+0.01 0.10 £ 0.01
Yxs| gx gst 0.36 £0.01 0.37 £0.03 0.40 £ 0.01 0.32+0.02 0.36 £ 0.03
gs|gs gxth? 0.27 £0.01 0.28 +0.01 0.27 £ 0.01 0.31+0.02 0.28 £0.01
g
s CDWhmax | gx Lt 28.4+0.75 27.6+1.70 26.6 £2.04 24.8+£0.75 24.2+0.75
5
_g Nmax | MPa s 3,344 £ 903 31 1,054 + 203 51 7+1
i
OTRmax | mmol Lt ht 132+3 165+ 2 169+ 4 161 + 13 173+6
Chcetatmax | g L2 13.78 £ 0.62 6.97 £0.21 5.18 +1.61 7.54 +£0.90 5.41 £ 0.50
Cpyruvatemax | g L? 10.77 £ 1.06 0.38 +0.53 2.67 £ 0.46 0.87 +1.17 0.06 + 0.04
Cepsmax | Mg L 157 £ 20 176 £ 8 299 + 69 82+14 837

Next, the composition of EPS was analyzed (Table 17) and the same seven carbohydrates were found
for all strains as in the previous measurements (3.3.2). The EPS of the strains V. natriegens AcpsR,
V. natriegens Acps, and V. natriegens Asyp Acps had a reduced glucose content of around 35%
compared to the wt and V. natriegens AwbfF. High similarities were observed for the strains with the
EPS gene cluster deletions. Both strains had a higher galacturonic acid, glucosamine, and ribose
content by a factor of around 2 to 3 in comparison to the wt. The same increased ribose content was
observed for V. natriegens AcpsR. In addition, rhamnose was increased by a factor of 2.5, but only

about one third of galactose was detected. In contrast, the EPS produced by V. natriegens AwbfF had
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the highest galactose (22%) and lowest rhamnose (3%) content. No fucose was detected for this strain

or for V. natriegens Acps and V. natriegens Asyp Acps.

Table 17: Carbohydrate content of exopolysaccharides secreted between 22 and 28 h during fed-batch
processes. Results given are means and standard deviations of three independent biological replicates.
For fucose, “trace” indicates a lower value than the limit of quantification (< 2 mg L). (Schulze et al.,

2023)

Carbohydrate V. natriegens
Content | mass %

(22-28h) wt AcpsR AwbfF Acps Asyp Acps
Glucose 53+6 36+2 64 + 4 34+10 36+3
Galactose 14+4 51 22+2 13+£2 14+2
Galacturonic acid 72 61 51 15+3 15+2
Rhamnose 12+4 302 3%2 18+8 162
Fucose 41 6+1 trace 0+1 0x1
Glucosamine 51 51 31 18+ 11 11+2
Ribose 6+2 12+1 4+1 12+5 8x1

3.3.4. Analysis of transcriptomic data

Whole transcriptome analysis was performed on samples collected during the mid-exponential growth
phase of shaking flask cultures in VN medium containing glucose to identify changes at the
transcriptional level of V. natriegens AcpsR and V. natriegens Acps compared to V. natriegens wt.
Cultivations were performed as biological triplicates and the cells were harvested at a CDW of
0.5 gx L'1. Table 18 provides an overview of the significantly up- or downregulated genes, to which a

clear function could be assigned.
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Table 18: Log?2 fold-change of genes from V. natriegens AcpsR and V. natriegens Acps compared to

V. natriegens wt. Annotations were adopted from kegg.jp. Data obtained from Genewiz were filtered

using a log2 fold-change of + 1.5 and an adjusted p-value of < 0.05. A slash indicates that no significant

change was observed.

Log2 fold-change for

V. natriegens

Description Genes Annotation Acps AcpsR
PN96_00320 Protein MshK / -1.6
PN96_00325 Protein MshL / -1.8
Mannose-sensitive PN96_00330 Protein MshM / -1.8
hemagglutinin
(MSHA) pilus )
biogenesis protein PN96_00335 Protein MShN / -1.8
PN96_00340 Protein MshE / -1.9
PN96_00345 Protein MshG / -1.9
PN96_02585 Histidine kinase / -2.4
PN96_02590 Regulator FIrC / 2.4
Flagellar hook-basal
PN96_02595 body protein FIiE f 2.1
PN96_02600 Flagellar M-ring / 26
protein FliF
PN96_02605 Flagellar motor_ switch / 23
protein FliG
PN96 02610 FIageIIar_ass_emny / 21
- protein FliH
Flagellar synthesis
Flagellum-specific )
PN96_02615 ATP synthase / 2.1
PN96_02620 Flagellar protein FliJ / 2.1
PN96 02625 Flagellar hook-length / 23
- control protein FliK
PN96_02630 Flagellar protein FIliL / 2.4
PN96_02635 Flagellar motor switch / 21
protein FliM
PN96_02640 Flagellar motor switch / 21

protein FIliN
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PN96_02645 Flagellar protein FIiO / -2.0
PN96_02650 Flagellar protein FliP / 2.1
PN96_02655 Flagellar protein FliQ / -1.8
PN96_02660 Flagellar protein FliR / -1.8
PN96_02665 Flagellar protein FIhB / -1.5
PN96_02670 Flagellar protein FIhA / 2.4
Flagellar biosynthesis
PN96_02675 regulator FIhF / 25
PN96_02680 Flagellar protein FIhG / -1.8
CpsR regulator PN96_10960 Positive regulator of / 78
biofilm formation
Polysaccharide
PN96_14985 biosynthesis protein / /
VpsM
Polysaccharide
PN96_14990 biosynthesis/export / /
protein VpsN
Polysaccharide
PN96_14995 biosynthesis transport -8.0 /
protein
PN96 15000 Capsular blo_syntheS|s 73 /
- protein
PN96_15005 Capsular blo_syntheS|s 76 /
protein
cps cluster
PN96_15010 Ligase -8.0 /
PN96_15015 Capsular blo_synthe3|s 78 /
protein
PN96_15020 Capsular blo_synthe3|s 81 /
protein
PN96 15025 Capsular blo_synthe3|s 77 /
- protein
Polysaccharide
PN96_15030 biosynthesis protein -7.2 /
VpsQ
PN96_15035 N4-acetylcytidine 10.3 /

amidohydrolase
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TetR family
PN96_15040 transcriptional -10.7 /
regulator

NADP-dependent

PN96_ 15045 : -10.8 /
- oxidoreductase
PN96_15050 Glutathione S- 47 /
transferase
Pilus synthesis PN96_01805 Pilus assembly / 2.0

protein Flp/PilA

For the transcriptomic data of V. natriegens Acps, hardly any significant changes were observed
compared to V. natriegens wt. Besides the downregulation of the cps cluster, five other genes were
affected. Genes presumably belonging to a peptidase (PN96_04095), a chromosome condensation
regulator (PN96_10180), and a maltoporin (PN96_06530) had a log2 fold-change of -1.6 and an ABC
transporter ATPase of -3.5 (PN96_10160). The transcription of a gene (PN96_15600) encoding a 4-a-
glucanotransferase was increased by a factor of 3. For V. natriegens AcpsR, no alterations in the gene
expression of the cps cluster were detected (Table 18). In addition to the downregulation of the cpsR
gene, the transcription of several other genes involved in the synthesis of pili and flagella was decreased
(Table 18). Furthermore, Log2 fold-changes of -1.6 and -2.5 were measured for genes presumably

encoding for aquaporin (PN96_02980) and ATPase (PN96_07805), respectively.

3.4. Succinate production

V. natriegens wt was engineered to produce succinate under anaerobic conditions while preventing
byproduct formation. Shaking flask experiments, batch and fed-batch fermentations were performed to
characterize the resulting strains V. natriegens Succl and V. natriegens Succl AackA. The additional
deletion of the ackA gene, which encodes for an acetate kinase, was performed to reduce the formation

of acetate, as it is a major byproduct of succinate production (Figure 3).

3.4.1. Strain characterization in aerobic shaking flasks

Aerobic growth experiments were conducted in baffled shaking flasks to characterize the growth,
glucose consumption, and product formation. V. natriegens Succl grew with 1.38 + 0.02 h1, had a Yxs
of 0.47 £ 0.07 gx gs'1, and showed a gs of 3.01 £ 0.56 gs gx* hl. V. natriegens Succl AackA exhibited
apofl1l.36+0.05h? aYxsof 0.53+0.07 gx gst, and a gs of 2.61 + 0.34 gs gx* h’. The performance
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of both strains was quite similar (Figure 20). The strains grew exponentially for about 3 h. Glucose was
not depleted and around 1 g L-* remained. The most abundant product was pyruvate (3 g L), and small
amounts of acetate (< 0.75 g L), succinate (< 0.15 g L), and ethanol (< 0.11 g L'%) were found for both

strains. No formate or lactate formation occurred during cultivation.

10.0 10.0 3 - 12

Time | h Time | h

Figure 20: Growth of V. natriegens Succl (left) and V. natriegens Succl AackA (right) in shaking flasks
with VN minimal medium. The cell dry weight is represented by transparent circles and the course of
glucose by crosses. Formed products are pictured as follows: acetate (circle), pyruvate (diamond),
succinate (triangle), and lactate (square). Results shown are means and standard deviations of three

independent biological replicates.

3.4.2. Strain characterization in anaerobic falcons

The ability of the mutants to form succinate was tested under anaerobic conditions in falcon tubes and
compared to the wt (Figure 21). The wt depleted glucose within 3 h and formed the least amount of
succinate (1.55 £ 0.05 g L1). Both engineered strains produced more than twice as much succinate and
consumed the glucose completely. However, in contrast to the others, V. natriegens Succl needed
about 5h for glucose depletion. It produced 4.29 + 0.19 g succinate L and showed a Ypss of
1.34 + 0.07 molsuc moleict. V. natriegens Succl AackA secreted 4.72 £0.20 gsuc L' and yielded
1.48 + 0.06 molsuc molaict, which corresponds to 87% of the theoretical maximum. Small amounts below
0.1 g pyruvate L* were detected and higher concentrations were observed for acetate. The wt formed
the most with 1.02 + 0.07 g acetate L' and V. natriegens Succl AackA produced the least with
0.45 + 0.06 g acetate L'X. The CDW remained stable at about 1.5 gx L* for all strains during the

cultivation.
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Figure 21: Glucose consumption and (by)product formation of V. natriegens wildtype (triangle),
V. natriegens Succl (circle), and V. natriegens Succl AackA (square) under anaerobic conditions in
falcon tubes. The time course of glucose is shown with black lines. Acetate is represented by orange
lines and succinate formation by green lines. Results given are means and standard deviations of three

independent biological replicates.

3.4.3. Process development for anaerobic succinate production

Several fermentations were carried out to establish and optimize a succinate production process with
engineered V. natriegens. An overview is given in Table 19. A first attempt (VA) was made to develop a
process. Therefore, three 1 L shaking flasks containing 0.2 L 2xYTN medium were inoculated with
V. natriegens Succl AackA. The cells were harvested during the exponential growth phase and used to
inoculate three bioreactor precultures with 1 L 2xYTN medium, which were then used to inoculate a VN
minimal medium bioreactor culture (V = 0.5 L). In this resting cell approach, high biomass and glucose
concentrations were used (17.1 gx L* and 225 g glucose L), and CO: gassing was applied to achieve
anaerobic conditions and to provide additional carbon for the synthesis of succinate. However, almost
no succinate (0.9 gL?') was produced. Further fermentations (VB and VC) with V. natriegens
Succl AackA were conducted at lower CDW, 100 g glucose L, and with the additional supplementation
of KHCOs for anaplerotic carboxylation reactions, but the succinate titer was not improved.

Another series of fermentations (Vd — Vf_R2) was carried out in which the bioreactor precultures were
eliminated. The final concentration of succinate remained low. However, two fermentations (Ve, Vf_R1)
were conducted with V. natriegens Succl AackA, which achieved succinate titers in a low gram range.
In both processes, CO2 gassing was omitted and instead only the headspace of the bioreactor was
flushed with CO: for 5min to displace the oxygen. The highest concentration so far of
14.2 g succinate L't was obtained from 100 g glucose L* with a low CDW of 1.4 gx L (Vf_R1). In

comparison, a parallel bioreactor with the same preculture but with CO2 gassing achieved only
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0.5 g succinate L? (Vf_R2). These results indicated a strong negative effect of submerged CO2 gassing.
Therefore, it was no longer used.

Next, the bioreactor preculture was reintroduced and furthermore, microaerobic conditions were
established. A titer of 4.3 g succinate L* was achieved in VF with V. natriegens Succl AackA. A Qp of
2.1 gsuc LT h't and a Ypss of 0.89 molsuc moleic? were obtained. To investigate whether the microaerobic
conditions in the bioreactor preculture were responsible for the increased titer, another fermentation with
V. natriegens Succl AackA was performed with two parallel bioreactors, one inoculated with an aerobic
(VG_R3) and the other with a microaerobic bioreactor preculture (VG_R4). Only 0.1 gsuccinate L were
produced in the first mentioned process, whereas 3.4 g succinate L* were formed from 5 g glucose L
when a microaerobic preculture was used. Based on these results, all subsequent processes were
performed using microaerobic bioreactor precultures. VG_R4 was repeated with V. natriegens Succl,
using a higher CDW of 12.5 gx L instead of 1.2 gx L. In this process, VH, a titer of 4.3 g succinate L
was reached within 1 h, and thus for the first time a productivity was achieved that meets the
requirements of industrial production, although the titer has to be increased considerably. All further
processes were carried out with V. natriegens Succl.

In the next fermentations, more KHCO3 (VI_R3) and glucose (VI_R4) were supplied. However, the Qp
was low in both cases with about 1.6 gsuc L h"2. Only a combination of high concentrations of CDW,
glucose, and KHCOs (VJ) achieved good results. A total of 34.4 g succinate L1 was produced with an
excellent Qp of 11.5 gsuc LT hl. A Ypis of 1.10 molsuc moleic! was obtained. Although the process
duration of 3 h was short, the Qp already decreased by 12% after 2 h. Further improvement attempts
were made to keep the productivity high and to prolong the production phase. The addition of two KHCO3
pulses and one glucose pulse in VK had no beneficial effect. The number and the concentration of the
pulses were reduced in VL to one pulse with 400 mM KHCO3s and one with 50 g glucose L after 6 h.
Prior to the addition of the pulses, V. natriegens Succl produced a high titer of 61.5 g succinate L.
However, no extended succinate production was observed thereafter, and thus the process was
repeated (VM) without additional pulses. This process achieved the highest titer so far (69.6 gsuc L?).
However, a decreased Qr (7.0 gsuc L h'1) was observed.

The most promising results were obtained with the process VN. The main culture contained 0.4 L of VN
medium with 100 g glucose L' and 150 mM KHCOs. A feed with 100 mM KHCOs h'' was applied
immediately after inoculation. Within 7 h, V. natriegens Succl produced 60.2 g succinate L'* and
reached a Ypis of 1.17 molsuc moleict. Moreover, a remarkable maximum Qp of 21.5 gsuc L'* h'l was
achieved with an overall Qp of 8.6 gsuc L't ht. Although the Qe decreased over time, as already
observed, the value was still higher after 3 h (15.2 gsuc Lt h't) compared to VJ. To avoid possible
overfeeding, a final fermentation was conducted in which the feed was successively reduced to 75 and
finally to 50 mM KHCOs h't. However, after 7 h, the titer and Qp were reduced (50.5 g succinate L** and

7.2 gsuc L1 h'1) and the Ypis was the same as in VN. Hence, the best performing process was VN, which
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was then reproduced twice (VP and VQ) to obtain a triplicate. The final results are presented in the

following subchapter.

Table 19: Development of an anaerobic process for the production of succinate. From VK onwards, the

main cultures were conducted in 0.4 L VN medium instead of the previous 0.5 L. The complex medium

in VA — VG did not contain 50 mMwgci2. The pH was adjusted to 7.5 and the temperature to 37 °C. n.d.

stands for not determined.

Yess |
Provision of CDW | Provision Titer | Qr |
ID Preculture Strain molsuc
CO2/HCO3 gxLt ofglucose gL?! gLtht?
moleic?
3x0.2L2xYTN SF
Succl
VA 3x1.0L2xYTN Fco2=15L h? 17.1 225 geic Lt 0.9 0.4 n.d.
AackA
Bioreactor (aerobic)
4x0.2L2xYTN SF Succl
200 mMMkHcos
VB 4x1.0L2xYTN AackA 7.8 100 ggic L 0.4 0.2 n.d.
Fco2=15L ht
Bioreactor (aerobic)
4x0.2L2xYTN SF
100 mMkHcos Succl
VvC 4x1.0L2xYTN 13.8 100 geic L 0.4 0.4 n.d.
Fco2=15Lht  AackA
Bioreactor (aerobic)
100 mMMkHco3 Succl
vd 20x 0.2 L 2xYTN SF 14.4 50 gaic L 0.6 0.2 n.d.
Fco2=12L h?  AackA
12 x0.05 L 2xYTN Succl
Ve 100 mMkHcos 1.5 5golc L 4.1 1.4 0.88
SF AackA
10 x 0.05 L 2xYTN Succl
Vi R1 100 mMkHcos 1.4 100 goic Lt 14.2 0.7 n.d.
SF AackA
10 x 0.05 L 2xYTN 100 mMkHcos Succl
Vi R2 1.3 5 goic L 0.5 0.1 0.52
SF Fco2=6Lh? AackA

78



Yess |

Provision of CDW/| Provision Titer | Qr |
ID Preculture Strain molsuc
CO2/HCOs gxL? ofglucose gL' gL'h?
molgic?t
2x0.05L 2xYTN SF
1x1.0L2xYTN Succl
VF 100 mMMkHcos 1.6 5 golc L 4.3 2.1 0.89
Bioreactor AackA
(microaerobic)
2x0.05L 2xYTN SF
Succl
VG_R3 1x1.0L2xYTN 100 mMkHcos 1.9 5 gaic L 0.1 0.1 0.20
AackA
Bioreactor (aerobic)
2x0.05L 2xYTN SF
1x1.0L2xYTN Succl
VG_R4 100 mMMkHcos 1.2 5 geic L 3.4 1.6 1.04
Bioreactor AackA
(microaerobic)
9 x0.05L 2xYTN SF
3x1.5L2xYTN
VH 100 mMMkHcos Succl 125 5 goic L 4.3 4.3 1.33
Bioreactor
(microaerobic)
3x0.05L 2xYTN SF
1x15L2xYTN
VI_R3 400 mMkhcos Succl 1.5 5golc L 4.6 1.6 1.38
Bioreactor
(microaerobic)
3x0.05L 2xYTN SF 20 mMkhcos
1x15L2xYTN feed with
VI_R4 Succl 1.4 50 geic Lt 13.0 1.6 1.15
Bioreactor 50 mMkHcoz ht
(microaerobic) att=0h
9x0.05L 2xYTN SF
3x15L2xYTN
VJ 400 mMkhcos Succl 135 50 gelc Lt 34.4 11.5 1.10

Bioreactor

(microaerobic)
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Yess |

Provision of CDW/| Provision Titer | Qr |
ID Preculture Strain molsuc
CO2/HCOs gxL? ofglucose gL' gL'h?
molaic™
9x0.05L2xYTN SF 400 mMkHcos 100 gale Lt
3x1.5L2xYTN puls with puls with
VK Succl 195 354 5.9 0.93
Bioreactor 400 mMkhcos 100 galcL?
(microaerobic) att=2and 6 h att=6h
9x0.05L2xYTNSF 400 mMkHcos 100 goic Lt
3x1.5L2xYTN puls with puls with
VL Succl 17.1 61.5 34 0.64
Bioreactor 200 mMMkHco3 50 golc L?
(microaerobic) att=6nh att=6h
9x0.05L 2xYTN SF
3x1.5L2xYTN
VM 400 mMkhcos Succl 13.2 100gecL? 69.6 7.0 1.30
Bioreactor
(microaerobic)
9x0.05L2xYTN SF 150 mMkHcos
3x15L2xYTN feed with
VN Succl 180 100gecL? 60.2 8.6 1.17
Bioreactor 100 mMkHcos ht
(microaerobic) att=0h
200 mMkHcos
applied feed:
9x0.05L 2xYTN SF 0-3h:
3x1.5L2xYTN 100 mMkhcos h?
VO Succl 213 150gecL? 505 7.2 1.17
Bioreactor 3-4h:
(microaerobic) 75 mMMkhcos ht
4-20.75h:
50 mMkhcos ht
9 x 0.05L 2xYTN SF 150 mMMkHcos
3x1.5L2xYTN feed with
VP Succl 198 100gecL?! 60.8 8.7 1.15

Bioreactor

(microaerobic)

100 mMkhcos h?t

att=0h
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Yess |

Provision of CDW/| Provision Titer | Qr |
ID Preculture Strain molsuc
CO2/HCOs gxL? ofglucose gL' gL'h?
molaic™
9 x0.05L 2xYTN SF 150 mMkhcos
3x1.5L2xYTN feed with
VQ Succl 174 100 geic L*  61.8 8.8 1.11

Bioreactor 100 mMkhcos ht

(microaerobic) att=0h

3.4.4. Final succinate production process

A final succinate process was performed as a triplicate using V. natriegens Succl, which consisted of

the processes VN, VP, and VQ (Table 19, and Figure 22). The main culture was inoculated with

18.40 £ 1.02 gx L? from cells grown under microaerobic conditions, and the VN medium used was

supplemented with 100 g glucose L* and 150 mM KHCOa. Immediately after inoculation, feeding with

100 mM KHCO3 h! was started. Glucose was almost depleted within 7 h (1.20 + 1.22 g L1 remained)

and 60.44 + 0.90 g succinate L* were produced. Acetate and alanine were measured as well with final

concentrations of 4.82 + 0.70 g L' and 0.95 * 0.14 g L', respectively. No other products were detected.

However, the C-balance was only closed to 62 + 1%. The process yielded 1.14 + 0.02 molsuc molgic 1,

which corresponds to 67% of the theoretical maximum, and a total Qe of 8.63 + 0.13 gsuc L'* h* was

achieved. At the beginning of the process, the Qr was highest with 20.82 + 0.22 gsuc L1 h1.
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Figure 22: Anaerobic zero-growth process for succinate production with V. natriegens Succl (Alldh

Adldh Apfl Aald Adns::pyccg). The course of glucose is represented by crosses, and the products formed
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are shown as follows: acetate (circle), alanine (diamond), and succinate (triangle). Results given are

means and standard deviations of three independent biological replicates.

3.4.5. Triple-phase process

So far, succinate fermentation requires aerobic bioreactor precultures for high biomass concentrations,
a microaerobic transition phase, and a separate bioreactor is needed for the anaerobic succinate
production. To simplify the production of succinate, a process should be developed that combines all
three phases. This triple-phase process is based on previously conducted glucose-limited fed-batch
processes, and thus the growth of the producer strain V. natriegens Succl was first tested in such a
process (V4_R4, Table 10). The strain grew with a p of 1.64 h! during the unlimited growth phase and
thereafter had a stable p of 0.09 h'l. No growth impairment was observed. After 26 h, the CDW
decreased. In total, a CDWnmax of 16.2 gx L! was obtained.

Next, different approaches to achieve microaerobic conditions were tested in three parallel bioreactors
(V6, Table 10). After about 24 h, when the DO dropped below 1%, 50 g glucose L* were pulsed and a
feed was added to provide sufficient carbon for succinate production. Microaerobic conditions were
introduced in bioreactor 2 (V6_R2) by reducing the agitation rate from 1,500 to 1,200 rpm. However,
only a low concentration of 2.6 g succinate Lt was reached after 32 h. Approximately 5 g succinate L
were formed when a limited aeration rate (V6_R3) or a gas mixture containing CO2 (V6_R4) was applied
to achieve microaerobic conditions. Accumulation of glucose was observed in all bioreactors and the
CDW started to decrease after the transition to microaerobiosis. Moreover, pyruvate accumulated in all
bioreactors until the onset of CO2 gassing at 26 h. However, its formation was reduced by about 25%
when a CO2 gas mixture was supplied.

Due to the low titers and productivities of the previous performed fermentations, a different approach
was chosen for the next process (V8_R123, Table 10 and Figure 23). This time, the agitation rate was
set to a maximum of 1,300 rpm from the beginning to limit the oxygen supply, and thus automatically
achieve microaerobic conditions once a certain CDW was reached. After about 2 h of a microaerobic
phase, the gassing was stopped to achieve anaerobic conditions. V. natriegens Succl grew with
1.53 £ 0.11 h'? during the exponential growth phase and thereafter maintained a p of 0.12 £ 0.01 h!
during the glucose-limited phase. At about 18 h, the set DO cascade set up was not sufficient anymore
to maintain the DO at 50%, and the value dropped to almost 0% at around 24 h. At this time, the CDW
reached a maximum concentration of 20.00 £ 0.75 gx L'1. A glucose pulse (50 g L) was given to
provide sufficient carbon for the synthesis of succinate. During the 2 h of microaerobiosis,
6.81 + 1.44 g succinate L were secreted, corresponding to a Qe of 3.40 £ 0.72 gsuc L* h't. At 26 h, the

anaerobic phase was initiated by switching off the gas supply. However, the succinate production rate
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decreased over time from 0.19 £ 0.04 gsuc gx* h™* to 0.13 + 0.06 gsuc gx* h't after 30 h, and a total titer
of 9.98 + 3.63 g succinate L* was obtained. As before, pyruvate was the most abundant byproduct,
accumulating to 7.72 £ 0.36 g pyruvate L in the bioreactor broth. Smaller amounts of acetate and

lactate were found (2.28 £ 0.40 g L' and 0.36 + 0.29 g L1, respectively).
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Figure 23: Triple-phase process (V8) with V. natriegens Succl for succinate production. The cell dry
weight is represented by transparent circles and the course of glucose by crosses. The products formed
are depicted as follows: acetate (circle), pyruvate (diamond), succinate (triangle), and lactate (square).
Dashed lines indicate the transition from aerobic to microaerobic or from microaerobic to anaerobic

conditions. Results given are means and standard deviations of three independent biological replicates.

3.4.6. Impact of exopolysaccharides on succinate production

During succinate production (3.4.4), an increased viscosity was observed, which made it extremely
difficult to separate the biomass from the bioreactor broth by centrifugation at the end of the process.
To investigate the effect of EPS, cpsR and cps were deleted in V. natriegens Succl and the zero-growth
process was repeated as described in 2.6.2. V. natriegens Succl produced 45 g succinate L, exhibited
a Yesis of 1.10 molsue moleic* and achieved a Qe of 7.5 gsuc L h'l. During cultivation, the viscosity
increased from 7 to 36 mPa s (Figure 24). No viscosity changes were observed for the strains with the

additional EPS deletions. V. natriegens Succl AcpsR and V. natriegens Succl Acps secreted 51.1 and
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46.4 g succinate L1, respectively. Both strains achieved high Qp of 8.5 gsuc Lt h't and 7.7 gsuc L h1,
respectively. The Yps was increased by 27% for both strains to a Ypis of 1.4 molsuc moleict. This
corresponds to 81% of the theoretical maximum (Figure 24). Furthermore, the C-balance was closed to

about 80%, whereas only 64% of the carbon could be recovered for V. natriegens Succl.
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Figure 24: Product yield (dark blue) and final viscosity (orange) of an anaerobic resting cell approach
for succinate production. Fermentations were performed with V. natriegens Succl,
V. natriegens Succl AcpsR, and V. natriegens Succl Acps (n = 1). The black dashed line represents
the maximum theoretical yield on glucose (1.71 molsuc molaict). The viscosity was measured in a

technical triplicate at a shear rate of 0.1 s™.
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3.5. Pyruvate production

The development of a pyruvate production process started with the characterization of potential
pyruvate-producing strains. Two prophage regions, VNP1 and VNP2, were deleted to improve cell
robustness and to increase pyruvate production, as previously described by Pfeifer et al. (2019).
Furthermore, the gene aceE, which encodes for the E1 subunit of the PDHC, was removed to block the
carbon flux from glycolysis to TCA. The resulting strains V. natriegens AaceE and
V. natriegens Avnp12 AaceE were transferred into bioreactor cultures and different options for supplying
acetate to the acetate auxotrophic strains were tested. In addition, strain and process engineering
approaches were carried out to limit the formation of an unwanted byproduct, later identified as

parapyruvate.

3.5.1. Strain characterization in shaking flasks

Aerobic growth experiments were performed in baffled shaking flasks with two potential pyruvate
producer strains (Figure 25). V. natriegens AaceE grew exponentially with 1.22 + 0.02 ht up to 4 h and
depleted both substrates (7.5 g glucose L* and 1 g acetate L) within 4.5 h. At this time, the maximum
titer of 4.02 £ 0.15 g pyruvate Lt was reached. The second strain, carrying an additional vnp12 deletion,
grew slightly slower (u = 1.15 £ 0.01 h'1) and the exponential growth phase was prolonged to 4.5 h. This

strain depleted both substrates as well and secreted 4.17 + 0.42 g pyruvate L.

10.0 E r 10
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Figure 25: Characterization of V. natriegens AaceE (circle) and V. natriegens Avnp12 AaceE (triangle)

in shaking flasks containing VN minimal medium. The cell dry weight is depicted in blue and the course
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of glucose in black. Formed pyruvate is pictured in green. Results given are means and standard

deviations of three independent biological replicates.

3.5.2. Bioreactor processes

Various processes were conducted to achieve optimal conditions for pyruvate production and an

overview of all processes is given in the following Table 20.

Table 20: Process development for pyruvate production. The bioreactor contained 0.5 L of VN medium.

The temperature was set to 37 °C and the pH was adjusted to 7.5. The gassing rate was kept constant

at 1 vwm. The DO was controlled at 50% via the agitation rate (400 — 1,500 rpm), and one Rushton

impeller was installed. A slash indicates that there were no deviations from the aforementioned process

parameters. ID stands for Identification. Triplicates are marked with n = 3 and the means and standard

deviations are given. The start of an acetate feed is indicated with treed.

Yess |
Main Provision CDWhmax | Calc|  Titer | Qe |
ID Bioreactor Strain molpyr
culture  of acetate gxL? gL? glL? gL?
moleic?
. hatriegens
PyrA R1 / 2 gace L1 2.9 50 204 0.95 0.99
AaceE
1 . hatriegens 225+ 205+ 150 +
/ 2 gace L 2.7+0.2 100
(n=23) AaceE 2.0 0.15 0.26
PyrB .
. hatriegens
2 233+ 1.79% 148 +
/ 2 gace L? Avnpl2 26+0.2 100
(n=3) 24 0.15 0.31
AaceE
. hatriegens
R1 / 2 gace L? Avnpl2 34 75 16.5 1.37 n.d.
AaceE
PyrC
y 2 JAce L1
. hatriegens
Feed
R2 / Avnp12 3.6 75 24.3 2.02 n.d.
2 MMace ht
AaceE
(treea = 5 h)
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Yepis |

Main Provision CDWmax | cCaic| Titer | Qr |
ID Bioreactor Strain molpyr
culture of acetate gxL? gLt gLt gL?
molaic™
. hatriegens
R1 / 2 gace L Avnpl2 5.6 75 17.8 1.48 0.83
AaceE
2 JAce L1
. hatriegens
Feed
R2 / Avnpl2 5.5 75 21.2 1.77 0.98
2 MMace h1
AaceE
(tFeed =5 h)
PyrD
y 2 JAce L1
. natriegens
Feed
R3 / Avnp12 5.3 75 26.1 2.61 0.91
8 MMace ht
AaceE
(tFeed =5 h)
2 JAce L1
. hatriegens
Feed
R4 / Avnp12 6.8 75 24.7 3.09 0.88
16 mMMace h1
AaceE
(treed = 5 h)
. hatriegens
R1 / 2 gace L1 Avnpl2 34 100 20.9 2.09 1.13
AaceE
2 Qace L1t
. hatriegens
Feed
R2 / Avnpl2 4.1 100 34.8 3.48 1.15
PyrE 8 MMace ht
AaceE
(tFeed =5 h)
2 JAce L1
. hatriegens
Feed
R3 / Avnp12 6.0 100 394 3.93 1.11
8 MMace ht
AaceE
(treea = 0 h)
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In a first approach (PyrA), V. natriegens AaceE secreted 20.4 g pyruvate L'* within 21.5h
(2 0.95gpyr LT hY) and yielded 0.99 molpyr moleic! during a batch fermentation with VN minimal
medium. The process was repeated as a triplicate (PyrB_1) and compared to another engineered strain
V. natriegens Avnp12 AaceE (PyrB_2). No significant differences were observed between these strains.
Both obtained a Qr of about 2 gryr L h-1, a titer of 23 g pyruvate L%, and a Ypsis of 1.5 molpyr molcict.
However, the CDW of V. natriegens Avnpl2 AaceE remained more stable at the end of the process and
was therefore used in all further pyruvate production processes unless otherwise stated (Figure 26).
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Figure 26: Pyruvate production with V. natriegens AaceE (circles) and V. natriegens Avnpl2 AaceE
(squares) in a batch process with VN minimal medium. The cell dry weight is represented by dark blue
lines and the course of glucose by black lines. The formation of acetate is shown with green lines and
that of pyruvate with orange lines. Results given are means and standard deviations of three

independent biological replicates.

To further improve the supply of acetate, a feed of 2 mMace h'* was started after 5 h (PyrC_R?2), shortly
before acetate depletion. The titer was increased by almost 50% from 16.5 g pyruvate L to
24.3 g pyruvate L* compared to a control group without feed (PyrC_R1). A range between 2 and

16 mMace h'! was tested to determine the ideal feed concentration (Figure 27).
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Figure 27: Pyruvate production with V. natriegens Avnpl2 AaceE in a fed-batch process with the
following acetate feeds: 2 mMace h't (orange), 8 mMace h? (blue), and 16 mMace h? (green). A control
group without feed is depicted in black. The cell dry weight is shown with circles, glucose with crosses,

acetate with squares, and pyruvate with diamonds.

In all cultivations (PyrD, Table 20), V. natriegens Avnp12 AaceE grew with a growth rate around 0.9 h-!
and exhibited a Yxs between 0.2 and 0.3 gx gact. The CDWmax was reached after 6 h and about
5.5 gx L' were obtained in all bioreactors, except in the one with the highest feed rate, which showed
an increased value of 6.8 gx L'*. Thereafter, the biomass decreased and this effect was most
pronounced for the control group and the bioreactor with the lowest feed concentration. Glucose was
depleted when an acetate feed was applied, and consumption was faster at higher feed concentrations.
The strongest decrease of glucose occurred between 5 and 8 h. During this time, the gs of the control
group was 2.6 geic gx* hl. This value increased with higher feed concentrations. In R4, 3.9 geic gx* ht
were obtained when 16 mMace 't were fed. In addition, differences were observed in terms of final
product titer and acetate accumulation. At a concentration of 8 mMace h', 6 g acetate L were detected.
This amount was even doubled at the next higher feed concentration, whereas only 1.7 g acetate L
and 0.5 g acetate L-* were obtained at the lowest feed concentration as well as in the control group,
respectively. However, pyruvate was not produced as fast or as much in the latter, and maximum titers
of 18 to 21 g pyruvate L* were measured after 12 h. In the bioreactor with the 16 mMace h' feed,
24.7 g pyruvate L1 were obtained within 8 h, and the highest titer of 26.1 g pyruvate L* was achieved
after 10 h in R3.

Next, two fed-batch fermentations were carried out, one with a feed of 8 mMace ht starting immediately
after inoculation (PyrE_R3) and the other with a delayed start after 5 h of process time (PyrE_R2), as in
the previous processes. Due to the earlier start of feeding and the resulting higher amount of available
acetate, the CDWmax was increased to 6 gx L. In both processes, approximately 100 g glucose L* were
consumed and 5 gacetate L? accumulated in the bioreactor broths. The highest titer of

39.4 g pyruvate L* was reached after 10 h when the feed was started directly at the beginning of the
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process. A Qp of 3.9 gryr L2 ht and a Ypss of 1.1 moleyr molcic! were obtained. The process with the
delayed feed performed slightly worse. The Yr;s was identical, but the Qp and titer were lowered to
3.5 gpyr L1 h't and 34.8 g pyruvate L1, respectively, thus 8 mMace h't were provided in the final process

from the start.

3.5.3. Final pyruvate production process

For pyruvate production, a fed-batch process was applied using VN minimal medium supplemented
initially with 100 g glucose L and 2 g acetate L (Figure 28). During the previous process development,
it was shown that a feed of 8 mMace h'1, started at the beginning of the process, could improve the
production of pyruvate in terms of rate and titer. The most suitable strain was found to be
V. natriegens Avnpl2 AaceE. A triplicate (PyrE_R3, PyrF_R2, and PyrG_R2) was conducted and
compared to a control group (PyrE — PyrG, R1) without feed. All bioreactors were inoculated with a CDW
of approximately 0.15 gx L. A p of 0.88 £ 0.02 h'! and a CDWmax of 3.42 + 0.08 gx L'* were reached
after 5h in the absence of a feed. Furthermore, a Yxs of 0.28 £0.03gx geic? and a qgs of
3.15 £ 0.26 geic gx* h! were obtained. During the stationary phase of cell growth, glucose was still
consumed at a high rate of 1.93 £ 0.12 gaic gx* ht. However, about 60 g glucose L* were still left at the
end of the process. A maximum pyruvate concentration of 22.17 + 0.91 g L! was reached within 10 h,
which corresponds to a Qp of 2.22 + 0.09 geyr L2 h'l. A Ypis of 1.21 + 0.06 moleyr molaic ! was obtained.
During the biomass formation phase, no significant differences regarding the p (0.80 = 0.03 h1), Yxis
(0.25+0.02 gx gaict), and gs (3.15+ 0.18 geic gx* h'') were observed when an acetate feed was
applied. However, the exponential growth phase was extended to 6.5h and a CDWmax of
6.58 + 0.42 gx L* was obtained. After 10 h, an increased pyruvate titer (40.97 + 1.83 gryr L1) by 85%
was achieved compared to the control group and an elevated Qrp of 4.10 £ 0.18 gryr L h"1 was reached.
The gsremained high during the stationary phase with 3.46 + 0.16 geic gx* h't. However, a reduced Yes

of 1.05 + 0.04 molpyr molcic * was obtained and 14.05 + 7.07 g glucose L1 were still left.
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Figure 28: Final pyruvate production with V. natriegens Avnpl2 AaceE in a fed-batch process with a
feed of 8 mMace h'! (blue). The control group without feed is depicted in black. The cell dry weight is
shown with circles, glucose with crosses, acetate with squares, and pyruvate with diamonds. Results

given are means and standard deviations of three independent biological replicates.

For both processes, byproduct formation was analyzed, but only small amounts (< 1 g L) of acetate,
lactate, and succinate were measured. After 10 h, when pyruvate formation peaked, the C-balance was
closed to 87 £ 1% without feed, but only 74 + 5% carbon were recovered when a feed was applied. This
value decreased drastically to 40 + 11% at the end of the process. Investigation of the RI signal
measured by HPLC showed an emerging peak that increased with decreasing pyruvate concentrations.
This peak was later identified as parapyruvate and was found to be responsible for the carbon sink

(Figure A3).

3.5.4. Investigation of parapyruvate formation

It was assumed that the carbon sink during pyruvate production was caused by the chemical and/or
enzymatical formation of parapyruvate, and thus process parameters were adjusted to shift the chemical
equilibrium towards pyruvate. In addition, two strains were engineered and tested in the bioreactor to

gain more insight into parapyruvate metabolism.

3.5.4.1. Process engineering

Parapyruvate formation is favored at high temperatures and pH values. Two fermentation series were
conducted to test different conditions under which parapyruvate is less likely to form. In the first round,

the pH was addressed. In one bioreactor the pH was lowered to pH 6.5 (PyrH_R3) and in the other
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(PyrH_R?2) the base used for titration had a lower ammonia concentration (10 instead of 25%) to avoid

local pH peaks. The results are shown in Figure 29.

Cace QLT
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Figure 29: Pyruvate production with V. natriegens Avnpl2 AaceE in a fed-batch process with a feed of
8 mMMace h't with either a reduced pH value of 6.5 (green) or a decreased concentration of the base (10%
ammonia water) (blue). The cell dry weight is shown as circles, glucose as crosses, acetate as squares,

and pyruvate as diamonds.

The pH of 6.5 significantly inhibited the growth of V. natriegens Avnp12 AaceE (1 = 0.37 h1) and acetate
accumulated throughout the process. After 12 h, 6.6 g acetate L-* were detected. A final product titer of
14.6 g pyruvate L1 was measured, corresponding to a Qp of 1.22 geyr L1 h'1. However, the Ypis was
increased to 1.40 molpyr molcict and 98% of the carbon could be recovered.

No growth impairment was observed when 10% ammonia water was used for the pH regulation. The
cells grew with a p of 0.87 h'! to a CDWmax of 5.3 gx LX. Compared to previous processes carried out
under the same conditions, a slightly increased Yp;s of 1.21 molpyr moleic? and a higher Qp of
4.83 gpyr L1 h were obtained (3.5.3. and PyrE_R3, PyrF_R2, and PyrG_R2, Table 10). However, the
titer was reduced to 34 g pyruvate L1, and the C-balance was only closed to 53% when pyruvate peaked
and this value decreased to 43% at the end of the process.

A second fed-batch series was conducted to test temperatures between 20 and 30 °C (Pyrl) (Figure 30).
The results were compared to a fed-batch process with a feed of 8 mMace h't at 37 °C (3.5.3. and

PyrE_R3, PyrF_R2, and PyrG_R2, Table 20).
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Figure 30: Pyruvate production with V. natriegens Avnpl2 AaceE in a fed-batch process with a feed of

8 mMace h't at 25 °C (orange) or at 30 °C (dark blue). The cell dry weight is shown with circles, glucose

with crosses, acetate with squares, and pyruvate with diamonds.

Lower cultivation temperatures resulted in an inhibited growth, and no growth was observed at 20 °C
(data not shown). At 25 °C, V. natriegens Avnp12 AaceE grew with 0.44 h? and reached its CDWmax of
8.26 gx L1 after 20 h. At 30 °C, a similar CDWmax (8.12 gx L'1) was reached after 8 h and the cells grew
with a reduced growth rate (0.64 h1) by 20% compared to cultivations at 37 °C. No significant differences
were observed for the titer (41.1 g pyruvate L) or the carbon recovery (78%). The Qp was reduced by
15% to 3.74 gryr L1 h'l. However, the Ypis of 1.18 moleyr molcic 1 was increased compared to cultivations
at 37 °C. At 25 °C, the highest pyruvate titer so far of 52.2 g pyruvate L was achieved after 20 h, when
glucose was almost depleted (0.2 g L* remained). At that time, 71% carbon were recovered, but within
1 h the value decreased to 57%. Although the titer obtained was higher than usual, the Ypis was not
significantly changed (1.11 molpyr moleic!) and the Qp (2.61 gpyr L1 h') decreased to about 40%

compared to the 37 °C process.

3.5.4.2. Strain engineering

To obtain more information about the circumstances of parapyruvate formation, the gene papA, which
encodes for a parapyruvate aldolase, was knocked out as well as overexpressed in the pyruvate strain
background. The two resulting strains V. natriegens Avnpl2 AaceE ApapA and
V. natriegens Avnpl2 AaceE pekEx-papA were then tested in fed-batch processes as described in 3.5.3

(Pyrd — PyrL) (Figure 31).
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Figure 31: Pyruvate production with V. natriegens Avnpl2 AaceE ApapA (left) and
V. natriegens Avnpl2 AaceE pekEx-papA (right). The cell dry weight is represented by dark blue lines,
and the course of glucose by black lines. The formation of acetate is shown with orange lines and
pyruvate with green lines. Results given are means and standard deviations of three independent
biological replicates for V. natriegens Avnpl2 AaceE ApapA and five independent biological replicates

for V. natriegens Avnp12 AaceE pekEx-papA.

V. natriegens Avnpl2 AaceE ApapA behaved very similarly to V. natriegens Avnpl2 AaceE and no
significant differences were observed. The strain grew with 0.87 £+ 0.08 ht to a CDWmax of
5.90 + 0.42 gx Lt. During the exponential growth phase, a Yx;s of 0.28 £ 0.08 gx gaict and a gs of
3.34 + 0.83 gaic gx h't were obtained. A maximal titer of 35.75 + 4.31 g pyruvate L* was reached with
aQp of 3.58 + 0.43 gryr L1 W1, and a Ypss of 0.97 £ 0.19 molpyr molcic * was observed. After 12 h, the C-
balance was closed to 54 + 9%. Evaluation of the HPLC peak areas of parapyruvate showed
comparable results for V. natriegens Avnp12 AaceE and V. natriegens Avhpl2 AaceE ApapA (data not
shown).

The growth of V. natriegens Avnpl2 AaceE pekEx-papA was not as reproducible or as fast as it was
observed for all other pyruvate producer strains. It grew with a reduced p of 0.46 £+ 0.06 h to a CDWmax
of 5.67 + 1.66 gx L1. The gs was significantly reduced to 2.06 + 0.22 gaic gx! h', but a similar Yxs of
0.23 + 0.06 gx gaict was obtained compared to V. natriegens Avnpl2 AaceE ApapA. After 15 h, the titer
was reduced by 43% to 20.06+ 7.53 g pyruvate L'1. Furthermore, a decreased Qp of
1.34+0.55¢gpyr LT ht and a Yeis of 0.64 + 0.16 molpyr moleic * were measured. Only 52 + 9% of the
carbon could be recovered and larger peak areas for parapyruvate were observed in comparison to the

other two producer strains.
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4. Discussion

4.1. Characterization of V. natriegens wildtype

4.1.1. Batch process

During batch cultivations in bioreactors containing minimal medium, V. natriegens achieved a
remarkably high growth rate of 1.68 + 0.01 h'' together with a high glucose consumption rate of
3.66 +0.02 gs gx h! and yielded 0.46 £ 0.01 gx gs'. These results are consistent with previously
published data (Hoffart et al., 2017; Long et al., 2017). A CDWmax of 4.30 + 0.14 gx L'* was achieved,
which is about 40% higher than in shaking flask cultures. In contrast to the latter, glucose was depleted,
lactate formation was absent, and pyruvate formation was significantly reduced from 1.97 + 0.16 g L*
to 0.26 £ 0.19 g L. These byproducts indicate an insufficient oxygen supply, which could be the case
for higher CDW in shaking flasks. V. natriegens performs a mixed acid fermentation, resulting in a
decrease of the pH. Due to its intolerance of low pH, it is likely that this caused the cessation of biomass
formation and glucose consumption (Payne et al., 1961; Hoffart et al., 2017). During the batch process,
V. natriegens exhibited an acetate overflow and secreted 1.89+0.01 g acetate L'? from
10 g glucose L into the medium. This is in the same range as reported for E. coli, which secretes
10 — 30% acetate from glucose (Farmer and Liao, 1997).

The minimal medium used for the cultivation of V. natriegens contains sodium chloride, as sodium is
required for proliferation. The usage of sodium chloride might be disadvantageous due to its ability to
cause corrosion on metal surfaces in bioreactors and its possible negative effect on product-broth
separation with ion exchange approaches during downstream processing (Junker, 2009; Hoffart et al.,
2017). Thus, a minimal medium was developed, in which sodium chloride was substituted with sodium
sulfate. Byproduct formation and biomass yield were not affected by the medium change. The growth
rate was reduced by 17%, and a corresponding decrease of the glucose uptake rate was observed as
well. The reduction in growth is slightly enhanced compared to a value reported by Hoffart et al. (2017),
who were able to maintain 91% of the original growth rate in a medium containing only trace amounts
of chloride. However, despite this reduction, the growth rate of V. natriegens still outperforms other
industrially relevant organisms such as E. coli, C. glutamicum, B. subtilis, and S. cerevisiae (Sauer et
al., 1996; Gombert et al., 2001; Blombach et al., 2013; Gonzalez et al., 2017; Hoffart et al., 2017; Long
etal., 2017). No significant differences were observed regarding byproduct spectrum and concentration
except for acetate. Approximately 20% less acetate was detected in the VN minimal medium. This could
also be due to the effect that acetate was taken up again when glucose was depleted after 4 h, which

occurred one hour earlier than in the chloride-free cultivation.
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4.1.2. Development of a fed-batch process

High productivities are crucial for microbial processes to be cost-efficient and competitive. To achieve
sufficient space-time yields, high cell densities are usually required and fed-batch processes are
therefore commonly used (Riesenberg et al., 1991; Riesenberg and Guthke, 1999). In addition, this
mode of operation has the advantage that the growth rate can be regulated below a critical value to
prevent the formation of byproducts such as acetate (Lee et al., 1999). Since acetate secretion has been
observed in batch cultures with V. natriegens, a glucose-limited fed-batch process was performed to
determine the critical growth rate at which no acetate formation occurs. At a set growth rate of 0.1 h,
only 2 g acetate L1 were observed after 21 h and no glucose was detected in the supernatant of the
bioreactor broth, whereas glucose accumulation started between 5 and 9.5 h at set growth rates
between 0.3 and 0.7 h't. Furthermore, the secretion of byproducts increased sharply at higher growth
rates and acetate began to accumulate, which has also been reported for glucose-limited continuous
cultures with E. coli growing with critical growth rates between 0.3 and 0.7 h-1 (Meyer et al., 1984; Holms,
1996; Valgepea et al., 2010; Basan et al., 2015). However, pyruvate has also been detected together
with small amounts of succinate and lactate. The formation of lactate and succinate mainly occurs as a
result of a mixed acid fermentation under oxygen limitation, although it has also been reported for
aerobic HCDC with V. natriegens (Hoffart et al., 2017, Thiele et al., 2021). Since only small amounts
were detected, this may also be caused by oxygen-poor regions within the bioreactor. At a growth rate
of 0.1 h'1, the C-balance was closed to 83%. However, this value decreased to 55 — 66% at higher
growth rates. Thus, a large fraction of the carbon derived from glucose is not utilized for the intended
formation of biomass, but for unknown byproducts. Later on, it was found that V. natriegens is an EPS
producer, which could explain this observation, as EPS formation is generally promoted by higher
carbon availability (Freitas et al., 2011).

In this first fed-batch process, V1, the set growth rate deviated from the actual measured growth rate,
but this could be remedied by including the glucose requirement for the cell maintenance in the
calculation of the feeding rate (Equation 1 — 3). Subsequently, fed-batch fermentations were performed
at a set growth rate of 0.1 h'? and changes of the media and feed were tested to improve biomass
formation. Based on the elemental biomass composition of V. natriegens
(C1.000H1.77000.607No.153P0.015S0.003, carbon content of 45% (w w1)) (Erian et al., 2020), potential limitations
were calculated. The VN minimal medium contained an excess of sulfur and no limitations were
expected. The supply of phosphorus should be adequate up to 23 gx L1, but the nitrogen provision could
be limiting at CDW above 13 gx L'1. However, ammonia water was used for titration and the influx of
base should be sufficient to add enough nitrogen for further growth, thus limitations are unlikely.
Nevertheless, concentrated VN minimal medium has been tested, but no significant improvement was

observed. The supplementation with yeast extract, different types and concentrations of TCE, and a
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combination of iodine, Fe(lll) citrate together with an increased magnesium concentration were tested
as well. None of these alterations had a significant effect except the combined addition of iodine,
magnesium, and Fe(lll) citrate, which doubled the CDWmax compared to a control process without these
supplements. Subsequent fermentations indicated that iodine did not contribute to the increased CDW,
but rather the synergy of the other two compounds. A beneficial effect of magnesium supplementation,
especially in combination with the chelating agent citrate, has already been reported (Linton et al., 1977,
Biener et al., 2023). Moreover, the addition of a third Rushton impeller could enhance the OTRmax by
18%.

A positive effect of a lower cultivation temperature has been reported (Thiele et al., 2021) and was
therefore tested as well. However, lowering the temperature to 30 °C was not found to be beneficial. No
significant differences in biomass formation or acetate secretion were observed, and more lactate,
succinate, and especially pyruvate were formed at a reduced temperature. The latter accumulated to
8 g pyruvate L at the end of the process, which might indicate that the oxygen supply was not sufficient,
although the DO never dropped below 20% (Thoma and Blombach, 2021). Due to the lower
temperature, there might be some rate-limiting enzymatic reactions for anaplerotic reactions or for the
decarboxylation of pyruvate to acetyl-CoA, leading to the accumulation of pyruvate.

Based on a publication by Thiele et al. (2021) in which a CDW of 55 gx L* was achieved, the VN medium
was slightly modified and a multi-concentrated VN medium was fed. In a separate process, another
feeding strategy was tested that combined exponential feeding with a set growth rate of 0.5 h-! followed
by constant feeding. Neither approach resulted in a higher CDW. On the contrary, only 12.9 gx L were
obtained after 22 h when concentrated medium was fed. Possibly, a compound of the feed had a limiting
effect on cell growth, which could be ammonium, as it is already known for its inhibitory effect on growth
at higher concentrations (Thompson et al., 1985). The combination of exponential and constant feeding
resulted in a higher CDWnmax of 23.4 gx Lt within only 12 h. However, the rapid formation of biomass led
to a huge oxygen demand that could not be satisfied and the DO dropped sharply to 1 — 2% around 7 h.
Therefore, this approach is only suitable when oxygen-enriched air or pure oxygen is used for aeration.
In addition, a significant increase in byproducts was measured, particularly for succinate and acetate,
and therefore this approach was not pursued further.

Overall, the best approach to obtain a high CDW with nearly eliminated byproduct formation for
V. natriegens wt was to limit the growth rate to 0.1 h'! and to install a third Rushton impeller to enable
higher OTRs. Furthermore, the addition of 0.1 g Fe(lll) citrate x H2O and 1.2 g MgSOa4 x 7 H20 L1
showed an improved biomass formation. The final process yielded 28.40 + 0.75 gx L1. After 24 h, the
DO dropped below 5% and first acetate and subsequently pyruvate accumulated to 13.78 £ 0.6 g L1
and 10.77 + 1.1 g L, respectively. During the process, the viscosity of the bioreactor broth increased
to 3,344 + 903 mPa s (at a shear rate of 0.1 s1), which might limit the OTR, and thus oxygen availability,

leading to a decrease in biomass. Although biomass formation was improved, the CDW is still quite low
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in comparison with other microorganisms such as E. coli or B. subtilis, for which biomass concentrations
of over 100 gx L have been easily exceeded (Riesenberg and Guthke, 1999), and even a value of
190 gx L1 has been reported for a HCDC of E. coli using a membrane dialysis bioreactor (Nakano et al.,
1997). However, in a setup similar to the one used in this work, CDWs around 100 gx L* have been
reported. Kim et al. (2004) used a combination of an exponential feeding in conjunction with pH
measurements to control the growth rate of E. coli at 0.1 h'! during a fed-batch process with minimal
medium. A final CDW of 101 gx L* was achieved. Riesenberg et al. (1991) controlled the growth rate at
0.11 h1 for HCDC with E. coli by adjusting the glucose supply as well as the agitation rate and reached

110 gx Lt using minimal medium.

4.2. EPS formation

A glucose-limited fed-batch process was established for V. natriegens wt to achieve high biomass
concentrations. However, this was accompanied by an 800-fold increase in viscosity and EPS secretion.
The secretion occurred throughout the process, indicating that the formation is initiated by a regulatory
mechanism, such as quorum sensing, rather than by an overflow metabolism, since glucose supply was
limited. The genome of V. natriegens contains essential components of the quorum sensing apparatus,
such as regulators, sensor kinases for signalling molecules, and enzymes for the synthesis of Al (Ball
et al.,, 2017; Schulze et al., 2023). Several targets were chosen to overcome EPS formation and the
associated increase in viscosity. In shaking flask experiments, all EPS mutant strains showed the same
growth phenotype as the wt strain, with the exception of the wbfF deletion strain, which grew slower with
a growth rate of 1.46 £ 0.04 h* and exhibited a prolonged lag-phase. Thus, the feeding phase in fed-
batch fermentations was initiated half an hour later compared to the start of feeding for the other strains.
In subsequent glucose-limited fed-batch processes, the growth kinetics and the EPS production of
V. natriegens AcpsR, V. natriegens AsypK, and V. natriegens AluxS were characterized. All strains grew
wt-like to CDWSs around 30 gx L1. After 31 h, the EPS concentration was determined. The wt strain
secreted 367 mg L, followed by the luxS knockout strain, which produced 405 mg EPS L1. LuxS is the
only annotated Al synthase in V. natriegens. However, it is unlikely that there are no other Al-synthases
present, as quorum sensing systems typically consist of multiple Al-synthases (Waters and Bassler,
2005; Ball et al., 2017). Furthermore, the gene annotation showed a high level of conformity with the
guorum sensing system of V. harveyi, which includes the enzymes LuxM and CqgsA as well. In addition,
the corresponding membrane-bound receptors LuxN and CgsS are also annotated in V. natriegens.
Thus, it is possible that the inactivation of LuxS does not reduce EPS formation, as it is compensated

by other synthases.
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The second target to abolish EPS formation was sypK, which encodes for an oligosaccharide
translocase, and it has already been shown in V. diabolicus that EPS formation can be significantly
reduced by the knockout of this gene (Goudenége et al., 2014). In this work, the deletion resulted in a
strong increase in EPS production by a factor of 2.5. In V. fischeri, SypK has been shown to contribute
to biofilm formation and to interact with the quorum sensing pathway through LuxQ. The overexpression
of sypK enabled the activation of small regulatory RNA Qrr1, which is required for the quorum sensing
signaling-cascade to transduce Al information into a cellular response. This interaction is sufficient to
affect cellular behaviors, such as bioluminescence and motility (Miyashiro et al., 2014). Possibly, sypK
in V. natriegens is involved in complex regulatory pathways of the quorum sensing apparatus, as it is
the case in V. fischeri, leading to this unexpected increase in EPS. V. natriegens AcpsR was the only
strain that produced less EPS (292 mg EPS L) than the wt strain, which was reflected by a 36% higher
OTR.

The monomeric composition of the EPS secreted by V. natriegens AcpsR showed a reduced glucose
and galactose content but an elevated rhamnose content compared to the wt. No significant differences
were found for V. natriegens AluxS. The EPS of V. natriegens AsypK exhibited an increased galactose
percentage but a decrease in fucose, glucosamine, and ribose. These changed could be due to the
production of different EPS or the simultaneous formation of multiple EPS by one or more strains, which
cannot be distinguished by the HT-PMP method. Since the deletion of the transcriptional biofilm
regulator CpsR was the only successful target showing a reduced EPS formation, it was further
investigated in subsequent fermentations along with additional EPS mutant strains.

During the exponential growth phase in fed-batch processes, the strains V. natriegens AwbfF,
V. natriegens Acps, V. natriegens Asyp Acps, and V. natriegens AcpsR grew wt-like with a growth rate
of about 1.60 hl, whereas V. natriegens Asyp Acps exhibited a slightly reduced growth rate of
1.52 + 0.08 h'1. At the end of the process, the CDW started to decrease, while glucose and byproducts
accumulated. The wt strain secreted 2 — 3 times more acetate and at least 4 times more pyruvate. Small
amounts of succinate (< 0.5 g L't) were detected in all cultivations and the EPS strains additionally
secreted lactate (£ 0.7 g L1).

The deletion of the EPS gene cluster cps resulted in a significantly reduced EPS concentration, but still
82+ 14 mg EPS L™ were formed. The additional deletion of the second EPS gene cluster syp neither
reduced EPS production nor changed the composition. As before, inactivation of cpsR did not abolish
EPS formation and 176 + 8 mg EPS L were still secreted. The composition of the EPS was altered
compared to the wt strain, indicating that CpsR is involved in the EPS biosynthesis. Nevertheless, a
1000-fold decrease of the viscosity was measured. The deletion of wbfF even doubled the amount of
EPS. These results suggest that other pathways also contribute to the EPS synthesis, which is likely
since genomic analysis revealed that 0.7% of the genome are genes associated with EPS formation

(Schulze et al., 2023).
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The monomeric composition of the EPS formed by V. natriegens differs from previously published EPS
produced by other Vibrio species (Casillo et al., 2018). Vibrio furnissii VBOS3 (Bramhachari et al., 2007)
and V. harveyi VB23 (Bramhachari and Dubey, 2006) produce an acidic EPS with emulsifying properties
consisting of galactose, glucose, rhamnose, fucose, mannose, ribose, arabinose, and xylose.
V. diabolicus secretes the hyaluronic acid-like EPS HE800, which consists of equal parts of uronic acids
and amino sugars as repeating units (Rougeaux et al., 1999; Zanchetta et al., 2003). Another valuable
EPS formed by V. alginolyticus (CNCM 1-4994) consists of a tetrasaccharide repetition unit, composing
of D-galacturonic acid and N-acetyl-D-glucosamine, and is decorated with alanine and serine, which are
likely responsible for the biological properties (Drouillard et al., 2015, 2018). In the case of V. natriegens,
the monomeric backbone of the EPS consisted of glucose, galactose, galacturonic acid, rhamnose,
fucose, glucosamine, and ribose. Furthermore, the composition of the EPS, built from these monomers,
differed not only from other Vibrio species, but also among the individual EPS mutant strains.

Due to their great chemical diversity, EPS have a huge potential for industrial applications in many
different sectors, and the variability of EPS produced by Vibrio species sparks interest for new properties
and applications (Martin-Pastor et al., 2019). Therefore, it is crucial to analyze the physicochemical and
biological properties to evaluate their potential. However, industrial production is challenged by low titers
and high production costs, and only single to double digit titers in the gram range have been achieved
(Finore et al., 2014; Garcia et al., 2022). Titers of 28 mg L* and 137 mg L* have been reported for the
EPS of V. harveyi VB23 and V. furnissii VB0S3, respectively (Bramhachari and Dubey, 2006;
Bramhachari et al., 2007). Higher concentrations around 1 g L'* were obtained for HE800 produced by
V. diabolicus CNCM 1-1629 (Delbarre-Ladrat et al., 2022) and the EPS secreted by V. alginolyticus
(Muralidharan and Jayachandran, 2003), while a titer of around 3 gL was obtained for MO245
produced by Vibrio species from Moorea Island (Martin-Pastor et al.,, 2019). In this work,
V. natriegens AsypK secreted 925 mg EPS L1, which renders this bacterium a promising host for
targeted EPS production in future studies.

Rheological measurements were conducted during fed-batch fermentations to monitor viscosity
changes of the bioreactor broth. No clear correlation was found between EPS formation and viscosity.
For V. natriegens wt, the viscosity increased with rising EPS concentration. However, for
V. natriegens AwbfF, the viscosity peaked at 22 h and decreased again although the EPS concentration
was still increasing, indicating a dynamic change of the EPS composition or the secretion of
polysaccharide-degrading enzymes. No viscosity changes occurred in the bioreactors with
V. natriegens AcpsR, V. natriegens Acps, and V. natriegens Asyp Acps, although all strains still
secreted EPS. Besides EPS, other high molecular weight molecules such as proteins, nucleic acids and
lipids, which are common parts of biofilms (Wingender et al., 1999), can affect the rheology of the
bioreactor broth. Dong et al. (2016) have already identified these extracellular polymeric substances for

V. natriegens in a biofilm formed on steel in seawater. However, no significant amounts of proteins could
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be detected in the planktonic cultures of V. natriegens using a Bradford assay with bovine serum
albumin as standard. The presence of nucleic acids was tested via photometric analysis, but no clear
signal was obtained (data not shown). The consistently low viscosity during cultivations with
V. natriegens AcpsR and V. natriegens Acps was reflected by a 22 — 25% higher OTR compared to
cultivation with the wt strain. However, the improved OTR did not result in further biomass formation,
indicating other limitations besides oxygen.

Analysis of the transcriptomic data revealed that the deletion of the cps cluster had minimal effect on
the expression of the other genes. Therefore, the deletion of a single gene cluster was already sufficient
to overcome alterations of the viscosity during fed-batch processes without further interfering with the
bacterial metabolism, and thus cps is an excellent target to facilitate bioprocesses with V. natriegens.
On the contrary, the deletion of cpsR resulted in the downregulation of a variety of genes. In particular,
genes associated with flagellar and pilus synthesis, which are required during the initial stage of biofilm
formation (Moorthy and Watnick, 2004), were affected. For V. natriegens AcpsR, MSHA proteins that
belong to type IV pili were particularly affected. Type IV pili bind to abiotic and biotic surfaces, such as
bacterial and host cells (Souza Santos et al., 2015). For V. cholerae, flagella and MSHA pili have been
shown to be used synergistically to facilitate surface selection and attachment (Utada et al., 2014), and
initial attachment of V. parahaemolyticus to surfaces is enabled by MSHA pili as well (Shime-Hattori et
al., 2006). MSHA pili appear to be especially important for the attachment of V. cholerae to abiotic
surfaces, as MSHA-deficient strains of V. cholerae E1 Tor have lost their ability to form biofilms on such
surfaces (Watnick et al., 1999). The absence of flagella in mutants of E. coli and V. vulnificus also
resulted in a reduced bacterial adhesion (Lee et al., 2004; Friedlander et al., 2013). In conclusion, CpsR
appears to be an important regulator responsible for cell motility and attachment and might reduce the

ability of V. natriegens to form biofilms.

4.3. Succinate production

In shaking flask cultivations, both succinate producers showed a 12 — 13% reduced growth rate
compared to the wt. For V. natriegens Succl, no significant differences were measured for the glucose
consumption rate or the biomass yield. A reduced glucose uptake rate of 2.61 £ 0.34 gs gx! h'l was
observed for V. natriegens Succl AackA. Only minor differences in the spectrum and concentrations of
byproducts were found for both strains compared to the wt. The succinate producers also formed low
amounts of ethanol (< 0.11 g L1) and secreted about 1.5 times more pyruvate.

Subsequently, the strains were tested under anaerobic conditions in a small scale of 50 mL. Both strains
performed similarly and produced 4 —5 g succinate L, which was more than twice the amount

compared to the wt. The highest vyield of 1.48 +0.06 molsuc molecc? was achieved by
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V. natriegens Succl AackA. This value already corresponds to 87% of the theoretical maximum. The
additional deletion of ackA reduced acetate formation by about half. Thoma et al. (2021) reported that
the deletion of ackA had no effect on acetate production, therefore more data needs to be collected to
determine the most suitable strain.

First attempts were made to upscale the process in a bioreactor. However, no noteworthy amount of
succinate was produced. Succinate production was only possible when the carbon supply for the
carboxylation of PEP and pyruvate was changed from CO: gassing to the supplementation with
HCOz3". CO2 gassing is a common approach to provide carbon for anaplerotic carboxylation reactions
(Table 1), and it is not clear why V. natriegens did not tolerate it. Valley (1928) reviewed that acid-
sensitive microorganisms, such as V. cholerae are easily inhibited or eliminated by CO:2 gassing. This
may be the case for V. natriegens, and possibly, CO2-induced acidification of the medium creates
microenvironments with an unfavorable pH for growth and production. In addition, CO2 can diffuse
unhindered through the cell membrane and accumulate there, leading to an increased permeability and
fluidity with potentially lethal consequences for the bacterial cell (Blombach and Takors, 2015).

In subsequent fermentations, it was observed that the implementation of a microaerobic preculture could
significantly enhance succinate production, and its importance for cell viability and productivity in
succinate production processes has already been reported for E. coli (Martinez et al., 2010; Zhu et al.,
2011). In the final succinate process, V. natriegens Succl produced 60.4 + 0.90 g succinate L1. A high
overall volumetric productivity of 8.63 + 0.13 gsuc L'! h'! was obtained, and a maximum productivity of
20.82 £ 0.22 gsuc L't h't was measured at the beginning of the process, which places this strain among
the best performing succinate producers to date. In addition, the process was performed using VN
minimal medium and did not rely on expensive complex media, vitamins, or amino acids, in contrast to
many other studies (Ahn et al., 2016; Lee et al., 2019; Ahn et al., 2020; Dai et al., 2020; Yang et al.,
2020, Table 1). However, higher titers have been reported for various organisms, and hence this
remains to be addressed for V. natriegens Succl. Furthermore, the succinate yield was reduced by 15%
in comparison with the small-scale production in falcon tubes, and only 62% of the carbon were
recovered at the end of the process. One possibility could be a re-channeling of carbon caused by
guorum sensing, since the bioreactors were inoculated with high cell densities in contrast to the falcon
tubes. Thus, future studies are needed that address the physiological response of V. natriegens in a
bioreactor environment, especially at higher cell concentrations.

Finally, a triple-phase fermentation was performed to combine aerobic growth, microaerobic transition
and anaerobic production phase in a single vessel. The transition is challenging, since enzymes
responsible for the biotransformation during the production phase are often expressed during the growth
phase and remain active throughout the process. Thus, the productivity of the cells is highly dependent
on the physiological state at the time of transition (Vemuri et al., 2002). As intended, V. natriegens Succl

started to form succinate when microaerobic conditions were reached. However, the titer remained low.
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During the microaerobic phase, 6.81 + 1.44 g succinate L1, but also 8.13 + 4.84 g pyruvate L' were
formed. Thereafter, during the anaerobic phase, the succinate production rate decreased and only a
final titer of 9.98 + 3.63 g succinate L' was obtained after 30 h of process. Pyruvate frequently
accumulates when the oxygen supply is insufficient (Thoma and Blombach, 2021), indicating that the
cells have not adapted well enough to the microaerobic conditions within the given time. Furthermore,
the aeration rate, and therefore, the oxygen level in the bioreactor during the aerobic growth phase can
influence the metabolic flux, and thus the performance during the anaerobic production rate. Martinez
et al. (2010) investigated the metabolic impact of different aeration rates on anaerobic succinate
production using E. coli SB550MG (pHL413) and discovered that pyruvate accumulated, while the
succinate yield and the productivity decreased during the anaerobic production phase when a higher
aeration rate was applied during the biomass formation phase. Hence, the process parameters have to
be adjusted to allow the cells to adapt to anaerobic conditions and to avoid the formation of byproducts
and impaired succinate production.

During the cultivation of V. natriegens Succl, the viscosity increased under anaerobic resting cell
conditions. Consequently, cpsR and cps were deleted and no viscosity changes occurred anymore.
Furthermore, the Yris was increased to 1.4 molsuc molaic 1, which corresponds to 81% of the theoretical
maximum. In addition, more carbon could be recovered at the end of the process (about 80%). This
increase cannot be explained solely by the excess carbon that is no longer channeled towards EPS.
Since EPS synthesis requires a considerable amount of energy (Jarman and Pace, 1984; Wolfaardt et
al., 1999), the reduction of EPS might improve ATP availability. Possibly, the deletion of cpsR and cps
in V. natriegens Succl might lead to a beneficial rerouting of the metabolic flux distribution, and thus
resulted in an improved carboxylation towards oxaloacetate.

When the succinate process was repeated with V. natriegens Succl, only 45 g succinate Lt were
obtained instead of 60 g succinate L1, and in both cases a Yris of 1.1 molsuc molcic - was obtained. It is
not clear why the production of succinate stopped. However, this indicates a change in cellular
metabolism. Possibly, the cells entered the VBNC state. Cells were streaked on agar plates and
incubated O/N, but no colonies were formed, showing the loss of culturability. The genetic regulation of
Vibrio species entering the VBNC state is not well understood yet, but VBNC is often mediated by
guorum sensing (Li and Zhao, 2020), and a connection between the two has already been observed for
V. vulnificus and V. cholerae (Ayrapetyan et al., 2014; Wu et al., 2020). Potentially, the VBNC state
mediated by quorum sensing is the cause for the loss of production and culturability, and future work
needs to investigate the relationships between quorum sensing, biofilm formation, and productivity in
V. natriegens. Microscopic observations of V. natriegens showed a decrease in cell size at the end of
the succinate production process, which has also been reported to be a characteristic of cells in the
VBNC state (Oliver, 2005; Du et al., 2007). However, this phenomenon could also be an indicator of

cellular stress and not necessarily of a VBNC state, and more suitable methods, such as live-dead
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staining, need to be applied. In addition, stress itself could be a possible cause for cells to enter the
dormant state. It has been shown that oxidative stress, especially hydrogen peroxide, as well as the
accumulation of reactive oxygen species (ROS) in liquid media led to a cold-induced loss of culturability

(CILC) in V. natriegens (Weinstock et al., 2016; Wang et al., 2023).

4.4. Pyruvate production

V. natriegens has been engineered for the production of pyruvate. Pyruvate is the end product of
glycolysis, and to accumulate the desired product, catabolic pathways must be eliminated. Therefore,
the gene aceE, which encodes for the E1 subunit of the PDHC, was deleted to prevent further conversion
to acetyl-CoA. However, this leads to a disruption of the link between glycolysis and TCA, and thus
biomass formation is no longer possible. The addition of acetate can provide an alternative pathway for
the production of acetyl-CoA, as it can be converted to acetyl-CoA both directly by AcS and via
acetylphosphate by the enzymes AckA and Pta (Figure 3). V. natriegens AaceE secreted
22.52 + 2.01 g pyruvate L during a batch process in minimal medium supplemented with glucose and
acetate. A volumetric productivity of 2.05+ 0.15 geyr L1 h'1 together with a product vyield of
1.50 + 0.26 molpyr molcict were obtained.

An increase of pyruvate was reported for V. natriegens, which lacks the prophage-regions VNP1 and
VNP2 (Pfeifer et al., 2019), and consequently these gene clusters were removed as well. However, no
significant improvement in pyruvate production was observed for V. natriegens AaceE Avnpl2
compared to V. natriegens AaceE for both shaking flasks and bioreactor cultivation. Wu et al. (2023) did
not observe any increase in pyruvate secretion using a prophage region deficient strain either, and
argued that this could be due to differences in media composition or cultivation conditions. Pfeifer et al.
(2019) cultivated the strains at a lower temperature (30 °C) and shaking frequency (120 rpm) in shaking
flasks, and both parameters are known to affect pyruvate formation. In particular, the oxygen content,
which is affected by the shaking frequency, has been reported as a major factor to be considered for
pyruvate production (Maleki and Eiteman, 2017; Yuan et al.,, 2022). Nevertheless, the following
processes were conducted with V. natriegens AaceE Avnpl2, as the CDW did not decline as much at
the end of a batch process compared to V. natriegens AaceE.

In batch processes, the initially provided acetate was depleted within 6 — 7 h. To further improve the
supply, fed-batch processes were carried out with an acetate feed at different concentrations between
2 and 16 mMace h't, which were started shortly before acetate depletion. A feed was beneficial even at
a low concentration of 2 mMace h'' and the pyruvate titer was increased by around 20%. A positive
correlation between increasing feed concentrations and the glucose uptake rate was observed, and a

value of 3.9 gaic gx! h't was achieved with the 16 mMace h™ feed, which was 50% higher in comparison
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with a process without feed. The acetate concentration of the feed far exceeds the maintenance
requirements for acetate. Based on the glucose maintenance (0.063 gaic gx* h'1) determined by Linton
et al. (1977) and the CDW of 3.4 gx L obtained in a pyruvate production process without acetate
feeding (PyrC_R1, Table 20), a feed of 2.4 mmolace L h! is required to meet the demand for acetate
maintenance. The observation that higher feed concentrations resulted in increased glucose uptake
rates indicates a higher glycolytic flux, possibly caused by an increased ATP consumption. The
conversion of acetate to acetyl-CoA is catalyzed by the AcS and by the AckA and Pta, and both
pathways require ATP (Figure 3). This results in a decreased overall availability of ATP, which could be
compensated by a higher rate of glycolysis. Reducing the formation of ATP is a common strategy to
enhance the metabolization of glucose (Zhu et al., 2008; Maleki and Eiteman, 2017).

In addition to an elevated glucose uptake rate, acetate accumulation was also increased at higher feed
concentrations, and around 12 g acetate L'* were observed for the process with the 16 mMace h'! feed.
Only half of the amount accumulated when a feed with 8 mMace h"1 was applied, and the highest pyruvate
titer was obtained. The CDWmax was reached after 6 h in all bioreactors when the initially given
2 g acetate L1 were almost exhausted. It is not clear why biomass formation stopped, since acetate was
provided throughout the process, but it seems that once the concentration of acetate falls below a critical
value, a change in cellular metabolism is triggered and the cells enter the stationary phase. When the
8 mMace h'! feed was started at the beginning of the process, the CDW increased from 4 to 6 gx L1,
since more acetate was provided during the initial growth phase (PyrE, Table 20). Possibly, the cellular
response to a low acetate concentration enables a great opportunity to adjust the CDWnmax as desired
via the initially supplied acetate.

The optimal provision of acetate for the acetate auxotrophic strain V. natriegens AaceE Avnpl2 was
found to be a feed of 8 mMace h! started at the beginning of the process. The achieved titer and
volumetric productivity were approximately doubled compared to a process without feed. Another
significant improvement of the application of an acetate feed was an elevated glucose uptake rate and
overall glucose consumption. In the absence of a feed, 61.49 + 1.80 g glucose L were left when the
maximum pyruvate concentration was reached, whereas only 14.05 + 7.07 g glucose L! remained
when a feed was applied. The early termination of glucose uptake and the subsequent cessation of
production has already been observed in a succinate production process. The reasons for this are still
unclear, but it is suspected that quorum sensing and the onset of the VBNC state could be possible
causes. The addition of an acetate feed prolonged glucose consumption and pyruvate production, and
furthermore, an outstandingly high glucose uptake rate of 3.46 £ 0.16 geic gx* h'* was achieved with
non-growing cells, which is about 80% higher as for E. coli grown at pmax (Varma and Palsson, 1994).
This high glucose uptake rate of V. natriegens surpasses typical industrial microorganisms and provides

an excellent basis for achieving cost-efficient processes (Hoffart et al., 2017). Furthermore, the high
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glucose consumption is the perfect basis for low-cell density processes, as it enables high production
rates, and thus high volumetric productivities.

Typically, high biomass concentrations are necessary to achieve high productivities, which wastes the
carbon source as it is converted into the catalyst rather than the product (Sauer et al., 2008). In addition,
the accumulation of large amounts of biomass requires sterilization and disposal at the end of the
process, thus adding to the production costs. In the pyruvate production process with
V. natriegens AaceE Avnp12, a high volumetric productivity of 4.10 + 0.18 gpyr L™* h'! was achieved with
the low amount of 6.58 + 0.42 gx L, placing this bacterium among one of the best pyruvate producers
(Li et al, 2001a; Maleki and Eiteman, 2017; Yuan et al., 2022). However, the final titer
(40.97 £ 1.83 gryr LY) is not yet sufficient, and higher concentrations around 100 g pyruvate L* have
been reported, especially for yeasts (Yuan et al., 2022). It has been indicated that an extracellular
concentration around 45 g pyruvate L't might inhibit further pyruvate formation, which is in the range of
the titer achieved in this work (Zeli¢ et al., 2003; Zeli¢ et al., 2004). Therefore, processes with on-line
product recovery would be ideal, as well as the implementation of continuous or repetitive fed-batch
processes to investigate possible inhibitions. Zeli¢ et al. (2004) tested different process strategies and
obtained promising results for the E. coli strain YYC202 IdhA::Kan. A high productivity of 6.0 geyr L2 h1
along with a remarkable yield of 1.78 molryr moleic* were achieved by using a repetitive fed-batch
process. A high (calculated) pyruvate titer of 79 g L't was obtained when an electrodialysis separation
unit was used for in situ product recovery.

The product yield (1.05 + 0.04 molpyr molcict) obtained in this work for the pyruvate process with feed
was about half of the theoretical maximum, which means that a high proportion of carbon from glucose
is not sufficiently channeled into the desired product. However, hardly any byproducts were observed at
the end of the process, although a large amount of carbon could not be recovered. When the pyruvate
titer peaked at 10 h, only 74 + 5% carbon could be recovered and this value, together with the pyruvate
concentration, decreased drastically within the next 2 h to 40 + 11% and 28.87 + 8.46 g pyruvate L.
This indicates that a major part of the missing carbon is derived from pyruvate. Parapyruvate has been
identified as an impurity in PA or PA salts, and it is assumed that the missing carbon has been channeled
to this compound, which significantly reduces the titer, since two pyruvates are required to form one
parapyruvate in an aldol condensation (Montgomery and Webb, 1956; Margolis and Coxon, 1986;
Chang et al., 2018). It is not clear whether the formation is driven by a chemical reaction or catalyzed
by an enzyme. Parapyruvate formation appears to be promoted by high temperatures and pH values,
as well as by ammonium salts (Margolis and Coxon, 1986). Lowering the concentration of the ammonia
base from 25 to 10% to avoid local pH peaks during titration did not improve the titer or C-balance,
whereas a reduction of the pH to 6.5 resulted in a 98% carbon recovery and an increased yield to
1.40 molryr molaict. Nevertheless, this strategy is not suitable as V. natriegens AaceE Avnp12 did not

tolerate the reduced pH, which significantly affected the growth rate and pyruvate formation. Only
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14.6 g pyruvate L' were secreted within 12 h. Hence, a different approach with varying cultivation
temperatures was tested.

At 30 °C, an equal titer of about 41 g pyruvate L1 together with a slightly reduced productivity of
3.74 gpyr L1 bl were obtained. The latter is probably caused by a reduced growth rate (0.64 h'1) and the
resulting slower biomass formation. The yield was increased to 1.18 molpyr molcict and 78% carbon
could be recovered when the pyruvate titer peaked. No significant changes in the pyruvate yield or the
C-balance were obtained at 25 °C compared to the reference at 37 °C. Hence, no correlation was found
between the cultivation temperature and the carbon recovery. When the temperature was further
lowered to 20 °C, V. natriegens AaceE Avnpl2 was no longer able to grow. At 25 °C, the highest titer of
52.2 g pyruvate L* was achieved within 20 h, corresponding to a volumetric productivity of
2.61 gpyr L1 h'l. However, more data needs to be generated to determine the validity of the titers, since
the processes with reduced cultivation temperatures were performed only once and, in particular, data
points are missing for the 25 °C cultivation between 12 and 20 h, when the titer was still increasing.
Nevertheless, a more promising approach seems to be the adjustment of the pH value and adaptive
laboratory evolution experiments could help to accustom V. natriegens AaceE Avnpl2 to lower pH
values.

In addition to process adjustments, V. natriegens AaceE Avnpl2 was further modified to investigate
parapyruvate formation. The genome of V. natriegens annotates a parapyruvate aldolase and the
corresponding gene papA was knocked out as well as overexpressed in the pyruvate strain background.
No significant differences were observed between V. natriegens Avnpl2 AaceE and
V. natriegens Avnpl2 AaceE ApapA in a fed-batch process, whereas the overexpression of papA
resulted in significant changes. The growth was impaired, which was reflected by a reduced growth rate,
and the biomass curve was not well reproducible. Unusually high standard deviations were obtained for
the course of the CDW, which might be due to the inhibitory effect of parapyruvate on the aKGDHC,
and thus on the TCA. Further, the glucose uptake rate, the final titer and the volumetric productivity were
reduced (2.06 £ 0.22 geic gx* ht, 20.06 + 7.53 g pyruvate L1, and 1.34 + 0.55 gpyr L1 h'Y). In addition,
the product yield was significantly decreased to 0.64 + 0.16 molpyr moleic * and only 52 + 9% of the
carbon could be recovered when the maximum pyruvate titer was reached, indicating increased
parapyruvate formation. This process demonstrates the tremendous burden that parapyruvate
production places on cell growth and the negative impact on the overall pyruvate production. However,
the additional knockout of papA in V. natriegens AaceE Avnp12 had no significant effect, and therefore,
the accumulation of parapyruvate at the end of the process along with the decreasing pyruvate
concentration is probably caused by high pyruvate titers, leading to a shift in the chemical equilibrium
towards parapyruvate, and thus the process needs to be adapted to change the thermodynamics more
in favor of pyruvate. In addition, further investigation is needed to exclude the possibility that another

aldolase exists that compensates for the papA deletion.
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5. Conclusion

The aim of this work was the development of processes for anaerobic succinate and aerobic pyruvate
production with the promising industrial host V. natriegens. First of all, a glucose-limited fed-batch
process was established to achieve high biomass concentrations. During the development, EPS
secretion accompanied by an increasing viscosity was observed, which negatively affected the operation
of the bioreactors. To address this issue, several genes and gene clusters associated with EPS
formation were targeted. The deletion of the biofilm regulator cpsR and of the EPS cluster cps resulted
in consistently low viscosities and the strains maintained a wt-like growth phenotype. Transcriptomic
data revealed that the deletion of cps had only a minimal effect on the expression of other genes, and it
is therefore a sufficient target for the construction of future producer strains. However, the additional
deletions did not result in an improved biomass formation, although the OTR was increased. Therefore,
a first assumed oxygen limitation is unlikely and further process optimizations, such as systematic
medium optimization, are required to overcome possible limitations. In addition, quorum sensing
regulated biofilm formation or the transition to the VBNC state could also be possible reasons for the
cessation of biomass formation, but only little information is available for V. natriegens yet. Thus, further
studies are required.

Apart from the negative effects of EPS on bioprocesses, the formation of EPS as a main product is also
desirable since many EPS exhibit attractive properties that are valuable for a variety of different industrial
sectors. Therefore, V. natriegens AsypK would be an ideal candidate due to its high secretion of
approximately 1 g EPS L under glucose-limited conditions. Further research is required to learn more
about the composition and the physicochemical properties of the EPS produced by V. natriegens and
its EPS mutant strains to evaluate the potential for possible industrial applications.

Next, a two-stage succinate production process was performed to optimize succinate production with
V. natriegens Succl. Even under anaerobic conditions, EPS were secreted and the viscosity increased.
Again, cpsR and cps were useful targets to overcome this issue. V. natriegens Succl AcpsR achieved
a maximum productivity of 19.4 gsuc Lt h't with a product yield that represents 81% of the theoretical
maximum.

Finally, a low-biomass fed-batch process was established for V. natriegens AaceE Avnp12. By adding
an acetate feed, the titer was increased by 85% and the volumetric productivity was increased to
4.1 gpyr L hL, although only 6.6 gx L't were utilized as biocatalyst. In terms of volumetric productivities,
the data obtained in this work place V. natriegens among the best performing succinate and pyruvate
producer strains. However, the titers achieved for succinate (60 g L'') and pyruvate (41 g L) need to
be improved. At the beginning of a process, V. natriegens shows excellent production rates, which

decline rapidly, as reflected, e.g., by the exceptionally high maximum productivity for the succinate
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process, which then decreased to 8.6 gsuc L' ht. Although this value still exceeds reported volumetric
productivities of comparable processes, the cause must be identified in order to enhance the duration
of V. natriegens and to enable higher titers. Furthermore, this phenomenon occurs in a variety of
processes and is not limited to succinate production. V. natriegens owns a remarkable amount of genes
associated with EPS formation and likely possesses a quorum sensing apparatus similar to V. harveyi.
In addition, it cannot be excluded that cells undergo transformation to a VBNC state. These processes
are all based on complex regulatory mechanisms that are not yet well understood, and it is not clear
how they interfere with production processes. Thus, a deeper understanding of all the interrelationships

is required to fully exploit the potential of V. natriegens as a host for industrial biotechnology.
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Appendix

Table A1l: List of genes potentially involved in quorum sensing in V. natriegens ATCC 14048 as

annotated by KEGG (Schulze et al., 2023).

Identifier Name Length | bp
PN96_19855 cgsS 2055
PN96_03880 luxN 2538
PN96_17980 luxQ 2574
PN96_03290 luxu 339
PN96_03285 1407
PN96:O4645 lux0 1461
PN96_01350 hapR 615
PN96_01245 luxS 519
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Table A2: List of chemicals

Chemical

Manufacturer

3-Alanine

Acetonitrile

Agar-Agar, Kobe 1

Ammonia water (25%)
Ammonium sulfate

Bacto™ Tryptone

Bacto™ Yeast extract

Boric acid

Calcium carbonate

Calcium chloride dihydrate

Citric acid

Cobalt chloride hexahydrate
Copper(ll)sulfate pentahydrate
D(+)-glucose monohydrate
Dipotassium hydrogen phosphate
Disodium succinate
Ethylenediaminetetraacetic acid
Glycerol

Hydrochloric acid

Iron(lll) citrate monohydrate

Iron sulfate heptahydrate
Isopropyl 3-D-1-thiogalactopyranosid
Kanamycin sulfate

Magnesium chloride hexahydrate
Magnesium sulfate heptahydrate
Manganese sulfate monohydrate
Methanol

Nickel chloride hexahydrate
Norvaline

Phosphoric acid

Potassium acetate

VWR International GmbH, Darmstadt, Germany
VWR International GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
BD Biosciences, Heidelberg, Germany

BD Biosciences, Heidelberg, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
VWR International GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Merck KGaA, Darmstadt, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
ThermoFischer Scientific, Waltham, United States
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
VWR International GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
VWR International GmbH, Darmstadt, Germany
VWR International GmbH, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
SIGMA-ALDRICH Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
SIGMA-ALDRICH Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
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Potassium dihydrogen phosphate
Potassium hydrogen carbonate
Potassium hydroxide
Potassium iodate

Sodium chloride

Sodium L-lactate

Sodium molybdate dihydrate
Sodium pyruvate

Sodium selenite

Sodium sulfate

Sodium tetraborate

Sodium tungstate dihydrate
Struktol® J 647

Sulfuric acid

Water for HPLC

Bacto™ Yeast extract

Zinc sulfate heptahydrate

3-(N-morpholino)propanesulfonic acid

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

VWR International GmbH, Darmstadt, Germany

VWR International GmbH, Darmstadt, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
SIGMA-ALDRICH Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany

SIGMA-ALDRICH Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Schill+Seilacher GmbH, Hamburg, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

VWR International GmbH, Darmstadt, Germany

BD Biosciences, Heidelberg, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

SIGMA-ALDRICH Chemie GmbH, Steinheim, Germany
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Table A3: Devices and materials

Name

Device/Material

Manufacturer

0.5 L Shaking flasks with
appropriate cellulose plugs

1 L Shaking flasks with
appropriate cellulose plugs

1260 Infinity 1l system

1260 Infinity Il system

AdvanceBio AAA column

AdvanceBio AAA guard
column

Centrifuge 5425

Centrifuge 5910R

DASGIP® parallel bioreactor
system

DO Sensor InPro®6800

Entris® 124i-1S
Entris® 420i-1S
Filtropur S plus 0.2

FiveEasy pH meter F20

Heraeus® Multifuge® 4KR

Herasafe™ 2030i

Culture vessels

Culture vessels

HPLC equipped with RID

HPLC equipped with FLD

HPLC column for amino acid
analysis;
4.6 x 100 mm, 2.7 pm

Guard column for HPLC
column;

4.6 x 5.0 mm, 2.7 ym
Benchtop centrifuge

Refrigerated high-capacity
centrifuge

DASGIP®: DASGIP Bioblock /
DASGIP CWD4 / DASGIP
PH4POAL / DASGIP MX4/4 |
DASGIP MP8 / DASGIP
TCASC4 /| DASGIP GA4 /
DASGIP process control
module

DO electrode for DASGIP®

Balance
Analytical balance
Sterile filter (pore size 0.2 um)

pH meter

Refrigerated high-capacity
centrifuge

Clean bench

VWR International GmbH,

Darmstadt, Germany

VWR International GmbH,

Darmstadt, Germany

Agilent Technologies, Waldbronn,
Germany

Agilent Technologies, Waldbronn,
Germany

Agilent Technologies, Waldbronn,
Germany

Agilent Technologies, Waldbronn,
Germany

Eppendorf SE, Hamburg, Germany

Eppendorf SE, Hamburg, Germany

Eppendorf AG, Jilich, Germany

Mettler-Toledo GmbH, Giel3en,
Germany

Sartorius AG, Gottingen, Germany
Sartorius AG, Gottingen, Germany
SARSTEDT, Numbrecht, Germany

Mettler Toledo GmbH, GielRen,
Germany

Thermo Electron LED GmbH,
Osterode am Harz, Germany

ThermoFischer Scientific, Waltham,
United States

XL



Hi-Plex H column

Hi-Plex H guard cartridge

Medi-Test Glucose

Modell BD 115

Multitron Standard SU252

NanoPhotometer® NP80

pH Electrode LE407

pH Sensor 405-DPAS-SC-

K8S/325

Rheometer MCR302

Ultrospec® 10 Cell Density
Meter

Vortex-Genie 2

HPLC column for carbohydrate
analysis;
7.7 x 300 mm, 8 um

Guard cartridge for HPLC
column;
3.0x5.0mm, 8 pm

Test strips for glucose analysis

Incubator

Orbital shaker ( @ 25 mm)

Small volume

spectrophotometer

pH electrode for pH meter

pH electrode for DASGIP®

Rotational rheometer with
TEK150 chamber and CP50-1
measuring cell

Hand-held spectrophotometer

Vortex mixer

Agilent Technologies, Waldbronn,
Germany

Agilent Technologies, Waldbronn,
Germany

MACHEREY-NAGEL GmbH &
Ko.KG, Duren, Germany

BINDER GmbH, Tuttlingen,
Germany

INFORS AG, Bottmingen,
Switzerland

Implen GmbH, Munich, Germany

Mettler-Toledo GmbH, Giel3en,
Germany

Mettler-Toledo GmbH, Giel3en,
Germany

Anton-Paar, Graz, Austria

Biochrom Ltd, Cambridge, United
Kingdom

Scientific Industries, Inc., Bohemia,
United States

Table A4: Software

Name

Purpose

Manufacturer

BioRender

DASware® control

Inkscape

OpenLab CDS —
Chemestation Edition

Scientific image and illustration
software

Bioreactor regulation and data
collection

Vector graphics editor

Acquisition and analysis of
HPLC data

Science Suite Inc., Toronto,
Canada

Eppendorf, Hamburg, Germany

Inkscape Project, New York, United
States

Agilent Technologies, Waldbronn,
Germany
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Figure A1l: Viscosity of the bioreactor broth of a V. natriegens wildtype cultivation measured at different
shear rates. Light blue, green, dark blue, and black lines indicate samples taken at 0, 12, 22, and 33 h,

respectively.
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Figure A2: Viscosity of the bioreactor broth of a V. natriegens AwbfF cultivation measured at different
shear rates. Light blue, green, dark blue, and black lines indicate samples taken at 0, 12, 22, and 33 h,

respectively.
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Figure A3: HPLC RI signal for a pyruvate process performed at 37 °C with a feed of 8 mMace h'l. The

samples were taken at the following times: 10 h (red), 12 h (green), and 20 h (blue).
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