APPLIED MICROBIOLOGY

Establishing biotechnological processes within the envisaged circular bioeconomy
requires holistic approaches, including integration of all stages of process development.
The presented thesis illustrates the integration of strain and process engineering using
the example of producing the biosurfactant rhamnolipids with recombinant Pseudomo-
nas putida KT2440.

When producing biosurfactants in aerated bioreactors, excessive foaming is process-
hindering. To mitigate this challenge, an in situ liquid-liquid extraction was established
by selecting a suitable, biocompatible extraction solvent in a multi-step strategy.
Unraveling interactions of integrated up- and downstream processing resulted in the
definition of a joint operational window for cultivation and extraction. Thereby, a foam-
free fed-batch cultivation of rhamnolipid-producing P. putida KT2440 with integrated
in situ extraction was established. Subsequently, different cultivation modes have been
evaluated for enhanced production, and strategies for improved phase separation have
been explored.

Host engineering was approached to further enhance the solvent tolerance of
P. putida KT2440, thereby enabling the utilization of additional extraction solvents.
P. putida KT2440 was adapted to tolerate 1-octanol, and reconstruction of tolerant
strains enabled the production of rhamnolipids in the presence of 1-octanol. Another
challenge is transient oxygen limitations in industrial fermentations, which P. putida
KT2440 masters well without losing production capacity, highlighting its outstanding
suitability for industrial-scale production processes.

Previous findings were applied to define an operational window to produce
rhamnolipids with recombinant P. putida KT2440 in a custom-designed multiphase loop
reactor, integrating cultivation and an in situ counter-current liquid-liquid extraction.
Performance indicators compared well with two-liquid phase cultivations in stirred-tank
reactors, emphasizing the robustness of P. putida KT2440 and serving as a proof of
concept for the novel reactor type.

In conclusion, this thesis advocates integrated and interdisciplinary bioprocessing.
While the specific outcomes of this thesis are related to the presented system, basic
concepts can be extrapolated to other challenging cases in bioprocess development.
Thereby, competitive industrial bioprocesses are promoted, contributing to establish the
envisaged circular bioeconomy.
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Summary

Summary

Establishing biotechnological processes within the envisaged circular bioeconomy requires
holistic approaches including an integration of all stages of process development. In this scope,
the presented thesis illustrates the integration of strain and process engineering using the example
of producing the biosurfactant rhamnolipids with recombinant Pseudomonas putida KT2440.

A process-hindering challenge during the production of biosurfactants in aerated bioreactors
is excessive foaming. To mitigate this challenge, an in situ liquid-liquid extraction was established
by selecting a suitable, biocompatible extraction solvent in a multi-step strategy, including the
assessment of product recovery and solvent recycling. A refinement of cultivation parameters was
required to enhance functionality of the extraction, in turn influencing the performance of the
whole-cell biocatalyst. Unraveling interactions of integrated up- and downstream processing
resulted in the definition of a joint operational window. Finally, a foam-free fed-batch cultivation
of rhamnolipid-producing P. putida KT2440 with integrated in situ extraction was established.
Subsequently, different cultivation modes have been evaluated for enhanced production, and
strategies for improved phase separation have been explored.

As the microbial boundaries of the operational window are restricting process performance,
host engineering was approached to enhance the solvent tolerance of P. putida KT2440, thereby
enabling the utilization of additional extraction solvents. P. putida KT2440 was successfully
adapted to tolerate high concentrations of 1-octanol. Genome re-sequencing and subsequent
reverse genome engineering enabled the construction of tolerant strains capable of producing
rhamnolipids in the presence of 1-octanol. Another challenge are transient oxygen limitations in
industrial fermentations, which P. putida KT2440 masters well without losing production
capacity, thereby highlighting its outstanding suitability for industrial-scale production processes.

Previous findings were considered to define an operational window to produce rhamnolipids
with recombinant P. putida KT2440 in a custom-designed multiphase loop reactor, integrating
cultivation and an in situ counter-current liquid-liquid extraction. Performance indicators
compared well with previous two-liquid phase cultivations in stirred-tank reactors, emphasizing
the robustness of P. putida KT2440 and serving as a proof of concept for the novel reactor type.

In conclusion, this thesis advocates integrated bioprocessing and the urgency for a holistic,
interdisciplinary perspective on the overall process development. While the specific outcomes of
this thesis are related to the presented system of producing rhamnolipids with recombinant
P. putida KT2440, basic concepts and proposed solutions can be extrapolated to other challenging
cases in bioprocess development. Thereby, competitive industrial bioprocesses are promoted,

eventually contributing to establishing the envisaged circular bioeconomy.







Zusammenfassung

Zusammenfassung

Um biotechnologischer Prozesse im Zuge der angestrebten zirkuldren Biodkonomie zu
etablieren, miissen ganzheitliche Ansitze verfolgt werden, die alle Stufen der Prozessentwicklung
integriert. In diesem Rahmen veranschaulicht die vorgestellte Arbeit die Integration von Stamm-
und Prozessentwicklung am Beispiel der Produktion der Biotensid-Klasse der Rhamnolipide mit
rekombinantem Pseudomonas putida KT2440.

Starke Schaumbildung hindert die Prozessfithrung fiir die Produktion von Biotensiden in
Bioreaktoren. Um diese Herausforderung zu umgehen, wurde eine in situ fliissig-fliissig-
Extraktion etabliert, wofiir ein geeignetes biokompatibles Losungsmittel in einer mehrstufigen
Auswahlstrategie identifiziert wurde. Diese Strategie schloss die weitere Produktriickgewinnung
und das Losungsmittelrecycling mit ein. Um die Funktionalitit der Extraktion zu verbessern,
wurden Kultivierungsparameter angepasst, was wiederum die Leistung des Ganzzell-
Biokatalysators beeinflusste. Das Aufdecken von Wechselwirkungen der integrierten Up- und
Downstream-Prozessschritte fithrte zur Definition eines Betriebsfensters, das eine schaumfreie
Fed-Batch-Kultivierung von Rhamnolipid-produzierendem P. putida KT2440 mit integrierter
in situ Extraktion erlaubte. AnschlieBend wurden verschiedene Kultivierungsmodi fiir eine
gesteigerte Produktion evaluiert und Strategien fiir eine verbesserte Phasentrennung erarbeitet.

Da die Grenzen des Betriebsfensters durch den Ganzzell-Biokatalysator limitiert sind, wurden
Methoden der Stammentwicklung genutzt, um die Losungsmitteltoleranz von P. putida KT2440
zu erhohen und damit die Verwendung zuséatzlicher Extraktionsmittel zu ermdglichen. Hier wurde
P. putida KT2440 erfolgreich dahingehend angepasst, hohe Konzentrationen von 1-Oktanol zu
tolerieren. Nach Genom-Resequenzierung und anschlieBendes Reverse Genome Engineering
wurden Stimme erzeugt, die Rhamnolipid-Produktion in der Gegenwart von 1-Oktanol
ermdglichen. Des Weiteren wurde gezeigt, dass P. putida KT2440 voriibergehende, sich jedoch
wiederholende Sauerstofflimitierungen tiberstehen kann, ohne dabei an Produktionskapazitit
einzubiifen. Dies unterstreicht seine herausragende Eignung fiir Produktionsprozesse im
industriellen Maf3stab.

Die erhobenen Erkenntnisse wurden verwendet, um ein Betriebsfenster fiir die Produktion von
Rhamnolipiden in einem speziell entwickelten Mehrphasen-Schlaufenreaktor zu definieren, der
die Kultivierung mit einer in situ fliissig-fliissig-Extraktion im Gegenstrom integriert. Die
Leistungsindikatoren der durchgefiihrten Kultivierung waren vergleichbar mit denen der
zweiphasigen Kultivierungen in Rithrkesselreaktoren, was die Robustheit von P. putida KT2440
als Ganzzell-Biokatalysatoren unterstreicht und als Machbarkeitsnachweis fiir den neuartigen

Reaktor dient.
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Zusammenfassung

Zusammenfassend zeigt diese Arbeit Aspekte der integrierten Bioprozessentwicklung und die
Dringlichkeit einer ganzheitlichen, interdisziplindren Betrachtung fiir die gesamte
Prozessentwicklung auf. Obwohl sich die Ergebnisse dieser Arbeit spezifisch auf das vorgestellte
System zur Herstellung von Rhamnolipiden mit rekombinantem P. putida KT2440 beziehen,
konnen die grundlegenden Konzepte und vorgeschlagenen Losungsansidtze auf anderer
Bioprozesse iibertragen werden. Dadurch wird die Entwicklung kompetitiver, industrieller
Bioprozesse gefordert, die schlussendlich zur Etablierung der angestrebten zirkuldren

Biookonomie beitragen.
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General Introduction

1 General Introduction

1.1 The urgency to transfer to a circular bioeconomy

Within the last century, the exploitation of non-renewable fossil resources to generate platform
chemicals for the production of fine chemicals, pharmaceuticals, and commodities such as plastics
and fuels has led mankind to a critical turning point. The emission of greenhouse gases, most
prominently carbon dioxide as a waste product from processing fossil resources and consuming
petrochemically derived products, has been causing global warming. Critical consequences for the
global ecosystem, e.g., warming of oceans and water bodies, rising sea levels due to the melting
of the polar ice caps, desertification, increased frequency of extreme weather anomalies, and
ultimately mass extinction have been observed [1-5]. Although fossil resources are finite and thus
could be depleted, technological advancement for identifying and exploiting new sources of fossil
resources, some of them ironically claimed to be sustainable, will satisfy the demand in the
foreseeable future [6, 7]. The demand is predicted to further increase due to a growing world
population, however, at a reduced rate [8]. In turn, this causes the climate crisis with all its
destructive consequences for the global ecosystem to be intensified, resulting in a shortage of
arable and habitable land and, consequently, insecurities in food and water supply [9, 10].
Therefore, critical rethinking and intervention are urgently required to decrease the dependency
on products derived from fossil resources [11].

An obvious solution to reduce the demand is limiting the continuous growth of the world
population. Although the population in Europe and Asia is predicted to stagnate or decline within
the next 30 years, the global population is presumed to grow at least until the end of the century
[12]. As this period is too long to avoid irreversible consequences stemming from climate change,
sustainable and resource-efficient solutions need to be developed and implemented immediately
[13]. The awareness for sustainability has been rising among the population [14], raising pressure
on governments to instate stricter regulations for carbon dioxide emission [15] and on companies
to transit to ecologically friendly and sustainable production processes [16—18]. However, to truly
reach long-term sustainability, global zero-waste resource cycles need to be established and
maintained to impact climate change and potentially reverse global warming. Transitioning from
a linear economy based on fossil resources to a circular bio-based economy, also referred to as
bioeconomy, is crucial to establish closed carbon cycles [19]. In the bioeconomy, renewable
resources are utilized to produce chemicals, fuels, and energy [20], which are currently derived
from fossil resources, or respective alternatives to replace established production processes. Here,

closed carbon cycles cause net-zero carbon emission processes, transforming society to be carbon-
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neutral. Reaching this goal by 2050 was declared by the European Union (EU) within The
European Green Deal and by other states [21], ultimately paving the way to limit global warming
with all its consequences. However, a carbon-negative society might be required to limit or

potentially reverse global warming [22].

1.2 Industrial biotechnology as a major driver for the bioeconomy

Industrial biotechnology is a crucial sector to establish the envisaged bioeconomy as carbon
from renewable resources, such as biomass, carbon dioxide, and waste, can be used as a feedstock
for bioconversions to produce desired, value-added compounds. Bioconversions are catalyzed by
prokaryotes or eukaryotes as whole living or dead cells or by cell-free systems such as purified
enzymes. In the last decades, substantial progress has been made for the targeted production of
valuable compounds, and there is a growing number of promising cases in industrial biotechnology
that are expected to be successfully implemented in the market within the next decade [23]. While
this positive development is gaining momentum, products are typically highly specific, i.e.,
pharmaceuticals and fine chemicals. Despite a few exceptions, like the production of ethanol [24]
or amino acids such as L-lysine [25], hardly any biotechnological production processes for bulk
chemicals or commodities have been able to compete with processes utilizing fossil resources due
to several reasons. First, biotechnological production processes cannot compete economically with
petrochemical processes in many cases [26]. This is mainly due to the comparably low price of
fossil resources and optimized and depreciated production processes. However, with increasing
costs for exploitation to satisfy the demand for fossil resources as well as stricter regulations on
carbon dioxide emission (e.g., carbon dioxide pricing in the EU and Germany) and, in turn, more
cost-efficient biotechnological production, economic competitiveness might be reached relatively
soon. Second, the comparably high complexity and dynamic nature of biological systems often
result in a limited understanding of the whole-cell biocatalyst and the entire process, which can
cause severe losses in productivity and performance, particularly during scale-up from laboratory
to industrial scale [27]. Third, the downstream processing (DSP) of biotechnologically produced
compounds is generally more complicated due to the high dilution of products and the complex
composition of cultivation broth, including cells, cell debris, and byproducts [28]. Cost- and labor-
intensive product recovery and purification are unprofitable unless the product has an accordingly
high market price, which is usually not the case for bulk chemicals.

While the challenges to establish biotechnological production processes in industry to
contribute to a circular bioeconomy are manifold, there are no alternatives to overcome the
dependency on fossil resources. Innovative approaches and holistic perspectives, considering the

overall production process already at primary stages of development, are required [29]. Thereby,
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the transition of biotechnological approaches from research-focused laboratory scale to industrial
applications will be achieved as famously demanded for synthetic biology as an integral part of

biotechnology already in 2010 [30].

1.3 Integration of process development stages in microbial biotechnology

Microbial bioprocess development comprises several stages ranging from the molecular scale
to large-scale production and eventually product recovery and formulation [29, 31]. Different
stages are outlined, and crucial interactions are identified in the following paragraphs.

Initially, the demand for a novel compound or an alternative production route for established
products is identified. Promising economic or ecologic advantageousness drives the identification
and engineering of a metabolic pathway on multiple levels [32-34]. Here, genes encoding for
enzymes that catalyze the desired reactions are designed, selected, and potentially modified to
increase efficiency and alter the specificity of the enzymes [35]. By interconnecting functional
DNA elements, such as promotors or regulatory sequences, the expression levels of genes can be
altered [36]. Further modifications can be implemented at the translational level [37]. In recent
years, the development of tools in metabolic engineering, synthetic biology, automation, and DNA
synthesis have paved the way for rapid and more cost-effective pathway construction [38, 39].

To implement the production pathway, a whole-cell biocatalyst has to serve as a chassis. While
the overall type of whole-cell biocatalyst needs to be carefully selected for a specific application,
certain characteristics can be engineered, such as enhancing the solvent tolerance [40], modifying
the cell surface [41], or restricting motility [42]. Furthermore, carbon fluxes can be re-routed [43],
e.g., by gene deletions, and the redox balance can be modified, both enhancing the production
capacity of the chassis strain. Similar to metabolic pathway engineering, recent technological
developments have accelerated strain engineering. Moreover, systems biology approaches, such
as rapid whole-genome sequencing, high-throughput analysis of the transcriptome, proteomics,
fluxomics, and metabolomics, enable data collection on multiple cellular levels [29, 34]. Acquired
data are integrated into regulatory and metabolic networks organized in predictive and descriptive
models, thereby allowing the generation of knowledge on a systems level [44].

Reaction engineering is required to exploit the production capacity of the whole-cell
biocatalyst optimally. Here, the configuration of the whole-cell biocatalyst is defined, i.e., if
growing or resting cells are employed and if a pure, one-organism culture or a mixed co-culture is
utilized [45]. Further, parameters for reaction conditions are defined, such as the pH value,
temperature, aeration, and the composition of the cultivation medium. If beneficial, in situ product
removal strategies for toxic or process-inhibiting products can be explored to push the limitation

in maximally producible titers [46]. Suitable strategies to assess biocompatibility, e.g., the toxicity

5



Chapter 1

of an organic solvent in case of an in situ extraction, and the feasibility of the technical
implementation are defined. While the construction of whole-cell biocatalysts is rapid nowadays,
their characterization and the definition of optimal reaction parameters are considered as a
bottleneck [47]. However, increasing automation and scalable cultivation devices allow a more
reliable transition from multiplexed micro- and small-scale cultivation to production scale without
the loss of performance [48-51].

Lastly, the fermentation process needs to be embedded in the process chain. This requires the
definition of its mode of operation, i.e., batch, fed-batch, continuous cultivation, or hybrid
strategies [52, 53]. Further, the design and scale-up of the reactor need to be considered. Next to
conventional stirred-tank reactors (STRs), other types of reactors are conceptualized and
constructed, such as bubble columns, air lift reactors, and integrated systems like a multiphase
loop reactor (MPLR), allowing in situ extraction [54-56]. For reactor design and scale-up,
computational fluid dynamic (CFD) models are required to assess mixing, mass transfer, and
trajectories of cells through different zones or compartments of the reactor [27]. Further, an
efficient strategy for DSP needs to be designed to recover and formulate the product. Typically,
DSP is comprised of a sequence of unit operations, varying in length and complexity depending
on the product and the required purity, but eventually ending in product polishing and formulation
[57, 58]. The operational windows of all process segments are defined and aligned to each other,
and the overall process is optimized from an economic and ecologic perspective [28, 59].

What appears to be a linear approach for developing and establishing a bioprocess needs to
have a circular and iterative character (Figure 1). Every stage of bioprocess development implies
consequences for the other stages, displaying its high requirement for interaction, especially as
people of different disciplines, namely biotechnology, chemical engineering, and economics, have
to work hand in hand. While there are numerous interactions, selected ones are highlighted in the
following paragraph.

Products and processing routes need to be identified, which have added value and have a
chance to compete economically and ecologically with existing alternatives when introduced to
the market. Here, tools such as techno-economic assessment (TEA) based on mass balances, the
process scheme, and economic data, as well as life-cycle assessment (LCA) introducing ecological
weighing factors, are applied [60-62]. These tools define objectives for the overall process, such
as productivity, product titer, yields, robustness, selectivity, and product localization [29]. The
defined objectives directly impact the design and conception of a molecular production pathway
and the selection of a suitable chassis strain to meet the required objectives. Only the overlap in
products of economic and ecologic interest and biotechnological feasibility can be considered

attractive for production. Further, the metabolic pathway requires a suitable chassis to construct
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an efficient whole-cell biocatalyst, heavily influencing reaction conditions and the mode of
cultivation. Required resources and produced waste streams at cultivation can, in turn, have
economically and ecologically unfavorable impacts, conflicting set objectives. Besides, the type
of product, type of whole-cell biocatalyst, and type of upstream processing (USP) also have direct
implications on the design of DSP, which typically accounts for a large fraction of the overall
production costs due to usually high demands in energy and resources but depends on the type of
product and purity [28]. A TEA can a priori assess if the highly diluted produced molecule can be
recovered from the cultivation broth while still being economically and ecologically beneficial.
Further, the necessary production volume can be determined with consequences for scaling or
numbering the overall production process [26]. Concluding, for establishing a bioprocess with the
most beneficial outcome, all disciplines have to constantly interact, be governed, and be
monitored. Thereby, the acquired performance is validated to match the superordinated objectives,

and adjustment and iteration can be prompted if required.

Objectives

Pathway Engineering Chassis Engineering

/\
solvent

Process Integration

Reaction Engineering

pH di
T EI-i'IEI solvent

Performance

50 '\o(\
Lomic g Ecologic gvae

Figure 1 Integrated stages of bioprocess development. All stages comprising pathway engineering, chassis
engineering, reaction engineering, and process integration need to be integrated and constantly re-evaluated for
economic and ecologic efficiency. The overall process design requires iterative optimization to achieve the
performance matching the objectives.
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14 Bioprocess intensification

The concept of process intensification (PI) has been introduced into bioprocess development
several decades ago but has attracted increasing attention in recent years. Remarkably, or perhaps
even caused by its rising popularity and its resulting application to many fields, there is a lack of
a clear definition of PI [63]. In a broader sense, PI is enhancing the efficiency of a process at a
level ranging from transport phenomena and energy conversion on the molecular scale to the
miniaturization and integration of apparatuses for unit operations to save time and space, to
improve functionality, or to increase sustainability [63, 64]. For bioprocesses, Woodley [65]
defined four complementary strategies for PI. The first two, (i) reactor compartmentalization and
(ii) hybridization, are similar to their counterparts in traditional chemical engineering, although
performed for different purposes. The other two, (iii) metabolic engineering and (iv) enzyme
engineering, are unique to bioprocesses and can yield more degrees of freedom. Considering the
mentioned definitions, holistic bioprocess development itself can be defined as PI.

The two PI strategies (i-ii) common to conventional chemical engineering are further
introduced in a biotechnological setting. Here, integrating multiple unit operations, usually
spatiotemporally separated, into a single stage of the process allows the unit operations to be
performed simultaneously in one, optionally compartmented, apparatus [66]. Thereby, the
efficiency of the overall process can be increased, ultimately making it economically more
beneficial, as the production cycle can be shortened as well as the size of the production plant and
ideally operational expenditures are reduced [67]. A drawback of these strategies is that all
integrated unit operations have to be functional and efficient at the same conditions applied to the
intensified stage of the process. Therefore, a joint operational window allowing optimal
functionality has to be defined.

The definition of the operational window is driven by constraints in a multivariate parameter
space of the single unit operations (Figure 2). Determining a joint operational window is not trivial
and often requires trade-offs, especially if a microbial cultivation for producing a value-added
compound is subject to be intensified [68]. Whole-cell biocatalysts often have narrow optima for
different process parameters, such as pH value and temperature. Deviations from these optima
might be possible within certain narrow limits. However, large deviations are typically detrimental
to growth and production. As conditions of unit operations of chemical processes can be harsh in
terms of temperature and pressure, matching the rather non-flexible boundaries of whole-cell

biocatalysts might be challenging.
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Joint Operational
Window

Parameter Y
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Unit A
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Figure 2 Definition of a joint operational window in bioprocess intensification. The operational window of each unit
operation is multivariate and restricted by several parameters. For illustration, only two parameters are displayed,
however, the operational window is defined in a parameter space. The joint operational window for the intensified
bioprocess (shaded area) is defined by the intersection of the individual operational windows.

1.4.1 Strategies for in situ product removal

Despite the challenges, the integration of unit operations has been successfully applied in
microbial bioprocesses. Thus, defining a joint operational window has been demonstrated to be
feasible. A prominent example is the application of in situ product removal (ISPR) in
fermentations. Depending on the physicochemical properties of the product, such as the molecular
weight, volatility, hydrophobicity, charge, and reactivity, different types and strategies for ISPR
have been explored [46, 69, 70]. The most common techniques are briefly described in the
following paragraphs.

In situ liquid-liquid extraction (LLE) is one of the most extensively studied methods for ISPR
in bioprocesses. Here, the product is extracted into a second liquid phase, driven by a concentration
gradient. The partition coefficient, i.e., the ratio of product concentrations in the two liquid phases,
is used as a measure for the efficiency of extraction at given conditions [71]. In bioprocesses, LLEs
have been most prominently implemented by the direct addition of an organic solvent exhibiting
a miscibility gap to the aqueous cultivation broth. Few strategies for selecting a suitable solvent
have been developed, targeting efficient extraction in terms of capacity and selectivity,
simultaneously exhibiting no detrimental effects on the whole-cell biocatalysts [72, 73]. The latter

has been identified as one of the most exclusive parameters in solvent selections for bioprocesses
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due to the lack of biocompatibility of many solvents [74]. However, although case studies
highlighted economic benefits [75, 76], holistic approaches and their implementations in industry
are hardly reported. Another challenge is the emulsification occurring when the two liquid phases
are in direct contact. However, membrane-supported approaches and other methods promise
remediation [77]. Further, aqueous two-phase systems have been used in bioprocesses [78].

A product can be removed from the cultivation broth by evaporation. Here, the product needs
to be more volatile than water, as water is the main component of a cultivation broth. Different
technical implementations have been assessed, ranging from simple gas stripping [79, 80] to flash
or vacuum fermentations [81, 82] and continuous product distillations with cell retention [83]. For
gas stripping, the conventionally applied gas stream in aerated bioreactors can be used to recover
the product. Although flash and vacuum fermentations can significantly enhance productivity [69,
76], these approaches appeared to be economically unfavorable. In contrast, continuous distillation
with cell retention by centrifugation was previously successfully applied and transferred to
industrial scale more than three decades ago [83].

Another method for ISPR is immobilization in the form of adsorption. Here, the product is
adsorbed onto a resin, such as a polymeric matrix, and is thereby withdrawn from the cultivation
broth. The characteristics and the type of the polymeric matrix need to be tailored to the product.
In this regard, the interaction between the matrix and the product is most prominently based on
hydrophobic or ionic interactions [69]. As the surface of the matrix is decisive for the capacity of
product removal, mesoporous materials with engineered pore structures and functionalities have
been applied [84, 85]. With higher capacity, the cost for applied material can be reduced, resulting
in economic viability.

The molecular size of the product can be utilized for its separation in bioprocesses, similar to
established methods in conventional DSP. Here, selective membranes allow the permeation of the
product while retaining other components of the cultivation broth in the reactor compartment. The
main driving force is either the concentration gradient of the product or the pressure gradient across
the membrane [86]. The product needs to be removed from the downstream side of the membrane
to maintain the gradient. Therefore, membranes are most effectively combined with other methods
of ISPR, such as evaporation (resulting in pervaporation) and LLE (resulting in perstraction).
Further, the introduction of a membrane either for selective permeation of the product or for cell
retention prevents the direct contact of the whole-cell biocatalyst and the extractant, which is
beneficial in terms of biocompatibility or biodegradability [70]. However, fouling and obstruction
of the membrane need to be considered.

Other methods exploit the solubility and reactivity of the product for ISPR. Here, the product
is precipitated or crystallized [87], or the solubility of the product is adjusted by reversible

10



General Introduction

complexation of the product. Precipitation can occur spontaneously if the product concentration
exceeds the saturation concentration [87, 88] or is, among others, mediated electrochemically [89].
The complexation or other binding of the product involving a chemical reaction is referred to as

reactive extraction [90, 91] and is typically combined with other ISPR techniques.

1.4.2  In situ liquid-liquid extraction in the scope of bioprocess intensification

Considering ISPR as a method for bioprocess intensification, the importance of holistic
process perspectives and the definition of a common operational window as described in previous
sections become obvious. Here, this is demonstrated at the example of in situ LLE for the recovery
of a microbially produced compound.

By utilizing molecular biology, the whole-cell biocatalysts can be engineered to enhance
production and tailor the strain to specific reaction conditions, here, the presence of an organic
solvent. In turn, regarding reaction engineering, the solvent has to guarantee efficient extraction
and likewise sufficient biocompatibility to sustain growth and production. Thus, the conditions for
optimal extraction have to match cultivation conditions. Similarly, considerations for further DSP
are required in early stages of process development to recover the product from the extractant
efficiently. Further, the economic and ecologic impact of the used solvent has to be assessed.
Concluding, all mentioned disciplines are dependent on each other for successfully implementing

the most efficient production process.

1.5 Integrated bioprocessing for the production of rhamnolipids

This thesis focuses on the interactions of different stages of bioprocess development and aims
to advocate holistic perspectives of bioprocess chains. Practically, this was demonstrated at the
example of intensifying a biosurfactant production process with recombinant Pseudomonas putida
KT2440 serving as the whole-cell biocatalyst. To fully comprehend the studied system, short
introductions into the topics of P. putida, biosurfactants, and the challenges for production are

given in the following paragraphs.

1.5.1 Biosurfactants

A group of products that have recently drawn increased attention for biotechnological
production are biosurfactants as a replacement for conventional surfactants [92]. Surfactants are
amphiphilic molecules and are therefore utilized in several commodities, such as cleaning agents,
cosmetics, and food, due to their emulsifying properties. While conventional surfactants are based
on fossil resources, typically requiring harsh conditions and elevated demands for energy for

production [93], biosurfactants are produced from renewable feedstocks. Next to a replacement of
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conventional surfactants, biosurfactants have distinct properties, which allow novel applications.
Exemplary, as biosurfactants are typically biodegradable, they can be utilized in open
environments, such as in agriculture and for remediation purposes, while having a smaller
ecological footprint than their conventional counterparts [94]. Many other applications ranging
from generic utilization in cleaning agents to oil recovery and highly specialized applications in
medicine have been reported, which have been extensively described and reviewed [94, 95].
However, most proposed applications have not been established beyond the level of proof of
concept or are predicted based on their physicochemical properties, with few exceptions, mainly
in the detergent industry. Nevertheless, the economic interest in biosurfactants is rising, expressed
by a generated revenue expected to increase from 4.5 billion USD in 2020 to 6.5 billion USD by
2027 [96]. However, due to the broad range of proposed applications and resulting requirements
for the final product, the market price of biosurfactants is varying strongly.

Multiple microorganisms are capable of naturally producing biosurfactants [97]. The synthesis
of biosurfactants typically gives the host an advantage in specific environments. For example,
biosurfactants are used by its producer to make carbon sources, specifically hydrophobic
hydrocarbons, accessible as a nutrient and energy source [98]. Depending on the microorganism
and its specific environmental niche, different classes of biosurfactants have been discovered and
classified in the groups of glycolipids, phospholipids, lipopeptides, as well as particulate and
polymeric biosurfactants [97]. For biotechnological production, either the native producers are
utilized, or metabolic production pathways are transferred to established chassis as reported by
many studies [92]. In this thesis, the main focus is on the production of rhamnolipids (RLs).

Therefore, a more detailed insight into this type of biosurfactant is given.

1.5.2 Rhamnolipids as prominent representatives of biosurfactants

Among biosurfactants, RLs are one of the most studied class of glycolipids [99]. As a
surfactant, the molecular structure of RLs exhibits a hydrophilic and a hydrophobic moiety
(Figure 3). The hydrophobic part typically comprises two f-hydroxy fatty acids, which are
esterified by the acyltransferase RhlA to form a 3-(hydroxyalkanoyloxy)alkanoic acid (HAA). The
hydrophilic part is formed by the free or esterified carboxylic groups of the HAA, which can be
enhanced by the fusion of rhamnose moieties catalyzed by the rhamnosyltransferases RhIB and
RhIC [100]. The class of RLs itself covers more than 50 congeners [101]. Depending on the
homolog of RhlA [102], the chain length and degree of saturation of the esterified f-hydroxy fatty
acids can typically vary from 8 to 16 carbon atoms each [101], while chain lengths of up to 24
carbon atoms have been reported [103]. Further, the number of rhamnose moieties can vary from

zero to two, depending on the synthesis of RhIB (adding the primary rhamnose moiety resulting
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in a mono-RL) and RhIC (adding the secondary rhamnose moiety resulting in a di-RL).
Additionally, other variants, such as RLs with one fatty acid chain or a double bond have been
reported [102, 104].

RLs are highly promising to replace surfactants based on fossil resources as they can be
efficiently produced by various microorganisms [102]. Its commercial interest has recently been
highlighted by the successful introduction of a microbial RL production process by Evonik
Industries AG and the subsequent application in commodities [105]. In previous studies,
Pseudomonas aeruginosa has been used as the most common whole-cell biocatalyst for RL
production. However, as P. aeruginosa is an opportunistic human pathogen, a transfer of the
genetic cassette encoding enzymes responsible for RL production to non-pathogenic chassis
strains has been adapted. In this thesis, recombinant P. putida KT2440, previously constructed and
established to enable RL production [106, 107], has been used. In short, P. putida is regarded as a
promising whole-cell biocatalyst for industrial applications due to several reasons. Its versatile
metabolism allows great substrate flexibility [108, 109], and P. putida shows a robust phenotype
at various environmental conditions. Its capability in regenerating redox cofactors [110, 111]
results in high resistance against oxidative stress [112]. Detailed information on the mentioned
characteristics and the application of P. putida for the production of various value-added
compounds have been extensively reviewed [113—115], and relevant aspects are described in

respective sections of this thesis.

OH

OH OH

Figure 3 Representative structure of a rhamnolipid. The displayed RL is a mono-RL-C)-Cjo (one rhamnose moiety
linked to a HAA with two carbon chains of 10 carbon atoms). Multiple different variants of RLs, so-called congeners,
have been reported, varying in number of rhamnose moieties, carbon chain length, and saturation. This figure was
previously published [125] and is reprinted with permission from Green Chemistry. Copyright The Royal Society of
Chemistry 2020.
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1.5.3 Challenges in rhamnolipid production and remedial approaches

The amphiphilic character of RLs is a desired trait for its application in multiple different
products, as outlined above. However, the same characteristic imposes particular challenges for
bioprocessing. The presence of RLs in the cultivation broth causes excessive foaming in
conventional bioreactors due to the aeration and agitation applied to ensure sufficient oxygen
transfer into the liquid for cellular respiration and to enable thorough mixing [116]. Titers in the
lower range of mg L™ of RLs in the cultivation broth already induce foaming at given conditions.
This causes a rapid build-up of foam in the headspace of the reactor, eventually leading to an
overflow of the reactor. The whole-cell biocatalyst is typically entrapped in the foam as it is
physically equivalent to a particle in the liquid cultivation broth and attaches to the phase boundary
due to hydrophobic regions of the cell surface [41, 117]. Therefore, the whole-cell biocatalyst is
washed out of the reactor and is lost for catalyzing the reaction desired for production, resulting in
an inefficient process.

To maintain efficiency, approaches for enabling bioprocessing were developed, which either
can manage extensive foaming or prevent foaming in the first place. Intuitively, antifoaming
agents have been added to the cultivations [118]. Although foam could be avoided and high titers
of RLs were produced, a comparably high amount of antifoam was required. However, antifoam
is typically expensive and has severe effects on the cultivation and particularly on DSP due to
more complicated product recovery [119, 120]. Thus, the use of antifoam is regarded as
economically unfavorable. In cultivations of P. aeruginosa, plant oil has been used as a substrate
[121], simultaneously preventing foam formation. However, the same difficulties for DSP as
described above occur.

Instead of preventing foam formation, the foam has been used as a method for ISPR. Here, the
foam exits the reactor in a controlled manner and is subsequently fractionated [41, 122]. Promising
approaches, e.g., combined with integrated adsorption of RLs, have been established [117, 123].
However, the biocatalyst can still be washed out of the reactor as described above. Cell retention
and cell recycling have been applied to mitigate the loss of whole-cell biocatalyst [117]. Further,
Blesken et al. [41] engineered the cell surface to reduce the enrichment of P. putida KT2440 in
the foam. While foam fractionation has been established as demonstrations of functionality in
laboratory scale [124], a transferability to industrial-scale production is questionable. Another
ISPR strategy could be the application of in situ liquid-liquid extraction, limiting the concentration
of RLs in the cultivation broth below critical levels, thereby preventing foam formation.

The challenges to position renewable carbon-based chemicals in the market are specific to the
respective product. Here, the challenges are outlined for RLs, for which their favorable traits cause

difficulties in USP and DSP.
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1.6 Scope and outline of this thesis

In the presented thesis, an integrated approach of USP and DSP development for the
biochemical production of RLs with recombinant P. putida KT2440 as a whole-cell biocatalyst is
pursued. USP development includes rational and untargeted strain engineering, the
characterization of P. putida KT2440 to be suitable for industrial-scale production, and the
development of novel fermentation and reactor concepts. Rather unconventional to common
objectives in chassis design and metabolic engineering, strain engineering is here not mainly
targeted to maximize product yields and titers, but it is process-guided, i.e., the aim of strain
engineering is to enable specific fermentation concepts. All approaches in USP development
consider integrating DSP development and an overall process chain, with a focus on PI in a holistic
perspective.

In Chapter 1, the thesis is embedded in the overall scope of the emerging bioeconomy.
Strategies of integrated USP and DSP development and the intensification of fermentation
processes are presented. In this regard, the concept of integrated and iterative adaptation of both
the whole-cell biocatalyst and the reactor in the scope of holistic process development is
introduced. As an exemplary holistic process development, the production of RLs with
recombinant P. putida KT2440 is elucidated, building the structure of the presented thesis.

Chapter 2 details the experimental approaches, which have been performed to obtain and
reproduce the results described in Chapter 3.

In Chapter 3.1, a methodology for selecting an in situ liquid-liquid extraction solvent for
bioprocesses is presented and applied for a foam-free production of RLs in a two-liquid phase
fermentation. A data-based selection preceded experimentally acquired performance parameters,
such as extraction efficiency, biocompatibility, phase separation, and pH-dependency of extraction
and back-extraction, to reduce the number of potentially suitable candidates, thus limiting the
experimental effort to a reasonable level. The performance of the selected solvent was confirmed
in laboratory-scale (fed-)batch fermentations, thereby defining a mutual operational window for
integrated USP and DSP.

In Chapter 3.2, the approaches for both targeted and untargeted engineering of P. putida
KT2440 to enhance its tolerance towards organic solvents, potentially used as extractants in two-
liquid phase fermentations, are described. Targeted approaches included the expression of genes
encoding for an efflux pump, a chaperone complex, and a cold-shock protein, all viewed as
promising candidates for increasing or enabling solvent tolerance. Further, adaptive laboratory
evolution (ALE) as an untargeted approach was applied to enhance tolerance to 1-octanol. Strains

generated by introducing the unveiled point mutations into wild-type P. putida KT2440 via reverse
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genome engineering were assessed for increased tolerance. The improved phenotypes of the strains
were further characterized, and their capacities to produce RLs and 1-octanol were evaluated.

Chapter 3.3 further explores fed-batch cultivation strategies beyond the one developed in
Chapter 3.1. The different feeding strategies comprise altering feeding profiles and compositions
of the feeding solution. Their interactions with the implemented in situ extractions are evaluated.
Further, catastrophic phase inversion (CPI) as a measure for breaking emulsions, particularly
prominent in two-liquid phase fed-batch cultivations with high biomass titers, is assessed.

Chapter 3.4 focuses on the capability of P. putida KT2440, conventionally viewed as an
obligate aerobic microorganism, to withstand repeated, short-term oxygen limitation. Thereby, it
is assessed if the strain is suited for production in large-scale fermenters, in which gradients can
occur due to non-ideal mixing, or in specialized compartmented reactors, such as the multiphase
loop reactor described in the following chapter. Oscillation of dissolved oxygen tensions (DOTs)
was induced across different cultivation scales and setups. Controlled scale-down experiments
were performed to subject P. putida KT2440 to a defined duration of oxygen starvation, enabling
comparison of growth at given conditions with well-aerated fermentations. Further, the impact of
oscillating DOT values on the production of RLs was evaluated. First insights into coping
mechanisms were gained by untargeted proteomics and the quantification of intracellular
nucleotides.

In Chapter 3.5, the developed fermentation process for foam-free production of RLs is
transferred from STRs to a novel multiphase loop reactor (MPLR). After the design and
construction of the reactor, a first cultivation revealed that the installed aeration system could not
satisfy the oxygen demand of the growing cells. Therefore, a redesigned, highly porous sparger
enabling microbubble formation was constructed and integrated into the MPLR. A subsequent
batch cultivation of RL-producing P. putida KT2440 could be supported until carbon depletion.
Simultaneously, the implemented counter-current in situ LLE of RLs combined with specific
bioprocess design prevented excessive foaming, and an insitu phase separation enabled
continuous solvent recirculation. The newly established fermentation process was compared with
STR cultivations of previous chapters.

In Chapter 4, the approaches for a holistic perspective on an integrated bioprocess design are
discussed. Further considerations and general aspects of establishing microbial production
processes in the industrial landscape to eventually contribute to the envisaged bioeconomy are

presented.
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Materials & Methods

2 Materials & Methods

2.1 Chemicals

All chemicals used in this thesis were purchased from Sigma-Aldrich (St. Louis, MO, USA),
Carl Roth (Karlsruhe, Germany), or Merck (Darmstadt, Germany).

2.2 Bacterial strains and growth media

All strains, which were used in this thesis are listed in Table 1. All constructed
Pseudomonas putida KT2440 strains are based on the host-vector system safety level 1 (HV1)
certified chassis strain P. putida KT2440 (DSMZ: 6125) [127-129].

For initial seed cultures, lysogeny broth (LB) was used (5 g L™! yeast extract, 10 g L"! tryptone,
2 g L' NaCl), whereas secondary seed cultures, characterization cultures, and production cultures
were grown in a mineral salts medium (MSM) modified from Hartmans et al. [130] (10 g L'
glucose, 11.64 g L' KoHPO4, 4.89 g L NaH2PO4, 2 g L' (NH4)2S04, 0.1 g L MgCls - 6 H0,
10 mg L' EDTA, 2mg L' ZnSO4 - 7 H,0, 1 mg L' CaCl, - 2 H,0, 5mg L' FeSO4 - 7 H20,
0.2 mg L' Na;MoOs - 2 H,0, 0.2 mg L' CuSO4 - 5 H,0, 0.4 mgL"! CoCl, - 6 H,O, 1 mgL™!
MnCl; - 2 H20). Stock solutions for preparing the MSM are given in the Appendix Al, Table
Al.1. The medium was highly buffered to counteract a decrease in the pH value due to gluconate
production by P. putida KT2440. For batch and fed-batch bioreactor cultivations, during which
the pH value can be controlled by acid or base addition, the phosphate buffer (KxHPO4/NaH2PO4)
concentration was lowered threefold. For feeding, a concentrated and adjusted MSM was used
(200 g L' glucose, 7.76 g L' KoHPO4, 3.26 g L' NaH,POs, 40 g L' (NH4)2SO4, 033 gL
MgCl, - 6 H,O, 3mgL!' EDTA, 66mgL' ZnSOs-7H,0, 33mgL' CaCl;-2H0,
16.5mg L FeSO4-7 H0, 0.66 mgL! NaMoOs - 2 H,0, 0.66mgL? CuSOs - 5 H:0,
1.32mg L' CoCl, - 6 H,0, 3.3 mg L MnCl> - 2 H>0, also modified from Hartmans et al. [130]).
In Chapter 3.4, different feeding strategies are described, partially altering the feed compositions,
which are detailed in the corresponding chapter.

If required, the media were supplemented with antibiotics in the concentrations of 50 pg L™
for kanamycin and 30 pg L' for gentamycin. If Escherichia coli was cultivated in MSM, thiamine

was added in a concentration of 10 ug L.

2.3 Plasmid and strain construction

Plasmids and strains were mainly constructed to enhance the solvent tolerance of P. putida

KT2440 to organic solvents. All strategies for plasmid construction and host strain engineering
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were planned a priori and in silico with the software CloneManager 9 (SCI Ed Software LLC,
Westminster, CO, USA). All generated strains and their respective parental strains are given in
Table 1.

The construction of plasmids was designed with the NEBuilder Assembly online tool and
subsequently performed with HiFi DNA Assembly (New England Biolabs, Ipswich, MA, USA)
[131]. The DNA fragments for Gibson Assembly were amplified via polymerase chain reaction
(PCR), applying the Q5 High Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA,
USA) and oligonucleotides with DNA overhangs, specifically annealing with the adjacent DNA
fragments according to the NEBuilder Assembly online tool. All sequences of used
oligonucleotides are listed in the Appendix A.1 (Table A1.2). Further, purified genomes (isolated
with High Pure PCR Template Preparation Kit, Roche Holding, Basel, Switzerland) were used as
template DNA for amplification. The genes encoding for the efflux pump TtgGHI were recovered
from the genome of Pseudomonas taiwanensis VLB120, whereas the genes encoding for
chaperone GroEL-GroES and the cold-shock protein CspA-II were amplified from the isolated
genome of P. putida KT2440. Vectors, standardly linearized by restriction with Xbal (New
England Biolabs, Ipswich, MA, USA) or occasionally amplified via PCR if necessary, were used
in Gibson Assemblies for the construction of plasmids. Different types of plasmids were
constructed to enable various expression levels and modi in the later host strain, depending on the
expressed genes. In general, expression levels were chosen to be in a low range to minimize the
additional burden on the cells. The low-copy vector pBT harbors the constitutive Pic promotor
[132], whereas pBNT harbors a salicylate-inducible promotor system nagR/PrnagAa (based on
Verhoef et al. [133]). Both vectors harbor a kanamycin selection cassette.

To construct the plasmids pBT-groEL/groES and pBT-cspA-I1, the encoding DNA fragments
were amplified with the primer pairs PD9/PD10 and PD13/PD14, respectively, and assembled
with the PCR-amplified vector pBT.

Various expression systems were used to express the genes encoding for the efflux pump
TtgGHI. Plasmid pBT-ttgGHI was constructed using linearized pBT vector and the genes ttgGHI
amplified from the genome of P. faiwanensis VLB120 using oligonucleotide combination
PD19/PD20. Further, a salicylate-inducible system was constructed by assembling the linearized
pBNT vector with the #tgGHI coding sequence amplified with oligonucleotides PD21/PD22. In
addition, the promotor system of pBNT was exchanged with varying constitutive promoters of
different but generally low activities, which were previously developed and generously provided
by Sebastian Kobbing (Institute of Applied Microbiology, RWTH Aachen University, Aachen,
Germany, not published). The five promotor variants SPS 2.3 TCC_BCD?2,
SPS 2.8 ACC BCD2, SPS 2.4 AAC BCD2, SPS 2.5 TCG BCD2, and
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SPS_2.6_TAG_BCD2, listed from highest to lowest activity, have been introduced by amplifying
respective nucleotide sequences from a promotor library with oligonucleotides SK1/SK2. For
simplicity, only the first six characters of the promotors are given hereafter. Subsequently, the
PCR-amplified, thus linearized pBNT vector lacking its original promotor (amplified with
oligonucleotides PD23/PD24), the respective promotor sequences, and compatible DNA
fragments encoding for TtgGHI (amplified with oligonucleotides PD25/PD26) were assembled by
Gibson Assembly to construct all five variants of the plasmid collection pBNT-SPS2.X-#tgGHI (X
represents the specific number and sequence of the promotor).

The constructed plasmids were transferred into either E. coli PIR2 or E. coli DH5a by heat
shock transformation as described by Hanahan [134], and resulting transformants were
subsequently selected on LB agar plates supplemented with kanamycin. PCRs were performed
using cell material lysed with 60% (v/v) alkaline polyethylene glycol adjusted to a pH value of 13
[135] as a template and the OneTaq polymerase (New England Biolabs, Ipswich, MA, USA) to
verify the introduction of the plasmid with the correct size of the amplified region. Plasmids
harboring inserts of the correct size were isolated with the Monarch Plasmid Miniprep Kit (New
England Biolabs, Ipswich, MA, USA). The nucleotide sequences of regions of interest were in
general verified by Sanger sequencing (Eurofins Genomics, Ebersberg, Germany). The respective
plasmids were introduced individually into competent P. putida KT2440 cells via electroporation
[136] performed in a cuvette with a gap size of 2 mm and a GenePulser XCell (Bio-Rad, Hercules,
CA, USA) at 2.5 kV, 200 Q, and 25 pF. Subsequently, the obtained transformants were selected
for antibiotic resistance and validated by colony PCR as described above.

The [-Scel-based genome editing method originally described by Martinez-Garcia and de
Lorenzo [133] was used for the targeted deletion of genes. Here, two target sequence (TS) regions
spanning approximately the 500 bp up- and downstream of the region of interest in the genome of
P. putida KT2440 were amplified. The fragments were incorporated into the pEMG vector via
Gibson Assembly, and the resulting plasmid was introduced into E. coli PIR2 by heat shock
transformation [134]. The resulting transformants were verified to carry a plasmid with an insert
of the correct size by colony PCR. A positive clone was then used to transfer the plasmid into the
Pseudomonas chassis strains via conjugational transfer. The protocol for triparental mating
modified by Wynands et al. [137] was followed. First, the non-replicative pEMG plasmid was
integrated into the genome of the Pseudomonas chassis via homologous recombination.
Subsequently, the pPEMG backbone was removed by introducing the I-Scel-harboring plasmid
pSW-2 resulting in targeted restriction, thus forcing homologous recombination for the strain to
survive. Kanamycin-sensitive clones were validated for the deletion of the targeted gene via colony

PCR. Positive clones were sequentially cultivated in LB medium without antibiotics, causing the

23



Chapter 2

cells to lose the pSW-2 plasmid, thus generating marker-free strains. The strains were once again
validated for the targeted deletion using colony PCR for final confirmation.

The I-Scel-based genome editing method was additionally used to introduce targeted point
mutations into the genome of the Pseudomonas chassis strains P. putida KT2440 and P. putida
KT2440 3xAfad. Generally, the protocol described above was followed, apart from integrating the
point mutation in the overhang sequences of the oligonucleotides generating the TS1 fragments
amplified from the genome of P. putida KT2440 and used to construct the respective pEMG
plasmids. The successful introduction of point mutations was verified by Sanger sequencing
(Eurofins Genomics, Ebersberg, Germany).

Further, to reduce the copy number, a part of SPS2.X-ttgGHI variants was introduced into the
genome of P. putida KT2440 at three different loci identified to result in varying expression levels
[138]. Here, pEMG plasmids, which were generously provided by Sebastian Kébbing (Institute of
Applied Microbiology, RWTH Aachen University, Aachen, Germany), harboring the respective
SPS2.X-ttgGHI variants and specifically integrating into the genomic regions close to the genes
encoding for PP_1738, PP_3808, and PP_4945 were chosen [138].

Constructed strains, which showed an increased solvent tolerance, were evaluated for their
feasibility to produce value-added compounds. Rhamnolipid (RL) production was enabled by
integrating the genes rh/AB from Pseudomonas aeruginosa PAOI into the genome of chassis
strains. The mini-Tn7 delivery transposon vector pSK02 [139] harboring the constitutive synthetic
promotor Pge [140] and rh/AB was introduced into the chassis strains and integrated into the
genome via transposition as previously described by Zobel et al. [141]. Correct integration was
confirmed by colony PCR. To qualitatively assess the production capacity of obtained clones, the
hemolytic activity of mono-RLs was utilized. Halos surrounding colonies incubated on a
cetrimide-blood agar plate supplemented with 7.5% (v/v) sheep blood indicated productivity. To
quantitively determine the production capacity, several clones were cultivated in MSM, and the
RL titer was quantified by high-performance liquid chromatography (HPLC) measurements after
24 h of incubation. Best performing producers were selected for further studies.

Alternatively, 1-octanol was chosen as a potential product synthesized by solvent tolerant
strains. To enable production of 1-octanol from glucose as the sole carbon source, the plasmid
pOCTO04 generously provided by Till Tiso was introduced into several solvent tolerant strains via
electroporation. The plasmid pOCT04 harbors the genes encoding for the Anaerococcus tetradius
acyl-ACP thioesterase (Tes3), the Mycobacterium marinum carboxylic acid reductase (CAR), the
Bacillus subtilis phosphopantetheinyl transferase (Sfp), and the £. coli aldehyde reductase (AHR),
representing the whole pathway for 1-octanol production from octanoyl-ACP provided by the

de novo fatty acid synthesis native to P. putida KT2440.
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Table 1 Bacterial strains used and constructed in this study.

Strain Characteristics Reference or iAMB
Source strain #

E. coli

DH5a supE44, AlacU169 (980lacZAM15), hsdR17 (tx [142] 2382
mx"), recAl, endAl, thi-1, gyrA96, reld1

DHS5apir Apir lysogen of DH5a; host for oriV(R6K) vectors [143] 2077

PIR2 F, Alac169, rpoS(Am), robAl, creC510, hsdR514, Thermo Fisher 3222
endA, recAl uidA(AMlul)::pir; host for oriV(R6K)  Scientific
vectors

HB101 pRK2013 SmR, hsdR-M", proA2, leuB6, thi-1, recA; harboring  [144] 2037
plasmid pRK2013: KmR®, 0riV(RK2/ColE1), mob*,
tra®

DH5a pSW-2 DHS5a harboring plasmid pSW-2: GmR®, 0riRK2, [145] 2404

xylS, Pn— 1-Scel (transcriptional fusion of I-Scel to
Pw), tool for genomic deletion

DHS50Apir pPEMG DH5opir harboring plasmid pEMG: Km®, 0riR6K,  [145] 2075
lacZo with two flanking I-Scel sites

DHSapir pTNS1 DHS5opir harboring plasmid pTNS1: Ap®, oriR6K,  [146] 3221
TnSABC+D operon

DHS5aApir pSK02 DHS5aApir harboring Tn7 delivery vector pSK02 [139] 5234

(derived from pBG14f 80i_14f 80i_14g) for
chromosomal integration of r1/4B genes from
P. aeruginosa PAO1

PIR2 pOCTO04 PIR2 harboring plasmid pOCT04 for 1-octanol Till Tiso 5162
synthesis: Km®, oriT, tes3, car, sfp, ahr
DH5a pBT DH50 harboring plasmid pBT: Km®, P [132] 2049
(constitutive), oripBBR1, expression vector
DHSa pBNT DHS5a harboring plasmid pBNT: Km®, [133] 2047
nagR/PnagAa (salicylate-inducible), expression
vector
DHS50 pBT-ttgGHI DHS5a harboring plasmid pBT-ttgGHI This study 6935
DHS5a pBNT-ttgGHI DH5a harboring plasmid pBNT-ttgGHI This study 6936
DHSa pTn7- DHS5a harboring pTn7 plasmids with promotor Sebastian -
SPS 2.X NNN_ variants of the library with msGFP, combinations Kobbing
BCD2_msGFP for 2.X_NNN:2.3_TCC, 2.4_AAC, 2.5_TCG, (unpublished)

2.6_TAG, 2.8_ACC, promotors were amplified
from the respective strain

PIR2 PIR2 harboring pEMG_PP_1738 for chromosomal ~ [138] 6558
pEMG_PP_1738 int integration at PP_1738 of P. putida KT2440
PIR2 PIR2 harboring pEMG_PP_1738 for chromosomal ~ [138] 6590
pEMG_PP_3808_int integration at PP_3808 of P. putida KT2440
PIR2 PIR2 harboring pEMG_PP 1738 for chromosomal [138] 6578
pEMG PP 4945 int integration at PP_4945 of P. putida KT2440

P. taiwanensis

VLBI120 wild type [147] 2060
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Strain Characteristics Reference or iAMB
Source strain #

P. putida

KT2440 wild type [128] 2058
KT2440 SK4 P. putida KT2440 with at/Tn7::Pee-rhlAB [148] 5252
KT2440 pBT- P. putida KT2440 harboring plasmid pBT- This study 6937
groEL/groES groEL/groES

KT2440 pBT-cspA-11 P. putida KT2440 harboring plasmid pBT-cspA-II This study 6938
KT2440 pBT-11gGHI P. putida KT2440 harboring plasmid pBT-1tgGHI This study 6939
KT2440 pBNT-1tgGHI P. putida KT2440 harboring plasmid pBNT-t#tgGHI ~ This study 6940
KT2440 pBNT- P. putida KT2440 harboring plasmid pBNT- This study 6941
SPS_2.3_TCC_ SPS_2.3_TCC_BCD2_ttgGHI

BCD2 1tgGHI

KT2440 pBNT- P. putida KT2440 harboring plasmid pBNT- This study 6942
SPS_2.4 AAC_ SPS 2.4 AAC_BCD2_ttgGHI

BCD2_t1gGHI

KT2440 pBNT- P. putida KT2440 harboring plasmid pBNT- This study 6943
SPS 2.5 TCG_ SPS_2.5_TCG_BCD2_ttgGHI

BCD2 1tgGHI

KT2440 pBNT- P. putida KT2440 harboring plasmid pBNT- This study 6944
SPS_2.6_ TAG_ SPS_2.6_TAG_BCD2_tgGHI

BCD2_ttgGHI

KT2440 pBNT- P. putida KT2440 harboring plasmid pBNT- This study 6945
SPS_2.8_ACC_ SPS_2.8_ACC_BCD2_tgGHI

BCD2_1tgGHI

KT2440 SPS 2.3 P. putida KT2440 with chromosomally integrated This study 6946
PP_1738::1tgGHI SPS_2.3_TCC_BCD2_ttgGHI at PP_1738

KT2440 SPS_2.4_ P. putida KT2440 with chromosomally integrated This study 6947
PP_1738::1tgGHI SPS 2.4 AAC BCD2_ttgGHI at PP_1738

KT2440 SPS_2.5_ P. putida KT2440 with chromosomally integrated This study 6948
PP_1738::1tgGHI SPS_2.5_TCG_BCD2_ttgGHI at PP_1738

KT2440 SPS_2.6_ P. putida KT2440 with chromosomally integrated This study 6949
PP_1738::1tgGHI SPS_2.6_TAG_BCD2_ttgGHI at PP_1738

KT2440 SPS 2.8 P. putida KT2440 with chromosomally integrated This study 6950
PP_1738::1tgGHI SPS_2.8_ACC_BCD2_ttgGHI at PP_1738

KT2440 SPS 2.4 P. putida KT2440 with chromosomally integrated This study 6951
PP_3808::ttgGHI SPS 2.4 AAC_BCD2_ttgGHI at PP_3808

KT2440 SPS 2.5 P. putida KT2440 with chromosomally integrated This study 6952
PP_3808::1tgGHI SPS_2.5_TCG_BCD2_ttgGHI at PP_3808

KT2440 SPS_2.8_ P. putida KT2440 with chromosomally integrated This study 6953
PP_3808::1tgGHI SPS_2.8_ACC_BCD2_ttgGHI at PP_3808

KT2440 SPS_2.3_ P. putida KT2440 with chromosomally integrated This study 6954
PP_4945::1tgGHI SPS 2.3 TCC_BCD2_ttgGHI at PP_4945

KT2440 R1S1 P. putida KT2440 recovered after cultivation stage ~ This study -

1 from replicate 1 from ALE to the presence of 1-
octanol, no exposure to 1-octanol after stage 1
KT2440 R1S4 P. putida KT2440 recovered after cultivation stage ~ This study 6967

4 from replicate 1 from ALE to the presence of 1-
octanol
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Strain Characteristics Reference or iAMB
Source strain #
KT2440 R2S4 P. putida KT2440 recovered after cultivation stage  This study 6968
4 from replicate 2 from ALE to the presence of 1-
octanol
KT2440 R3S4 P. putida KT2440 recovered after cultivation stage  This study 6969
4 from replicate 3 from ALE to the presence of 1-
octanol
KT2440 PP_3453-P324R  P. putida KT2440 with AA exchange P324R of This study 6770
PP_3453
KT2440 PP_3454-P106R  P. putida KT2440 with AA exchange P106R of This study 6771
PP_3454
KT2440 APP_3453 P. putida KT2440 with deleted PP_3453 This study 6772
KT2440 APP_3454 P. putida KT2440 with deleted PP_3454 This study 6773
KT2440 APP_3453 P. putida KT2440 with deleted PP_3453 and This study 6774
APP_3454 PP_3454
KT2440 PP_3453-P324R  P. putida KT2440 PP_3453-P324R with a#(Tn7::Pse-  This study 6775
rhiAB rhiAB
KT2440 PP_3454-P106R  P. putida KT2440 PP_3454-P106R with atfTn7::Pie-  This study 6776
rhlAB rhlAB
KT2440 pOCT04 P. putida KT2440 harboring pOCT04 Till Tiso 5168
KT2440 PP_3453-P324R  P. putida KT2440 PP_3453-P324R with pOCT04 This study -
pOCTO04
KT2440 PP_3454-P106R  P. putida KT2440 PP_3454-P106R with pOCT04 This study -
pOCTO04
KT2440 3Afad pOCT04 P. putida KT2440 3Afad with pOCT04 Till Tiso -
KT2440 3Afad PP_3453-  P. putida KT2440 3Afad PP_3453-P324R with This study -
P324R pOCTO04 pOCTO04
KT2440 3Afad PP_3454-  P. putida KT2440 3Afad PP_3454-P106R with This study -
P106R pOCT04 pOCT04

Only final constructed strains, their parent strains, and strains utilized for their characteristics are presented.

Transitional strains (e.g., for plasmid construction) are omitted if not used in characterization experiments.

2.4 Cultivation strategies

2.4.1

Strain propagation

A strict strain propagation protocol was followed for the characterization of strains or
production cultures. In general, aliquots of cryopreserved strains (20% (v/v) glycerol, optical
density (ODsoo) of 5, -80 °C) were streaked onto agar plates and incubated at 30 °C for 24 h. Single
colonies were picked to inoculate 5 mL LB medium incubated at 30 °C and 300 rpm in an orbital
shaker (shaking diameter: 50 mm) for initial liquid seed cultures. At mid-exponential growth
phase, appropriate volumes of the first seed culture were transferred to the second seed culture
consisting of 50 mL MSM supplied with 10 g L! glucose. The second seed culture was incubated
at the same conditions as stated above and harvested for transfer into main cultures during the mid-

exponential growth phase.
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2.4.2  Cultivations for characterizing the biocompatibility of solvents

2.4.2.1 Qualitative assessment of the biocompatibility of organic solvents

The biocompatibility, indicated by the tolerance of wild-type and engineered strains to a
specific solvent, was primarily assessed in simplistic cultivation setups to gain qualitative results.
For this, | mL MSM inoculated with the respective strain to an ODsoo of 0.05 was overlaid with
200 puL solvent in hangar tubes. The tubes were sealed air-tight to prevent evaporation of the
solvent. Further, the glucose concentration of the MSM was set to 2 g L! to avoid a complete
consumption of the oxygen provided in the headspace of the tube (approximately 14 mL). The
cultures were incubated at 30°C and a shaking frequency of 200 rpm for an indefinite time.

Regularly, the cultures were inspected for developed turbidity, indicating growth.

2.4.2.2 Quantitative assessment of the biocompatibility of organic solvents

Strains qualitatively showing tolerance to solvents were cultivated in 50 mL MSM in presence
of the respective solvent at fixed phase ratio ¢ of 1:25 (v/v) organic to aqueous phase in a three-
neck 1.3 L shake flask. The cultures were incubated at 30°C and a shaking frequency of 150 rpm.
As state-of-the-art methods for biomass quantification were not feasible due to the formation of
stable emulsions, CO; production was used as an indicator for growth. CO> was measured in the
headspace of shake flasks by BCP-COz sensors, and the data was monitored with BlueVis (both
BlueSens, Herten, Germany). The shake flask was closed to avoid any evaporation of the solvent.
Additionally, custom-made reservoirs filled with 1 mL solvent were installed in the headspace to
saturate the gaseous phase of the shake flask with the respective solvent. The maximal consumable
glucose concentration in the medium was estimated to 6.3 g L™ based on the amount of available
oxygen in the headspace of the shake flasks. For this, the assumptions of ideal gas law and pure
combustion reaction were applied, neglecting biomass and potential product formation. The
solvents may potentially be degraded and used as a carbon source resulting in further production
of CO» after glucose depletion. To observe potential diauxic shifts, the glucose concentration was
setto 3 g L', well below the maximally consumable concentration estimated above.

Next to assessing the biocompatibility and biodegradation of solvents, the cultivation setup

was used for adaptive laboratory evolution (ALE) described in Chapter 2.5.

2.4.3 Microtiter plate cultivations

2.4.3.1 Microtiter plate cultivations in the BioLector

Microtiter plate cultivations were performed in Round Well Plates (MTP-R48-B, m2p-labs,
Baesweiler, Germany; sealing: Breathseal Sealer, Greiner Bio-One, Kremsmiinster, Austria) and
were controlled by the BioLector I (m2p-labs, Baesweiler, Germany). The filling volume of the
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wells was set to 1 mL of MSM inoculated to an initial ODgoo of 0.05. The cultivation temperature
was kept constant at 30 °C, and humidity control was activated to limit evaporation.

In Chapter 3.4, the impact of repeated temporary oxygen limitation on growth and production
of P. putida KT2440 is described. To subject the cells to temporary but repetitive low dissolved
oxygen tensions (DOTSs), specialized shaking profiles were designed, as the maximal oxygen
transfer rate (OTRumax) is dependent on the shaking frequency [149]. A shaking profile oscillating
between 1,200 rpm and 200 rpm for specific time intervals was established by developing a script
implemented in the respective backend setups of each run. According to the equation published by
Lattermann et al. [150] (Appendix A.l, Equation 20) to estimate the OTRmax at different
cultivation conditions, approximate OTRmax of 1.2 mmol L' h'! and 60.0 mmol L' h! have been
predicted for low and high shaking frequencies, respectively, thereby validating intended
oscillations. Time intervals of high and low shaking frequencies were identical within one
cultivation, i.e., the duration of vigorously shaking was set equal to the duration of restricted
shaking. Time intervals of 2 min, 4 min, and 6 min were tested and compared to a control
cultivation constantly shaking at 1,200 rpm. Measurement intervals were synchronized with
shaking intervals to record the backscatter as an online signal for biomass always at a shaking

frequency of 1,200 rpm. Thereby, an erroneous signal caused by sedimented cells was avoided.

2.4.3.2 Microtiter plate cultivations in the Growth Profiler and System Duetz

For characterizing growth, the constructed strains and respective controls were cultivated in
either 24- or 96-square deep-well microtiter plates (MTPs), which were incubated in the Growth
Profiler 960 (EnzyScreen, Heemstede, Netherlands), allowing online monitoring of growth due to
the transparent bottom of the plates. In general, cultures were inoculated to a starting ODsoo of 0.1
and subsequently incubated at 225 rpm and 30 °C. The green value, derived from image analysis
of individual wells by the Growth Profiler Control Software v2_0_0, served as a measure for
growth and was recorded by the detector every 30 min. Cultivations in the 24-well MTPs were
performed at a filling volume of 1 mL MSM (10 g L' glucose), whereas the filling volume of
cultivations in 96-well MTPs was set to 0.2 mL MSM (10 g L' glucose). Sandwich covers
corresponding to the respective plates were used to seal the plates while still guaranteeing
sufficient aeration [151].

If only final titers of produced RLs were determined, cultures in non-transparent deep-well
MTPs were incubated at 300 rpm continuous shaking and 30 °C without online monitoring of

biomass. The cultures were sampled after 24 h.
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2.4.4 Cultivations in stirred-tank reactors

In general, batch and fed-batch cultivations performed in stirred tank reactors (STRs) were
fully controlled by BioFlo120 units and DASware Control Software 5.5.0 (both Eppendorf, Jiilich,
Germany). The respective working volumes of MSM were inoculated with the second seed culture
to an initial ODggo of 0.2. The pH value was monitored with online pH probes (phferm, Hamilton
Company, Bonaduz, Switzerland) and kept at the desired value by the automated addition of 4 M
H>SO4 and 4 M KOH. The DOT value was surveilled with online probes (VisiFerm, Hamilton
Company, Bonaduz, Switzerland). For all cultivations, the temperature was set to 30 °C. If
applicable, O2 and CO; concentrations in the exhaust gas were measured by BlueInOne Ferm Gas
analyzers and monitored with BlueVis (both BlueSens GmbH, Herten, Germany). Cultures
producing RLs were performed in two-liquid phase cultivations to enable an in situ extraction of
RLs and thereby avoid extensive foaming. When wild-type P. putida KT2440 was cultivated, and
thus no RLs were produced, no organic solvent was added to the bioreactor.

In Chapter 3.4, the effect of repeated oxygen starvation on the growth of wild-type P. putida
KT2440 is described. The corresponding batch cultivations were performed in 3 L STRs
(Eppendorf, Jiilich, Germany) with a working volume of 2 L. The pH was kept constant at a value
of 7. To induce oscillating DOT values throughout the cultivations, agitation and aeration were
periodically altered between low (25 rpm, 0 L min™!) and high (800 rpm, 2 L min!) setpoints.
Intervals of high and low agitation and aeration rates were set to equal durations of 2 min or 4 min.
Control cultivations were aerated and agitated constantly at high setpoints.

In Chapter 3.1, two-liquid phase fermentation processes were developed for the in situ
extraction of RLs produced by P. putida KT2440 SK4. These cultivations were performed in 1.3 L
STRs (Eppendorf, Jiillich, Germany) with a working volume of 700 mL MSM overlaid with
100 mL ethyl decanoate. Cultivations were performed at different pH values of 6, 6.5, and 7 to
assess its influence on in situ extraction, growth, and production. Once set, the pH value was kept
constant during the respective cultivations. The DOT value was maintained at above 30 % by a
cascaded agitation (400 - 1,000 rpm) to prevent oxygen limitation. The aeration rate was kept
constant at 0.7 L min™’.

Further, in Chapter 3.4, cultivations for assessing the influence of oscillating DOT values on
RL production by P. putida KT2440 SK4 were performed. Here, the conditions for two-liquid
phase cultivations were adjusted to 3 L STRs (Eppendorf, Jilich, Germany) with a working
volume of 2L MSM by adding 250 mL ethyl decanoate to avoid foaming. The interval of
oscillating aeration and agitation, as described above for non-producing cultures, was set to 2 min.
Continuously well-aerated and well-agitated cultivations were performed as a control. The pH was

maintained at a value of 6.
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Fed-batch cultivations as described in Chapter 3.1 and further developed in Chapter 3.3 were
generally performed in 1.3 L STRs (Eppendorf, Jiilich, Germany) with a reduced initial working
volume of 400 mL MSM to allow the addition of feed solutions. As a second liquid phase for
in situ extraction, 100 mL ethyl decanoate was added. The agitation was kept constant at
1,000 rpm, and the setpoint of the pH value was manually reduced when foam covered the surface
of the cultivation broth. All other parameters were set as described for batch cultivations. The
feeding strategy and the composition varied as these were subject for optimization and are thus
described in the respective sections of Chapter 3.3. For the fed-batch cultivation in Chapter 3.1, a
DOT-based feeding strategy was chosen. When the DOT signal increased, indicating a depletion
of carbon source, the feeding pump was activated. At a DOT value of 70%, the pump rate was set
to 12 mL h™! resulting in an addition of feed solution and a decrease of the DOT value. At a DOT
value of 30%, feeding was stopped until the carbon source was once again depleted, and a DOT
value of 70% was reached, thus initiating the feeding loop once again. A total of 247 mL
concentrated feed solution, as described in Chapter 2.2, were added throughout the fermentation.

In Chapter 3.2, 1-octanol was used as a solvent for the in situ extraction of RLs produced by
tolerant P. putida KT2440 with a production cassette integrated into the genome in batch
cultivations. The cultivations were performed in 3 L STRs (Eppendorf, Jilich, Germany) with a
working volume of 1.5 L MSM and 250 mL I-octanol. Cascaded agitation (400 - 1,000 rpm)
ensured a DOT value at above 30%, whereas the aeration rate was kept constant at 1.5 L min™’.

The pH was controlled at a value of 7. All other parameters were set as generally described above.

2.4.5 Cultivations in a parallel fermentation system

The DASbox 2.1 cultivation system (Eppendorf, Jiilich, Germany) was used to assess the
impact of different DOT values on the growth of P. putida KT2440. Single DASBox reactors with
a filling volume of 200 mL of MSM (10 g L! glucose) were inoculated to an initial ODgoo 0f 0.15.
The temperature was kept constant at 30 °C, and the pH was controlled at a value of 7 by adding
2 M KOH and 4 M H2SO4. The initial agitation and the initial aeration rate were set to 400 rpm
and 100 mL min™' (0.5 vvm), respectively. With increasing biomass and thus increasing oxygen
demand, a cascade maintained constant DOT values above thresholds set to 60%, 30%, 15%, and
5%. The cascade was set up to first increase the agitation from 400 rpm at an output value of 0%
to 1,200 rpm at an output value of 40% and the aeration rate from 100 mL min™' at an output of
40% to 200 mL min™' at an output of 100%. During the cultivation, it was observed that the cascade
was not ideally set to maintain the DOT at a value 60% for the respective reactors. Thus, it was
adjusted to an agitation of 1,800 rpm at an output value of 40%. This was done for all reactors to

ensure comparability. Further, neither the factory-set proportional-integral-derivative (PID)
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controller values nor well-tested PID controller values from previous cultivations in the BioFlo120
system at a scale of 1.5 L were suitable for both pH and DOT control, resulting in oscillations due

to overdriving. Therefore, respective settings were adjusted during the fermentations.

2.4.6  Cultivations in the multiphase loop reactor

The multiphase loop reactor (MPLR) was developed based on a patent and succeeding
simulations at the Chair of Fluid Process Engineering, RWTH Aachen University [54-56]. In
short, the reactor is a modified air lift reactor (ALR). The inner compartment is delimited by a
hanging cylinder inserted into a standard 5 L glass vessel (Eppendorf, Jiilich, Germany) of a larger
diameter (deylinder = 144 mm, dvessese = 176 mm). The cylinder-ring gap defines the outer
compartment, which is called the downcomer. When the inner compartment, named the riser, is
aerated, a loop flow of a continuous fluid phase is induced. The fluid rises above the upper edge
of the cylinder, enters the outer compartment, and flows into the riser at the bottom of the reactor.
In the lower part of the downcomer, an organic solvent is dispersed and rises to the liquid surface
due to a difference in density compared to the continuous aqueous phase. Therefore, a counter-
current liquid-liquid extraction is established (Figure 4A).

Cultivations in the MPLR were designed by adapting previously established cultivation
protocols for STRs. Besides the outer glass vessel (Eppendorf, Jiillich Germany), all other parts of
the MPLR (head plate, stand, sparger (air), disperser (solvent), inner cylinder and its mounting,
cooling coil, sampling tube) were custom-made. The MPLR was operated at a filling volume of
4L MSM (10 g L glucose), which was inoculated with RL producing P. putida KT2440 SK4 to
an initial ODgoo of 0.2. The riser and the downcomer were each controlled by linked BioFlo110
control units (Eppendorf, Jiilich, Germany), allowing individual control of either compartment of
the reactor. Ethyl decanoate for the in situ extraction of RLs was dispersed at the bottom of the
downcomer by applying a continuous flow rate of 10 mL min™ via an external peristaltic pump
(Masterflex L/S Computer-Compatible Digital Drive, Cole-Parmer GmbH, Wertheim,
Deutschland). A coherent solvent phase, which accumulated at the liquid surface, was withdrawn
by another external peristaltic pump (Masterflex L/S Variable-Speed Drive, Cole-Parmer GmbH,
Wertheim, Deutschland) operated at a flow rate of 20 mL min™'. The pump was connected to a
pipe with an outlet fixed in a setter compartment slightly above the liquid surface to maintain the
filling volume at a constant level. A partially enlarged inner wall inhibited the loop flow to enter
the settling zone, thereby establishing a turbulence-free compartment. An unstructured, stainless
steel coalescer supported the coalescence of solvent droplets to allow the formation of a coherent
solvent phase in the settling compartment (Figure 4B). The DOT was monitored in both

compartments via invasive probes (VisiFerm, Hamilton Company, Bonaduz, Switzerland).
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Likewise, the pH value was measured in both compartments (phferm, Hamilton Company,
Bonaduz, Switzerland), and either value could be used as an input value to set the desired pH value
by the addition of 4 M HCl and 4 M KOH via peristaltic pumps built in the BioFlo110 pump
module. The pH value was lowered to enhance the RL extraction efficiency when foam
accumulated and threatened to enter the settler compartment. The riser was aerated at specific
rates, set by a thermal mass flow controller (EL Flow Select F-201CV-20K-AGD-00-V,
Bronkhorst Deutschland Nord GmbH, Kamen, Netherlands) and converted to volumes in the range
of 0 - 20 L min™! of air. Aeration rates were adjusted to enable a sufficiently high DOT value for
microbial growth during the cultivation. The temperature was kept constant at 30 °C.
Concentrations of O2 and COxz in the exhaust gas were measured by a BlueVary unit and monitored

by BlueVis (both BlueSens GmbH, Herten, Germany).
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Figure 4 Schematic illustrations of the MPLR. (A) Half cross-section of the MPLR with flow patterns of the
continuous aqueous phase (blue background, black arrows), the dispersed gaseous phase (white circles, grey arrows),
and the dispersed organic phase (yellow circles, red arrows). Large white circles at the bottom display the air sparger
and the solvent disperser, small white circles in the riser represent air bubbles. (B) Installation of the MPLR, including
solvent recirculation (shaded area represents the settler compartment with coalescer) and aeration. Further installations
such as DOT, pH, and temperature probes, cooling coil, heating jacket, sampling device, and exhaust gas monitoring
are not displayed to avoid clarity.

2.5 Adaptive laboratory evolution

Wild-type P. putida KT2440 was adapted to 1-octanol by repeatedly subjecting the strain to
the solvent during cultivation. In general, the same experimental setup, including media
composition, solvent fraction, solvent reservoirs, and COz sensors, as described for the quantitative
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biocompatibility assessment in Chapter 2.4.2.2, was applied. In contrast to conventional ALE
strategies, gradually increasing the selective pressure over the cultivation cycle, the strain was
exposed to unaltered concentrations of 1-octanol only in every second cultivation cycle. Thus, the
cultivation conditions alternated between absence and presence of the selective pressure. This
strategy, previously described by Eng et al. [152], was applied to investigate if a potential
adaptation is inheritable, even if the selective pressure is removed for several cell divisions. As
conventional methods for biomass quantification were not feasible due to the formation of
emulsions in the presence of 1-octanol, the CO, volume fraction in the headspace was used as a
measure for growth. The initial cultivation cycle, during which no selective pressure was applied,
was inoculated to an ODgoo of 0.01. Thereafter, I mL of the respective culture was transferred to
a clean shake flask to inoculate the next cultivation cycle at a threshold fraction of 3% COz (v/v).
After each cultivation cycle, the strain was cryopreserved for subsequent analysis. The ALE was

performed in three independent cultivations and was terminated after four cultivation cycles.

2.6 Genome re-sequencing

To identify mutations in the genome of P. putida KT2440 strains, which were subjected to
ALE enhancing tolerance to 1-octanol, genomic re-sequencing was performed on all strains
recovered after the fourth cultivation cycle and the initially applied wild-type strain for
comparison. Genomic DNA was isolated from cells of 5 mL LB cultures with the High Pure PCR
Template Preparation Kit (Roche, Basel, Switzerland). Sequencing using Illumina technology as
paired-end reads of 100 base pairs as well as single nucleotide polymorphism and insertion and
deletion (SNP/InDel) calling was performed by CeGaT GmbH (Tibingen, Germany). The
reference was mapped against the database with BWA-mem Version 0.7.17-cegat [153]. SNPs and
InDels were analyzed with SnpEff (version 4.3t build 2017-11-24) [154].

2.7 Construction of a solvent database

Data for organic solvents of different types exhibiting various physicochemical properties
were collected and listed in a data spreadsheet. The list encompasses properties relevant for
extraction processes, such as density, solubility in water at room temperature, and the boiling point
at ambient pressure. Additionally, the octanol/water partition coefficient (log P) as an indicator for
biocompatibility [74, 155] and flash points for assessing fire hazards of the solvents were listed.
Further, the Health Score developed for the CHEM21 solvent selection guide [156] was included.
Primary data sources were ChemSpider (Royal Society of Chemistry, London, UK), PubChem
(National Center for Biotechnology Information. Rockville Pike, USA), and the manufacturer's

documentation depending on data availability.
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2.8 Extractions

2.8.1 Extraction efficiencies

As part of the reductive, multi-step solvent selection described in Chapter 3.1, the efficiency
of solvent candidates for the extraction of RLs was tested in cell-free cultivation broth generated
from shake flask cultivations of P. putida KT2440 SK4 and subsequent centrifugation (14,000 g,
10 min). Solvents were saturated with distilled water overnight in a tempered shaker (Thermo
Shaker MHR 23, Hettich Benelux BV, Geldermalsen, Netherlands) at 30 °C and 600 rpm to
minimize changes of concentrations due to cross-solubility of the solvent with water. Two-liquid
phase systems in fixed phase ratios ¢ of 1:4 (v/v) organic solvent to cultivation broth (pH 6.5) were
shaken at 99 rpm in an overhead shaker (Intelli-Mixer RM-2L, ELMI Ltd. laboratory equipment,
Riga, Latvia) for 4 h. As the temperature for optimal growth and production for P. putida KT2440
was previously determined to be at 30 °C [157] and the solvents were assessed for in situ
extractions, all extraction experiments were conducted at 30 °C. Samples were taken from the
aqueous phase to quantify the RL concentration after extraction (Ci), thus determining the
reduction of RL concentration relative to the initial RL concentration (Co) and the corresponding

partition coefficient P in regard to the phase ratio ¢ (refer to Equation 1 and 2, Chapter 2.12).

2.8.2 pH-dependent extractions

In Chapter 3.1, the influence of the pH value of the cultivation broth on the efficiency of RL
extraction was assessed. Here, the pH values of the cultivation broths were adjusted to seven
different values in the range of pH 3.3 to pH 10 by adding respective amounts of 1 M NaOH or
1 M HCIL. Fixed phase ratios ¢ of 1:4 (v/v) organic solvent to cultivation broth were incubated at
30 °C and 1,400 rpm horizontal shaking (HLC Cooling-ThermoMixer MKR13, DITABIS AG,
Pforzheim, Germany) for 4 h. Samples were taken from the aqueous and the organic phase for RL

quantification.

2.8.3 Time-resolved extractions

Extractions were monitored over time to assess the duration needed to reach equilibria.
Multiple extractions at a phase ratio ¢ of 1:4 (v/v) organic solvent to cultivation broth and
incubated at 30 °C and 1,400 rpm horizontal shaking (HLC Cooling-ThermoMixer MKR13,
DITABIS AG, Pforzheim, Germany) were performed. At specific time intervals, a subset of
extractions was interrupted by short centrifugation (15 s, 21,300 g) to separate the liquid phases.
Quickly, samples from both phases were drawn to determine RL concentrations. Durations of
extraction ranged from 15 s to 30 min. The time-resolved extractions were performed with two

exemplary solvents, 1-decanol and ethyl decanoate.
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2.8.4 Back-extractions

To recover extracted RLs from the solvents, back-extractions at varying pH values were
performed. Double-distilled water was buffered using tris acetic acid EDTA (TAE, 40 mM Tris,
20 mM acetic acid, | mM EDTA) and adjusted with 1 M NaOH and 1 M HCI to respective pH
values in the range of 4.8 to 11.75. TAE was chosen as the buffer as it showed compatibility with
analytical methods in the relevant concentrations. Fixed phase ratios ¢ of 1:1 (v/v) organic solvent
enriched with RLs to pH-adjusted double-distilled water were incubated at 30 °C and 1,400 rpm
horizontal shaking (HLC Cooling-ThermoMixer MKR 13, DITABIS AG, Pforzheim, Germany)

for 4 h. Samples were taken from the aqueous and organic phases for RL quantification.

2.9 Phase separation

The phase separation was studied in a vertical cylinder filled with 100 mL cultivation broth
containing P. putida KT2440 SK4 and RLs. A custom-made plate disperser (18 evenly distributed
holes, d = 1 mm) inserted at the bottom of the cylinder (designated height /4 of -5.4 cm) was
connected to a peristaltic pump (501U, Watson-Marlow, Marlow, UK) to disperse the solvent.
Withdrawing the coherent solvent phase at a height 4w of 4.5 cm enabled recirculation at
211 mL min™! (Figure 5). The height of top-most not coalesced droplet (/c), starting with the first
droplet reaching the phase boundary (t =0 s, h =0 cm), was recorded and plotted similarly to the
decay of the batch dispersion of Hartland and Jeelani (1987) [158] but shows the advancement of
anon-coalescing dispersion over time until steady state is reached. A stainless-steel mesh was used

as a coalescer to optionally enhance coalescence.

Y

height

Figure 5 Schematic setup of the experiment for phase separation. The peristaltic pump (P) disperses the solvent at
height hq. The droplets coalesce at height /. to a coherent phase being withdrawn at height A,. This figure was
originally designed by Maximilian von Campenhausen, was previously published [125], and is reprinted with
permission from Green Chemistry. Copyright The Royal Society of Chemistry 2020.
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2.10  Catastrophic phase inversion

Catastrophic phase inversion (CPI) was performed as a proof of concept to break stable
emulsions of an organic solvent and cultivation broth, containing cells, cell fragments, RLs.
Defined volumes of excess solvent were added to the emulsion and incubated at 100 rpm overhead
shaking at room temperature for approximately 1 h before allowing the system to settle for 20 h.

Ratios of emulsion to excess solvent ranged from 1:1 (v/v) to 1:7 (v/v).

2.11 Analytical methods

2.11.1 Determination of bacterial growth

The optical density of liquid cultures was measured at 600 nm using Ultrospec 10 cell density
meter (Biochrom, Cambridge, UK). Further, cell dry weight was quantified by centrifuging 1 mL
of sampled fermentation broth at 21,300 g and 4 °C for 5 min (Centrifuge 5430 R, Eppendorf,
Jiilich, Germany). The supernatant was discarded, and the cells were washed by resuspending the
pellet in 1 mL deionized water. After another centrifugation, the cell suspension was transferred
to pre-dried and pre-weighed glass vials and incubated at 80 °C. Dried samples were weighed to
determine the cell dry weight. Linear regression was applied to determine growth rates. For
weighing, a precise micro balance was used (NewClassic MF MS105DU, Mettler Toledo, Gief3en,
Germany; error: 0.015 mg). Per point of time and per biological replicate, four technical replicates
were measured. Evaluation of this method revealed an error of approximately 15% for biomass
titers <0.2 gL, which was reduced to <5% for biomass titers of >0.5 gL, considering

biological and technical replicates.

2.11.2 Metabolite quantification

Cell-free supernatants of samples of liquid cultures were generated by centrifugation
(21,000 g, 3 min). Routinely, substrates and intermediates in culture supernatants, namely glucose,
gluconate, and 2-ketogluconate, were quantified using a DIONEX UltiMate 3000 High
Performance Liquid Chromatography (HPLC) System (DIONEX UltiMate 3000 composed of
pump module LPG-3400SD, autosampler WPS-3000 (RS), and the column oven TCC-3000 (RS),
all Thermo Fisher Scientific Thermo Scientific, Germany) with an ISERA Metab AAC
300 x 7.8 mm separation column (particle size: 10 um, ISERA GmbH, Diiren, Germany). The
coupled DIONEX UltiMate 3000 Variable Wavelength Detector was set to 210 nm, and
additionally a refractive index (RI) detector SHODEX RI-101 (Showa Denko Europe GmbH,
Germany) was used. Glucose and 2-ketogluconate were quantified using the signals of the Variable

Wavelength Detector, whereas gluconate was quantified via the signal from the RI detector.
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Elution was performed with 5 mM H2SOs at a flow rate of 0.6 mL min™ at 40 °C. The volume of
the injected sample was set to 10 pL.

For glucose quantification performed in Chapter 3.1, an enzymatic assay automated on a liquid
handling platform (4BioCompact, 4BioCell GmbH & Co. KG, Bielefeld, Germany) was used. The
system was calibrated with defined glucose solutions ranging from 0.1 gL' to 4 gL', For
measurements out of range, the liquid handling platform automatically diluted the respective
samples and repeated the assay. Before quantification, the aqueous samples were centrifuged

(21,000 g, 3 min) to remove cells.

2.11.3 Rhamnolipid quantification

For RL quantification, reversed-phase HPLC-CAD (DIONEX UltiMate 3000 composed of
pump module LPG-3400SD, autosampler WPS-3000 (RS), and the column oven TCC-3000 (RS)
with a Corona Veo Charged Aerosol Detector (CAD), all Thermo Fisher Scientific, Waltham,
USA; NUCLEODUR Cl18 Gravity 150 x 4.6 mm separation column, particle size: 3 um,
Macherey-Nagel GmbH & Co. KG, Diiren, Germany) was used. A continuous nitrogen flow for
the CAD was maintained by the nitrogen generator Parker Balston NitroVap-1LV (Parker Hannifin
GmbH, Kaarst, Germany).

The employed method was described previously [139]. A gradient elution with two buffers,
(A) acetonitrile and (B) 0.2% (v/v) formic acid in double-distilled, purified water, was run over a
15 min measurement interval. Initial conditions were set to 70% buffer A and 30% buffer B, which
remained unaltered for 1 min. Over an 8 min linear incline, the fraction of buffer A was increased
to 80%, followed by a 1 min linear incline, enhancing the fraction of buffer A to 100%, kept
constant for 1 min. Subsequently, initial conditions were restored within 1.5 min and retained until
the end of the measurement interval. The flow rate and the column oven temperature were kept
constant at 1 mL min™' and 40 °C, respectively. The volume of injected sample was set to 5 uL.
The method enabled the detection and quantification of four HAA congeners and four mono-RL
congeners (Appendix A.1, Figure Al.1).

Before sample preparation, the pH value of aqueous samples was adjusted to 7 with 1 M KOH
or 1 M HCI, if necessary, to avoid quantification bias. Equal volumes of acetonitrile were added
to aqueous samples for protein precipitation. After mixing and incubation at 4 °C for more than
4 h, the samples were centrifuged (21,000 g, 3 min) and filtered (Phenex RC syringe filters, pore
size: 0.2 um, d =4 mm, Phenomenex, Torrance, USA). For solvent samples, the organic phase
was evaporated at 20 mbar (abs), 60 °C, and 1,400 rpm (ScanSpeed 40 attached to ScanVac
Coolsafe 110-4, both Labogene ApS, Lynge, Denmark, and Chemistry Hybrid Pump RC 6,
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vacuubrand GmbH + Co. KG, Wertheim, Germany) and dry residuals were resolved in appropriate

volumes of a 50% acetonitrile - double distilled water solution before filtering.

2.11.4 Detection and quantification of 1-octanol

Samples from production cultures were centrifuged to remove cells (12,000 g, 5 min), and
900 pL of the cell-free supernatant were extracted with 450 puL hexane at thorough mixing (Intelli-
Mixer RM-2, 63 rpm, 15 min). Another centrifugation enhanced phase separation at the conditions
described above. For derivatization, 20 uL MTBSTFA were mixed with 100 pL of the organic
phase and incubated at 65°C for 1.5 h.

Detection of 1-octanol was performed via gas chromatography coupled to mass spectrometry
(GC-MS) on a Trace GC Ultra coupled to a ISQ single quadrupole mass spectrometer (both
Thermo Scientific, Waltham, MA, USA). Analyte separation was performed with a VF-5ms
capillary column (30 m length, 0.25 um inner diameter, 0.25 pym film thickness, Agilent
Technologies Inc., Santa Clara, CA, USA) at a constant carrier gas flow of 1 mL min™ helium. A
sample volume of 1 pL was injected (AI/AS 1310 autosampler, Thermo Scientific, Waltham, MA,
USA) and the inlet temperature was set to 200 °C. A split ratio of 1:10 was chosen. The column
temperature was initially kept at 100 °C for 2.5 min, then increased at a rate of 20 °C min™ to
250 °C, followed by an increase of 50 °C min™ to 320 °C, at which it was held for 5 min. The
transfer line and ion source temperatures were set to 280 °C and 300 °C, respectively. lons were

generated by electron impact ionization at 70 eV.

2.11.5 Untargeted proteomics

Samples were drawn as technical duplicates from each STR cultivations of P. putida KT2440
SK4 at the different applied conditions performed in biological duplicates. The control cultures
were sampled at t; = 7.6 h, whereas the cultures subjected to 2 min oscillations were sampled at
t; = 7.6 h and again at t = 11.9 h, shortly before glucose depletion. Ten mL of cultivation broth
were sampled in pre-chilled (-20 °C) reaction tubes, subsequently centrifuged (5,000 g, 10 min,
4 °C), and washed with 0.9% NaCl (4 °C). Cell pellets were rapidly cooled in liquid nitrogen and
stored at -20 °C until further analysis.

The cell pellets were suspended in lysis buffer containing 50 mM potassium phosphate buffer
(pH 8.0), 2mM EDTA, 2 mM 1,4-dithiothreitol, and supplemented with cOmplete protease
inhibitor cocktail (1697 498, Roche Applied Science, Basel, Switzerland). Cell suspensions were
disrupted in a Precellys System (Bertin Instruments, Montigny-le-Bretonneux France) using 0.1-
0.2 mm glass beads plus two glass beads with 5 mm diameter for 30 s at maximum frequency was
repeated twice. The supernatant containing protein fractions were collected and stored at -20 °C

until further analysis. Concentrations of proteins in crude extracts were measured using a Bradford
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assay (B6916, Sigma Aldrich, USA) with bovine serum albumin as a standard. According to
previously described methods [159], the resulting crude extracts were applied for untargeted LC-
MS/MS measurements. Briefly, a maximum of 50 puLL of the crude extracts (up to 100 pg total
protein) were used for tryptic digestion. Crude extracts were digested with 1 pg trypsin in a total
volume of 100 pl for 5 h at 42 °C (T7575, Sigma Aldrich). Peptide solutions were diluted 1:2 with
MilliQ H20 (Millipore, Merck KGaA) before LC-MS/MS measurements.

With injected sample volumes of 10 puL, protein amounts of up to 5.0 pug were applied. Peptide
mixtures were separated by reversed-phase HPLC (Infinity 1260 HPLC, Agilent Technologies;
column at 21 °C: 150 x 2.1 mm Ascentis Express Peptide ES-C18 2.7 um (53307-U, Sigma
Aldrich); equilibration: 3% B (12 min); gradient B: 3-40% (70 min), 40% (8 min), 40-60%
(1 min), 60% (10 min); flow: 0.2 mL min™'; A: 0.1% (v/v) formic acid, B: acetonitrile + 0.1% (v/v)
formic acid) prior to ESI-MS-TOF (Q-ToF 6600 mass spectrometer, Sciex, Darmstadt, Germany)
measurements. The TripleTOF6600 was operated at following parameters: curtain gas: 35, ion
source gas 1: 50, ion source gas 2: 50, ion spray voltage: 5500, temperature: 450, declustering
potential: 120. The variable width Q1 windows were monitored in a non-scheduled manner during
the elution under the above-specified parameters. SWATH window width was calculated with
SWATH Variable Window Calculator V1.0. The autosampler was set to +6 °C. Data acquisition
and peak integration were performed using the software PeakView 2.1 (Sciex), while proteins were
identified with the software ProteinPilot 5.1 (Sciex). Marker View software (Sciex) was used for

t-test analysis.

2.12  Data analysis

Quantified data were analyzed to enable comparison across different cultivation systems and
modes according to equations described in the following.

The extraction efficiency E was calculated according to Equation 1:

E =

Co—Cy
- 100% 1)

0

with Co referring to the concentration before extraction and C) referring to the concentration after
extraction.

The partition coefficient P was calculated according to Equation 2:

Co— G

P =
Ci-¢

)

with ¢ representing the volumetric phase ratio of organic to aqueous phase.
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The total mass of produced RLs was calculated according to Equation 3:
MRLtotal = CRL,aq ' Vaq + CRL,urg ' Vorg (3)

with mgrr o being the total mass of produced RLs, Crrag and Crror representing the RL
concentrations in the aqueous and the organic phase, respectively, and Vi, and Vo representing
the volumes of the aqueous and the organic phase, respectively.

The product yield Yr/s was calculated according to Equation 4:

MRLtotal _ CRL,aq ) Vaq + CRL,org ) Vo‘rg

YP/S = €))

MeLe total Cercaq * Vag
with maLc o representing the total mass of glucose either supplied in the batch phase or fed during
the feeding phase.

The biomass yield Yxs was calculated according to Equation 5:

x
Yy =—— 5)
X1s MeLc total

with x being the produced biomass.

The space-time-yield, or productivity, STY was calculated according to Equation 6:

MpLtotal _ CRL,aq ) Vaq + CRL,org : Vorg

STY =
Vag - Vag -

(6)

with ¢ representing the time of cultivation. As the productivity was calculated over the entire
cultivation, or separate for batch and fed-batch phases, ¢ either corresponds to the end of the
cultivation, the point of time at the start of feeding, or the difference of the prior two points of
time.

Growth rates, the increase of oxygen uptake rate (OUR), and the specific glucose uptake were
derived via linear regression. Errors denote the standard deviation for sample sizes of n > 2 or the

minimal and maximal values for sample sizes of n = 2.
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Results

3.1 Evaluation of in situ extraction solvents to robustly produce rhamnolipids in

a two-liquid phase fermentation

3.1.1 Abstract

Excessive foaming causes instabilities in fermentation processes, particularly when producing
biosurfactants, which can be overcome by intensifying the fermentation via in situ product
recovery. A reductive, multi-step approach for selecting organic solvents for an in situ liquid-
liquid extraction of rhamnolipids produced by recombinant Pseudomonas putida KT2440 was
developed. 1) A database consisting of physicochemical parameters for 183 solvents was
composed, allowing a pre-selection by setting respective thresholds. 2) The number of solvents
was reduced by evaluating their extraction efficiencies regarding rhamnolipids in cell-free
cultivation broth and their impact on the growth of P. putida KT2440. 3) The most promising
solvent was characterized regarding phase separation, pH-dependency of the extraction, and
applicability of back-extraction for product recovery and solvent regeneration. The overall
performance was assessed in two-liquid phase (fed-)batch fermentations in lab-scale stirred-tank
reactors. The solvent selection approach revealed ethyl decanoate to be a highly suitable and
sustainable solvent for the in situ liquid-liquid extraction of rhamnolipids. During the final two-
liquid phase fed-batch fermentation, 30 g L' produced rhamnolipids accumulated in the organic
phase. Integrating extraction and increasing the partition coefficient by moderately lowering the
pH value prevented foaming during fermentation, thus resolving the initial process instability.
Rapid phase separation and back-extractability allowed product recovery and solvent recycling.
The here presented reductive, multi-step solvent selection approach was successfully applied to
establish a two-liquid phase fermentation producing rhamnolipids by engineered P. putida
KT2440, resolving the foaming challenge. The approach can serve as a blueprint for selecting

solvents for in situ liquid-liquid extractions in bioprocesses.

3.1.2 Introduction

The envisaged bioeconomy requires replacements for petrochemically derived chemicals.
Promising alternatives for surfactants are rhamnolipids (RLs), produced mainly by bacteria from
the Pseudomonas genus [99]. The class of thamnolipids encompasses a high diversity of molecular
structures as congeners vary in the number of rhamnose moieties (zero to two) as well as chain
length and saturation of the alkanoic acid residues [101]. These biosurfactants have potential
applications, e.g., in detergents, food, remediation of oil-polluted sites, medicine/pharmacology,
plant protection, and agriculture. Specific congeners of RLs might have additional, innovative

applications, which have to be fully explored and exploited [160]. Because P. aeruginosa, the most
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prominent producer of RLs [100, 161], is an opportunistic human pathogen, RL production using
recombinant, non-pathogenic P. putida KT2440 was established [106, 107]. Further information
on biosurfactants and RLs is given in the General Introduction (Chapter 1).

A central challenge in the production of surfactants in bioreactors is excessive foaming, even
at small product concentrations, caused by the aeration required to continuously provide oxygen
for cellular respiration. Microorganisms accumulate in the foam, resulting in a substantial loss of
the biocatalyst. Although antifoam has been applied to prevent foaming at high concentrations of
biosurfactants [118], it is not only complicating downstream processing (DSP) [119, 120] but is
also costly as large amounts are required. Therefore, innovative process alternatives as the
integration of in situ product removal (ISPR) like foam fractionation [41, 122, 123, 162] are
advantageous for the biotechnological production of surfactants but pose challenges when
transferred to large-scale production due to challenging scalability [124]. The implementation of
in situ liquid-liquid extraction might be a promising alternative. Here, a liquid organic phase
exhibiting a miscibility gap with the aqueous fermentation broth is added to the system. The
product transfers into the organic phase, lowering the surfactant concentration in the fermentation
broth and thus prevents foaming. Previously, ethyl acetate was favored for the ex situ extraction
of RLs from cultivation broth [148, 163].

In situ liquid-liquid extractions have been applied in different setups for biotechnological
production processes to resolve product inhibitions. A typical setup is spatially separating
production and extraction by coupling the fermenter compartment to an extraction compartment
removing, e.g., lactic acid [164], gibberellic acid [165], butanol [166], and itaconic acid [167]. An
industrial ready process was evaluated by DSM Biotech GmbH, Jillich (Germany), and DSM,
Geleen (Netherlands) to produce L-phenylalanine [168]. The sequential coupling of fermentation
and liquid-liquid extraction allows independent optimization of respective process parameters like
dissolved oxygen, shear stress, temperature, or pH value. However, as the fermentation broth is
circulated through the compartments, a change of parameters causes the production host to
encounter repeatedly changing environments perturbating its metabolism, which can result in an
impaired production or even cell death [169, 170]. Although submerged membranes can retain the
organisms in the fermenter compartment, such a setup requires additional equipment with
increased investment and maintenance cost due to biofouling of the membrane [86, 171].

Fermentation and in situ liquid-liquid product extraction in a single compartment, i.e., two-
liquid phase fermentation, were investigated for many catalyst/product pairs overcoming the
drawbacks described above. Examples for two-liquid phase fermentations are the production of
phenol [172], p-hydroxysterene [173], 3-methyl-1-butanol [174, 175], ethanol [176], and pullulan

[177]. In an approach for the epoxidation of styrene, the toxic substrate was supplied via an organic
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phase, simultaneously serving as an extractant for the equally toxic product [178, 179], even
predicting an economic advantage compared to conventional chemical production processes [75].
Publications on in situ liquid-liquid extractions for industrial fermentations are rare. However, e.g.,
Isobionics (Geleen, Netherlands) owns a patent for two-liquid phase fermentation to produce
isoprenoids [180]. In contrast to coupled extractions, the operational window for two-liquid phase
fermentations is defined by combining the respective operational windows for fermentation and
liquid-liquid extraction. Hence the freedom of design and operation is reduced. Challenging
operational constraints can cause detrimental effects on fermentation and extraction performance.
Examples are underperformance of whole-cell biocatalysts due to toxicity of the extractants or
unfavorable surface properties of organisms, resulting in poor phase separation, interphase
formation, or high viscosity [181, 182]. These interactions depend on the choice of solvent and its
physical properties. Thus, a comprehensive screening of solvents regarding specifications of the
fermentation is indispensable.

Previous solvent screenings for two-liquid phase fermentations consisted mainly of comparing
the extraction efficiencies and biocompatibilities of only up to 25 solvents [76, 183—187], probably
not to exceed a feasible number of experiments. However, since there are hundreds of solvent
candidates, finding a highly suitable but simultaneously sustainable and safe solvent for the
respective application might be accidental and based on available chemicals. The chemical
industry uses model-based predictions of liquid-liquid equilibria [188], enabling an in silico
screening of large numbers of solvents for their partition coefficients. While this approach is
complicated to transfer to fermentations, some physicochemical properties of the solvent can be
considered to evaluate the compatibility for the envisioned two-liquid phase fermentation.
Therefore, a first reduction of the number of potential solvent candidates can be performed by
screening a database for physicochemical properties in a predefined property target space [72,
189].

In this chapter, 183 organic solvents were evaluated for liquid-liquid in situ extraction of RLs
in a multi-step, reductive selection approach. First, a data-based screening of physicochemical and
economic properties led to a reduced number of solvent candidates, further limited by thresholds
for experimentally determined partition coefficients, biocompatibility, and biodegradation by
P. putida KT2440, simultaneously favoring solvents posing low risk to the user. In more detail,
characteristics of the most promising solvent, including phase separation behavior and pH-
dependency of the (back-)extraction for product and solvent recovery, were determined. The
performance of the final organic solvent was evaluated in two-liquid phase fermentations using

stirred-tank reactors (STRs).
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3.1.3 Results

3.1.3.1 Reductive multi-step solvent selection

A primary selection based on physicochemical properties eliminates inapt solvent candidates

The large quantity of organic solvents potentially used as in sifu extractants in two-liquid
phase fermentations requires a pre-selection of the most promising candidates to keep the
experimental efforts for detailed characterization within reasonable limits. Here, a theoretical
approach based on solvent properties gathered in a database was used to limit the number of
potential candidates.

Data for properties of 183 potential organic solvent candidates, selected based on solvents
applied as extractants in bioprocesses in literature, were gathered (Appendix A.2, Figure A2.5).
Properties include the octanol/water partition coefficient (log P) and low solubility in water,
favoring the selection of biocompatible and recyclable solvents. The Health Score, developed
within the solvent selection guide by Prat ef al. [156, 190] in the scope of the CHEM21 project,
was used as a measure for toxicity to humans. Further, exhibiting a miscibility gap with water and
being fluid at standard conditions were regarded as prerequisites for a solvent to be included. A
primary and a secondary threshold were defined by knowledge-based assumptions for each

property (Table 2).

Table 2 Thresholds and short explanations for performed solvent selection steps.

Property Thresholds (classification) Reason

Primary Secondary

threshold threshold

(“Suitable”) (‘Limited’)
Density <880gL"! <920gL! Sufficient difference in density to the aqueous

phase for gravimetric separation

Boiling point >100 °C >80°C Limit the loss of solvent to the gaseous phase
Solubility in water <03gL! <05gL! Limit the loss of solvent to the aqueous phase
log P 4 3.5 Preselection for biocompatibility of the solvent
Price® <100 €/100 mL <120€/100 mL  Economically affordable range
Toxicity Health Score <2 Health Score®<4  Limit toxic hazards for operators
Flash point Flash points above 100 °C avoid reaching

flammability thresholds of applied solvents in
aqueous fermentation systems ©

2 Prices are here regarded as market prices for laboratory use. Market prices for bulk sizes are substantially lower.

b According to Prat et al.[156],

¢Solvents have been examined until solvent selection steps were conducted, for which protection against fire hazards
could not be guaranteed using available laboratory equipment.
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The thresholds of each property allowed a classification of the solvents as ‘not suitable’
(infringing at least one secondary threshold of any property), ‘limited’ (infringing at least one
primary threshold of any property), or ‘suitable’ (infringing no threshold) for application as an
in situ extraction solvent. Classified as ‘not suitable’ were 153 (83.6%) of the initially listed
solvents, including ethyl acetate, previously favored as an ex situ extractant for RLs [148, 163].
Regarded as ‘limited” were 12 solvent candidates (6.6%). The remaining 18 solvents (9.8%) were

classified as ‘suitable’ and advanced in the subsequent selection stage.

Extraction efficiencies and flash points further reduce the number of solvent

candidates

The selected 18 solvents were assessed for their capability to extract RLs from cell-free
fermentation broth. The solvents extracted RLs with an efficiency of 18.9% to 99.8%, translating
to partition coefficients ranging from 0.93 for n-hexadecane to 2,530 for 1-decanol for the ratio of
organic to aqueous phase of 1:4 (v/v) (Figure 6). A threshold value of 8 was chosen for a minimal
partition coefficient to select economically and ecologically advantageous solvents as less solvent
is required with increased partition coefficients. For two representative solvents (1-decanol and

ethyl decanoate), a time-resolved extraction was performed to validate the assumption of reaching
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Figure 6 Extraction efficiencies of 18 organic solvents for the extraction of rhamnolipids from fermentation broth at
pH 6.5. The extraction efficiency was determined from the remaining RLs in the aqueous phase after extraction
relative to non-extracted cultivation broth. The black horizontal line marks the threshold for the partition coefficient
of 8. Error bars represent the maximum and minimum values of measurements from two independent experiments.
The figure was originally designed by Maximilian von Campenhausen This figure was originally designed by
Maximilian von Campenhausen, was previously published [125], and is reprinted with permission from Green
Chemistry. Copyright The Royal Society of Chemistry 2020.
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equilibrium within 4 h (Appendix A.2, Figure A2.1). The flash point as a measure for flammability
was introduced as another threshold to balance the performance of the solvent with the effort for
introducing appropriate measures for protection against fire hazards [156, 191]. Only solvents with
a flash point higher than 100 °C were further considered in the succeeding selection stages to avoid
safety hazards or the requirement of laboratory equipment complying with fire safety regulations
(refer to Table 2). Thereby, the number of solvent candidates was reduced to three (1-decanol,
methyl decanoate, and ethyl decanoate), fulfilling the criteria of a partition coefficient above 8 and

a minimum flash point of 100 °C.

Ethyl decanoate shows high biocompatibility and negligible biodegradability

In the initial screening based on the physicochemical properties of the solvents, log P was
regarded as an estimation for biocompatibility. 1-Decanol, methyl decanoate, and ethyl decanoate
were further investigated by monitoring the accumulation of COxz in the headspace of a closed
shake flask when the cells were cultivated in the presence of the respective solvent. As state-of-
the-art methods for biomass determination were not feasible due to the formation of stable
emulsions in the presence of solvents, the CO; accumulation served as a measure for growth.

The influence of the respective solvent on the growth of the cells can be determined regarding
the deviation of CO2 volume concentrations in the headspace of shake flasks with solvent from a
solvent-free cultivation (Table 3). Conclusions on the biocompatibility of the solvent in the
presence of a preferred carbon source (here glucose) and the ability to degrade the solvent after
depletion of the preferred carbon source can be drawn. Additional to the listed effects, the solvent

can cause a prolonged initial adaptation phase of the microorganism.

Table 3 Theoretical CO; accumulation in the headspace of the shake flask with solvents compared to a cultivation
without solvents and the corresponding characteristic of the interaction of solvent and microorganism.

Before depletion of preferred carbon source After depletion of preferred carbon source
Development of Impact on cell growth Development of Impact on cell
CO: accumulation CO: accumulation _metabolism
I None Solvent is bacteriocidal A None Solvent is not
metabolized
II  Lower rate Negative impact of B Delayed Adjustment of
solvent on growth but metabolism to solvent as
not bacteriocidal carbon source
Il Same rate No impact of solventon C Immediate Instant metabolization of
growth solvent as carbon source

The rate of CO, accumulation in the headspace of shake flasks in the presence of methyl
decanoate (0.42 £0.01 h™') and ethyl decanoate (0.44 +0.01 h™') was similar to the rate of the
control cultivation (0.44 +0.01 h') until glucose was depleted (Figure 7). The comparable CO>
accumulation rates indicate high compatibility of the solvents to P. putida KT2440 SK4 as growth
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was not impaired. In contrast, the rate of CO, accumulation in the presence of 1-decanol
(0.35+0.01 h'") is lowered compared to the control, suggesting impeded growth. This is not
entirely in agreement with log P values as an indicator for biocompatibility. While ethyl decanoate
has the highest log P (4.71) of the tested solvents, the log P of 1-decanol (4.57) is higher than the
one of methyl decanoate (4.41) and should thus be less biocompatible. However, membrane
interactions due to the cross-solubility of the solvent indicated by log P is not the only described
phenomenon for solvent toxicity to microorganisms as thoroughly reviewed by Ramos et al. [192]
and Heipieper ef al. [193]. In this regard, more solvent-tolerant P. putida strains like P. putida S12
or P. putida DOT-TIE could serve as production hosts allowing the use of more disruptive
solvents as extractants [31]. Here, increased precautions to meet higher safety levels of the strains
may need to be considered. Alternatively, solvent tolerance can be increased by strain engineering,

as reviewed by Mukhopadhyay et al. [40] and also approached in this thesis in Chapter 3.2.
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Figure 7 Mean CO; volume concentration in the headspace of shake flask cultivations of P. putida KT2440 in MSM
with 3 g L' glucose in the presence of organic solvents. 1-decanol (blue), methyl decanoate (red), ethyl decanoate
(green), control in the absence of solvent (black). Shaded areas represent the range of measurements from two
independent experiments. Data associated with this figure were partially obtained from Carolin Griitering’s Internship
Report [194]. This figure was previously published [125] and is reprinted with permission from Green Chemistry.
Copyright The Royal Society of Chemistry 2020.

After glucose depletion, displayed by a sudden decrease in CO2 accumulation rate at a CO»
volume concentration of around 4.5%, the volume concentrations for the cultures with added
methyl decanoate and 1-decanol increased at moderate rates (0.09 +0.00 h™' and 0.14 +0.01 h™!,
respectively) without delay. In comparison, CO2 accumulated at a lower rate for the cultures with
added ethyl decanoate (0.02 + 0.01 h!). This indicates a high metabolization rate of 1-decanol and
methyl decanoate by P. putida KT2440 SK4. Ethyl decanoate, however, cannot be used as a
carbon- and energy source as efficiently as indicated by a slow increase of the CO2 volume

concentration after glucose depletion. According to the categories mentioned in Table 3, 1-decanol

can be classified as II C, methyl decanoate as 11l C, and ethyl decanoate as I1I B. The ideal in situ
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extraction solvent should neither impede cell growth nor be degraded. The results suggest ethyl

decanoate to be closest to an ideal in situ extraction solvent.

3.1.3.2 Characterization of the selected solvent

Ethyl decanoate was selected as the most promising of the tested solvents for the in situ
extraction of RLs. In addition to the physical properties evaluated above, ethyl decanoate has
several advantages regarding work safety, economics, and cost-effectiveness. It does not have any
hazardous classification, and due to the high flash point, no additional measures for fire hazard
protection need to be established. It occurs as a fermentation ester in wine production [195, 196]
and is used as a food additive [197]. It can be produced without using petrochemical raw material
by the esterification of the natural products ethanol and decanoate [198]. The prior can be produced
biotechnologically and the latter can be purified from coconut or palm oil [199]. Regarding an
industrial application, the non-purified mixture of esters derived from ethanol and fatty acids from
plant oil as well as other commercially available solvent mixtures could potentially be used for
in situ RL extraction to lower overall process costs. However, due to intermolecular interactions,
their respective performances need to be confirmed. Detailed characteristics crucial for applying
ethyl decanoate (Merck, Darmstadt, Germany; purity > 98 %) for in situ extractions of RLs were

further investigated.

Coalescer accelerates phase separation

Another crucial solvent-specific property is its rapid separation from the aqueous phase,
particularly if it is intended to be removed continuously, as envisaged for the multiphase loop
reactor (MPLR). RLs produced by P. aeruginosa have been shown to influence coalescence [200].
The experiments for extraction efficiency described earlier in this chapter revealed qualitative
differences in settling behavior (Appendix A.2, Figure A2.2), e.g., based on molecular weights
(alkenes) and most prominently functional groups (ethyl decanoate). The settling behavior and
phase separation of ethyl decanoate were further evaluated in specifically designed experiments,
in which the solvent was continuously dispersed through the cultivation broth and recirculated.
The influence of components of the cultivation broth was determined by performing a control with
purified water. In all cases, a layer of densely packed solvent droplets formed in between the
coherent aqueous and solvent phases. The height of the top-most solvent droplet was recorded over
time (Figure 8A).

The top-most solvent droplet in the system with pure water as the aqueous phase reached a
height of 0.5 cm after 15 s and did not alter until the end of the experiment, thus reaching steady-
state. In contrast, using cultivation broth as the aqueous phase, the top-most solvent droplets

reached a larger height more rapidly, leading to an abortion of the experiment as the outlet for
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solvent recirculation at 4.5 cm was approached by the solvent droplet after 103 s. This emphasizes
the high impact of the composition of the aqueous phase on the settling behavior, which is
negatively influenced by the presence of cells, RLs, and proteins. To potentially enhance
coalescence, a stainless-steel mesh serving as a coalescer was installed. As soon as solvent droplets
got in contact with the mesh, a collapse of the droplets was observed. However, due to its
inhomogeneous packing, droplets could enter the coalescer before reaching steady-state, which
was robustly maintained in a single long-time experiment, enabling the recirculation of coherent

solvent for 14 h (Figure 8B).
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Figure 8 Coalescence curves defined by the clear cut between the densely packed drop layer and the coherent phase
of ethyl decanoate. Coalescence curves for two-phase systems of (A) ethyl decanoate - water (black) and ethyl
decanoate - fermentation broth without (red) and with coalescer (green) until 110 s and (B) the system with coalescer
after 14 h are shown. The grey shaded area represents the location of the optional coalescer. Error bars represent
standard deviations from the mean of measurements from three independent experiments. This figure was originally
designed by Maximilian von Campenhausen, was previously published [125], and is reprinted with permission from
Green Chemistry. Copyright The Royal Society of Chemistry 2020.

A successful transfer of the phase separation to a running fermentation process is highly
dependent on the operational conditions. In the phase separation experiment, a narrow drop-size
distribution could be observed. However, this is not the case in fermentation concepts using
agitation, such as present in STRs with Rushton turbines commonly installed for bacterial cultures,
as high shear forces are induced. These cause a small Sauter mean diameter and a broad drop size
distribution of the second liquid phase [201], and the formed emulsion is stabilized by the presence
of RLs due to their surface-active characteristic [202]. Although beneficial for extraction

efficiency due to a high surface-to-volume ratio, the emulsion tends to separate less rapidly [203].
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Nevertheless, continuous two-liquid phase fermentations have been conducted in STRs [175, 204].
For two-liquid phase STR cultivations described in this thesis, the solvent was not removed
continuously, but phase separation was achieved by centrifugation. However, regarding the
operation of the MPLR described in Chapter 3.5, the concept of introducing a coalescer in a solvent

settling compartment was readopted.

Extraction of rhamnolipids with ethyl decanoate is dependent on pH

The dissociated form of molecules with carboxylic groups dissolves easily in water, whereas
the protonated form can pass interfaces into organic phases. This principle for pH-dependent
extraction has been described and modeled, e.g., for carboxylic acids [205], to which the produced
RLs are similar as they exhibit a carboxyl group. In accordance, the pH value was previously
shown to impact the extraction of RLs with ethyl acetate as an organic solvent [163]. However, as
determined in the preliminary selection based on physicochemical properties, ethyl acetate does
not meet the requirements for being applied as an in situ extraction solvent in bioprocesses.

In detail, the pH-dependency was investigated for the extraction with ethyl decanoate in a
broad pH range with a focus on the physiologically feasible range (pH 6 - 8) for P. putida KT2440.
The experiments confirmed that the equilibrium concentrations of RL in the respective phases are
dependent on the pH value (Figure 9A). At acidic conditions, the RLs were almost exclusively
present in the organic phase. In contrast, at alkaline pH values, a shift of the partition coefficient
below 4 at the respective phase ratio of 1:4 (v/v) was observed (Figure 9B). Considering different
congeners, the pH value for reaching an inversion of the partition coefficient for HAAs in favor of
the aqueous phase was shifted to a more alkaline pH value in comparison to mono-RLs (Appendix
A.2, Figure A2.3). However, as the percentage of mono-RLs in the extracted fermentation broth
was 80 % of the total amount of RLs, the sum of all HAA and mono-RL congeners was used as a
measure for extraction.

The transitional range, in which an inversion of the partition coefficient is reached, roughly
spans from pH 6 to pH 8. Thus, the pKa-value of the RLs is located around neutral pH. In contrast,
pKa-values for RLs produced by P. aeruginosa determined by potentiometry and spectroscopic
approaches range from 4.28 to 5.50 [206]. However, the congener composition influences the pKa
as indicated when considering the different congeners individually (Appendix A.2, Figure A2.3).

RLs are amphiphilic molecules, i.e., they exhibit highly hydrophilic and hydrophobic regions.
Therefore, they tend to accumulate at interfaces [207] or form micelles in bulk phases [208]. Since
the presence of the RLs in respective phases depends on the pH value, their overall affinity changes
most likely by the dissociation degree of the carboxylic group enabling the RLs to pass the phase
boundary.
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Figure 9 pH-dependency of rhamnolipid extraction with ethyl decanoate. (A) RL amount in the coherent ethyl
decanoate (black) and aqueous (blue) phase at different pH values, and (B) respective partition coefficients for
extraction from the aqueous phase to the organic phase. Error bars represent standard deviations from the mean of
measurements from three independent experiments. This figure was previously published [125] and is reprinted with
permission from Green Chemistry. Copyright The Royal Society of Chemistry 2020.

Generally, at higher pH values, more interphase was visible. As RL concentrations could only
be measured in the coherent phases, the product entrapped in the interphase was not quantified,
explaining the inconsistent total mass of RLs at different pH values. Thus, the partition coefficient
was calculated from the ratio of concentrations quantified in the coherent phases. The
accumulation of RLs in the interphase was previously identified as one of the main reasons for the
loss of product [209]. As the interphase formation is strongly dependent on the pH value and
proteins typically present in the fermentation broth, precipitation of the proteins can prevent
interphase formation and overcome product loss. However, this is not feasible for an in situ
extraction as protein precipitation cannot be applied during fermentation. Nevertheless, the

recovery of RLs from the interphase should be considered for a higher overall yield of the process.

For comparison, the same pH-dependent extraction experiments were conducted with
1-decanol and methyl decanoate. No pH-dependency of the extraction was observed for 1-decanol,
whereas the distribution of RLs when extracting with methyl decanoate was less sensitive to pH-
shifts compared to extraction with ethyl decanoate (Appendix A.2, Figure A2.4). Therefore, the

pH-dependency of RL extraction cannot be assumed universally but depends on the solvent.

Efficient recovery of rhamnolipids and solvent is enabled by pH-shift

Although often not regarded in studies for two-liquid phase fermentations, subsequent product
recovery from the organic phase after in situ extraction has to be considered, as it economically
and ecologically affects the overall process. Here, a thermal separation is not applicable as
unreasonable amounts of energy would be required due to the high boiling point of ethyl decanoate

(241.5 °C) at normal pressure. Therefore, back-extraction as a non-thermal recovery operation was

assessed for pH values ranging from 4.8 to 11.75.
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In general, the back-extraction showed similar results compared to the initial extraction as it
was strongly influenced by the pH value (Figure 10). While the bulk of the RLs remained in the
organic phase at acidic pH values, the partition coefficient shifted to a minimum, close to zero, at
only slightly alkaline pH values. Therefore, the RLs can be recovered from ethyl decanoate,
allowing the reuse of the solvent for further extractions. Concerning interphase formation, similar
phenomena could be observed as described above for extracting RLs from the aqueous phase.
Considering process design, the high sensitivity to pH values proposes back-extraction of RLs as

the product recovery operation subsequent to in situ extraction.
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Figure 10 Back-extraction of rhamnolipids from loaded ethyl decanoate. (A) RL amount in coherent ethyl decanoate
(black) and aqueous (blue) phase at different pH values, and (B) respective partition coefficients for back-extraction
from the organic phase to the aqueous phase. Error bars represent standard deviations from the mean of measurements
from three independent experiments. This figure was previously published [125] and is reprinted with permission
from Green Chemistry. Copyright The Royal Society of Chemistry 2020.

3.1.3.3 Application in two-liquid phase fermentations

Ethyl decanoate was identified as the most promising solvent candidate for in situ RL
extraction. The favorable characteristics were validated in two-phase fermentations in stirred-tank

bioreactors.

Ethyl decanoate can prevent foaming in two-liquid phase fermentations

First, fermentations were conducted without in situ extraction. Notably, the fermentations
started to foam excessively at an RL concentration of merely 18.5 mg L' shortly after inoculation.
Foaming could only be controlled by the addition of large amounts of antifoam. In contrast, in the
two-liquid phase batch fermentation at a pH value of 7, the addition of ethyl decanoate initially
prevented foaming (Figure 11), thus enabling cultivation for a short time. However, to cultivate
longer than 3.8 h, again, extensive amounts (>40 mL) of anti-foaming agent (Antifoam 204,
Sigma-Aldrich) had to be added. The addition of antifoam resulted in unprecise RL quantifications

as indicated by enlarged error bars. Moreover, due to high costs and increased efforts in further
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DSP, the addition of large amounts of antifoam is not recommended [119, 120] and was not further

considered.
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Figure 11 Extractive two-phase fermentation at standard conditions. P. putida KT2440 SK4 were cultivated in
700 mL MSM and in the presence of 100 mL ethyl decanoate. The pH was maintained at a value of 7. Data for
rhamnolipid concentrations in the organic phase (blue triangles) and the aqueous phase (black squares) are shown.
The black vertical line marks the time foaming occurred and the addition of anti-foaming agent. Error bars represent
the maximum and minimum values of measurements from two independent experiments. Data associated with this
figure were partially obtained from Carolin Griitering’s Internship Report [194]. This figure was previously published
[125] and is reprinted with permission from Green Chemistry. Copyright The Royal Society of Chemistry 2020.
Foam-free fermentations prolonged by reducing the pH value

The addition of ethyl decanoate enabled fermentations in STRs at reference conditions.
However, the duration of the fermentation was not prolonged enough resulting in low RL
concentrations at the time of foaming. As a strong dependency of the extraction efficiency on the
pH value in cell-free fermentation broth was observed, its feasibility was attempted to be
transferred to in situ extractions in the presence of P. putida KT2440 SK4. Here, the impact of a
lowered pH on cell growth and productivity was assessed by comparing the previous batch
fermentations at a pH value of 7 (standard condition) with fermentations at pH values of 6.5 and 6.
The fermentations were terminated when excessive foaming occurred, or glucose was depleted.

As shown above, at pH 7, the fermentation started to foam excessively 3.8 h after inoculation.
Here, about 1.5 g Lo’ RLs accumulated in the organic phase, and 26 mg Lqq™' remained in the
aqueous phase. By reducing the pH value to 6.5, foaming caused the fermentation to be terminated
after 6.1 h, during which 3.2 g Lo RLs were extracted into the organic phase, and 38 mg Lag™!
remained in the aqueous phase. At a pH value of 6, no foaming occurred, and 10 g L! glucose was
depleted within 10.8 h resulting in 6.8 g Loy’ RLs present in the organic phase and about
84 mg Lag! in the aqueous phase translating to a yield of 0.106 gr gorc™ (Figure 12A). After
glucose depletion, cells did not show any respiratory activity, indicating an immediate
metabolization of ethyl decanoate without adaptation to be infeasible for P. putida KT2440 SK4

at the given conditions. Therefore, the characteristics determined in the biocompatibility and
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biodegradation assay are transferable to fermentations in STRs. Remarkably, comparing the
cultivations, the RL concentrations in the aqueous phases differed at the time foaming occurred.
Higher concentrations at lower pH values indicate a direct impact on the foaming characteristics
of RLs, which has been suggested previously [210]. Here, the undissociated RLs might have a less
amphiphilic character at lower pH values resulting in a lower tendency towards foaming. The ratio
of produced RLs was composed of approximately 20% HAAs and 80% mono-RLs, which did not

alter throughout all fermentations.
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Figure 12 Production of rhamnolipids in extractive two-liquid phase fermentations and OUR-derived growth rates at
different pH values. P. putida KT2440 SK4 were cultivated in 700 mL MSM with 10 g L' and in the presence of
100 mL ethyl decanoate. The pH was maintained at 7, 6.5, and 6. Cultivation was terminated when foaming occurred.
(A) RL titers over the course of the fermentations at pH 7 (black), pH 6.5 (green), and pH 6 (blue) in organic (square)
and aqueous (triangle) phases. (B) Determination of OUR-derived growth rates at respective pH values. Fermentations
were terminated when foaming occurred. Error bars or borders of shaded areas represent maximum and minimum
values of measurements from two independent experiments. Data associated with this figure were partially obtained
from Carolin Griitering’s Master Thesis [211]. This figure was previously published [125] and is reprinted with
permission from Green Chemistry. Copyright The Royal Society of Chemistry 2020.

Since optical density measurements or the determination of the cell dry weight were not
possible due to the formation of stable emulsions, the oxygen uptake rate (OUR) was used to
estimate growth rates. Assuming an equal oxygen demand for each cell at each point of time and
exponential growth, the slope of the logarithmic OUR over time represents the growth rate (Figure

12B). The cultivations at pH 7 showed an OUR-derived growth rate of 0.55 h™', which agrees with
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published growth rates of P. putida KT2440 on glucose as the sole carbon and energy source in
the absence of a solvent [212, 213]. Therefore, it can be concluded that ethyl decanoate is not
detrimental to the viability of P. putida KT2440 SK4, confirming its biocompatibility. At lowered
pH values of 6.5 and 6, the OUR-derived growth rates decreased to 0.45h' and 0.37 h,
respectively, which can be attributed to the limited acidic stress response of P. putida KT2440
[108] and indicates non-optimal conditions for the production strain. However, the determined
growth rates are still sufficiently high for efficient fermentation. Therefore, decreasing the pH
value was shown to be an efficient measure for enhanced extraction of RLs and thus foam
prevention in two-liquid phase fermentations. Although a reduced pH value has a negative effect

on the whole-cell biocatalyst, a good overall performance for producing RLs could be maintained.

Gradual pH reduction prevents foaming at optimal growth in fed-batch fermentation

As a lowered pH is disadvantageous for growth but prevents foaming, a two-liquid phase
fermentation strategy with foam-dependent reduction of the pH value was developed, ensuring
optimal cultivation conditions for the longest possible duration. Here, the initial pH value was set
to 7 and was gradually reduced every time the surface of the fermentation broth was covered with
foam. pH-shifts in the course of fermentations are common, however, usually focused on
influencing the metabolism of the whole-cell biocatalyst for higher production [88, 214-216]
rather than on establishing fermentation stability via ISPR. The previous fermentations
demonstrated that foaming could be prevented entirely at a pH value of 6, a phase ratio of 1:7 (v/v)
organic to aqueous phase and 10 g L' glucose. Here, the initial aqueous phase was reduced to
400 mL resulting in a ratio of 1:4 (v/v) organic to aqueous phase to enable the addition of feed
solution after the initial 10 g L' glucose had been depleted. Thus, over time, the phase ratio
decreased to 1:7 (v/v) organic to aqueous phase.

After initial glucose depletion after 8.6 h, a DOT-controlled feeding was applied to enable
fermentation at glucose-limited conditions, except when starting the feed. Throughout the
fermentation, the bulk of the produced RLs was extracted by ethyl decanoate. While the
concentration of RLs in the organic phase increased over time until the end of the cultivation, the
concentration in the aqueous phase remained between 1.2gLa' and 1.5gLag! after
approximately 15 h (Figure 13). The pH value had to be reduced in shorter time intervals at the
beginning of the cultivation, whereas only one reduction was necessary after the start of the feed,
although the bulk of RLs was produced in fed-batch mode. At depletion of the feeding solution,
final titers of 29.6 g Lorg' RLs in the organic phase and 1.2 g Lag" RLs in the aqueous phase were
achieved, corresponding to 3.8 g produced RLs within 33.2 h (volumetric productivity of
0.16 gL' h"). A total of 52.7 g glucose was converted at this point, translating to a yield of

0.072 gre gorc™!. Both performance indicators compare well with the study of Blesken et al. [41]
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while exceeding those of Anic ez al.[123] and Beuker ef al.[122], all producing RLs from glucose
using recombinant P. putida KT2440 and integrating in situ RL recovery by foam fractionation,
partially coupled to adsorption. The yield of the batch phase, i.e., before the start of the feed, is
increased by 11% to 0.118 gre gaLc™' compared to the yield of the batch fermentation at a constant
pH value of 6 (0.106 gre gorc™), indicating a beneficial effect of the foam-dependent pH-
reduction. The pH value had to be lowered to a minimum of 6.2 to prevent foaming. Therefore,
the pH-dependency for RL extraction with ethyl decanoate shown in vitro could be successfully
transferred to fermentations, as a moderate pH-shift was sufficient for foam prevention. In
particular, the pH value represents an easily controllable parameter in fermentation processes,
which is standardly assessed and maintained in state-of-the-art fermentations. Thus, no
extraordinary technical effort as required for foam fractionation or foam recycling is necessary,
allowing better scalability. Increasing the phase ratio by adding more solvent or implementing
fermentation concepts with integrated continuous solvent circulation [54, 204] could enable foam

prevention even at elevated pH values, thus potentially improving the yield even further.
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Figure 13 Production of rhamnolipids in a fed-batch fermentation with a foam-based pH reduction. P. putida KT2440
SK4 was cultivated in the presence of 100 mL ethyl decanoate serving as the extractant. The 400 mL MSM for the
initial batch cultivation was supplemented with 10 g L' glucose, while the 247 mL feeding solution was concentrated
MSM supplemented with 200 g L' glucose. Feeding was controlled by the DOT value, with a setpoint for feed start
at DOT = 70% and feed stop at DOT = 30%. The pH value was manually reduced when foaming occurred. RL titers
in the organic (black squares) and the aqueous phase (blue triangles), glucose concentrations (red circles) as well as
the pH profile (green line) are shown. Data associated with this figure were partially obtained from Carolin Griitering’s
Master Thesis [211]. This figure was previously published [125] and is reprinted with permission from Green
Chemistry. Copyright The Royal Society of Chemistry 2020.
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3.1.4 Discussion

In this chapter, a multi-step, reductive solvent selection approach for in situ liquid-liquid
extractions in bioprocesses was developed and applied. Ethyl decanoate was identified as highly
suitable for in situ extraction of RLs produced by recombinant P. putida KT2440, thus preventing
foaming during fermentation. A holistic process assessment considering the solvent characteristics
and the resulting implications for the solvent selection approach are discussed in the following

paragraphs.

3.1.4.1 Holistic process assessment regarding solvent characteristics is crucial

In general, processes cannot be designed only considering a single unit operation because
conditions resulting in favorable performance indicators for one unit operation might be
disadvantageous for others. Especially in process intensifications, where unit operations are often
not separated spatiotemporally, potentially contrary effects need to be assessed carefully. For two-
liquid phase fermentations, this encompasses the interactions of fermentation, extraction, and
further operations for product recovery.

In the presented case of selecting an extraction solvent to recover RLs from the fermentation
broth in situ, a sole assessment of the partition coefficient and the flash point, ensuring safe
processing regarding flammability, would favor selecting 1-decanol over ethyl decanoate.
However, these performance indicators do not assess solvent regeneration. As DSP is typically
responsible for the majority of the overall process costs [57] and solvent wastage is
environmentally critical [217], a careful assessment early in process development is inevitable.
Rectification is commonly applied for solvent regeneration after extraction. However, a premise
for its application is a reasonably low boiling point to avoid excessive use of energy. Generally,
solvents exhibiting low boiling points typically are low in molecular size. Contrarily, solvents
exhibiting high flash points necessary for safe operation are high in molecular size. Even if
measures for protection against fire hazards can be taken, the application of solvents of small
molecular size often conflicts with lower biocompatibility due to an increased solubility in the
aqueous fermentation broth expressed in a low log P [218]. Both solvent candidates for in situ RL
extraction, 1-decanol and ethyl decanoate, exhibit high boiling points at ambient pressure.
Therefore, rectification is economically and ecologically not suitable for further recovery. The
energy required for rectification results in an unfavorable Environmental Score according to the
CHEM21 solvent selection guide by Prat e al. [156] and caused Rosinha Grundtvig et al. [72] to
rate both solvents as ‘problematic’ for their application as extractants.

In this thesis, back-extraction by pH-shift as an operation to recover RLs from the extraction

solvent as an alternative to rectification is presented, thus bypassing the requirement of a low
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boiling point. For back-extraction, ecologic and economic evaluation parameters are the amounts
of applied acids and bases as well as the produced salts to adjust the pH value, usually further
treated as waste [58]. The partition coefficient of RLs in a 1-decanol-water system was shown not
to be dependent on the pH value. In contrast, in an ethyl decanoate-water system, the partition
coefficient could be entirely inverted by shifting the pH value solely by one unit from neutral to
acidic or alkaline. While the pH value during fermentation needs to be slightly acidic to prevent
foaming but still allow sufficient growth and production, its shift into the alkaline milieu for back-
extraction requires only small amounts of base and is thus ecologically and economically
favorable. Further, back-extraction as recovery operation regenerates the solvent for reuse, thus
minimizing its wastage, which was viewed as an exclusion criterion by Najmi et a/. [219] for using
solvents for biosurfactant recovery. Therefore, the feasibility of applying back-extraction to
recover RLs strongly favors ethyl decanoate over 1-decanol.

Contrary to an evaluation solely based on the partition coefficient, ethyl decanoate clearly
outcompetes 1-decanol to be applied as a sustainable extractant for RLs in an overall process
consideration. This supports the importance of a holistic process assessment, which, among others,
has previously been highlighted by Kampwerth et al. [220], evaluating the overall solvent

performance in a model comprised of extraction and subsequent recovery by rectification.

3.1.4.2 The reductive multi-step approach enables efficient solvent selection

In the scope of a holistic process evaluation, the solvent for a two-liquid phase fermentation
is of central importance. To decide on a suitable solvent, many solvent parameters have to be
considered. Here, a selection approach based on thermodynamic models is advantageous as many
solvents can be evaluated for specific applications without experimental effort. In studies by
Scheffczyk et al. [221] and Kruber ef al. [222], more than 4,600 solvents were considered to extract
y-valerolactone from an aqueous phase based on the prediction of thermodynamic properties.
Solvents were identified, reducing the total annual cost by more than 50% compared to a
benchmark solvent. Although the studies aim for product removal from fermentation broths, they
considered a binary component system. However, the complex and undefined nature of
fermentation broths might lead to inaccurate predictions of the models as thermodynamic
interactions of different metabolites, salts, proteins, and cells influence the extraction performance.
This conflict is reflected in simulations by Birajdar ef al. [223], who could qualitatively predict
partition coefficients for sequential extraction of 2,3-butanediol from fermentation broth.
However, quantitative results could only be obtained after implementing adapted parameters based
on experimental data. While the fermentation broth can be clarified before a sequential extraction,

e.g., by precipitation and centrifugation, potentially increasing the prediction accuracy of the
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binary component models, this is not suitable for in situ extractions. Additionally, the system is
dynamic, as the composition of the broth changes throughout the fermentation.

Next to evaluations of solvents by thermodynamic models, several guides have been
published, which base the solvent selection on physicochemical properties [156, 217, 224-228].
While these mainly regard solvent usage in the chemical industry, Rosinha Grundtvig et al. [72]
focused on solvent applications in bioprocesses. This screening of organic solvents based on the
CHEM21 solvent selection guide [156] addresses environment, health, and safety challenges in
early selection stages. Further, Rosinha Grundtvig et al. [72] state the vital necessity to
experimentally evaluate pre-selected solvents, as the actual suitability of the solvent for the process
is dependent on the characteristics of the overall system, including interactions of the organism,
the product, and the solvent. However, the experimental effort necessary to collect data increases
with the number of considered solvents, rapidly reaching such efforts where time and resources
invested outweigh the benefit of selecting the superior extraction solvent.

In accordance, a reductive, multi-step solvent selection approach is proposed here. This
approach aims to consider many solvents and nevertheless examine critical parameters in detail by
combining theoretical and experimental approaches. After a preceding selection based on
physicochemical properties retaining an experimentally manageable number of solvents, further
selection steps are structured in ascending order of experimental effort. The eventually chosen
solvent is further characterized in detailed experiments, which consider the overall system, and
finally tested in fermentations.

Next to focusing on physicochemical properties of the solvents in the data-based preselection,
sustainable and low-hazardous solvents are favored. Equal to the approach by Rosinha Grundtvig
et al., we used the Health Score of the CHEM21 solvent selection guide, but in contrast, adjusted
the safety and environmental considerations to the studied system. In the presented approach,
especially the strong influence of the boiling point on the rating was attenuated to account for
solvent recovery methods other than rectification such as back-extraction.

A disadvantage of the reductive approach could be the requirement of potential iterative loops
for adjusting primarily chosen thresholds to prevent the exclusion of all solvents due to
underperformance. In this case, primary thresholds would need to be adjusted by considering
solvent candidates classified here as ‘Limited’ in the data-based screening.

In contrast to other published guides, the feasibility of the proposed selection approach is
demonstrated here by successfully applying the selected solvent, ethyl decanoate, in an in situ
extraction of RLs produced by recombinant P. putida KT2440 in laboratory-scale STRs. However,
it cannot be surely claimed that ethyl decanoate is the best solvent in terms of overall cost and

efficiency for the envisioned process. Due to the reductive nature of the selection, a solvent
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performing better overall might have been excluded in early stages based on a single rated
property. Nevertheless, ethyl decanoate was highly suitable as its application could not only
resolve the initial objective of overcoming the process instability due to extensive foaming, but
the pH-dependent partition coefficient also enables efficient product recovery and sustainable
solvent reuse. Further, ethyl decanoate poses little risk in handling due to its low hazardousness.
The list of solvent candidates and their respective physicochemical properties is published as
open access (https://git.rwth-aachen.de/campenhausen/list-of-solvents) to enable a transfer of the
approach to other solvent selections, specifically in the field of bioprocessing. The user can edit,
extend, and refine the solvent list, as completeness is not claimed. Additionally, the thresholds for

the physicochemical properties chosen here have to be adapted for particular applications.

3.1.5 Conclusion

In this chapter, a reductive, multi-step approach for selecting in situ liquid-liquid extraction
solvents in the field of bioprocessing was developed. Particularly, its applicability by establishing
a two-liquid phase fermentation for the foam-free production of RLs was demonstrated. Although
customized to the fermentation and product system, the presented approach will facilitate other
solvent selections. Its reductive multi-step character minimizes experimental effort while still
enabling the selection of highly efficient and sustainable solvents for bioprocesses until a

theoretical, truly holistic methodology is available.
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3.2 Engineering of Pseudomonas putida KT2440 for enhanced solvent tolerance

3.2.1 Abstract

As Pseudomonas putida KT2440 has a versatile carbon metabolism, the consumption of the
value-added product is a recurring challenge in bioprocesses catalyzed by the strain. /n situ product
removal and especially in situ product extraction by adding an organic solvent is promising to
provide remedy. Compared to other P. putida strains, P. putida KT2440 is regarded as solvent-
sensitive but has a number of advantages, including a documented biological safety categorization.
In this chapter, P. putida KT2440 is engineered to increase its solvent tolerance to enable the use
of a broader range of organic solvents as extractants, particularly for rhamnolipid recovery in the
scope of this thesis. While rational strain engineering did not yield desired phenotypes, adaptive
laboratory evolution as an untargeted approach enabled tolerance to 1-octanol. Preliminary results
additionally indicated an enhanced tolerance to n-pentane. Re-sequencing of the genome of
adapted strains revealed several point mutations, which were in part shown to cause the tolerant
phenotype by their individual introduction into the genome of the wild-type strain. Engineered
P. putida KT2440 strains tolerant to 1-octanol were assessed in terms of rhamnolipid production
capacity in a two-liquid phase fermentation with 1-octanol serving as the extractant. Although the
strains were able to produce rhamnolipids, production was delayed. However, excessive foaming,
originally causing severe instabilities during the fermentation, could be avoided. Lastly, the
capability of generated strains to produce 1-octanol - the original stressor itself - was estimated.

Preliminary results indicated minor 1-octanol production.

3.2.2 Introduction

Microbial production of hydrocarbons and related oxygenates has been in the focus of
synthetic biology and metabolic engineering as efficient production could reduce or even replace
the use of petrochemically derived hydrocarbons [229, 230]. Particularly, several efforts have been
made to produce alternative fuels, replacing conventional propellants, or drop-in compounds,
which are admixed to established fuels for partial substitution [231-234]. Further, there is an
increased interest to apply organic solvents in two-liquid phase fermentation processes for the
in situ extraction of products [46]. In particular, applying in situ product removal (ISPR) in
fermentation processes for the production of toxic compounds, which inhibit the whole-cell
biocatalysts above lethal concentrations [73], or for resolving process instabilities such as
excessive foaming [125] (also refer to Chapter 3.1) is promising. Nevertheless, the application or
production of many hydrocarbons and related oxygenates in fermentation processes is restricted

as many are toxic to whole-cell biocatalysts used for production [235], even at low concentrations.
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Although tolerant strains have been isolated and engineered to produce compounds such as (S)-
styrene oxide [178, 236], phenol [42, 137, 172], and n-octanol [237], in cases, more severe
restrictions due to increased biological safety levels have to be complied with. In a complementary
approach, whole-cell biocatalysts, which are not or sparsely endowed with tolerances to solvent-
like organic compounds naturally, are engineered to enhance specific or general tolerances.

Several rational approaches for strain engineering have been performed as thoroughly
reviewed by Mukhopadhyay [40] and Dunlop [238]. Generally, genetic constructs responsible for
solvent-defense mechanisms in tolerant strains were transferred to preferred chassis for whole-cell
biocatalysts. These defense mechanisms include solvent extrusion via efflux pumps, elevated
stress responses, e.g. supporting protein refolding, membrane modifications, and excess energy
production [192, 239]. Particularly, the expression of solvent-specific efflux pumps non-native to
the host chassis [240, 241] and the overproduction of chaperones for assisted protein folding or
supported protein production [242, 243] have been of interest and are highlighted in this chapter.

Efflux pumps, particularly RND (Resistance-Nodulation-Division) family efflux transporters,
are regarded as highly efficient for conferring tolerance to Gram-negative bacteria [239]. The
structure of RND efflux pumps, consisting of an inner membrane protein for solvent extrusion to
the periplasm, an outer membrane protein channeling the periplasm to the cell’s exterior, and a
stabilizing protein, allows the cell to actively extrude components from the cytosol to the exterior
utilizing the proton-motive force [244]. In solvent-tolerant pseudomonads, such as P. putida
DOT-TIE, P. putida S12, or P. taiwanensis VLB120, three RND efflux pumps (TtgABC,
TtgDEF, and TtgGHI, the latter named SrpABC in P. putida S12) have been identified to be
synergistically responsible for conferring tolerance to specific aromatics and other hydrocarbons
or related oxygenates [245]. While TtgABC and TtgDEF are encoded in the core genome of the
mentioned strains, t#/gGHI is located on a native mega-plasmid [42]. P. putida KT2440 lacks the
mega-plasmid and therefore the TtgGHI efflux pump, which is regarded as one of the main reasons
for its diminished solvent tolerance [246]. Likewise, deletion of srpABC in P. putida S12 severely
reduced solvent tolerance (among others to 1-octanol), which could be restored by reintroducing
plasmids harboring srpABC [247].

In contrast to solvent-tolerant strains, P. putida KT2440 reacts to solvent stress by activating
a comparably higher number of chaperones [248, 249]. Among these activated chaperones,
CspA-II was identified to support protein synthesis, and the GroEL-GroES complex or homologs
(also called HSP10 and HSP60) have been shown to be induced in response to solvents by assisting
protein refolding in several bacterial species [250, 251].

Alternatives to rational engineering approaches for enhancing the solvent tolerance of whole-

cell biocatalysts are non-targeted approaches. In this regard, adaptive laboratory evolution (ALE)
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has been widely applied in many studies recently, enhancing tolerance to several toxic compounds
in different microorganisms or increasing growth rates on comparably unfavorable substrates [152,
252-254]. During ALE, the microorganism is serially cultivated in the presence of a stressor to
select for favorable mutations that allow adaptation to the selective pressure, which is typically
increased regularly throughout the series of cultivations, leading to the development of variants of
the parent strain with an improved phenotype at given conditions. Regarding organic solvents as
stressors, among others, E. coli tolerant to n-butanol [255] and ethanol [256] and P. putida
KT2440 tolerant to ethanol [257], have been developed, underlining the potential of ALE
complementary to rational chassis engineering.

In this chapter, P. putida KT2440 was engineered to enhance tolerance to organic solvents.
Rational approaches focused on overproducing the non-native efflux pump TtgGHI, the chaperone
complex GroEL-GroES, and the cold-shock protein CspA-II, the latter two being native to
P. putida KT2440. Further, P. putida KT2440 was subjected to ALE to generate tolerance to
1-octanol. Strains, which were able to tolerate 1-octanol, were recovered, and their genomes were
re-sequenced to unveil potential mutations conveying tolerance. Selected mutations were
reintroduced into the genome of wild-type P. putida KT2440. The resulting strains were tested for
tolerance to several solvents, and ultimately, the tolerant strains were used as chassis for the

production of RLs and 1-octanol.

3.2.3 Results

3.2.3.1 Synthesis of the efflux pump TtgGHI, the chaperone complex GroELS, and the cold-
shock protein CspA-II in P. putida KT2440 did not yield tolerant phenotypes

The genes encoding for the efflux pump TtgGHI were introduced into P. putida KT2440 in
multiple contexts. The transcription levels and triggers were adjusted by using promotor constructs
for constitutive and inducible transcription. Further, different promotor sequences characterized to
result in varying strengths of transcription were tested. In addition, resulting promoter/genes
combinations were integrated at different genomic loci characterized to influence transcription.
Since the production of large, recombinant protein complexes such as TtgGHI can result in a high
metabolic burden for the cell [258], particularly low transcription levels were targeted. Next to
TtgGHLI, the genes encoding for the chaperone complex GroEL-GroES and the cold-shock protein
CspA-II were overexpressed in P. putida KT2440. Here, the expression of the genes was plasmid-
based and constitutive to enable an overproduction of the proteins native to P. putida KT2440.

Although most of the genetic variants for the expression of ttgGHI were successfully
constructed, theoretically resulting in strains with different expression levels, none of the

constructed P. putida KT2440 strains showed a phenotype of enhanced solvent tolerance.
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Potentially, although targeted to be low, expression levels might have been too high. As TtgGHI
spans across the inner and outer membrane of the cell, an overproduction might result in membrane
disruption. Even when no stressor in form of an organic solvent was present, growth of the
constructed strains was hampered, and plasmids harboring incomplete genetic insert were often
detected, indicating that the plasmid was toxic for the cell. Further, the high energy demand for
production and functionality of the efflux pump might have been a limiting factor. In contrast, the
strain E. coli DH5a pBNT-ttgGHI, originally a transitional strain for plasmid construction, showed
tolerance to up to 50% (v/v) n-hexane by growing in multiple replicates of the qualitative solvent
tolerance assay. E. coli DHS5a pBNT cultivated at the same conditions as a control was not tolerant
to n-hexane (Appendix A.3, Figure A3.1). A potential low basal expression of 17gGHI might have
occurred, producing the efflux pump in a suitable amount to confer tolerance without drastically
decreasing the fitness of the cells. This is supported by E. coli DHS5a pBNT-ttgGHI showing
tolerance to n-hexane, even when the culture was not supplemented with salicylate as the inducer.
When subjected to other selected organic solvents, such as 1-octanol and cyclohexane, E. coli
DHS5o pBNT-#tgGHI was not able to grow. Thus, the conferred tolerance is likely specific to
n-hexane or potentially a limited number of organic solvents. However, the tolerant phenotype of
E. coli DH50 pBNT-1tgGHI indicates the functionality of the efflux pump. This agrees with
literature, as the expression of srpABC of P. putida S12, homolog to ttgGHI in P. taiwanensis
VLBI120, in E. coli has been shown to confer tolerance to multiple solvents, including n-hexane,
although only validated for a concentration of 1% (v/v) [259].

The overexpression of neither groEL-groES nor cspA-1I conferred tolerance to solvents at high
concentrations. Again, the expression levels might not have been optimal for P. putida KT2440.
Although the functionality of CspA-II is, in contrast to GroEL-GroES [260], not dependent on
chemical energy sources [261], its synthesis is. If the proteins were produced on a level that
burdened the cells too strongly, less energy would be available for other mechanisms generating
solvent tolerance.

As rational strain engineering did not yield the desired phenotypes, alternative approaches for

generating tolerance to organic solvents were considered.

3.2.3.2 P. putida KT2440 adapts to generate inheritable tolerance to 1-octanol

An alternative, non-targeted approach to generate tolerance of P. putida KT2440 to 1-octanol
was pursued by subjecting the cells to solvent stress, thus enforcing their adaptation for survival.
1-Octanol was chosen as a stressor as it was eliminated in the solvent selection in the step of
screening physicochemical properties due to its comparatively low log P (3.00), thus was not

regarded as biocompatible. However, the molecularly related 1-decanol showed high efficiency
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for extracting RLs (refer to Chapter 3.1 and [125]). In a sequenced cultivation strategy, cells were
cultivated in mineral salts medium (MSM) with glucose as a carbon source, alternatingly in
absence or presence of the stressor 1-octanol to select for inheritable adaptations. Due to the
formation of stable emulsions interfering with conventional methods to monitor biomass, the CO»
volume concentration in the headspace of shake flasks served as a measure for growth.

In the first cultivation stage, no 1-octanol was present, and expectedly, all three replicates
showed an exponential increase in CO; concentration after a short lag phase (Figure 14A-C, S1).
After transferring part of the cells to MSM supplemented with a volume fraction of 1:25 (v/v)
1-octanol, no increase in CO2 concentration was observable for 45 - 65 h, depending on the
replicate, followed by an exponential increase, which indicated growth (S2). Removing the
selective pressure in the subsequent cultivation stage (S3) resulted in a similar development of
COz concentration over time as exhibited in the first cultivation stage (S1) when likewise, no
1-octanol was present. When the cells were again exposed to 1-octanol in the fourth stage of the
cultivation sequence (S4), the development of CO> concentrations differed from the primary
exposure, as no stagnation was observed. In contrast, an immediate exponential increase was
detected, indicating immediate growth in the presence of 1-octanol. Therefore, the adaptation,
which occurred in S2, was inheritable and not detrimental to the overall fitness as the cells did not
have to readapt to the presence of 1-octanol in S4, although the selective pressure was removed
for several generations in between the cultivations (S3). Remarkably, the adaptation could be
enforced in all three independent replicates by applying the selective pressure one time, thus
indicating P. putida KT2440 to either have a robust cellular mechanism for building tolerance to
1-octanol, or to require only slight genomic modifications.

Further, comparing the exponential rates of increasing CO» concentrations indicates a
generally higher growth rate for all replicates when 1-octanol was not present (Figure 14D, S1,
S3). Considering cultivation stages in the presence of 1-octanol, improved rates of exponentially
increasing CO; concentrations were recorded when subjecting the cells to 1-octanol for the second
time (compare S2 to S4). This indicates the potential for further increasing the fitness by multiple
exposures to l-octanol as in a conventional ALE strategy targeting an improved growth rate.
However, this often coincides with an increased uptake and conversion of the stressor [253, 262],
which was not desired in this case. Rather, 1-octanol was targeted as a potential in situ extraction
solvent in fermentation processes, and thus should not be consumed by P. putida KT2440.
Notably, a change in the rate of increasing CO; concentrations (Figure 14B, S4; Figure 14C, S2)
coincided with interrupting the shaker to retrieve one of the other cultures, which indicates a vital

requirement for oxygen and thus energy to maintain solvent tolerance.
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Figure 14 Sequential cultivation of P. putida KT2440 in absence and presence of 1-octanol to select for inheritable
tolerance. P. putida KT2440 was cultivated in fresh MSM supplemented with 3 g L' glucose (A-C) Independent
replicates R1-R3. Light and shaded areas represent absence and presence of 1-octanol, respectively. OcOH =
1-octanol. (D) Rates of increasing CO, concentrations derived via linear regression. R# denotes the replicate, S#
denotes the cultivation stage. Data associated to this figure were taken from Arne Zimmermann’s Master Thesis [263].
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All strains of respective cultivation stages (S1-S4) were cryopreserved for further
characterization. To remove excessive l-octanol, strains were recovered by cultivating the
cryopreserved cells on solid LB agar plates and subsequently in liquid LB medium for secondary
cryopreservation. Cells from the latter cultivation were again tested for tolerance to 1-octanol
(Figure 15). Remarkably, even after removing l-octanol as a selective pressure for several
cultivation passages and thus multiple cell generations, P. putida KT2440 R#S4 from all three
replicates showed immediate or slightly delayed growth once re-exposed to 1-octanol, indicating
a robustly inherited tolerance. In contrast, non-adapted wild-type P. putida KT2440 did not show

immediate tolerance but again adapted after an extensive incubation time.
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Figure 15 Cultivation of adapted P. putida KT2440 strains and the non-adapted wild-type P. putida KT2440 in the
presence of 1-octanol. The MSM was supplemented with 2 g L' glucose. All adapted strains were recovered from
stage 4 of the ALE cultivation and processed for cryopreservation. Blue - replicate 1 stage 4 (R1S4), green - replicate
2 stage 4 (R2S4), red - replicate 3 stage 4 (R3S4), black - non-adapted wild-type strain. Data associated to this figure
were partially taken from Arne Zimmermann’s Master Thesis [263].

3.2.3.3 Genomic re-sequencing reveals potential tolerance-enhancing mutations

Genomes of evolved P. putida KT2440 strains originating from all S4-stages of the sequential
ALE cultivations and one strain recovered after stage S1, serving as a non-adapted control, were
sequenced and mapped to a reference genome of P. putida KT2440 (NC_00294) [264]. The
differences between the non-adapted control strain and evolved strains were compared by setting

a threshold value of 90% changed allele frequency regarding the reference genome (Table 4).
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Table 4 Mutations in the genome of P. putida KT2440 introduced by ALE in the presence of 1-octanol.

Genomic Allele frequency of sequenced strain @ Genetic change Type/Influence  Protein®
position
R1S1 R1S4 R2S4 R3S4
(control)
3212870 0 0.98 0 0 CA>C Intergenic Upstream of
deletion mexCD-oprJ
and nfxB
3913108 0 0 1.00 0 G>C AA exchange PP_3453
(P324R)
3914470 0 0 0 1.00 G>C AA exchange PP_3454
(P106R)
4586033 0 0.95 0.95 0 C>CG Intergenic Downstream
insertion of PP_4063
and PP_4061

@ R# refers to replicate, S# refers to the stage of the ALE cultivation after which the strain was recovered.
® According to the genomic annotation of P. putida KT2440 deposited at pseudomonas.com

All P. putida KT2440 strains, which were adapted to tolerate 1-octanol, exhibited genetic
alterations compared to the non-adapted wild-type strain (R1S1). Although adapted individually,
mutations in the same regions of the genomes and related genes were revealed.

In the genome of the adapted strain P. putida KT2440 R1S4 a mutation in the intergenic region
between and upstream of mexCD-opr.J and nfxB, the latter encoding for the associated transcription
regulator on the antisense strand, was detected. MexCD-OprJ is annotated as an efflux pump,
which has been shown to be involved in conferring tolerance to antimicrobial agents [265, 266]
and the organic solvents n-hexane and p-xylene [267] in P. aeruginosa.

Both P. putida KT2440 R2S4 and P. putida KT2440 R3S4 exhibited point mutations in either
PP_3453 or PP_3454. The successive genes PP_3453 and PP_3454 are annotated as encoding for
a signal-transducing, membrane-bound histidine kinase (also annotated as RstB) and its cognate
transcription regulator (conceivably RstA), respectively [264], therefore composing a two-
component signal transduction system (TCS). Those TCSs enable cells to react to environmental
stimuli recognized by the membrane-bound histidine kinases, which specifically phosphorylate
their cognate response regulators, in turn altering the transcription of target genes [268]. Point
mutations potentially enable crosstalk between different TCSs. Here, both revealed point
mutations lead to amino acid exchanges from proline to arginine. As proline is highly relevant to
the structure of proteins [269], an altered function or potentially a loss of function is probable. The
independent occurrence of mutations in the TCSs in two replicates of the ALE cultivation strongly
supports their relevance in gaining tolerance to 1-octanol. Further, the point mutation in PP_3454
of P. putida KT2440 R3S4 was the only one detected in the whole genome, thus underlining its

relevance.
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Lastly, an intergenic insertion of a single nucleotide was detected in the genomes of P. putida
KT2440 R1S4 and P. putida KT2440 R2S4 downstream of PP_4061 and PP_4063. The latter
encodes for a long-chain fatty acid-CoA ligase, potentially having consequences for the
composition of the cytoplasmatic membrane if expressed differently [270]. However, it remains
unclear if this mutation influences the solvent tolerance of the cells as it did not occur as the only
detected mutation in the genome, but always in combination with other mutations.

To characterize the impact of the single point mutations on tolerance to 1-octanol
independently, they were introduced into the genome of wild-type P. putida KT2440. This chapter
focused on the intragenic mutations in PP_3453 and PP 3454, as they appeared to be most

relevant.

3.2.3.4 Introduction of identified mutations confers tolerance to 1-octanol

The mutations in the genes encoding for PP_3453 and PP 3454 revealed by genomic re-
sequencing of evolved strains were introduced into wild-type P. putida KT2440 via the I-Scel-
based genome editing methodology [145], resulting in strains P. putida KT2440 PP_3453-P324R
and P. putida KT2440 PP_3454-P106R. Further, as the mutations were predicted to have a major
influence on the structure of the proteins, individual single deletion strains and the corresponding
double deletion strain were constructed, generating strains P. putida KT2440 APP_3453, P. putida
KT2440 APP_3454, and P. putida KT2440 APP_3453 APP_3454. If both strains harboring single
point mutations and the deletion strains showed the same phenotype regarding tolerance to
1-octanol, a loss of function by disruption of the PP_3453/PP_3454 TCS could be assumed. The
constructed strains were characterized in terms of fitness in the absence and presence of 1-octanol.

First, the strains were cultivated in the absence of 1-octanol to determine if the insertion of the
mutations or the deletion of PP_3453 and PP_3454 had a general influence on the growth behavior.
Neither the point mutations nor the deletions generally altered the growth of the respective strains
as similar growth curves compared to P. putida KT2440 were recorded (Appendix A.3, Figure
A3.2). Although slight differences in initial lag phases and progressions of the curves were
detected, all strains showed robust and comparable growth at standard conditions. Therefore, the
modifications in the genomes of the respective strains did not influence their fitness.

Further, the constructed strains were qualitatively assessed for tolerance to 1-octanol by
overlaying inoculated cultivation media with 16.7% (v/v) of the solvent before incubation. Wild-
type P. putida KT2440 and the strains, which were obtained from ALE, served as controls. After
20 h of incubation, the cultures of P. putida KT2440 PP_3453-P324R and P. putida KT2440
PP_3454-P106R and the cultures of adapted strains showed turbidity as a distinct sign for growth

(Figure 16). Notably, for cultivations of adapted or engineered strains harboring a mutation either

79



Chapter 3

AN

PP _3453- PP_3454- A A PP 3453

wild type R154 R284 R354

P324R P106R  PP_3453 PP_3454 PP 3454

Figure 16 Qualitative solvent tolerance assay of adapted and engineered P. putida KT2440 strains with 16.7% (v/v)
1-octanol after 20 h of incubation. Strains were grown in 1 mL MSM supplemented with 2 g L' glucose. R# denotes
the replicate of the ALE. S# denotes the cultivation stage of the ALE. Turbidity indicates growth. Pictures were
partially taken from Greta Kleinert’s Bachelor Thesis [271].

in PP 3453 or PP 3454, crud formation was observed, indicating high levels of stress during
growth. In contrast, cultures of the wild type and all deletion strains remained transparent, thus no
apparent increase in biomass was observed. After 48 h of incubation, the wild-type strain had
adapted to 1-octanol and was able to grow as indicated by distinct turbidity. Finally, after a total
of 72 h of incubation, all deletion strains showed signs of growth. Consequently, the single point
mutations introduced into PP_3453 and PP_3454 are gain-of-function mutations as the strains are
immediately tolerant to 1-octanol in contrast to the phenotype of the deletion strains. The latter are
still able to adapt to the presence of 1-octanol after a long period of incubation. Thus, P. putida
KT2440 appears to be able to gain tolerance through multiple mechanisms and does not have to
rely on PP_3453 and PP_3454 exclusively. This flexibility is consistent with the results obtained
from genomic re-sequencing since the strain P. putida KT2440 R1S4 harbored mutations in
neither PP_3453 nor PP_3454 but had acquired a tolerant phenotype during ALE, nevertheless.
However, as wild-type P. putida KT2440 adapted substantially faster than the deletion strains, a
preferred or more efficient adaptation mechanism via a modified PP_3453/PP_3454 TCS can be
assumed.

Strains assessed qualitatively for solvent tolerance (engineered, adapted, and wild-type
P. putida KT2440) were further evaluated in a quantitative assay for solvent tolerance. Here, as in
the ALE cultivation, the CO2 concentration in the headspace was monitored as a measure for
growth in the presence of a volume fraction of 1:25 (v/v) 1-octanol.

Engineered strains P. putida KT2440 PP 3453-P324R and P. putida KT2440 PP _3454-
P106R showed a similar growth behavior as the adapted strains P. putida KT2440 R2S4 and
P. putida KT2440 R3S4, all harboring mutations in PP_3453 and PP_3454 (Figure 17). Although
the strains remained in short lag phases of approximately 5-7 h, the CO signal indicated
exponential growth thereafter. In contrast, the wild-type strain required approximately 50 h to

adapt to the presence of 1-octanol before growing, similarly as observed in the ALE cultivation.
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Further, all deletion strains showed an increasing CO> concentration only after 80 h (APP_3454,
APP_3453 APP_3454) or not at all within 95 h (APP_3453). The delayed growth supports the
hypothesis that the PP_3453/PP_3454 TCS is not implicitly required for P. putida KT2440 to
develop tolerance to 1-octanol, but adaptation occurs more rapidly if it is present. Therefore, the
observations from the qualitative assay were confirmed. Further, the CO2 concentrations of all
cultivations reached maximum values of 11-13 vol. % when reaching stationary phase. Although
it has been shown that solvent tolerant P. putida strains adjust their metabolism to satisfy an
increased demand of energy for enhanced cellular maintenance processes in the presence of low
log P organic solvents resulting in increased respiration [213], the molar amount of carbon in the
headspace exceeds the amount of carbon provided by 3 g L' glucose supplied in the medium.
Therefore, P. putida KT2440 must have metabolized 1-octanol. Remarkably, no diauxic shift
indicating a sequential metabolization of the two carbon sources could be observed, indicating
their simultaneous utilization. P. putida strains have a versatile metabolism and are thereby able
to use several different carbon sources [272]. Although not reported for P. putida KT2440, the
closely related but more solvent tolerant strain P. putida S12 is able to degrade and utilize

1-octanol [172].
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Figure 17 Quantitative solvent tolerance assay of engineered and adapted strains. A volume of 4 mL 1-octanol was
added to 50 mL MSM supplemented with 3 g L' glucose. The color represents the alteration (either point mutation
or deletion) of the gene: Blue - PP_3453, green - PP_3454, red - both PP_3453 and PP_3454, black - no alteration.
The pattern of the line denotes the strain type: Solid - strains obtained from ALE or the non-adapted wild-type, dash
- reintroduced point mutation, dot - deletion. Data associated to this figure were taken from Greta Kleinert’s Bachelor
Thesis [271].

81



Chapter 3

Concluding, two of the mutations revealed by genome re-sequencing conferred tolerance to
1-octanol if reintroduced into the genome of P. putida KT2440 resulting in strains capable of
growing in the presence of a second liquid phase of 1-octanol. Further, preliminary results of
assessing the tolerance to solvents other than 1-octanol indicated an increased tolerance of strains

harboring point mutations in the PP_3453/PP_3454 TCS to n-pentane.

3.2.3.5 Engineered strains allow the use of 1-octanol as an extractant in fermentations

The two strains, P. putida KT2440 PP_3453-P324R and P. putida KT2440 PP_3454-P106R,
which showed tolerance to 1-octanol after introducing the point mutations into the genome of
P. putida KT2440, were assessed as chassis strains for RL production in two-liquid phase
fermentations with 1-octanol as an extractant. The genes r4/4B enabling mono-RL production
under the control of a strong constitutive promotor were integrated into the genome of the
respective chassis strain, resulting in P. putida KT2440 PP_3453-P324R rhIAB and P. putida
KT2440 PP_3454-P106R rhiAB.

First, a cultivation in the absence of 1-octanol was performed to assess if the strains were still
capable of RL production at a capacity comparable to the standardly used producer strain P. putida
KT2440 SK4 [148] at optimal conditions. After 24 h of incubation, the RL titers (approximately
1 gL of some cultivations inoculated with cells originating from single colonies of the
respective strains were in the same range as the titer produced by the benchmark production strain
P. putida KT2440 SK4. Cryopreserved cultures from productive clones were selected for two-
liquid phase cultivations with 1-octanol as an extractant.

In two-liquid phase cultivations in stirred-tank reactors (STRs), 250 mL 1-octanol was added
to 1.5 L minimal medium, resulting in a ratio of 1-octanol to cultivation broth of 1:6 (v/v). Due to
the formation of stable emulsions, the Oz and CO; concentrations indicating the level of respiration
served as an estimate for growth. In contrast to previous cultivations for quantitatively assessing
biocompatibility, extensive lag phases of 46 h and 56 h for P. putida KT2440 PP _3454-P106R
rhiAB and P. putida KT2440 PP_3453-P324R rhiAB, respectively, were recorded (Figure 18A).
However, both strains entered exponential growth at maximum rates of 0.21 h™! and 0.24 h™!,
derived from linear regression of the oxygen uptake rate (OUR), thereafter. Both cultivations
reached a comparable OURmax of 20.9 mmol L' h'! and 21.5 mmol L™ h'!. The carbon emission
rate (CER) values of both cultivations were constantly lower than the OUR values, resulting in a
respiratory quotient (RQ) < 1, which suggests a co-metabolization of glucose and 1-octanol. Again,
no distinct diauxic shift was detected in the exhaust gas signals. As large amounts of carbon were
present in the reactors in the form of 1-octanol, another nutrient besides carbon probably became

limiting during the cultivation, as indicated by the sudden decrease of cellular respiration.
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Figure 18 Two-liquid phase cultivations of P. putida KT2440 PP_3453-P324R rhiAB and P. putida KT2440
PP_3454-P106R rhIAB in STRs with l-octanol as the extractant. The strains were cultivated in 1.5 L MSM
supplemented with 10 g L' glucose and in the presence of 250 mL 1-octanol. The agitation rate was cascaded to
maintain a DOT > 30%. (A) Oxygen uptake rates (OUR) and carbon emission rates (CER). (B) Rhamnolipid
concentrations in I-octanol phases (dot) and aqueous phases (squares). P. putida KT2440 PP_3453-P324R rhlAB
(black) and P. putida KT2440 PP _3454-P106R rhl4AB (blue). ‘rhiAB’ is omitted in legends for conciseness. Data
associated to this figure were taken from Greta Kleinert’s Bachelor Thesis [271].

Despite the long lag phase, both P. putida KT2440 PP_3454-P106R rhiAB and P. putida
KT2440 PP _3453-P324R rhlAB were able to produce RLs once the strains entered exponential
growth (Figure 18B). The bulk of the produced RLs was extracted in situ resulting in maximum
titers of 7.4 g Lorg”! for P. putida KT2440 PP_3454-P106R rhiAB and 7.2 g Loy for P. putida
KT2440 PP_3453-P324R rhIAB in the respective 1-octanol phases, while less than 50 mg Lag™!
remained in the aqueous phases. A maximum RL partition coefficient of 284 was achieved,
demonstrating a high extraction efficiency. Due to the implementation of the in sifu extraction, no
excessive foaming occurred during the entire cultivation. Thus, the initial instability during the
microbial production of RLs could be resolved. Considering the applied glucose, a product yield
of 0.14 gre gorc!' was reached. In comparison with the reference production strain, P. putida
KT2440 SK4 (refer to Chapters 3.1 and 3.4), the product yield was enhanced by 0.02 grr gorc™,
potentially indicating utilization of 1-octanol as a secondary carbon source. Further, only low
productivity was achieved due to the extensive lag phase.

In conclusion, 1-octanol could be applied as an extractant in two-liquid phase cultivations in
lab-scale STRs. The in situ extraction of RL resolved the challenge of foaming. However, although
strains exhibiting tolerant phenotypes in small-scale assays were deployed, an extensive span for

adaptation to the conditions in the STRs was required, resulting in low productivities.
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3.2.3.6 Production of 1-octanol

In addition to the production of RLs, tolerant chassis strains were evaluated for the production
capacity of 1-octanol. To enable 1-octanol biosynthesis, the plasmid pOCT04 was introduced into
P. putida KT2440 PP_3453-P324R and P. putida KT2440 PP_3454-P106R. Further, all three
homologs of fadD were deleted to increase the supply of fatty acids [273, 274] as precursors for
1-octanol synthesis by avoiding f-oxidation. Combined chassis strains of the individual point
mutations and the fadD deletions were generated.

Preliminary results showed a production of 1-octanol from glucose by P. putida KT2440
3Afad PP_3454-P106R pOCT04. However, only trace amounts of 1-octanol were detected at the
beginning of the exponential growth phase. As observed during the quantitative biocompatibility
assays, P. putida KT2440 is able to co-metabolize 1-octanol simultaneously to glucose. Thus, the
product might have been consumed by the cells. Further strain engineering, such as deleting genes
encoding for alcohol dehydrogenases, which are responsible for the initial oxidation of 1-octanol,

and process engineering by implementing an ISPR strategy into the cultivation will be pursued.

3.2.4 Discussion

In this chapter, P. putida KT2440 was engineered to acquire a phenotype with enhanced
solvent tolerance. Several cases of rational engineering approaches have previously led to chassis
strains with desired phenotypes regarding solvent tolerance or bioreactor cultivations, which
served as a basis for constructing more efficient whole-cell biocatalysts [40, 42, 275, 276]. Here,
arational approach did not yield desired phenotypes. In fact, taking a similar approach to rationally
engineer the solvent tolerance, Wynands et al. [42] integrated the efflux pump TtgGHI into the
core genome of streamlined P. taiwanensis VLB120. While the tolerance to 4-ethylphenol could
be enhanced, the integration of TtgGHI negatively affected the tolerance to phenol. These results
underline the high substrate specificity of the efflux pump and the burden it places on the cell when
not functional regarding the applied solvent. In this chapter, the tolerance to linear hydrocarbons
and their oxygenates, which potentially are no suitable substrates for TtgGHI, were focused on.
Further, as addressed above, the energy expenses to synthesize and operate the pump are high,
especially if unfavorable amounts are produced. Thereby, available energy is deducted from other
solvent defense mechanisms, which are usually highly energy-demanding themselves [192].
Additionally, the volume fractions of up to 50% (v/v) of applied solvents tested in this chapter
were set to be comparably large for the solvent to form a second liquid phase. Here, additional
physical effects, such as the attachment of the cells at the phase boundary, might play a role in

solvent tolerance.
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While rational approaches did not yield desired phenotypes, P. putida KT2440 acquired
tolerance to 1-octanol by ALE. Two of the acquired mutations, both located in the genes encoding
for a TCS, could be reintroduced into the genome of the wild-type strain individually, resulting in
tolerance to 1-octanol. Although occasionally annotated as the RstA/RstB TCS in the genomic
sequence of P. putida KT2440 (PP 3453 as RstB and PP 3454 as PP_RstA), the amino acid
sequences only have identities of approximately 31% for RstB and 47% for RstA in comparison
with the well-studied and mechanistically resolved system of Klebsiella pneumonia [277].
Research on the RstA/RstB TCS has been focused on (opportunistic) pathogens such as
K. pneumonia [278, 279], enterohemorrhagic E. coli [280], and Vibrio alginolyticus [281],
identifying its role in virulence, antibiotic resistance, motility, adhesion, biofilm formation, and
membrane integrity. Further, the RstA/RstB TCS was shown to interact with other TCSs such as
PhoPQ [278], and the introduction of mutations led to enhanced cross-talk between multiple TCSs
[268]. Although it remains unclear if the PP_3453/PP 3454 TCS can be regarded as functionally
equal to the RstA/RstB TCS of other species, its detection of environmental changes through the
membrane-bound histidine kinase and the subsequent trigger of cellular response mechanisms via
the phosphorylated transcription response regulator can be assumed. Remarkably, in response to
1-octanol, single mutations causing an amino acid exchange from proline to arginine in either of
the two components resulted in a tolerant phenotype. Although the mentioned amino acid
exchanges replacing proline should substantially affect the protein structures [269], a loss of
function could be excluded as deletion strains did not show the tolerant phenotype. The point
mutations could have resulted in unspecific crosstalk between the PP_3453/PP 3454 TCS and
other TCSs by PP_3453 phosphorylating different response regulators or PP_3454 enhancing or
repressing the transcription of genes other than natively targeted. Recently, the solvent tolerance
of mega-plasmid cured P. putida S12 has been restored by ALE [282]. A point mutation in genes
encoding the GacA/GacS TCS was detected, however, identified as a loss-of-function mutation.
Nevertheless, this highlights the importance of TCSs in response to organic solvents, as they
typically influence the regulation and expression of several genes. While extensive crud formation
during cultivations was observed, indicating an altered biofilm formation and thus agreeing with
mentioned studies on the RstA/RstB TCS [281], the altered expression of genes targeted by the
mutated PP_3453/PP_3454 TCS has not been determined yet. Transcriptomic studies will reveal
up- or downregulated expressions of target genes and further elucidate the cellular mechanism of
the acquired solvent-tolerant phenotype.

The tolerant chassis strains were further engineered to enable the production of RLs, ultimately
in a two-liquid phase fermentation using 1-octanol as the extractant. Although production and

efficient in situ extraction could be established, the strains needed extensive adaptation before
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growing and producing. This conflicts with previous tolerance assays, in which the chassis strains
showed immediate tolerance to 1-octanol. However, in the two-liquid phase cultivation in the STR,
the volume fraction of the solvent was increased to 1:6 (v/v), highly exceeding volume fractions
of 1:25 (v/v) applied previously. Additionally, in contrast to the shaken cultivation in the ALE and
subsequent solvent tolerance assays, thorough mixing by stirring caused the mean Sauter diameter
of the solvent droplets to decrease substantially and the drops to be dispersed in the entire aqueous
phase, thus causing an increased surface-to-volume ratio. As the cells are known to attach to
solvent droplets if their cell surface is hydrophobic [283], increased and direct exposure to the
solvent might have occurred, representing an additional toxicity mechanism [284, 285].
Engineering the hydrophobicity of the cell surface as described by Blesken et al. [41] might result
in less direct contact between the cells and the solvent. Further, as the oxygen demand of the cells
is not high at the beginning of the cultivation, the agitation could be reduced and gradually
increased when needed, thus reducing dispersion and consequently the surface-to-volume ratio.
Applying these altered bioprocessing parameters might resemble the conditions in the shake flask,
originally used for adaptation, more closely.

In addition to the differing cultivation setups, RLs were produced, potentially influencing the
toxic effect of the solvent on the P. putida chassis. On the one hand, biosurfactants such as RLs
cause a further reduction of the mean Sauter diameter of the solvent droplets due to their surface
activity [286], thus enhancing the effect described in the previous paragraph. On the other hand,
RLs are known to integrate into the membrane of P. putida KT2440 and, hence, change its
composition and integrity [287, 288]. As membrane integrity is a crucial mechanism of organisms
to counteract solvent toxicity [192], the production of RLs might be disadvantageous for
establishing a tolerant phenotype. However, as both P. putida KT2440 PP_3453-P324R rhiAB and
P. putida KT2440 PP_3454-P106R rhlAB were able to grow and produce RLs eventually, the cells
managed to adapt to the changed conditions once again, highlighting the enormous flexibility of
P. putida. Reducing the time required for adaptation will be targeted in the future.

Developing a whole-cell biocatalyst, which is tolerant to a solvent usually toxic to most
microorganisms, can lead to a substantial advantage in bioprocessing. Next to the application of
the solvent as an extractant, the used equipment does not have to be sterilized before the cultivation
as non-tolerant microorganisms will be inactivated by the solvent. Not requiring strictly sterile
environments decreases energy usage due to the omitted prior autoclavation and reduces the need
for equipment such as filters to supply sterile aeration. Overall, the bioprocess can thereby be
economically more favorable. However, the costs for the solvent and its recovery or disposal have

to be considered.
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3.2.5 Conclusion

In this chapter, P. putida KT2440 strains exhibiting phenotypes tolerant to 1-octanol were
acquired through ALE and could be successfully re-engineered by integrating the detected
mutations into the genome of wild-type P. putida KT2440. The acquired strains can serve as a
chassis for the development of P. putida KT2440 as a whole-cell biocatalyst, encountering solvent
stress. However, further development is required for establishing immediate tolerance to 1-octanol
in two-liquid phase fermentations in STRs. Although 1-octanol was shown to be a highly efficient
extractant for RLs, at this point, it could not compete with the beneficial characteristics of ethyl
decanoate, the preferred organic solvent of the solvent selection described in Chapter 3.1.
Particularly, the apparent reduction in growth rate when encountering non-ideal aeration as
observed in the ALE experiment by halting the shaker could be of concern when cells encounter
non-ideally mixed zones of industrial-scale STRs or the non-aerated downcomer of the multiphase
loop reactor described in Chapter 3.5. Thus, in the following chapters, ethyl decanoate has been

selected as the extractant of choice.
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33 Exploration of fed-batch cultivation strategies for the production of

rhamnolipids

3.3.1 Abstract

The foam-free production of rhamnolipids was established by implementing an in situ liquid-
liquid extraction as described in Chapter 3.1, and a glucose-limited and dissolved oxygen tension-
controlled fed-batch cultivation was performed, resulting in a pseudo-linear feeding profile. In this
chapter, a different feeding profile with a linear increase of the feeding rate over time and an
adapted composition of the feeding solution were assessed to further explore the design of an
efficient feeding strategy. While the linear feeding strategy with the original composition of the
feeding solution did not result in improved performance indicators, increasing the concentration
of trace elements in the feeding solution by six-fold led to a higher overall productivity of
rhamnolipids (0.23 g L' h'"). However, the extraction efficiency was reduced, presumably due to
a substantially increased ionic strength of the cultivation medium after feeding. Further, as
enhanced emulsification with increasing biomass and rhamnolipid titers was observed,
catastrophic phase inversion was explored as a measure for breaking the emulsion. Phase
separation could be achieved by adding solvent in a ratio of 1:2 (v/v) emulsion to solvent.
However, a distinct separation without clouding of the organic phase was only present at phase
ratios of 1:6 (v/v) and above. Concluding, valuable insights for establishing two-liquid phase fed-
batch cultivations for the production of rhamnolipids and catastrophic phase inversion as a

succeeding downstream processing unit operation were gained.

3.3.2 Introduction

The three main modes of operation for biotechnological fermentation processes are batch, fed-
batch, and continuous mode, which exhibit different advantages and disadvantages. While
performing a batch cultivation, during which no cultivation media is added to or withdrawn from
the reactor, is simple from a technical perspective, the operator cannot control substrate or product
concentrations during the cultivation [289]. Further, reactor downtimes between batch
fermentations needed for maintenance, cleaning, and sterilization can be economically unfavorable
[290]. In contrast, a continuous cultivation can be operated for long durations, and the operator
can control substrate, product, and biomass concentrations as well as the growth rate by adjusting
the volumetric flow rate, thereby maximizing efficiency, especially in the case of substrate or
product inhibitions. However, the technical effort is considerable compared to batch fermentations.
The requirement to actively add and remove culture medium to the reactor is critical in terms of

risking contaminations and long cultivations might promote genetic variation [52, 289]. The fed-
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batch mode, i.e., only growth media is added to the reactor but not withdrawn, combines some of
the advantages of the prior two cultivation modes. The technical effort is reasonable, and the risk
of contamination is comparably low. While product and biomass accumulate during the
cultivation, the substrate concentration can be controlled by a suitable feeding strategy [291].
Although the process duration is limited by the reactor size, the feed rate, and the initial filling
volume, fed-batch cultivations typically are advantageous in terms of productivity [292-294].

Although progress has been made in recent years, the challenges involving continuous
bioprocessing impede its implementation in industrial biotechnology in many cases [53]. Next to
batch cultivations, the fed-batch cultivation mode has prevailed due to its high efficiency,
moderate risk, and reduced environmental impact due to reduced waste production [295]. Multiple
cases of successful implementation and optimization of industrial-scale fed-batch bioprocesses
have been reported, e.g., for the production of amino acids, penicillin, enzymes, and biomass itself
[296]. However, fed-batch cultivations exhibit an increased complexity compared to batch
cultivations. Additional variables such as initial and final volume, the feeding profile, the feed
composition, feed initiation, and others are subject to optimization [292]. All parameters have to
be specified for a single production process and tailored to the respective whole-cell biocatalyst to
avoid detrimental effects, e.g., due to over-feeding or undersupply, all driven by maximizing
performance indicators for production. To determine a beneficial operational window, ideally,
iterative rounds of computationally aided cultivation and dynamic optimization cycles are required
[297-299].

Previously, applying a fed-batch strategy was suggested to be beneficial for rhamnolipid (RL)
production [118, 300]. Further, the two-liquid phase fed-batch cultivation as described in Chapter
3.1 revealed an efficient production and in situ extraction of RLs, thereby avoiding excessive
foaming. The applied fed-batch strategy in Chapter 3.1 was based on the dissolved oxygen tension
(DOT) signal as a measure for the present carbon source, thereby triggering feeding periods. This
DOT-controlled fed-batch can be assigned to the category of ‘feed-back controlled strategies’,
which rely on online process values [301]. Next to the DOT value, other values such as the glucose
concentration, pH, or biomass concentration can be utilized to trigger and control feeding [215].
In contrast, ‘non-feed-back controlled strategies’ can be applied for fed-batch cultivations. Here,
the feed rate is predefined by a control function, most commonly of constant, linearly increasing,
or exponentially increasing nature [292]. Further, in advanced bioprocesses, mixed feeding
strategies can be implemented, e.g., transitioning from an exponential feed to a linear based on
specific characteristics or stages of the cultivations [292, 302]. In this regard, multiple different
feeding solutions can be added to the reactor in certain stages of the cultivation or simultaneously

at differing rates [303]. To avoid a rapid increase in filling volume and consequentially a short
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duration of the cultivation process, feeding solutions are often highly concentrated. Beneficial
concentrations ranging from 10- to 15-fold increase compared to the initial batch medium have
been reported [304]. However, an excessive increase of media components bears the risk of
precipitation, which should be avoided to maintain defined cultivation conditions.

In two-liquid phase cultivations with an organic solvent used as an extractant, the formation
of emulsions can occur, especially at high biomass titers typical in later stages of fed-batch
cultivations and if surfactants are present [305]. The formation of emulsions is detrimental since
it strongly conflicts with the concept of in situ product removal by extraction. The product cannot
be recovered from the organic phase if the phases cannot be separated. There are several methods
for breaking emulsions, among others ultracentrifugation [306], phase inversion by a temperature
shift and salt addition [307], and supercritical COs-assisted phase separation [308]. A comparably
efficient but straightforward approach is the catastrophic phase inversion (CPI), which alters the
emulsion from oil-in-water to water-in-oil by adding excessive organic solvent. It can be applied
to form or break emulsions [309-311]. CPI has been successfully applied for breaking emulsions
originating from bioprocesses previously [312, 313] and might be promising for the present system
consisting of cultivation broth, ethyl decanoate, RLs, cells, and potentially cell debris.

In this chapter, linearly increasing feed rates and an inferred adjustment of the composition of
the feeding solution for the production of RLs in a two-liquid phase fed-batch cultivation are
explored. The performance indicators of the cultivations regarding production caused by the
different feeding profiles are compared with the DOT-controlled two-liquid phase fed-batch
fermentation presented in Chapter 3.1. Further, CPI is assessed as a unit operation for breaking

formed emulsions.

3.3.3 Results
In Chapter 3.1, a two-liquid phase fed-batch fermentation strategy was developed, allowing
long-term foam-free production of RLs. Here, a DOT-based feeding profile was chosen, i.e., a
rising DOT value indicating the depletion of the carbon source triggered feeding, leading to a
glucose-limited fed-batch cultivation. To allow functionality, the DOT value was not adjusted by
other process variables, such as agitation and aeration, which remained constant. The filling
volume can be approximated to
V(t) =V (0) for t < tg (7
V(t—tg) = 7.14(t — tg) + V(0) for t > tg (8)
and the feed rate can be regarded as pseudo-constant approximated to

V(t—ty) =F =714 9
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where V(?) is the filling volume over time, ¥(0) the initial filling volume, #; the point of time when
feeding was started, and V(z) " = F the feed rate, assuming that sample withdrawal and the addition
of acid and base are compensating. Detailed results are presented in Chapter 3.1, but a comparison
of all approached fed-batch strategies is given at the end of this chapter (Table 6).

Different feeding strategies were explored in this chapter, with the DOT-based two-liquid
phase fed-batch serving as a reference. In contrast to the reference, feeding profiles independent

of online process values, such as the DOT value, were focused on.

3.3.3.1 Linearly increasing feed rate leads to similar performance compared to the reference

First, a feeding profile with a linearly increasing feed rate was chosen, which can be described

as
V(t) =V(0) for t < tg (10)
V(t— tr) = 0.66(t — tes)? + 6.82(t — tg) + V(0)  for ¢ > tg (11)
and
V(t—tg) = F = 1.32(t — tg5) + 6.82 (12)

As the feeding profile was independent of process variables, the agitation was cascaded from
400 rpm to 1,200 rpm to ensure a DOT value of > 30% to prevent oxygen limitation. The manual
reduction of the pH value to prevent foaming by enhancing the extraction efficiency was
performed according to the DOT-based two-liquid phase fed-batch cultivation.

After the initial batch phase, the feed was started at a cultivation time of 7.6 h shortly before
glucose depletion to avoid carbon starvation and potential cell lysis (Figure 19). After 24.5 h of
cultivation (16.8 h after the start of feeding), the entire feeding solution was added to the STR. All
glucose supplied by the feed was depleted after 26.5 h as indicated by a sudden decrease of
agitation due to a lower demand of oxygen caused by a reverted cascade to maintain a DOT value
of >30%, and an increase of the DOT thereafter. The discrepancy of the end of the feed and carbon
depletion indicates that not glucose but rather another media component was limiting for the cells.
A pulse of trace element solution at 25.1 h resulted in an increasing agitation rate triggered by the
DOT-based cascade and thus caused by a higher demand in oxygen by the cells, which indicated
a component of the trace element solution to be limiting.

At the end of the cultivation, a RL titer of 24.5 g Lors' was present in the organic phase,
whereas 0.84 g Laq! remained in the aqueous phase. A reduction of the pH to a value of 6.3 was
sufficient to avoid foaming. The titers in the different phases translate to a total production of 3 g

RLs and a product yield of 0.05 gri gorc™! as well as a productivity of 0.17 g L™ hl.
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Figure 19 Production of rhamnolipids in a two-liquid phase fed-batch cultivation of P. putida KT2440 SK4 with a
linearly increasing feeding profile. In the batch phase, the cultivation was conducted MSM supplemented with 10 g L™!
glucose. The total amount of converted glucose at the end of the cultivation was 64g. RL titers in the organic phase
(black squares) and in the aqueous phase (blue circles) and the cumulatively glucose fed (green dots) are presented.
The black horizontal line denotes the start of feeding. Error bars represent maximal and minimal values of two
independent experiments. Data associated to this figure were taken from Carolin Griitering’s Master Thesis [211].

3.3.3.2 Trace element concentration influences growth rate

The fed-batch cultivation with a linearly increasing feed rate revealed a suboptimal ratio of
components in the feeding solution as an increased respiratory activity was observed when adding
trace elements in the final stage of the cultivation. Here, the concentration of trace elements in
relation to the supplied carbon in the feeding solution was reduced six-fold compared to the
mineral salts medium (MSM) used during batch cultivations. To assess the effect of the trace
element concentration on growth and production, the trace element concentrations were altered
between 8.3% and 100% of the original MSM and utilized to cultivate P. putida KT2440 SK4 in
shake flasks.

The cultivations with differing trace element solutions revealed a decrease in maximal growth
rate with less supplied trace elements ranging from 0.30 h'' for 8.3% to 0.42 h'! for 100%
supplemented trace element solution (Table 5 and Appendix A.4, Figure A4.1). Therefore, it is
assumed that the supplied concentration of trace elements in the feeding solution corresponding to
16.7% of the original concentration in the MSM was not sufficient to support unrestricted growth.
The low growth rates compared to the STR cultivations might be due to the lack of pH control.

Further, samples were drawn after 24 h to assess RL titers. Remarkably, titers differed only
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insignificantly, indicating a progressive production and potentially growth after terminating the
measurement of optical densities after 9.4 h.

Concluding, the reduction of trace element concentrations resulted in a diminished
performance of P. putida KT2440, thus suggesting a modification of the composition of the feed

solution for a succeeding fed-batch cultivation.

Table 5 Growths rates and RL titers of shake flask cultures with different supplied trace element concentrations.

Trace element 8.3% 31.3% 54.2% 771% 100%
concentration ¥

Maximal growthrate [h] 030 0.01  0.34  0.02 0.36+0.01 0.40 +0.01 0.42+0.01
RL titer [g L']® 0.48+0.01  0.57+0.10 0.49 +0.01 0.48 +0.01 0.49 +0.01

# In percent of the standardly used concentration in MSM (refer to Chapter 2.2 and Appendix A.1, Table Al.1).
® After 24 h of cultivation.

3.3.3.3 An adjusted feed composition increases productivity

As the trace element concentration in the medium was shown to influence the growth rate of
P. putida KT2440 the comparably low concentrations of trace elements in the feeding solution
were increased to 100% of the original batch MSM in relation to the supplemented glucose. In the
subsequent two-liquid phase fed-batch cultivations, a similar strategy as previously was applied
by selecting a linearly increasing feed rate with slight adjustments. The feeding profile can be

described as

V(t) =V(0) for t < tg (13)
V(t—tr) = 0.76(t — teg)2 + 4.5(t — te) + V(0)  for ¢ > tg (14)

and
V(t—tg) =F = 1.52(t — tg) + 4.5 (15)

As the feeding profile is independent of process values, the same conditions as for the previous
fed-batch cultivation with linearly increasing feed were applied, including a gradual decrease of
the pH value to avoid foaming when necessary.

After 7.7 h, the batch phase terminated shortly before carbon depletion, and the feeding was
started. Within 25.2 h, the entire feeding solution was added to the reactor. Shortly thereafter, the
carbon source was depleted, as indicated by a reduction of the agitation rate due to a revision of
the DOT-controlled cascade and a subsequent increase in DOT values. As the respiratory activity
of the cells terminated shortly after the addition of the feeding solution in contrast to the prior
cultivation with a non-adapted feeding solution, a carbon limitation can be assumed. Therefore,
the six-fold increase of trace element concentrations resolved the previously occurring limitation

not originating from carbon. However, the overall concentration of salts in the feeding solution
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was high, resulting in slight precipitation of components in the tubing. This is not desired since it
is unknown which salts or complexes precipitated and were thus not fed to the reactor, resulting
in an undefined system. Therefore, the composition of the feeding solution needs to be improved
further.

During the cultivation, a total of 64 g glucose was converted, and produced RLs were enriched
in the organic phase (Figure 20). The highest titer of RLs in the organic phase was measured to
21.8 gLoy' at 22 h of cultivation, thus before the feeding was terminated, and decreased
statistically insignificantly to 19.9 g Lors'. However, thereafter the titer in the aqueous phase
increased from 1.5 g Laq™! to 3 g Lag”!, resulting in a reduction of the partition coefficient. This is
potentially due to a high ionic strength of the aqueous phase, which has been reported previously
to influence the solubility of RLs [314, 315] and thereby the extraction efficiency in the present
case. The produced RLs in both phases correlate to a product yield of 0.064 grr goic! and a
productivity of 0.23 g L' h™!, thereby indicating an improvement to the cultivation with a linearly
increasing feed rate and a non-adapted feeding solution. However, there is a strong requirement

for further optimization.
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Figure 20 Production of rhamnolipids in a two-liquid phase fed-batch cultivation of P. putida KT2440 SK4 with a
linearly increasing feeding profile and an adjusted composition of the feeding solution. In the batch phase, the
cultivation was conducted MSM supplemented with 10 g L' glucose. The total amount of converted glucose at the
end of the cultivation was 64 g. RL titers in the organic phase (black squares) and in the aqueous phase (blue circles)
and the cumulatively glucose fed (green dots) are presented. The black horizontal line denotes the start of feeding.
Error bars represent maximal and minimal values of two independent experiments. Data associated to this figure were
taken from Carolin Griitering’s Master Thesis [211].

97



Chapter 3

3.3.3.4 Comparison of fed-batch strategies indicates enhanced rhamnolipid production at
glucose limitation

Comparing different performance indicators allows to draw further conclusions about the
different fed-batch cultivation strategies (Table 6). While the highest RL titer in the organic phase
was measured for the DOT-controlled pseudo-linear feeding strategy (Chapter 3.1), the highest
total amount of RLs was produced in the cultivation with a linearly increasing feed rate and
adjusted feed composition. However, in the latter a large amount of RLs remained in the aqueous
phase resulting in an overall titer of 4.1 g L1, potentially due to an increased ionic strength of the
cultivation broth causing a reduced partition coefficient and thus a decreased extraction efficiency.
Further, comparing the total amounts of produced RLs is misleading as the supplied amount of
glucose differed between the DOT-controlled feeding strategy and the other approaches, thus
comparing product yields and productivities is more appropriate. While the highest product yield
was achieved at DOT-controlled feeding, the highest productivity was reached for the strategy
with linearly increasing feeding rate and adjusted feed composition. Both performed better than
the strategy with linearly increasing feeding rate and original feed composition, indicating that

production is increased at strict glucose limitation.

Table 6 Performance indicators of fed-batch cultivations with different feeding strategies.

Performance indicator DOT-controlled Linearly increasing Linearly increasing
(pseudo-linear rate) ® rate rate + adjusted feed

Highest RL titer (org) [g L] 29.6 24.5 19.9

Highest RL titer (aq) [g L] 1.2 0.8 3.0

Total RLs [g] ¥ 3.8 3.0 4.1

Product yield [grr gorc™'] 0.072 0.047 0.064

Productivity [g L' h''] 0.16 0.16 0.23

 Different amounts of glucose have been applied, thereby influencing maximal amount of product. 52.7 g glucose for DOT-
controlled fed-batch and 64 g glucose for others.
b Results of this cultivation were described in Chapter 3.1.

Remarkably, the congener composition changed in all cultivations with increasing duration
(Figure 21). While the ratio of HAAs to the total amount of surfactants, being the sum of HAAs
and mono-RLs, converged to approximately 20% during batch phases, the ratio doubled to up to
40% during the cultivation with the feeding profile with a linearly increasing feed and a non-
adapted composition of the feeding solution, before decreasing to approximately 30% shortly
before glucose depletion. In contrast, the glucose-limited cultivations increase steadily towards a
ratio of 30%. The difference can potentially be due to a consumption and thus an overall reduction
of HAAs at glucose limitation, as observed previously [41]. Further, the increasing ratio of HAAs
in all cultures could be explained by a bottleneck for the cell in providing activated rhamnose, in

turn indicating the lack of sufficient energy equivalents. Moreover, as cells are more likely to lyse
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with increasing duration of cultivation, potentially more HAAs could have been released from the

cells before a rhamnose moiety was transferred. However, all hypotheses need further validation.
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Figure 21 Ratio of HAAs to total surfactants produced by P. putida KT2440 SK4 in all performed fed-batch
cultivations. The surfactants present in both the organic and the aqueous phases are considered. Black squares - DOT-
controlled fed-batch with pseudo-linearly increasing feed rate, blue squares - linearly increasing feed rate, green
squares - linearly increasing feed rate and adjusted composition of the feeding solution. Error bars represent maximal
and minimal values of two independent experiments. Data associated to this figure were taken from Carolin
Griitering’s Master Thesis [211].

3.3.3.5 Catastrophic phase inversion breaks emulsions

Increased RL and biomass titers produced during fed-batch cultivations led to the formation
of emulsions, which were challenging to separate. Especially in the late stages of the cultivations,
during which cell lysis can be assumed to a certain extent, released proteins and cell fragments
were predicted to hinder phase separation. While in small-scale, the emulsion in samples could be
broken by intensive centrifugation, resulting in sufficient phase separation for sample preparation,
this might not be feasible for large volumes as occurring in large-scale cultivations.

A suitable measure to break emulsion resulting from two-liquid phase cultivations could be
CPI. The feasibility of its application for the present emulsion of cultivation broth, ethyl decanoate,
RLs, and P. putida KT2440 cells, as well as their fragments, has been assessed. Emulsions from
fed-batch STR cultivations have been suspended in different volumes of excess ethyl decanoate.
After allowing the system to settle, the phase separation was qualitatively assessed. While the
addition of equal volumes of ethyl decanoate did not result in phase separation, two phases can be
observed at ratios of 1:2 (v/v) and lower (Figure 22). Distinct phase separations with little to no
clouding of the organic phase occurred at ratios of 1:6 (v/v) and 1:7 (v/v). Thus, CPI can be used
to achieve phase separation. However, compared to the volume of emulsion, the volume of excess

solvent is substantial.
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1:1

Figure 22 Catastrophic phase inversion after 20 h of settling. Ratios from 1:1 (v/v) to 1:7 (v/v) emulsion to excess
ethyl decanoate were assessed. Emulsions were obtained from fed-batch cultivations exhibiting an exponential feed.
Due to the angled view and the refraction the aqueous phase appears higher than it is but allows to differentiate
between distinct and indistinct phase boundaries. Pictures were taken from Carolin Griitering’s Master Thesis [211].

3.3.4 Discussion

In this chapter, different feeding strategies, including feeding profiles and feed composition,
have been explored. Further, CPI has been evaluated for breaking the emulsions composed of
cultivation broth, ethyl decanoate, RLs, cells, and cell fragments.

The application of different feeding strategies has revealed that P. putida KT2440 SK4 shows
an increased performance in productivity and product yield when cultivated at glucose limitation.
Both feeding strategies resulting in glucose limitation outperformed the linearly increasing feed
rate with non-adjusted feeding solution, for which the cultivation continued for 2 h after the
depletion of the feed, indicating an excess of carbon source. Only little has been reported regarding
increased productivity of RLs by recombinant P.putida KT2440 at glucose limitation.
Hypothetically, an increased RL production at glucose limitation could be due to a strategy of the
cells to make additional carbon sources accessible, e.g., by emulsifying oil, which is usually barely
soluble in water. However, limitations in nutrients other than carbon have been shown to be
beneficial for RL production as well [106, 316]. Preliminary results obtained from fed-batch
cultivations with an exponentially increasing feed rate support the finding of an increased RL
production at glucose limitation. Here, overfeeding resulted in glucose in high excess but
comparably low RL titers. However, further data, including glucose concentrations of samples, are
required. Glucose concentrations could not be measured at this point due to interferences with
analytics.

In general, the feeding strategies applied in this chapter have only been superficially
developed. Further parameters, including feed composition, feeding rate, filling volumes, feed
start, and others, need to be examined and put into relation [292]. Ideally, an optimization approach
is computationally supported for model development [292, 317], and the cultivations are

conducted in high throughput to obtain large amounts of data more rapidly [318]. This approach
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allows successful developments of fed-batch production processes [50, 319] and should be
applicable in the presented case as well. However, the presence of an organic phase further
increases complexity due to additional parameters, such as phase ratio, emulsification, and
dependent parameters like the pH value.

CPI as a simple and effective method for breaking the produced emulsion has been evaluated.
In fact, the simple addition of excess ethyl decanoate has caused phase separation starting already
at ratios of 1:2 (v/v) emulsion to ethyl decanoate. However, distinct phase separation without
clouding of the organic phase required higher phase ratios. The increased solvent usage is not ideal
as it is ecologically and economically critical [72, 320] due to potential unfavorable environmental
characteristics and increased costs for supply and waste management. However, as described in
Chapter 3.1, ethyl decanoate is regarded as environmentally friendly and can be produced
independently from fossil resources [194]. In the case of RL production, ethyl decanoate can be
recovered via back-extraction, allowing reusage. Further, a distinct phase separation can
potentially be achieved at higher phase ratios, thus at less solvent utilization, by an additional
subsequent unit operation, such as centrifugation, or by influencing separation kinetics by adding
salts or altering the temperature [307]. Combinatory approaches should be assessed for the

presented system.

3.3.5 Conclusion

Different fed-batch strategies for the production of RLs were explored, providing first insights
into promising approaches. Fed-batch cultivations will be limited in application in the MPLR,
which is described in Chapter 3.5 and for which an operational window is defined throughout this
thesis, as the filling volume is a critical parameter for fluid dynamics in the reactor. However,
performing fed-batch fermentations has prevailed in industrial biotechnology due to high
efficiencies. Therefore, the gained insights might support the development of an industrial fed-
batch fermentation. However, only superficial estimates have been achieved. Thus, there is a

requirement for optimization.
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3.4 Pseudomonas putida KT2440 withstands repeated oxygen limitations

3.4.1 Abstract

The obligate aerobic nature of Pseudomonas putida, one of the most prominent whole-cell
biocatalysts emerging for industrial bioprocesses, questions its ability to be cultivated in large-
scale bioreactors, which exhibit zones of low dissolved oxygen tension. P. putida KT2440 was
repeatedly subjected to temporary oxygen limitations in scale-down approaches to assess the effect
on growth and an exemplary production of rhamnolipids. At those conditions, the growth and
production of P. putida KT2440 were decelerated compared to well-aerated reference cultivations,
but remarkably, final biomass and rhamnolipid titers were similar. The robust growth behavior
was confirmed across different cultivation systems, media compositions, and laboratories, even
when P. putida KT2440 was repeatedly exposed to dual carbon and oxygen starvation.
Quantification of the nucleotides ATP, ADP, and AMP revealed a decrease of intracellular ATP
concentrations with increasing duration of oxygen starvation, which can, however, be restored
when resupplied with oxygen. Only minor changes in the proteome were detected when cells
encountered oscillations in dissolved oxygen tensions. Concluding, P. putida KT2440 appears to
be able to cope with repeated oxygen limitations as they occur in large-scale bioreactors, affirming
its outstanding suitability as a whole-cell biocatalyst for industrial-scale bioprocesses and its

suitability for cultivation in the multiphase loop reactor.

3.4.2 Introduction

Recently, Pseudomonas putida has emerged as a promising host for industrial bioprocesses
[113-115, 321]. Its versatile carbon metabolism allows the usage of different carbon sources [322,
323], potentially contributing to valorize waste streams for the production of value-added
compounds in the scope of an envisioned circular bioeconomy. Prominent examples are the
production of rhamnolipids (RLs) from xylose [139] and the upcycling of plastic waste [324] using
recombinant P. putida as a whole-cell biocatalyst. Further, P. putida has been shown to flexibly
respond to several environmental perturbations like oxidative stress [325] and, most prominently,
tolerating high concentrations of toxic substances such as organic solvents [239, 326, 327]. This
ability allows the application of an organic solvent phase, e.g., in process intensification by in situ
extractions [172, 125].

P. putida KT2440 is considered the most suitable candidate among pseudomonads for
industrial applications due to its host-vector system safety level 1 (HV1) status [129], facilitating
accreditations for production processes. Further, the ability of P. putida KT2440 to withstand

industrial-scale stress conditions in terms of fluctuations in carbon availability has recently been
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demonstrated [321], indicating its potential to cope with nutrient gradients and local limitations
due to non-ideal mixing, typically occurring in large-scale fermenters [169, 328]. In this regard,
recent computational fluid dynamic simulations predict mean residence times up to 76 s for
bacterial cells in low glucose or low oxygen regimes inside a 300 L pilot-scale bioreactor [329].
Therefore, zones within the fermenter exhibiting low oxygen concentrations pose a potential
drawback to establish industrial-scale fermentations, particularly with obligate aerobic organisms
such as P. putida KT2440. Further, in the scope of recent advances in bioreactor design,
specialized apparatuses have emerged, which exhibit intentionally non-aerated compartments,
leading to reactor zones with low oxygen availability [55, 56]. As inhomogeneous mixing hardly
occurs in laboratory-scale fermentations, specialized scale-down reactors have been developed to
intentionally induce ambient perturbations [328, 330, 331]. Considering oxygen, many studies
have focused on mimicking gradients and transitions using model organisms [332, 333] like E. coli
[334] or other industrially relevant microorganisms like Corynebacterium glutamicum [170, 335,
336] in scale-down reactors. However, the yeasts Pichia pastoris [337] and Yarrowia lipolytica
[338-340] have been the only studied microorganisms regarded as being obligate acrobic.

Several efforts have been made to engineer P. putida KT2440 to be capable of either anaerobic
fermentation or anaerobic respiration [341-343]. While survival was successfully demonstrated,
growth or the production of value-added compounds could not be sustained. In the absence of
oxygen, only bioelectrochemical systems (BES) could enable production [344-346]. Recently, a
proof of concept for RL production in an oxygen-limited BES was reported [347]. Applying in
silico approaches, Kampers et al. [348] identified several limitations for establishing anaerobic
metabolism, and a derived strategy for rational strain engineering enabled P. putida KT2440 to
grow under micro-oxic conditions. However, for a fully anaerobic metabolism, further extensive
strain engineering has been predicted [349].

As oxygen concentrations in industrial-scale fermenters are typically fluctuating and subject
to gradients, it is proposed that introducing a fully anaerobic metabolism into P. putida KT2440
is not stringently required, but rather its ability to cope with altering conditions needs to be
evaluated and potentially enhanced. Thus, in this study, we assess the ability of P. putida KT2440
to endure temporary oxygen limitations. Different scale-down approaches, ranging from disturbed
cultivations in microtiter plates (MTP) to cultivations in stirred-tank reactors (STR) and a defined
compartmented reactor composed of an STR coupled to a non-aerated plug-flow reactor (PFR),
are used to mimic industrial-scale reactor inhomogeneities in terms of oxygen availability to
evaluate its effect on the growth of P. putida KT2440 (Figure 23). Additionally, the influence of
repeated oxygen limitations on the production of secondary metabolites, here at the example of

RLs, by a recombinant P. putida KT2440 is assessed.
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Figure 23 Schematic illustrations of different scale-down cultivation setups to mimic large-scale inhomogeneities in
lab-scale. (A) MTP cultivations with oscillating shaking intervals. (B) STR cultivations with oscillating agitation and
aeration. (C) A STR operated as glucose-limited chemostat with continuous medium feed [F] and harvest [H] served
as reference condition after reaching steady-state after five residence times. By connecting the PFR with the STR,
dual substrate starvation by glucose and oxygen was applied. The STR and the five ports of the PFR were sampled
simultaneously after further five residence times. (C) has originally been designed by Andreas Ankenbauer.
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3.4.3 Results

3.4.3.1 Periodic oxygen limitation leads to reduced growth rates in microtiter plate
cultivations

Microtiter plate cultivations were performed to assess the influence of alternating shaking
frequencies and a resulting oscillation of the oxygen transfer rate (OTR) on the growth behavior
of wild-type P. putida KT2440. Shaking intervals of 2 min, 4 min, and 6 min at 200 rpm
and 1,200 rpm were compared to a culture continuously shaken at 1,200 rpm.

Online backscatter signals revealed prolongations of the cultivation time until the stationary
phase was reached when the culture was subjected to oscillation (Figure 24). While the
continuously shaken culture entered stationary phase after 13 h, the cultivation time of the
oscillating cultures was extended to 20.8 h, 21.2 h, and 21.5 h for the intervals of 2 min, 4 min,
and 6 min, respectively. Although all durations of cultivations differ significantly (all p-values <
0.05), the growth retardation was only minorly influenced by increased durations of shaking
intervals but primarily by the presence of oscillation itself. This is also reflected in the calculated
growth rates during exponential phases of each set of cultivations. The maximal growth rates were
determined in the latter part of the cultivations at backscatter signals (BS) > 100 to avoid technical
bias (Appendix A.5, Figure A5.1). Obtained maximal growth rates for the control cultivations (w1
=0.70 + 0.01 h'!) were approximately 2.6-fold higher compared to growth rates of all cultures
subjected to oscillation (pose = 0.27 % 0.03 h™"). Only transient phases of exponential growth could
be determined, especially for the oscillating cultures, potentially indicating an oxygen limitation.
However, although maximal backscatter signals of all cultivation conditions differed significantly
(p-values < 0.05), generally similar values for all oscillations (BSmax,2min = 683 £ 12 a.u.,
BSmax, 4min = 707 £ 7 a.u., BSmax, 6min = 728 * 14 a.u.) were reached, being only slightly lower than
the maximal backscatter signal of the continuously shaken control cultivations (BSmax, et = 770 £
25 a.u.). Therefore, a decelerated growth but similar final biomass titers were concluded when P.
putida KT2440 was subjected to oscillating OTRs.

The cultivations in microtiter scale were influenced when subjected to oscillations in shaking
frequencies leading to alternating maximal oxygen transfer rates (OTRmax). In the described
cultivations, only the online backscatter signal was accessible, thus there was no information about
the dissolved oxygen tension (DOT) values at different shaking frequencies. Microtiter plates with
integrated DOT optodes [350] could have given estimates. However, DOT signals respond to the
oscillation in a delayed manner, and measurements could not have been synchronized to the
shaking intervals. In addition, a shaken culture in microtiter-scale needs validation to be

comparable to cultivations in STRs [351]. To gain more detailed information on the performance
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of P. putida KT2440 at oscillating oxygen availability, STR cultivations allowing access to several
on- and offline signals were performed. Here, potential metabolic shifts indicated by stagnating
increase in backscatter signal during the cultivations in MTPs can be elucidated by performing

sampling and metabolite quantification during STR cultivations.
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Figure 24 Backscatter signal throughout cultivations of P. putida KT2440 in microtiter plates at different intervals of
oscillating agitation. A control cultivation, which was continuously shaken at 1,200 rpm (black), is compared to
alternating shaking frequencies of 1,200 rpm and 200 rpm at intervals of 2 min (blue), 4 min (green), and 6 min (red).
a.u. = arbitrary units. Shaded areas represent the standard deviation of measurements from five independent
experiments.

3.4.3.2 Oscillation of dissolved oxygen tension decelerates growth in STRs

For a more detailed characterization of the effects a temporary and repeated shortage of
oxygen availability has on P. putida KT2440, STR cultivations were performed. Repeated oxygen
limitation during STR cultivations was induced by oscillating aeration and agitation between high
and low setpoints. Here, intervals of 2 min and 4 min were investigated.

The duration until carbon source depletion was prolonged for both oscillating cultures
compared to the control as indicated by a steep increase of the DOT signals and the measured
substrate concentrations at sampling points (Figure 25A-C). All carbon in the control culture was
consumed within 8.7 h, whereas the carbon source in the oscillating cultures with 2 min and 4 min
of oscillation was depleted after 12.8 h and 13.6 h, respectively. The prolonged duration is
reflected in the specific carbon uptake rates gs (Table 7). While the difference in cultivation time

between well-aerated and oscillating conditions was significant (4.1 h and 4.9 h), increasing the
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interval of oscillations from 2 min to 4 min prolonged the duration of the cultivations only minorly
(0.8 h). Dissolved oxygen was temporally depleted in either oscillation interval as indicated by the
DOT values at low setpoints approaching 0 %. However, the culture subjected to 4 min of
oscillation experienced temporal oxygen depletion earlier and over a more extended period. For
comprehension, Figure 3A-C shows the minimal and maximal values of the DOT and a shaded
range, in which DOT values oscillated. Additionally, Figure A5.2 in Appendix A.5 depicts a close
view of a section of Figure 25B to exemplarily illustrate obtained oscillations of the DOT. The
biomass signals reflected the differences in time of cultivations between undisturbed and
oscillating cultures. Maximal biomass titers are similar, independent of cultivation conditions
(Cx,max.etd = 3.36 £ 0.02 g LY, Cxmax2min= 3.39 £ 0.09 g L}, CX max4min = 3.29 £0.02 g L), but

were reached after different durations of cultivation, coinciding with the depletion of carbon

source.
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Figure 25 Cultivations of P. putida KT2440 at different intervals of oscillating aeration and agitation. (A-C) CDW
(black squares), glucose (grey dots), and DOT (red line) over the cultivation time for (A) well-aerated control
cultivations, (B) 2 min intervals of oscillation, and (C) 4 min intervals of oscillation. The solid red lines represent
minima and maxima of DOT values, the light red shaded area represents the range of DOT values induced by
oscillation. (D) Oxygen uptake rates and (E) the respective half-logarithmic plot for the control cultivations (black
line), 2 min intervals of oscillation (blue line), and 4 min intervals of oscillation (green line). Error bars and darkly
shaded areas represent errors derived from two independent experiments.
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Assuming an equal demand of oxygen for each cell, thus a linear correlation between growth
and oxygen uptake rate (OUR), the OUR indicated a more complex growth behavior than could
be derived from the sampled biomass, especially when oscillation was induced (Figure 25D). As
measurement intervals of the exhaust gas sensors and their response times did not match oscillation
intervals, a moving average of the OUR is depicted, causing the signals not to appear oscillating.
While the OUR of the well-aerated control cultivation and the oscillation at an interval of 2 min
proceeded similarly up to a cultivation time of 2.3 h (data for the 4 min oscillation not available
up to a cultivation time of 2.2 h), the signals diverged afterward as the increase in OUR of
oscillating cultures decelerated. Linear regression of the OUR signals (Figure 25E) between 2.3 h
and 5.1 h revealed the slope of the OUR to be reduced by approximately two-fold at either
oscillation (Table 7), correlating with decreased growth rates of the respective cultures. Peaks and
plateaus in the OUR indicate the co-metabolization of gluconate and 2-ketogluconate formed from
glucose. The short stagnation of the OTR at 5 h of the control cultivation, which could also be
observed in online backscatter signals of the previous cultivation in MTPs, coincided with a co-
metabolization of 2-ketogluconate (refer to Appendix A.5, Figure A5.3). Notably, while maximal
concentrations of gluconate are similar across all cultivations, the maximal concentrations of 2-
ketogluconate increased with extended intervals of oscillation (Table 7 and Appendix A.S5,
Figure A5.3). The latter indicates limitations in providing NADH as the cells can circumvent the
NADH-dependent ATP synthesis by generating electrons from the oxidation of gluconate to 2-
ketogluconate. Integration of the OUR, starting from 2.3 h until carbon was depleted, revealed a
comparable demand for oxygen, independent of disturbance
(02 consumed, control = 140.4 1.0 mmol L™, O2 consumed, 2min = 143.6 % 2.8 mmol L™, O2 consumed, 4min =
139.1 £3.9 mmol L.

In general, the results obtained from MTP cultivations could be confirmed. P. putida KT2440
grows at a reduced rate at oscillating oxygen availability, but final biomass titers at complete

carbon depletion remain unaltered.

Table 7 Performance indicators for cultivations of wild-type P. putida KT2440 in STRs at different conditions.

Condition ¥ m(InOUR)®»  ¢s? Yxis 9 Gluconate © 2-Ketogluconate ©
[h'] [ggx'h'] lexg'] [gL] [gL"]

Control 0.50 +0.02 0.65+0.01 0.32+0.01 0.39+0.00 0.50+0.07

2 min 0.27+£0.01 0.49 +0.02 0.33+0.02 0.45+0.01 0.67 +0.02

4 min 0.26£0.01 0.45+0.01 0.30 +0.00 0.40 +0.03 0.89+0.12

® Control represents the well-aerated culture, 2 min and 4 min the respective intervals of aeration and non-aeration.
b Rates were derived via linear regression from OUR signals from 2.3 h to 5.1 h and correlate to growth rates.

© Specific glucose uptake rates were calculated via linear regression over the first 8 h of cultivation.

9 Biomass yields were calculated from the maximal cell dry weight and the used substrate.

© Data represents maximal values occurring over the entire cultivation.
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3.4.3.3 Pseudomonas putida withstands repeated dual oxygen and glucose limitation

Results from cultivations of P. putida KT2440 in an STR-PFR scale-down setup facing dual
glucose and oxygen limitation in the PFR compartment are summarized in the following. In the
STR-PFR cultivation, only part of the population encounters oxygen and glucose limitations. This
setup mimics the conditions occurring in the multiphase loop reactor (MPLR) as described in
Chapter 3.5 and industrial-scale bioreactors more closely, compared to oscillations of the DOT
value in STRs, which subject the entire culture to temporary oxygen limitations simultaneously.

First, the STR was operated as a glucose-limited chemostat at a dilution rate of 0.2 h™! to obtain
reference characteristics after reaching steady-state conditions. Remarkably, although the DOT
was set to a comparably low value of 5%, growth characteristics were similar to previous studies,
in which a DOT of > 20% was maintained [321]. This was confirmed in a parallel cultivation
device (DASbox, Eppendorf, Jiilich, Germany), operating six small-scale reactors at different
DOT values. Here, although DOT values as low as 5% were maintained, no significant differences
in the growth behavior of P. putida KT2440 were detected (Appendix A.5, Figure A5.4).

By connecting the non-aerated PFR and ensuring oxygen and glucose depletion at the entrance
and exit of the PFR, P. putida KT2440 was subjected to a dual limitation for the duration of its
residence time in the PFR (tprr = 2.6 min). After allowing the system to regain steady-state,
samples were drawn from both the STR port and five PFR ports simultaneously to unravel both
long- and short-time effects of the dual limitation. In short, most physiological parameters for a
long-term response (cell dry weight, OUR, CER, glucose uptake rate) did not alter compared to
the reference conditions, indicating that P. putida KT2440 could maintain a growth rate of 0.2 h'’,
Only a change in the adenylate energy charge (AEC) was observed, as it decreased from 0.84
+0.05 to 0.69 £0.15, but not significantly (p-value > 0.05). Regarding short-term responses, ATP
concentrations substantially reduced from 5.16 £1.56 (STR) to 2.21 £0.24 pmol gx' (exit of the
PFR) while P. putida KT2440 resided in the PFR. In contrast, AMP concentrations increased from
1.94 £1.39 (STR) to 5.63 £0.55 pmol gx' (exit of the PFR), resulting in a reduced AEC of 0.32
+0.01. Further, the levels of the stringent response alarmone ppGpp increased from 0.16
+0.03 pmol gx! to 1.45 £0.24 umol gx! when facing dual starvation.

Concluding, substantial short-time responses were detected, as the AEC could not be
maintained, and the stringent response was triggered, both being signs of severe stress at the
instated dual starvation. However, P. putida KT2440 could fully recover when recirculated back

to the STR, thereby maintaining robust growth characteristics over the entire long-term cultivation.
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3.4.3.4 Exemplary production of rhamnolipids results in unaltered final titers at oscillating
DOT values

The effect of oxygen limitation on the production capacity of P. putida KT2440 was also
assessed, with RLs serving as an exemplary product. For this, P. putida KT2440 SK4, previously
engineered to enable RL synthesis [148], was cultivated in STRs, again subjected to oscillating
aeration and agitation. Besides, ethyl decanoate was added to the cultivation broth as an in situ
extractant, and the pH value was set to 6 to avoid severe foaming. Both the effect of ethyl decanoate
and the lowered pH value on growth and production have been described previously [125].

Similar to the STR cultivations performed with wild-type P. putida KT2440, the duration of
the cultivation until depletion of the carbon source was prolonged at oscillating oxygen availability
as indicated by the sudden increase of the DOT signal and the offline measurements of glucose
(Figure 26A+B). However, the prolongation of cultivations was lowered to 1.5 h compared to
cultivations of the wild-type P. putida KT2440 (4.1 h prolongation at 2 min oscillation intervals),
where no organic solvent as a second liquid phase was present. Further, the DOT signal of the
cultivation at oscillating conditions did not reach values as low as the culture of wild-type P. putida
KT2440. As the addition of organic solvents has been proven beneficial for enhancing the mass
transfer coefficient of oxygen in emulsified two-liquid phase fermentations [77], the added ethyl
decanoate might have resulted in increased oxygen availability and an attenuated oscillation. Here,
with increasing RLs and biomass concentrations throughout the cultivation, the extent of this effect
would be highly dynamic, depending on different proposed mechanisms. Besides, the presence of
surfactants itself affects the mass transfer, which is highly dependent on the type of surfactant and
its concentration [352]. Further, the lowered pH value was shown to reduce growth rates of
P. putida KT2440 [125]. Thus, the oxygen demand of the cells is lower over time compared to the
wild type, in turn potentially resulting in a higher DOT value. In addition, it is questionable how
much of the measured oxygen is available for the microorganisms as oxygen dissolved in ethyl
decanoate might be inaccessible, but the average of DOT values in both phases was measured by
the optical probe.

While gluconate accumulated similarly at both cultivation conditions for RL production,
nearly no 2-ketogluconate was detected (Table 8 and Appendix A.5, Figure AS.5). This might be
due to a higher demand for glucose-6-phosphate (G6P) required to produce activated dTDP-L-
rhamnose, which is transferred to 3-(3-hydroxyalkanoyloxy)alkanoic acids (HAAs) by the
rhamnosyltransferase RhIB to form mono-RLs. Previously, the carbon flux via the rhamnose
pathway was revealed to be increased by 300% in an RL-producing P. putida KT2440 compared
to the wild type, thus creating the mentioned demand [353]. The presence of ethyl decanoate

severely impeded the determination of biomass concentration via gravimetry or spectroscopy.
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Therefore, exhaust gas measurements were used as it correlates to biomass and growth. Whereas
the OUR of the non-oscillating cultivation generally revealed an exponential incline between
approximately 1.7 h and 8 h (Table 8), a two-staged growth behavior was observed for P. putida
KT2440 SK4 subjected to oscillations. Between cultivation times of approximately 1.7 hand 5.1 h,
the OUR of the cultures exhibited an exponential incline. However, growth appears to be linear
thereafter (Figure 26C+D), indicating a limitation. Similar to the cultivation of wild-type P. putida
KT2440, integration of the OUR led to comparable demands of oxygen until the carbon source

was depleted (02 consumed, control = 120.7 mmol L_l, O2 consumed, 2min = 123.4 + 0.6 mmol L'l).
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Figure 26 Comparison of cultivations of P. putida KT2440 SK4 at different intervals of oscillating aeration and
agitation. (A-B) Glucose (grey dots) and DOT value (red line) over the cultivation time for (A) well-aerated control
cultivations and (B) 2 min intervals of oscillation. The solid red lines represent averages of minima and maxima of
DOT values. The light red shaded area represents the range of DOT values induced by oscillation. (C-D) Oxygen
uptake rates and the respective half-logarithmic plot for the control cultivations (black line) and 2 min intervals of
oscillation (blue line). (E) Average rhamnolipid titers in aqueous and organic phases for the control (black dashed
lines) and 2 min intervals of oscillation (blue dashed lines). Error bars and darkly shaded areas represent errors derived
from two independent experiments. For the control cultivation, only one exhaust gas measurement was recorded. Data
associated to this figure were partially taken from Florian Rock’s Internship Report [354].

The bulk of produced RLs was extracted into the organic phases (Figure 26E). Comparing
titers of the two cultivation conditions, the same temporal offset as recorded in the exhaust gas

data was observed. Despite slower production in the cultivation subjected to oscillations,

maximum titers were comparable, thus indicating no significant adverse effects of repeated oxygen
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limitations on the product yield, but rather on the space-time yield (Table 8), agreeing with the
prolonged cultivation time until depletion of the carbon source.

Concluding, the cultivations of P. putida KT2440 SK4 in STRs showed that oscillating DOT
values do not influence the strain's capacity to produce RLs, but result in reduced rates. While this
was explicitly studied for producing RLs, it remains questionable if it can be generalized for any

production of secondary metabolites with recombinant P. putida KT2440.

Table 8 Performance indicators for cultivations of P. putida KT2440 SK4 in STRs at different conditions.

Condition ¥ m(InOUR)»  Ypis© STY 9 Gluconate © 2-Ketogluconate ©
(h'] lgreg] lgreg] [gL] [gL]

Control 0.42 0.12+0.01 0.11+0.01 0.85+0.01 0.01 £0.00

2 min 0.35+0.01 0.11+0.00 0.09 + 0.00 0.79+0.01 0.02 + 0.00

@ Control represents the continuously aerated culture, 2 min intervals of aeration and non-aeration.

® Slopes were derived via linear regression from OUR signals from 1 h to 5.1 h and reflect growth rates.

9 Product yields were calculated from the maximal RL concentrations in the organic phase and the aqueous phase normalized by
their respective volumes and the used substrate.

9 Space-time yields were calculated from the maximal RL concentrations in the organic phase and in the aqueous phase normalized
by their respective volumes and the time.

© Data represents maximal values occurring over the entire cultivation.

3.4.3.5 Pseudomonas putida KT2440 subjected to DOT oscillations alters proteome only
minorly

Untargeted proteomics was used to compare samples from the STR cultivations of P. putida
KT2440 SK4 at the different applied conditions to gain information about intracellular responses
to oscillating DOT values. The continuously aerated cultures were sampled once at t; = 7.6 h,
whereas the cultures subjected to oscillations were sampled at t; = 7.6 h and again at t = 11.9 h,
shortly before glucose depletion. Only proteins whose abundances were significantly altered at
least two-fold (p-value < 0.05) when subjected to oscillations were considered.

The synthesis of only a minor number of proteins was up- or downregulated in cells cultivated
at oscillating conditions (Figure 27A+B). Seven proteins were at least twofold more abundant, and
seven proteins were reduced at least twofold compared to the control. In total, this accounts for
only about 2 % of all 691 detected proteins. At t2, this ratio was even further reduced to 0.6 % (one
upregulated and three downregulated). The relatively low overall alteration indicates that P. putida
KT2440 does not majorly alter its proteome but can cope with oscillating oxygen availability using
its existing set of proteins. When grouping the proteins of changed abundance according to the
clusters of orthologous groups (COG) database [355] retrieved with eggnog 5.0.0, predominantly
proteins of the COG C “Energy production and conversion” were less abundant. In contrast,
mainly proteins associated with COG L “Replication, recombination, and repair” were synthesized

at least twofold higher than in the control (Figure 27C).
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Figure 27 Relative differences in abundances of detected proteins in P. putida KT2440 subjected to oscillating DOT
values compared to undisturbed control cultivations. (A) Volcano plot to determine significantly altered proteins at
ti. Cut-off values were set to a log, fold change of 1 and a p-value of 0.05. Orange data points represent proteins of
significantly altered abundance. (B) Analog to (A) for t2. (C) Grouping of altered proteins according to COGs, which
were retrieved via eggnog 5.0.0, for t; (dark grey bars) and t» (light grey bars). Positive x-values represent the number
of proteins with increased abundance, while negative numbers represent the number of proteins with reduced
abundance. COGs: C - Energy production and conversion, E - Amino acid transport and metabolism, G - Carbohydrate
transport and metabolism, I - Lipid transport and metabolism, L - Replication, recombination, and repair, M - Cell
wall/membrane/envelope biogenesis, O - Post-translational modification, protein turnover, and chaperones, P -
Inorganic ion transport and metabolism, S - Unknown function, T - Signal transduction mechanism. Proteins and
corresponding information are listed in Appendix A.5, Table AS.1.

The protein exhibiting the most severe downregulated synthesis at t; and t, was the isocitrate
lyase (AceA, PP_4116), indicating downregulation of the glyoxylate shunt and lower carbon flux
through the TCA cycle. The upregulated synthesis of proteins related to replication,
recombination, and repair, chaperones, or stress response (PP_0625, chaperone protein ClpB (t2
only); PP 0485, single-stranded DNA-binding protein, PP 2132, universal stress protein;
PP 3420, sensor histidine kinase (all t; only)) indicates stress for P. putida KT2440 at oscillation.

Further, proteomics data showed a downregulated synthesis of the acetyl-CoA synthase
AcsA-I (PP_4487) and several proteins from the ped cluster (PP_2675, cytochrome ¢ oxidase
PedF; PP 2677, hypothetical protein; PP_2679, PQQ-dependent alcohol dehydrogenase PedH;
and PP_2680, aldehyde dehydrogenase AldB-II) as well as an upregulated synthesis of the alcohol
dehydrogenase AdhP (PP _3839). A change in levels of alcohol dehydrogenases indicates the
presence of alcohols, which could potentially be attributed to impurities of the applied ethyl
decanoate (= 98% purity) or its de-esterification by P. putida KT2440 resulting in ethanol and
decanoate. However, ethyl decanoate from the same stock was used in both the control and the
oscillating cultivation. We previously showed that P. putida KT2440 cannot use ethyl decanoate
as a carbon source in the presence of glucose or directly after glucose depletion [125]. Further,
metabolization of ethanol would require the activity of the acetyl-CoA synthase to generate acetyl-
CoA from acetate. However, we observed a downregulated expression of acsA4-I, which would

result in an accumulation of acetate. Neither acetate nor ethanol were detected in the supernatant.
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3.4.4 Discussion

3.4.4.1 Pseudomonas putida KT2440 endures temporary oxygen limitations

In this chapter, the influence of temporary oxygen deprivation on the growth of the obligate
aerobic P. putida KT2440 was assessed across different cultivation systems and scales, ranging
from microtiter to lab-scale reactors simulating large-scale fermenters. In batch cultivations at all
scales, the growth behavior appeared to follow a similar pattern. When oxygen was temporarily
limited, the growth rate of the cells decreased and transitioned into linear growth, leading to
prolonged cultivation times until carbon source depletion compared to well-aerated cultures.
However, final biomass titers were comparable. As this phenotype was consistent throughout MTP
and STR cultivations, the presented approach of implementing oscillating shaking frequencies to
cause repeated oxygen shortage could be applied in similar future studies for estimations on growth
behavior before running scale-down experiments in more complex setups. Remarkably, the length
of oscillating intervals did not seem to substantially impact the length of cultivation as studied for
MTP and STR cultivations for wild-type P. putida KT2440. Rather the occurrence of oscillation
caused the observed effect. This might be due to the equal durations of aeration and non-aeration
within each periodic cycle. However, preliminary results from STR cultivations with unequal
durations of each condition showed similar effects. Randomized durations might give different
results and could be more accurate in simulating the transient conditions cells encounter due to
their trajectory through large-scale reactors [356, 357]. At repeated exposure to dual oxygen and
glucose limitations in the STR-PFR cultivations, P. putida KT2440 maintained the set growth rate
of 0.2 h'! after the PFR was connected. In a previous study, P. putida reached similar yields in
biomass and showed an accelerated DNA replication when subjected to a critical low DOT value
of 1.5% [358]. In contrast, it was previously demonstrated that final biomass titers of P. putida
strains were reduced when subjected to a strict oxygen limitation induced by low but constant
agitation [359, 360]. As we observed similar final biomass titers in this study, it can be inferred
that P. putida KT2440 can rapidly recover from oxygen starvation when resupplied with oxygen.
Its robust growth performance highlights the ability of P. putida to cope with various stress
situations due to its versatile metabolism [361]. Further, the RL titers produced at oscillating
conditions were comparable to those of well-aerated control cultivations, but space-time yields
were decreased. Therefore, P. putida KT2440 is well suited for large-scale production processes
exhibiting gradients in oxygen concentrations, however, at reduced productivity. Advantageously,
in contrast to whole-cell biocatalysts capable of fermenting, no undesired byproducts are produced,
except for gluconate and 2-ketogluconate, which are in turn metabolized and reused as a carbon

source by P. putida KT2440. Thereby, carbon efficiency might be enhanced, and downstream
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processing might be facilitated. It needs to be validated if these conclusions can be transferred to

production processes for products other than RLs.

3.4.4.2 Intracellular mechanisms for coping with repeated oxygen starvation remain
ambiguous

While growth and production are robust, the distinct intracellular mechanisms for coping with
repeated oxygen limitations remain ambiguous. Previously, when encountering sole carbon
limitation, P. putida KT2440 was shown to generate energy equivalents from intracellularly
accumulated 3-hydroxyalkanoates (3-HA) [321]. Further, a transcriptomic upregulation of genes
encoding for enzymes involved in amino acid and glycogen catabolism was observed at glucose
limitation. Contrary, an inability of P. putida KT2440 to balance its energy demand when
subjected to dual carbon and oxygen limitation was detected. The resulting decrease in energy
charge from 0.7 to less than 0.4 lies well below energy charges of 0.7 or higher reported for
growing P. putida [362, 363]. Assumably, the lack of oxygen stalls the electron transport in the
respiratory chain, consequently preventing the oxidation of the energy equivalents NADH and
FADH;. As a result, failing to maintain a proton gradient compromises the functionality of the
ATP synthase. Correspondingly, a decrease in intracellular ATP levels and an accumulation of
AMP during dual oxygen and glucose limitation was observed. Moreover, levels of the stringent
response alarmone ppGpp, a central signaling molecule for stress caused by starvation [364, 365]
were elevated. Accordingly, increased levels in ppGpp were reported for E. coli [366] and
P. putida [321] at glucose limitation.

In proteomics studies, an altered abundance of only a minor number of proteins was detected.
The synthesis of the isocitrate lyase was downregulated when P. putida KT2440 encountered
oscillating DOT values. Previously, it has been shown that a deletion of the isocitrate lyase resulted
in an increased polyhydroxyalkanoates (PHA) production, assumed to cause a lower carbon flux
through the tricarboxylic acid cycle, thus increasing the pool of acetyl-CoA potentially used for
PHA synthesis [367]. P. putida KT2440 is known to produce PHA when encountering stress
caused by changing environmental conditions, e.g., repeated carbon starvation or transition to
nitrogen starvation [321, 368]. A higher abundance of proteins associated with stress response was
detected, but it is unknown if stress caused by oxygen limitation or oscillating oxygen availability
induces PHA production, which was not quantified in this chapter. In this case, a likewise increase
of RL titers could be expected as 3-hydroxyalkanoate (3-HA) is the precursor for both PHA and
RLs. However, the recorded data show no change in RL titer when cells were subjected to

oscillations.
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Moreover, the proteomics studies revealed a downregulated synthesis of several proteins
encoded within the ped cluster. Recently, proteins of the ped cluster have been reported to be
involved in the oxidation of alcohols by P. putida KT2440 [257, 369, 370]. Subsequently, using
cytochrome c, electrons are transferred to the cytochrome ¢ oxidase (PP_2675, PedF), which was
also less abundant here, in turn reducing O2 as part of the respiratory electron transfer chain [371,
372]. The downregulation of the ped can thus be reasoned with the temporary low abundance of
molecular oxygen, impeding the functionality of PedF and potentially the PQQ biosynthesis
pathway, which requires molecular oxygen itself. As the regulation of the whole cluster seems to
be multi-leveled and interconnected [257, 369], similar expression levels of individual genes of
the cluster might be caused by the same trigger, such as limited availability of molecular oxygen.
The higher abundance of NAD"-dependent AdhP indicates its function as a complementary alcohol
dehydrogenase, which might be favored over PedH at a shortage of NADH, which is suggested by
the increasing 2-ketogluconate concentrations in the cultivations of wild-type P. putida KT2440.
In fact, deletion of both pedH and adhP caused P. putida KT2440 to lose its ability to metabolize
short-chain alcohols, while single deletion strains retained functionality [369]. However, if altered
abundances of proteins of the ped cluster and AdhP are solely due to oscillating DOT values or if
the presence of an organic solvent triggers their synthesis in the first place, remains unclear.

In general, the presented data suggests that P. putida KT2440 can cope with repeated oxygen
starvation at the cost of its energy charge but can partially restore it when oxygen becomes
available again without majorly altering its proteome. Further studies on the transcriptome and
proteome combined with the quantification of PHAs need to be conducted to elucidate the

intracellular coping mechanisms in more detail.

3.4.5 Conclusion

Oxygen starvation zones accompanied by other substrate gradients caused by mixing
inhomogeneities are likely to occur in industrial-scale bioreactors. In this chapter, the ability of
P. putida KT2440, classified as an obligate aerobic microorganism, to withstand temporary
oxygen limitations, even at simultaneous carbon starvation, is demonstrated. The growth
performance of the wild-type strain is not affected significantly by repeated exposure to oxygen
starvation. Remarkably, this was confirmed in different scales and cultivation systems, different
cultivation media, and different laboratories. Moreover, the RL producing strain accumulated
similar product titers during oxygen oscillation compared to the well-aerated reference process.
As both growth and production are robust when cells are subjected to temporary oxygen starvation,

the suitability of P. putida KT2440 for industrial-scale production processes was aftirmed.
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The results of this chapter have several implications for the operation of the MPLR, which is
described in Chapter 3.5. Although classified as obligate aerobic, P. putida KT2440 is able to
withstand repeated short-time oxygen starvation and can produce at given conditions. However,
the residence time in the downcomer (zq) should not exceed several minutes and should be
uniform, thus the loop flow needs to be similar in all parts of the reactor. Further, the presence of
solvent can have conflicting impacts. On the one hand, the solvent could attenuate the oscillations
experienced by cells following the loop flow as oxygen can be delivered by saturated solvent. On
the other hand, repeated oxygen starvation causes ATP levels to decrease, potentially causing the
cell to be unable to maintain energy-intensive solvent defense mechanisms. However, the selected

solvent, ethyl decanoate, did not appear to stress the cells in biocompatibility assays.
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Chapter 3.5

A novel multiphase loop reactor allows
simultaneous production and in situ

extraction of rhamnolipids

Contributions

Philipp Demling and Maximilian von Campenhausen jointly developed, constructed, and improved the
MPLR, supported by Tammo Schiiler, with Maximilian von Campenhausen focusing on fluid process
engineering and Philipp Demling focusing on bioprocess engineering. The CAD results presented in
Figure 28 were obtained from Maximilian von Campenhausen. Specific details regarding the reactor
characterization will be presented in the Doctoral Thesis of Maximilian von Campenhausen. Philipp
Demling and Maximilian von Campenhausen jointly performed cultivations in the MPLR, supported by
Steffen Dietz. All analytics were done by Philipp Demling. Patrick Bongartz and Alexander Scheele
constructed the redesigned aeration setup. This chapter was written by Philipp Demling and reviewed by
Till Tiso.







Results

35 A novel multiphase loop reactor allows simultaneous production and in situ

extraction of rhamnolipids

3.5.1 Abstract

A novel multiphase loop reactor was developed and constructed, allowing a counter-current
in situ extraction of value-added compounds produced in a microbial cultivation. Here, developed
cultivation strategies for the integrated production and in situ recovery of rhamnolipids described
in the previous chapters were transferred to the multiphase loop reactor. A first cultivation revealed
that a custom-made metal ring sparger could not satisfy the oxygen demand of the cells, which
were limited in oxygen approximately 3 h after inoculation. The short duration of the cultivation
resulted in low estimated biomass titers and marginal rhamnolipid production while only a small
amount of the carbon source was converted. Exchanging the ring sparger with a highly porous
poly(2-propenamide) sparger resulted in sufficient aeration to meet the oxygen demand of
Pseudomonas putida KT2440 SK4 until the end of the cultivation when 10 g L' glucose were
depleted. Reducing the pH value increased the extraction efficiency, as described in Chapter 3.1,
allowing to avoid excessive foaming. A total of 3.6 g L' rhamnolipids accumulated in ethyl
decanoate, serving as the organic solvent phase, while only minor amounts of rhamnolipids
remained in the aqueous phase. The novel multiphase loop reactor could be operated robustly,
achieving sufficient phase separation and thereby continuous removal and recirculation of ethyl
decanoate for a major part of the cultivation. Finally, performance indicators, such as product yield
and productivity, revealed the efficiency of the cultivation in the multiphase loop reactor to be
comparable to cultivations described in previous chapters. Overall, the successful operation of the

multiphase loop reactor demonstrated the technical feasibility of the novel approach.

3.5.2 Introduction

In previous chapters, fermentation strategies for the foam-free production of rhamnolipids
(RLs) with Pseudomonas putida KT2440 SK4 were developed by integrating an in situ liquid-
liquid extraction in stirred-tank reactors (STRs). However, extensive agitation in the STRs needed
for the introduction of energy to achieve sufficient mixing and a high gas-liquid mass transfer to
supply the cells with oxygen resulted in the formation of emulsions, especially with increasing
biomass and RL titers. Phase separations could be achieved by centrifugation or gravitational
phase separation subsequent to catastrophic phase inversion (CPI), however, requiring an
interruption or termination of the fermentation process. A continuous removal of the emulsion
during the fermentation would lead to a loss of whole-cell biocatalyst attached at the phase

boundary, thus reducing the efficiency of the fermentation process [373]. Continuous removal,
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recovery, and recirculation of a coherent solvent phase require a reactor setup exhibiting less and
homogeneous shear forces. As a result, larger and more homogenous solvent droplets facilitate
faster coalescence.

A reactor type characterized by a rather homogenous energy dissipation and, thus, no focal
point of shear forces, is the airlift reactor (ALR) [374, 375]. Agitation is solely based on the
introduction of a gaseous stream. Therefore, no impellers or other moving installations are
required, resulting in a rather simple structure. The ALR is regarded as advantageous in terms of
energy efficiency, i.e., mass transfer rates per energy input, and thus energy input per amount of
product compared to STRs [374, 376, 377]. In contrast to bubble column reactors, not the entire
reactor, but only a single compartment is aerated (riser) [378]. The higher gas hold-up in the riser
results in a reduction of the average fluid density compared to the non-aerated compartment
(downcomer) and creates a pressure gradient between the compartments if interconnected [379].

Thus,

8P _ g pr = (ecr — £ca)p (16)
gHe r r

with 4p, being the difference in gravitational pressure between downcomer and riser, g being the
gravitational acceleration, H. being the effective height of the cylinder separating riser and
downcomer, pq, pr, and pr being the average fluid densities of the downcomer, the riser, and the
non-aerated fluid, respectively, and &cr and &4 being the gas hold-ups in the riser and downcomer.
Consequentially, a loop flow is induced [380]. The difference in gas hold-up is dependent on the
superficial gas velocity in the riser Ugr, which is, in turn proportional to the molar gas flow rate
Om (Appendix A.6, Equation 20). Therefore, the aeration rate is the most crucial parameter for
operating an ALR [374, 381]. Further, the specific fluid dynamics are highly dependent on
multiple geometrical parameters of the reactor, such as the ratio between the cross-sections of riser
and downcomer and the height-to-diameter ratio of the reactor [380, 382].

ALRs have been constructed in different setups and with varying characteristics [374, 383].
The most widely used reactor is the internal loop reactor, in which both compartments are located
in the same vessel but separated by internal cylindrical installations or flat sheets. Depending on
the location of aeration, both inner and outer, or left and right compartments, respectively, can
serve as the riser. In addition, the two compartments can be separated as in external loop reactors.
Further, multiple variations of the two main reactor types have been constructed, e.g., by
introducing baffled [384], undulated [385], or perforated compartment boundaries [386, 387],
installing flow promotors [388], static mixers [389] or moving impellers [390], hybridizing with

packed- or moving-bed reactors [391, 392], pressurized reactors [393], or even interconnecting

126



Results

multiple ALRs in built-in cascades [394, 395], each influencing fluid dynamics and reinforcing
specific beneficial traits of the ALR.

In biotechnology, ALRs have been used in multiple setups for different purposes for more
than 50 years [396, 397], with a peak interest presumably in the 1990s. Many fermentation
processes using whole-cell biocatalyst to produce, e.g., antibiotics [376], proteins [398], and
hydrocarbons [399], among numerous others, and reaction concepts with immobilized enzymes,
e.g., to convert sugars [400] have been developed. Further, ALRs have been used in biofilm-driven
waste water treatment [401]. These and multiple other applications have been reviewed
extensively [381, 383].

The multiphase loop reactor (MPLR) previously developed, simulated, and patented [54-56]
is based on the operational principle of an airlift reactor with an internal loop. Besides, extractant
in form of an organic solvent is dispersed at the bottom of the downcomer. As the solvent is less
dense than the aqueous phase, the solvent drops rise against the aqueous flow, thus establishing a
counter-current in situ liquid-liquid extraction (LLE). Due to the low shear force and homogenous
flow, solvent drops are not further dispersed and form a coherent solvent phase at the liquid
surface, which can be removed continuously. As described in Chapter 3.1, an in situ LLE
combined with distinct operational process parameters of the fermentation can prevent foaming.
Further, operational limits regarding the endurance of temporary oxygen limitation by P. putida
KT2440 have been defined in Chapter 3.4.

In biotechnological production processes, only few approaches for in situ product removal
(ISPR) have been applied in ALRs. Mihal” et al. installed a membrane-supported extraction in the
downcomer of an ALR to remove 2-phenylethanol produced by S. cerevisiae [399], whereas other
approaches for the ISPR of lactic acid [402] and lipases [403] relied on the addition of resins for
adsorption. An in situ LLE with direct contact of the two liquid phases has not been reported for
ALRs. In contrast, continuous removal of a solvent phase from an operating STR has been
conducted, however, at the cost of thorough agitation or with special installations to allow phase
separation [78, 175, 204].

In this chapter, previous findings have been applied to construct and operate the MPLR to
enable the foam-free production of RLs with P. putida KT2440 SK4 by introducing a counter-
current in situ LLE. In contrast to two-liquid phase STR cultivations, phase separation could be
performed within the reactor, enabling the extractant to be removed and recirculated continuously.
After modifications in aeration and phase separations, a batch cultivation could be performed,

which was compared to the two-liquid phase STR cultivations in terms of performance.
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3.5.3 Results

3.5.3.1 Construction and installation of the multiphase loop reactor

The MPLR was built according to an in silico model with geometrical parameters (Figure 28).
Computational fluid dynamics (CFD) simulations have estimated the resulting flow pattern in
advance. All installations, including the cylinder (3 mm wall thickness) dividing riser and
downcomer and the head plate, have been custom-made and constructed with stainless steel
(1.4404, 316L), whereas the outer 5L glass vessel was purchased (Eppendorf, Hamburg,
Germany). The downcomer and the riser were monitored via a temperature sensor as well as a pH
and dissolved oxygen tension (DOT) probe each and controlled via two linked BioFlo110 control
units. The implementation of thermal mass-flow controllers allowed aeration at defined rates.
Further, the counter-current in situ LLE was established by integrating two peristaltic pumps, a
solvent disperser, and a solvent reservoir flask, allowing the introduction of solvent at the bottom
of the downcomer and its withdrawal from the settler compartment. The settler compartment was
geometrically designed to allow efficient phase separation by including an unstructured, stainless
steel mesh serving as a coalescer. Temperature control was achieved by installing a cooling coil
and a heating blanket. Further, the concentrations of oxygen and carbon dioxide in the exhaust gas
were measured by installing respective sensors. Additional details of the MPLR and cultivation

conditions are given in Chapter 2.4.6.
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Figure 28 Dimensions of the MPLR. (A) Cross-section of a CAD-model of the MPLR. The red lines represent the
settler compartment. Gratefully provided by Maximilian von Campenhausen. (B) Technical drawing of the MPLR
and dimensions. Dypr - diameter of the MPLR, D; - diameter of the riser, Wy - width of the downcomer, A - horizontal
area of the riser, A4 - horizontal area of the downcomer, Hwprr - height of the MPLR, Hc - height of the cylinder, Hp
- height of the bottom compartment below the riser, C - cylinder separating riser and downcomer, S - sparger (gas), D
- disperser (solvent).
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3.5.3.2 Cultivation with a custom-made metal ring sparger results in oxygen limitation

After constructing and installing the MPLR, P. putida KT2440 SK4 was cultivated to assess
the performance of the initial reactor design under production conditions. Produced RLs were
extracted in situ by applying ethyl decanoate as a second liquid phase based on the results obtained
in Chapter 3.1. In contrast to previous two-liquid phase cultivations in STRs, coherent organic
phase was constantly removed from the settlement compartment and transferred to a solvent
reservoir flask before recirculated to the reactor.

After inoculation, the DOT value rapidly decreased in both the riser and the downcomer,
indicating an oxygen uptake rate (OUR) by the cells, which could not be sufficiently matched by
the oxygen transfer rate (OTR) via aeration (Figure 29A). Increasing the aeration rate to 6 L™ min™!
(1.5 vvm) 78 min after inoculation only temporarily increased the DOT value, before declining
again, eventually resulting in a complete oxygen depletion after 160 min in the downcomer and
210 min in the riser. The biomass concentration could not be measured due to the presence of ethyl
decanoate. However, as RL production is coupled to growth and exponential growth can be
assumed only when no oxygen limitation occurred, a low increase in biomass and low RL titers
can be expected. Thus, the installed aeration setup could not provide oxygen in amounts sufficient

to enable an efficient cultivation and thus low conversion of the supplied carbon source.
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Figure 29 Cultivation of P. putida KT2440 SK4 in the first generation MPLR. P. putida KT2440 SK4 was cultivated
in 4 L MSM supplemented with 10 g L' glucose and in the presence of 1 L ethyl decanoate, which was continuously
recirculated from a reservoir flask to the reactor and returned by withdrawing a coherent phase from the settlement
compartment. (A) Dissolved oxygen tensions in the riser (DOT;,, black line) and the downcomer (DOTj, blue line).
The arrow denotes an increase of aeration rate from 4 L min™' to 6 L min™'. (B) RL titers in the organic phase (black
squares) and in the aqueous phase (blue circles) and the pH (green line). Data associated to this figure were partially
taken from Steffen Dietz’s Internship Report [404].
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RL titers reached 638 mg Lo ! in the ethyl decanoate phase while titers in the aqueous phase
remained below 30 mg Loy, translating to an amount of 0.82 g RLs and a product yield of
0.02 grr garc™! when regarding unused glucose as wasted (Figure 29B). Despite the low RL titer,
the pH value had to be adjusted from 7 to 6.5 after 230 min to avoid excessive foaming. The
decrease of pH value resulted in an increased extraction efficiency as reflected by the increase of
the RL partition coefficient from approximately 8 to 26.

Overall, the ring sparger did not allow sufficient aeration for cultivating P. putida KT2440
SK4 to produce RLs in the MPLR. A redesign of the aeration setup needed to be considered.

3.5.3.3 Aredesign of the aeration setup increased the OTR substantially and enabled a batch
cultivation with efficient RL production

As the metal ring sparger could not satisfy the oxygen demand of P. putida KT2440 SK4 to
enable growth and production, the aeration system was redesigned. The bubbles generated by the
metal ring sparger were large in diameter (4 - 10 mm) and exhibited a non-uniform distribution.
Thus, the surface-to-volume ratio was comparably low, resulting in a low volumetric gas transfer
coefficient (k.a). Replacing the metal ring sparger with a custom-made, highly porous, spiral
poly(2-propenamide) sparger allowed the dispersion of bubbles with small diameters (0.5 - 2 mm),
enhancing the kza by 2-3-fold, with respect to the aeration rate. Further, the solvent reservoir flask
was actively aerated to remove co-extracted CO2 and saturate the solvent with oxygen. Thereby,
the solvent can serve as a vector for enhanced mass transfer of dissolved gasses [405, 406].

When using the redesigned sparger in a cultivation, the DOT values did not decrease to critical
levels in either compartment directly after inoculation despite the comparably low aeration rate of
2.2 Lh' (0.54 vvm). Instead, the DOT values transcended into a gradual decline typical for
exponentially growing cultures (Figure 30A). After 5.8 h, the aeration rate was increased to
maintain a DOT value in the riser (DOT:) of >50%. At this time, dissolved oxygen had been
depleted in the downcomer for approximately 20 min. Remarkably, after enhancing the aeration
rate, the DOT value in the downcomer (DOTjy) increased by more than the DOT; value, indicating
a stronger loop flow and an enhanced mixing. During the cultivation, the aeration rate was
increased several times to a maximal value of 9 L min™ (approximately 2.2 vvm) to maintain a
DOT: value of > 50%. However, this did not prevent a total depletion of oxygen in the downcomer
starting at 11.5 h. A steep increase of both DOT signals indicated the depletion of the carbon source
after 12.8 h, confirmed by glucose, gluconate, and 2-ketogluconate measurements (Figure 30B).
Similar to previous cultivations (refer to Chapter 3.4), low concentrations of gluconate
accumulated but mainly were consumed by the end of the cultivation, whereas only trace amounts

of 2-ketogluconate were produced.
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Figure 30 Cultivation of P. putida KT2440 SK4 in the second generation MPLR with a redesigned aeration setup.
(A) Dissolved oxygen tensions in the riser (DOT,, black line) and the downcomer (DOTy, red line), the specific
aeration rate (blue line), and the pH value (green line). The grey line denotes the targeted DOT;. (B) Glucose (black
squares), gluconate (dark grey triangles), and 2-ketogluconate (2-KG, light grey circles) concentrations. (C) Oxygen
uptake rate (OUR, black line) and carbon emission rate (CER, blue line). (D) Rhamnolipid titers in the organic phase
(black squares) and in the aqueous phase (blue circles) and the pH value (green line).

Analogous to the two-liquid phase cultivations in STRs, the pH value was gradually reduced
to avoid foaming. Shortly after inoculation, the pH was set to 6.5, but had to be decreased to a
minimal value of 5.7 during the cultivation. While foaming could be prevented, the decrease of
the pH had a negative effect on the growth of P. putida KT2440 SK4. Although biomass could not
be measured directly due to the presence of ethyl decanoate, the OUR and the CER stagnated
shortly after the addition of HCI, indicating a non-increasing respiratory activity, thus no growth
(Figure 30C). However, the cells could recover and resume exponential growth thereafter. The
change of operational parameters is also reflected in the slope of the OUR, derived via linear
regression, which correlates to the growth rate when exponential growth is assumed (Appendix
A.6, Figure A6.1). At initial conditions, a slope of 0.3 h'! was reached, which substantially
increased to 0.62 h'! when the aeration was enhanced. After adding acid, the slope was reduced
close to zero, however recovering to 0.24 h™! thereafter. A better mixing and a more homogeneous
supply of oxygen can be assumed after an enhanced aeration, resulting in an increased slope. The

stagnation due to acid addition can be related to biological phenomena, since the pH value diverged
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from the optimal range for P. putida KT2440 SK4, as already discussed in Chapter 3.1 [152].
Potentially, local gradients of pH values developed after the acid was added, which could be due
to the lower turbulence and therefore increased mixing times compared to conventional STRs.

During the cultivation, RL titers in both the organic and the aqueous phase increased,
demonstrating efficient production (Figure 30D). While the RL titer in the aqueous phase could
be maintained below 25 mg Lag!, thereby avoiding foam formation, RL accumulated in the
organic phase indicating efficient extraction and resulting in a titer of more than 3.6 g Lors™! at
glucose depletion. The titers translate to a product yield of 0.11 grr garc™', comparable to product
yields obtained in previous two-liquid phase fermentations.

A coherent phase of ethyl decanoate could be withdrawn for most of the cultivation as the
solvent drops coalesced in the settlement compartment. However, with increasing RL and biomass
titers, the drops became smaller and more stable, hindering coalescence. Further, an increased loop
flow of the aqueous phase in the downcomer due to an enhanced aeration amplified flooding of
solvent drops into the more turbulent riser. The thereby dispersed drops resulted in a partial
formation of an emulsion and deteriorated phase separation, causing the withdrawal of small
amounts of the aqueous phase toward the end of the cultivation. Nevertheless, the reservoir flask
contained mostly ethyl decanoate when the cultivation was terminated, and the present aqueous
phase could be removed by centrifugation.

In general, the functionality of the MPLR could be demonstrated by the cultivation of P. putida
KT2440 SK4, resulting in efficient production and in situ extraction of RLs.

3.5.4 Discussion

In this chapter, a proof of concept for the functionality of the MPLR is presented as a
successful production and in situ extraction of RLs could be demonstrated. Performance indicators
of the fermentation process are comparable to two-liquid phase STR cultivations as described in
Chapters 3.1 and 3.3. Different aspects of the joint development of the MPLR and the operational

parameters of the bioprocess are discussed in the following.

3.5.4.1 Type and rate of aeration are essential for performance in the MPLR

Two different types of spargers for aeration have been tested in this chapter. The metal ring
sparger dispersing large bubbles (d ~ 4 - 10 mm) could not supply sufficient oxygen to enable
long-term cultivation in contrast to the highly porous poly(2-propenamide) sparger. The smaller
bubbles (d = 0.5 - 2 mm) produced by the latter resulted in an elevated OTR, as it is dependent on
the volumetric gas transfer coefficient kza, which is enhanced with an increased volume-specific

surface area of the gas bubbles «
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OTR = kLa . (C* - CL) (17)

with C" being the DO concentration at the phase boundary on the liquid side and Cy. being the DO
concentration in the liquid bulk phase. C*equals the saturated DOT. Large bubbles generally result
in a higher superficial gas velocity Us and thus a lower gas hold-up &g, further reducing the OTR
as

£G

a=6————
dyp(1 —&g)

(18)
with db» being the average bubble diameter [374]. In contrast, large bubbles did not maintain a
spherical or elliptical form when using the metal ring sparger but were deformed due to the drag
on the bubble, causing a reduced superficial gas velocity Ug and thus a higher gas hold-up &. The
effect of bubble deformation on the superficial gas velocity and the gas hold-up has been described,
among others, by Clift ez al. [407] and Jamialahmadi et al. [408], identifying transitional changes
for superficial gas velocities due to bubble deformation at the range of bubble diameters present
in the MPLR. While producing microbubbles was clearly advantageous for obtaining a higher
OTR, the effect of the bubble size and form especially in the presence of ionic media components
and surfactants [409] needs to be investigated for full characterization of the MPLR. The novel
feature of the MPLR, the in situ LLE in the downcomer, is similarly influenced by described
parameters but additionally solvent drops experience the resistance of the aqueous phase in the

downcomer, which is enhanced by the velocity of the aqueous phase ULq. The proportionalities of
ULd & ULr LS UGr LS Qm (19)

(refer to Appendix A.6, Equation 21) emphasize the importance of the aeration rate on both the
extraction efficiency and supply of oxygen in both compartments. This implies that the aeration
rate needs to be chosen carefully to avoid flooding of solvent drops if the counter-flow of the
aqueous phase in the downcomer is too high.

The steeper increase of the DOTq, which was observed when the aeration rate was enhanced
during the second cultivation, results from the larger pressure gradient between riser and
downcomer due to an enhanced gas hold-up in the riser [379]. Thus, an increased circulation
velocity caused shorter mixing times. The gas hold-up depends on the aeration rate and the reactor
geometry, such as the ratio of the cross-sectional areas of riser and downcomer, and fluid properties
determined by the media composition in fermentations. A detailed characterization of the
mentioned and additional aspects of fluid dynamics in the MPLR will be performed, among others,

including the determination of axial dispersion in relation to the bulk movement of the liquid
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described Bodenstein number Bo, essentially stating if ideal mixing (Bo <0.1) or a plug flow
(Bo > 20) is present at given conditions [383, 410]. Moreover, the Sherwood number S/ describing
the convective-to-diffusive mass transfer ratio, here applied for extraction, will be determined.
Further, the influence of media components, RLs, and biomass on oxygen transfer and
extraction efficiency at different operational parameters needs to be evaluated. Especially the RLs
as surfactants are predicted to impact both the oxygen transfer and extraction efficiency as they
attach to the surface of the air bubbles and solvent drops, thereby immobilizing the surface and
resulting in a reduced mass transfer [352]. Further, due to their ascension, an inhomogeneous
distribution of the RLs on the surface create gradients in surface tension (described as the
Marangoni effect [411, 412]), in turn inducing a fluid flow from low to high surface tensions,
which influences the circulation, shape, trajectory, and velocity of the bubbles and drops [413]. In
addition, RL and biomass titers as well as other media components constantly alter during the
cultivation of P. putida KT2440 SK4, resulting in a highly dynamic system, which might be

challenging to describe mathematically in its entirety.

3.5.4.2 The MPLR supports the cultivation of P. putida KT2440 SK4 and continuous in situ
extraction of rhamnolipids

Operating the MPLR, a batch cultivation could be performed, converting the entire supplied
glucose. Performance indicators were comparable with those of two-liquid phase STR cultivations
(Table 9) described in Chapter 3.1. The lower productivity and the prolonged time needed to
convert the provided glucose are due to the non-optimal addition of acid and the lower overall pH
value to avoid foaming, which will be the primary subject of optimization. Further, the cells
repeatedly encountered low DOT values when circulating through the downcomer. The oscillation
could have lowered productivity, similarly as observed for oscillating cultivations described in
Chapter 3.4. However, average residence times in the downcomer were estimated to be in the range
of lower single-digit seconds, as the velocity of the loop flow was comparably high. The improved
phase separation in the MPLR compared to the two-liquid phase STR cultivations can enable
continuous cultivations when the formation of an emulsion can be further prevented by modifying
the settlement compartment. The continuous solvent removal is highly advantageous compared to
two-liquid phase cultivations in STRs, which cannot be operated in continuous mode due to the
increased local shear forces induced by the impeller, leading to stronger emulsification [414].
However, the increasing concentration of RLs and a change in media composition during the
second cultivation in the MPLR led to a declining efficiency in phase separation toward the end
of the cultivation. While media components have crucial effects on coalescence [415], assumably

little can be improved by media optimization as RLs are the main driver for hindering coalescence.
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In contrast, a redesign of the inserted coalescer in the settlement region, e.g., by replacing or
alternating the steel mesh with a plastic structure exhibiting a hydrophobic surface, is promising
to enhance coalescence of the organic phase by altered wetting properties and thus phase
separation [416]. Further, the coalescence could be improved by removing RLs from the system
by coupling a back-extraction as described in Chapter 3.1 to the solvent recirculation. Preliminary

results show its feasibility, but it needs to be optimized for application combined with the MPLR.

Table 9 Performance indicators and key characteristics of the cultivation of P. putida KT2440 SK4 in different reactor
types at current stages of bioprocess and reactor development.

Performance Indicator Two-liquid phase STR Multiphase loop reactor
Process time [h] 8.6 12.8

Yield [gre gorc!] 0.12 0.11

Productivity [g L' h''] 0.13 0.08

Phase separation during operation - +)

Potential continuous cultivation - +)

RLs as the product of choice have proven to be challenging due to their strong influence on
fluid dynamics, which are crucial for the functionality of the MPLR. To advance the MPLR as a
platform technology for a broad range of applications in biotechnology, the suitability of different
microorganisms and products needs to be assessed. In sifu product extraction is advantageous for
producing inhibiting compounds [46] or products causing process instabilities, such as foaming
during biosurfactant production, as presented here. For a successful transfer to the MPLR, a
comprehensive solvent screening needs to be performed, and the organism’s ability to endure
temporary oxygen limitations needs to be characterized, alike described for P. putida KT2440 SK4

and RLs in this thesis, to define an operational window for the cultivation in the MPLR in advance.

3.5.5 Conclusion

A proof of concept for the functionality of the MPLR to simultaneously support the cultivation
of microorganisms and the continuous in sifu extraction of the product was demonstrated. In
combination with a distinct bioprocess design, RLs were produced and accumulated in the
extractant, ethyl decanoate, avoiding excessive foaming. The cultivation in the MPLR compared
well with two-liquid phase cultivations in STRs with the advantage of allowing phase separation
and thereby solvent recirculation. In future, next to further optimizations, the application of the

MPLR will be expanded to other product-inhibited cultivations.
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General Discussion & Outlook

4 General Discussion & Outlook

In this thesis, approaches for a holistic perspective on bioprocess design have been presented
at the example of rhamnolipid (RL) production with recombinant Pseudomonas putida KT2440.
Although many different interdisciplinary aspects have been experimentally and theoretically
covered in the previous chapters, further considerations and general aspects of establishing

microbial production processes in the industrial landscape are discussed in this chapter.

4.1 Integrated design of holistic bioprocesses

Implementing industrial bioprocesses based on renewable resources is required to transition
to a circular bioeconomy [417, 418], eventually contributing to fighting climate change and all its
consequences. Although there has been substantial progress in establishing biotechnological
processes in industrial settings, many approaches do not excel beyond the level of proof of concept
on laboratory scale. While the latter is crucial for exploring and extending the limits of feasibility
in biotechnology, transition to an industrial application is challenging due to many reasons.
Limitations in scalability and unfavorable economics, lead to non-competitiveness compared to
conventional processes. The latter clearly has to be supported by governments, fostering
sustainable processes, e.g., by creating incentives to reduce the CO»-footprint, thereby making
process based on renewable carbon resources more favorable. Nevertheless, considerations for a
transfer to an industrial application with a strong focus on process integration need to be
implemented in early stages of process development.

Bioprocesses need to be designed holistically. There are multiple levels of bioprocess
development ranging from molecular pathway and chassis engineering to reaction engineering
and, finally, its implementation in an overall process chain. To maximize efficiency and minimize
the chance of failure at a certain level due to misaligning prerequisites, all levels have to be
integrated [29]. Further, a constantly supervising and coordinating techno-economic assessment
(TEA) needs to unveil potential bottlenecks and limitations, thereby identifying required
adjustments of the process on a superordinate level (refer to Chapter 1, Figure 1). Detailed
elaborations on general interconnections of levels in bioprocess development are given in the
Introduction (Chapter 1).

In this thesis, multiple levels of bioprocess design have been pursued to interconnect for
gaining a holistic perspective of an exemplary RL production process. Several interactions have
been eclucidated, and strategies have been developed to achieve integration. An approach for
selecting an in situ extraction solvent considered the feasibility of an application in an actual

fermentation process. Therefore, aspects such as flammability, biocompatibility, phase separation,
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and, most prominently, the pH value were considered to define an operational window suiting both
extraction and cultivation. However, using strain engineering, the constraints of the operational
window imposed by the whole-cell biocatalyst were mitigated by allowing the use of additional
extraction solvents (Figure 31). Additionally, approaches for solvent and product recovery were
explored, thereby yielding first considerations for integration into an overall process chain.
Regarding the multiphase loop reactor (MPLR), heterogeneous conditions in different
compartments were mimicked to assess the compatibility with the whole-cell biocatalyst. The
findings of the assessment could have resulted in geometrical adaptations of the reactor or further
host engineering to either reduce heterogeneities or enhance the robustness of the whole-cell
biocatalyst. However, as P. putida KT2440 showed sufficient robustness, no adaptation of the

reactor or the organism was necessary.

Operational Window
Whole-cell Biocatalyst

-TT T T T T TA

]

Strain engineering

Figure 31 Extending the boundaries of the operational window imposed by the whole-cell biocatalyst via strain
engineering. In this thesis, the solvent tolerance of P. putida KT2440 was enhanced, thereby allowing the use of
1-octanol as an extraction solvent. Other boundaries of the operational window instated by parameters such as pH
value and temperature can be shifted within limits via strain engineering.

Although several aspects of integrating different stages of bioprocess development have been
investigated in this thesis, others were not covered. Pathway and metabolic engineering could be
further explored, e.g., to increase the product yield on the consumed carbon or adjusting production
rates to extraction rates, thereby fine-tuning the production to the conditions in the MPLR. Further,
the advantageousness of integrations has to be critically assessed in a holistic perspective, e.g., by
applying techno-economic assessment (TEA) and life-cycle analysis (LCA) on the overall process

[61], including the MPLR compared with conventional bioreactors. Although catastrophic phase
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inversion (CPI) and back-extraction as methods for solvent and product recovery have been
explored, integration and automatization of further continuous downstream processing (DSP)
operations are required. Finally, to reach production capacities matching the market demand, a
scale-up has to be performed [377]. Considerations for upscaling of microbial bioprocesses are

elaborated in the following section.

4.2 Considerations for the scale-up of microbial production processes

Reaching economic viability is essential for microbial bioprocesses to compete with
established production based on fossil resources. Therefore, an early TEA is valuable for
identifying economic and ecologic advantages in consideration of the market demand, thus
requiring production capacities and consequentially scaling the process [26]. In this regard, scaling
up microbial production processes bears many challenges [377, 419], potentially hindering
efficient production if not identified and solved in early development stages. The primary and
recurring challenges during upstream processing (USP) are discussed in the following.

First, the reactions catalyzed by the whole-cell biocatalysts are producing a significant amount
of heat [420]. Heat is usually not a substantial issue in small- to laboratory-scale cultivations as
efficient cooling systems can be integrated comparably simply, and the amount of cooling water
required for cooling is manageable. In fact, most laboratory-scale cultivations require active
heating to control the temperature at the set value as the ambient temperature has enough cooling
capacity. In contrast, the high number of cells in large-scale cultivations, the increased total power
input, and the smaller surface-to-volume ratio of the vessel can cause heating of the cultivation
broth to temperatures, which are unfavorable for the whole-cell biocatalyst. Therefore, an efficient
cooling system with a high surface area for heat transfer needs to be implemented in large-scale
cultivations [421], potentially leading to a decreased economic value of the overall process [422].

Second, inhomogeneities are a known phenomenon in large-scale cultivations. The volumetric
power input is smaller in large-scale fermenters than in small-scale fermenters [423]. Due to the
resulting limited mixing and mass transfer, distinct non-turbulent zones can develop, exhibiting
altered environmental conditions [169, 424], in which, e.g., low amounts of dissolved oxygen and
high concentrations of carbon dioxide are present. Particularly in fed-batch cultivations, non-ideal
mixing can cause so-called ‘feeding zones’ with high local concentrations of nutrients [329].
Further, with an increasing scale, the hydrostatic pressure influences the solubility of gases
supplied at the bottom of the reactor and the size of the sparged air bubbles. In combination with
the reduced volumetric power input, the volume-specific surface area of the sparged air bubbles is
lower compared to laboratory-scale reactors [169]. These effects can lead to gradients of dissolved

gases over the height of the reactor. It is vital in bioprocess development to assess if the whole-
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cell biocatalyst can temporarily withstand changing environmental conditions when repeatedly
encountering inhomogeneous zones in the reactor [331]. P. putida KT2440 can endure temporary
oxygen starvation as assessed by scale-down approaches in this thesis. Previous studies elucidated
its robust phenotype when encountering carbon starvation [321], emphasizing its suitability for
large-scale cultivations.

Third, the overall maximal oxygen transfer rates (OTRmax), which can be achieved in large-
scale fermenters, are lower than at laboratory scale due to the lower volumetric power input.
Therefore, it is essential to assess the required oxygen for efficient processing, especially for highly
oxygen-demanding cultivations, and predict if this demand can be met at large scale [425]. Similar
to mimicking oxygen oscillations in scale-down cultivations, the OTR can be capped at laboratory
scale at the maximal value, which can be achieved in large scale, to predict scalability in early
stages of process development.

Regarding the MPLR, which was described in Chapter 3.5, additional considerations for
upscaling are required. The geometry of the MPLR, or bubble column and airlift reactors in
general, typically have a larger height-to-diameter ratio than stirred-tank reactors (STRs), thus the
hydrostatic pressure is higher. This influences aeration, creates stronger gradients of dissolved
gases as described above, and can cause high turbulence due to the expansion of the gas bubbles
[421]. Besides, the supplied gas needs to be compressed, requiring higher amounts of energy. Due
to the enhanced height, the residence time of whole-cell biocatalysts increases at large scale. Thus,
the whole-cell biocatalyst needs to be able to cope with longer durations of oxygen starvation.
Although P. putida KT2440 can endure more extended periods of low oxygen availability as
described in Chapter 3.4, the applicability of the MPLR should not be limited only to P. putida
KT2440 but is envisioned to be established as a platform technology for other pairs of whole-cell
biocatalysts and products. Additional measures for transferring oxygen into the cultivation broth
in the non-aerated downcomer could be taken, such as attaching aeration membranes on the
downcomer-facing side of the cylinder or saturating the extraction solvent with oxygen.

Concluding, to estimate the scalability of the MPLR, the reactor needs to be fully
characterized. Dimensional analysis and the definition of dimensional quantities can then be used
to mimic large-scale conditions in a scale-down apparatus [27, 419] to assess the feasibility and
redefine the operational window for a large-scale MPLR. Subsequently, a functional large-scale
MPLR in respective dimensional limits can be designed and implemented in a process chain to

enable production in a magnitude suitable for the market.
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4.3 Implementation of in situ product removal in bioprocesses

The novel feature of the MPLR compared to state-of-the-art airlift reactors is the implemented
in situ product removal (ISPR) in the form of a counter-current in situ liquid-liquid extraction
(LLE). ISPR is a promising approach for increasing the efficiency of cultivations in which
compounds are produced, which inhibit the growth and production capacity of the whole-cell
biocatalyst [69]. Further, a product can cause process instabilities due to its physicochemical
properties if accumulating in the cultivation.

Several different methods for ISPR have been applied in bioprocesses. The major criteria for
the type and design of the method are the physicochemical properties of the compound, which is
targeted for removal. Methods for ISPR in bioprocesses include evaporation, adsorption, liquid-
liquid extraction, crystallization, or reactive extraction, e.g., by complexation [46, 69, 70]. In many
cases, the mentioned methods are supported by membranes [86], also allowing a size-selective
permeation. Besides, the combination of multiple methods for ISPR has been reported to maximize
efficiency. However, the applicability of the respective method depends on the product and the
technical feasibility of implementation. For biosurfactants, excessive foaming has been utilized as
the most prominent method for ISPR by fractionating foam exiting the reactor [41, 122, 123].
Further, foam fractionation has been directly coupled to adsorption to capture and isolate the
biosurfactants from other media components and cells present in the foam [117, 123].

Here, an in situ LLE has been chosen to recover RLs, thereby preventing excessive foaming.
Specific challenges and opportunities of in situ LLEs in microbial biotechnology and specifically

for RLs produced by recombinant P. putida KT2440 are thus described in the following paragraph.

4.3.1 Challenges and opportunities for in situ liquid-liquid extractions in biotechnological
processes

In situ LLEs have been implemented into fermentation processes previously, allowing the
removal of inhibiting or process-hindering products [69]. Different designs, ranging from the
simple addition of solvent directly to the fermenter to membrane-supported extractions of products
from a cell-free cultivation broth in an external loop [86], have been established in academia.
However, little is known about the application of in situ LLEs in industrial biotechnology,
especially if the cell-enriched cultivation broth is directly contacted by an organic solvent. This is
likely due to the formation of crud or interphases, which is regarded as highly problematic in the
chemical industry [426]. In microbial bioprocesses, the formation of interphases is greatly
enhanced due to the precipitation of proteins in the presence of organic solvents [209] and the

attachment of cells to the phase boundary, resulting in loss of product [163]. In particular, protein
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precipitation has been identified as the major drawback preventing two-liquid phase cultivations
from widely entering industrial processes despite its many benefits [427].

In the presented thesis, P. putida KT2440 was used as a whole-cell biocatalyst. Although
P. putida KT2440 is regarded as solvent-sensitive compared to other strains from the
Pseudomonas genus, choosing a biocompatible solvent (refer to Chapter 3.1) or engineering its
solvent tolerance (refer to Chapter 3.2) can promote its application in two-liquid phase
cultivations, particularly due to its robust phenotype regarding large-scale inhomogeneities (refer
to Chapter 3.4 and [321]). Its large capacity to produce value-added compounds is due to its
metabolic versatility [114, 115, 428], showcased in its use as a whole-cell biocatalyst for various
value-added compounds. By applying ISPR, e.g., via in situ LLEs [429], this enormous potential
can be further exploited if the industrial constraints regarding interphase formation can be
abolished. Therefore, further host engineering strategies to reduce the attachment to the organic
phase by engineering the hydrophobicity of the cell surface [41] and, if possible, to reduce the
amount of secreted proteins and lipids originating from cell lysis, secretion, or outer membrane
vesicles [430] need to be explored for tailoring the chassis strain to two-liquid phase cultivations.

In this regard, the in situ LLE presented in this thesis was successfully implemented to prevent
excessive foaming when producing RLs in different cultivation devices. However, producing a
surfactant in a two-liquid phase cultivation is challenging as it highly contributes to emulsification
[200], which complicates phase separation. Nevertheless, the MPLR could be operated, and
sufficient phase separation was achieved for a major part of the cultivation despite the challenging
characteristics of the product. Removal of the RLs from the organic phase, e.g., by implementing
an at-line back-extraction in the overall process design, which was shown to be feasible in Chapter

3.1, could alleviate the emulsification caused by the surfactants.

4.4 Concluding remarks and outlook

The presented thesis explores approaches for integrated bioprocessing and advocates the
requirement for a holistic view of the entire chain of process development. Strain development
needs to be fine-tuned for eventual large-scale production, requiring specialized phenotypes to
endure environments in industrial-scale reactors. Simultaneously, process parameters need to be
tailored to the whole-cell biocatalyst to ensure optimal conditions for production. Further,
bioprocess development does not terminate after upstreaming, but considerations for DSP need to
be implemented in early stages of biotechnological approaches. Therefore, mutual understanding
and interdisciplinary awareness of biotechnologists, chemical engineers, and economists are

essential for establishing biotechnological processes.
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Here, interactions have been explored at the exemplary production of RLs with recombinant
P. putida KT2440. An in situ LLE of RLs has been implemented into state-of-the-art cultivations
to avoid excessive foaming and to integrate USP and DSP, including the assessment of further
product recovery and solvent recycling. To enable functionality, an operational window had to be
defined by refining and optimizing cultivation parameters, in turn, influencing the performance of
the whole-cell biocatalyst. This demonstrates the crucial interactions of USP and DSP
development, especially in the scope of process intensification. Further, different cultivation
modes, including batch and fed-batch fermentations, have been assessed to evaluate enhanced
production strategies.

However, genuinely integrated bioprocess design is not a one-way road. Therefore, next to
designing cultivations and intensifying processes on a macroscopic scale, host strain engineering
was approached to enhance the solvent tolerance of P. putida KT2440 and thereby enable the
utilization of additional extraction solvents. Further, the ability of P. putida KT2440 to withstand
temporary but repeated oxygen starvation was confirmed, highlighting its outstanding suitability
for industrial-scale production processes.

Finally, while defining the operational window by considering all previous findings, the
performance of RL producing P. putida KT2440 in the novel, custom-designed MPLR was
identified to compare well with previously conducted two-liquid phase STR cultivations. This
emphasizes the flexibility and robustness of P. putida KT2440 and serves as a proof of principle
for the novel reactor, which will be developed into a platform cultivation technology for
biotechnological processes with whole-cell biocatalyst/product pairs requiring or benefitting from
in situ LLEs.

Metabolic and bioreaction engineering for an enhanced production, ideally supported by
computational approaches, have not been pursued in this thesis but also need to be considered in
holistic bioprocess development. Additionally, a continuous and coupled method for subsequent
product recovery needs to be implemented. A TEA combined with considerations for scale-up is
required to evaluate the economic competitiveness compared to established production processes.

The presented interdisciplinary approaches might initiate further considerations for
establishing integrated biotechnological processes in the envisaged circular bioeconomy. While
the specific outcomes of this thesis are related to the presented system of producing RLs with
recombinant P. putida KT2440, basic concepts and proposed solutions can be extrapolated to other
challenging cases in bioprocess development. To eventually establish the circular bioeconomy and
thus fight climate change, we urgently need to push the limits of biotechnological process
development by thinking holistically. The time to act is now ‘to preserve and cherish the pale blue

dot, the only home we've ever known’ [431].
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A.1 Appendix for Chapter 2

Table Al.1 Stock solutions for MSM. The concentration of the stock solution in respect to the final concentration in

the standard MSM for cultivations in bioreactors is given in brackets.

Name

Concentration

Phosphate buffer stock solution (100x)

KoHPO,
NaH,POs - 2 H,O

388 gL
212gL"!

Nitrogen source stock solution (100x)

(NH4)2S04 200 g L!
Trace element stock solution (100x)

EDTA 1000 mg L*!
MgClL; - 2 H,O 10gL!
ZnSO0, - 7 H,O 200 mg L'
CaCl, - 2 H,O 100 mg L*!
FeSOy4 - 7 H,O 500 mg L!
NaMoOs - 2 H,O 20 mg L'
CuSO4 - 5 H,0 20 mg L'
CoCly - 6 HO 40 mg L™
MnCl, - 2 H,O 100 mg L*!
Carbon source stock solution

Glucose monohydrate 550 g L'
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Table A1.2 Oligonucleotides used in PCRs. Oligonucleotides for diagnostic PCRs and sequencings are omitted.

Name Direction  Application Sequence Combine

PD7 fwd pBT vector amplification for AGGAGCATGCGACGTCGG PD8
groEL/groES insertion

PD8 rev pBT vector amplification for ACCTCCTACTCGAGGAATTCGGTACCTG PD7
groEL/groES insertion

PD9 fwd groEL/groES amplification for ~ AGGTACCGAATTCCTCGAGTAGGAGGTATC  PDI10
insertion in pBT GACAATGAAACTTCGTCC

PD10 rev groEL/groES amplification for ~ GCCCGACGTCGCATGCTCCTTTACATCATGC PD9
insertion in pBT CGCCCATG

PDI11 fwd pBT vector amplification for TCGAGTAGGAGGTATGTCCAATCGCCAACA  PDI12
cspA-I1 insertion AG

PD12 rev pBT vector amplification for CCCCGACGTCGCATGCTCCTTTACTCCGGAC PDI11
cspA-11 insertion GAACCTG

PD13 fwd cspA-II amplification for AGGAGCATGCGACGTCGG PD14
insertion in pBT

PD14 rev cspA-1I amplification for ACCTCCTACTCGAGGAATTCGGTACCTG PD13
insertion in pBT

PD15 fwd pBNT vector amplification for CGGCCGCGCTAGCACTGA PD16
ttgGHI insertion

PD16 rev pBNT vector amplification for CGCATGCTCCTCTAGACTCGAGG PDIS
ttgGHI insertion

PD17 fwd pBT vector amplification for CGGTATCGAGCGGCCGCC PDI8
ttgGHI insertion

PD18 rev pBT vector amplification for GCAACAAAGCCGCCGTCC PD17
ttgGHI insertion

PD19 fwd ttgGHI amplification for CGGGACGGCGGCTTTGTTGCTCTCTCCTCGG  PD20
insertion in pBT CGTGCAC

PD20 rev ttgGHI amplification for TGGGCGGCCGCTCGATACCGTGCTAATACT  PD19
insertion in pBT CCCGATTTAAAATTGACGATAATTC

PD21 fwd ttgGHI amplification for CGAGTCTAGAGGAGCATGCGATGCTGGTGA  PD22
insertion in pBNT CCGCCTGT

PD22 rev ttgGHI amplification for GGTCAGTGCTAGCGCGGCCGTTAGTTTTGA  PD21
insertion in pBNT CTCACGCTCCAGC

SK1 fwd Amplification of promotor of AATATGGGTTTGCTGGAAGCACCGAACAGG  SK2
library SPS2.X CTTATGTC

SK2 rev Amplification of promotor of TCACCAGCATTAGAAAACCTCCTTAGCATG  SKI
library SPS2.X

PD23 fwd ttgGHI amplification for AGGTTTTCTAATGCTGGTGACCGCCTGT PD24
insertion in pBNT + SPS2.X

PD24 rev ttgGHI amplification for GTCAGTGCTAGCGCGGCCGCTTAGTTTTGA  PD23
insertion in pBNT + SPS2.X CTCACGCTCCAGC

PD25 fwd pBNT backbone amplification GCGGCCGCGCTAGCACTG PD26
for SPS2.X-1tgGHI insertion

PD26 rev pBNT backbone amplification GCTTCCAGCAAACCCATATTGACTGCC PD25
for SPS2.X-ttgGHI insertion

PD27 fwd Ampl. of promotor of library CTTTAATTAAAAAGCAAGCTACCGAACAGG  PD28
SPS2.X for ins. in pEMG CTTATGTC

PD28 rev Ampl. of promotor of library TCACCAGCATTAGAAAACCTCCTTAGCATG  PD27
SPS2.X for ins. in pPEMG

PD29 fwd ttgGHI amplification for AGGTTTTCTAATGCTGGTGACCGCCTGT PD30

insertion in pPEMG
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Name Direction Application Sequence Combine

PD30 rev ttgGHI amplification for TGAAGTTCCTCTTGCAATTCTTAGTTTTGAC  PD29
insertion in pPEMG TCACGCTCCAGC

SK3 fwd TS ampl. for insertion at GAATTGCAAGAGGAACTTCACTAGTCTGGA  SK4, SK5,
various loci TTCTCAC SK6

SK4 rev TS1 amplification for insertion ~ AGCTTGCTTTTTAATTAAAGCAAATGCCAC SK3
at PP_1738 CGCAGCGG

SK5 rev TS1 amplification for insertion ~ AGCTTGCTTTTTAATTAAAGCAGGCAACGC  SK3
at PP_4945 GGTGGATGG

SK6 rev TS1 amplification for insertion AGCTTGCTTTTTAATTAAAGCAATCAGGCG SK3
at PP_3808 GACAGCCG

PD31 fwd TS1 ampl. for generating point ~ AGGGATAACAGGGTAATCTGAGAGAGCCTT PD32
mutatuion PP_3453 P324R ACCACCGCGC

PD32 rev TS1 ampl. for generating point TTTGTACTGGACCGGCGACTGACGGCGC PD31
mutatuion PP_3453 P324R

PD33 fwd TS2 ampl. for generating point AGTCGCCGGTCCAGTACAAAGCGCGGCAAC PD34
mutatuion PP_3453 P324R

PD34 rev TS2 ampl. for generating point GAAGCTTGCATGCCTGCAGGTGTGGGTTTG  PD33
mutatuion PP_3453 P324R GCCGCACT

PD35 fwd TS1 ampl. for generating point AGGGATAACAGGGTAATCTGCATGAACCGG PD36
mutatuion PP_3454 P106R TCGCGGAACAG

PD36 rev TS1 ampl. for generating point ~ CCCTGTGAGCGACGCGTGCTGCTGGCCC PD35
mutatuion PP_3454 P106R

PD37 fwd TS2 ampl. for generating point ~ AGCACGCGTCGCTCACAGGGTTTGGTCAC PD38
mutatuion PP_3454 P106R

PD38 rev TS2 ampl. for generating point ~ GAAGCTTGCATGCCTGCAGGTACCTGTAGG  PD37
mutatuion PP_3454 P106R GCGAGTGTG

PD39 fwd TS1 ampl. for generating AGGGATAACAGGGTAATCTGTCGATGCCCT  PD40
APP_3453 GACCGACATTC

PD40 rev TS1 ampl. for generating GAGTGCTGATAGCAACCGCGAAGAGACG PD39
APP_3453

PD41 fwd TS2 ampl. for generating CGCGGTTGCTATCAGCACTCCCACTCGAC PD42
APP_3453

PD42 rev TS2 ampl. for generating GAAGCTTGCATGCCTGCAAGAGTCGCAGAC  PD41
APP_3453 CCTGCCAATC

PD43 fwd TS1 ampl. for generating AGGGATAACAGGGTAATCTGAAACCCACA PD44
APP_3454 GCAGCAGGC

PD44 rev TS1 ampl. for generating CGCCCAAGCATCGGCCATGCTCAAGATC PD43
APP_3454

PD45 fwd TS2 ampl. for generating GCATGGCCGATGCTTGGGCGTCTGGGTT PD46
APP_3454

PD46 rev TS2 ampl. for generating GAAGCTTGCATGCCTGCAGGTTCGCGGTAC  PD45
APP_3454 ACCCGCTT

PD47 fwd TS1 ampl. for generating AGGGATAACAGGGTAATCTGTCGATGCCCT  PD48
APP_3453 APP_3454 GACCGACATTC

PD48 rev TS1 ampl. for generating CGCCCAAGCAAGCAACCGCGAAGAGACG PD47
APP_3453 APP_3454

PD49 fwd TS2 ampl. for generating CGCGGTTGCTTGCTTGGGCGTCTGGGTT PD50
APP_3453 APP_3454

PD50 rev TS2 ampl. for generating GAAGCTTGCATGCCTGCAGGTTCGCGGTAC ~ PD49

APP 3453 APP 3454

ACCCGCTT
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Empirical equation for the prediction of the OTRmax in MTPs dependent on the geometry of wells

Peri, the shaking frequency n, and the filling volume V. according to Lattermann et al. [150]:
OTRpgy = 2.5-1077 - Peri - n237 -, 7%%* 1 331074 20)

Peri denotes the ratio of the perimeter of a well with a specific geometry to the perimeter of a
round well. As the used MTPs are round-well plates, Peri equals 1. Further, the equation is only

valid for a shaking diameter of 3 mm, which agrees with the shaking diameter of the BioLector.
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Figure Al.1 Representative HPLC-CAD chromatogram for the separation and quantification of rhamnolipid
congeners. Peaks of all eight identified congeners are annotated. This figure was previously published [125] and is

reprinted with permission from Green Chemistry. Copyright The Royal Society of Chemistry 2020.
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A2

Appendix for Chapter 3.1
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Figure A2.1 Time-resolved depletion of rhamnolipids in the aqueous phases. Extractions were performed with ethyl
decanoate (blue squares) and 1-decanol (black squares). Error bars represent standard deviations from the mean of
measurements from three independent experiments. This figure was previously published [125] and is reprinted with
permission from Green Chemistry. Copyright The Royal Society of Chemistry 2020.
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Figure A2.2 Selected solvents after shaking for 4 h before centrifugation. Alkenes (A - 1-octene, B - 1 decene, C - 1-
dodecene) and ethyl decanoate (D). This figure was previously published [125] and is reprinted with permission from
Green Chemistry. Copyright The Royal Society of Chemistry 2020.

153



Appendix

Figure A2.3 pH-dependency of rhamnolipid extraction with ethyl decanoate resolved for measured congeners.
Rhamnolipid congeners in the coherent ethyl decanoate phase (black) and the aqueous phase (blue) at different pH
values. Columns differentiate between HAAs and mono-rhamnolipids (mono-RLs) and lines differentiate between
chain length and saturation of the fatty acid groups. Composite masses of all HAAs and all mono-RLs are given in
the bottom line. An overall composite, including both HAAs and mono-RLs, is presented in the main article (refer to
Figure 6). Error bars represent standard deviations from the mean of measurements from three independent
experiments. This figure was previously published [125] and is reprinted with permission from Green Chemistry.
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Figure A2.4 Extractions of rhamnolipids at varying pH values. Rhamnolipids in coherent organic (black) and aqueous
(blue) phases at different pH values are presented. (A) Methyl decanoate, (B) 1-decanol. Error bars represent standard
deviations from the mean of measurements from three independent experiments. Data associated to this figure were
partially taken from Carolin Griitering’s Master Thesis [211]. This figure was previously published [125] and is
reprinted with permission from Green Chemistry. Copyright The Royal Society of Chemistry 2020.
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A.3 Appendix for Chapter 3.2

E. coli DH5a E. coli DH5a
pBNT pBNT-ttgGHI

U iE

Figure A3.1 Cultivation of E. coli DHS5o pBNT (left) and E. coli DH50 pBNT-#tgGHI in the presence of 50% (v/v)
n-hexane. MSM was supplemented with 10 g L glucose. The pictures were taken after 24 h of incubation at 30 °C
and 200 rpm.
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Figure A3.1 Growth of adapted and constructed P putida KT2440 strains in absence of 1-octanol. MSM was supplied
with 10 g L' glucose. Data for the single-deletion strain P. putida KT2440 APP_3454 was not recorded. Data
associated to this figure were taken from Greta Kleinert’s Bachelor Thesis [271].
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A.4 Appendix for Chapter 3.3
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Figure A4.1 Growth of P. putida KT2440 at differing supplied trace element concentrations. The trace element
concentrations are given as percent of the original MSM. 100% - black squares, 77.1% - blue dots. 54.2% - green
triangles, 31.3% - red diamonds, 8.3% - yellow hexagons. The error bars represent minimal and maximal values of
two independent experiments. Data associated to this figure are taken from Carolin Griitering’s Master Thesis [211].
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A.5 Appendix for Chapter 3.4

A control B 2 min

In(Backsacatter) [-]
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w
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Figure AS.1 Logarithmic backscatter signal over time of cultivations of P. putida KT2440 in microtiter plates at

different intervals of oscillating agitation. (A) control, (B) 2 min oscillation, (C) 4 min oscillation, (D) 6 min

oscillation. The red dashed lines indicate regions used for the determination of the growth rate. Shaded areas represent

the standard deviation of measurements from five independent experiments.
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Figure A5.3 Close view of the DOT signal of an STR cultivation of P. putida KT2440 subjected to an oscillating
agitation and aeration at an interval of 2 min. The depicted section of the cultivation ranges from 4 h to 8 h as illustrated

by the green dashed lines in the graph of the entire cultivation in the top right corner. Only one replicate is shown for

clarity.
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Figure A5.2 Extracellular metabolites measured during cultivations of P. putida KT2440 at different intervals of
oscillating aeration and agitation. (A) glucose, (B) gluconate, and (C) 2-ketogluconate concentrations for the control

cultivations (black squares), 2 min intervals of oscillation (blue circles), and 4 min intervals of oscillation over the

duration of the cultivation. Error bars represent errors derived from two independent experiments. Note the different

scales of the y-axes.

163



Appendix

120 14
—— DOTg, = 60%
—— DOTg, = 30%
100 - 5. ——DOTgp = 15% | 12
N ——DOTgp= 5%
VA SR =Y
-10
X -8 =
(=]
= 5
(o] g Q
[a] o
L4
20 | 5
0+ 0
0 14

Time [h]

Figure A5.4 Batch cultivations of wild-type P. putida KT2440 at differing DOTsp in a parallel cultivation device
(DASBox, Eppendorf GmbH, Jiilich, Germany). Duplicates for DOTsp = 30% and DOTsp = 15% are shown. Dashed
lines and symbols represent ODgqo, solid lines represent DOTpy.
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Figure A5.5 Extracellular metabolites measured during cultivations of P. putida KT2440 SK4 at different intervals
of oscillating aeration and agitation. (A) glucose, (B) gluconate, and (C) 2-ketogluconate concentrations for the control
cultivations (black squares) and 2 min intervals of oscillation (blue circles) over the duration of the cultivation. Error
bars represent errors derived from two independent experiments. Note the different scales of the y-axes.
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Table A5.1 Significantly altered proteins of P. putida KT2440 subjected to 2 min intervals of oscillation compared
to control cultivations at t; and t,.

DY Annotation® fold change p-value COGY
(107%)
t1
PP 4116 isocitrate lyase AceA 0.228 0.062 C
PP 2679 quinoprotein ethanol dehydrogenase PedH 0.230 0.010 G
PP_4487 acetyl-CoA synthetase AcsA-I 0.230 0.027 1
PP_5365 fatty acid methyltransferase 0.400 2.716 M
PP_2675 cytochrome c-type protein 0.468 0.931 C
PP_2680 aldehyde dehydrogenase AldB-II 0.473 0.001 C
PP_2677 hypothetical protein 0.496 3.697 S
PP_3839 alcohol dehydrogenase AdhP 2.092 0.799 P
PP_3924 hypothetical protein 2.132 0.319 L
PP_5391 hypothetical protein 2.162 0.028 S
PP_0485 single-stranded DNA-binding protein (ssb) 2.395 0.199 L
PP 2132 universal stress protein 2.404 0.005 T
PP_1000 ornithine carbamoyltransferase ArcB 2.437 0.092 E
PP 3420 sensor histidin kinase 2.816 1.354 L
t2
PP_4116 isocitrate lyase AceA 0.368 0.987 C
PP_2679 quinoprotein ethanol dehydrogenase PedH 0.437 0.568 G
PP_4487 acetyl-CoA synthetase AcsA-I 0.436 1.131 1
PP_0625 chaperone protein ClpB 2.701 4.893 (6]

¥ According to pseudomonas.com [264]

b Clusters of orthologous groups (COG). According to the COG database [355] retrieved via eggnog 5.0.0.
COGs: C - Energy production and conversion, E - Amino acid transport and metabolism, G - Carbohydrate transport and
metabolism, I - Lipid transport and metabolism, L - Replication, recombination, and repair, M - Cell wall/membrane/envelope
biogenesis, O - Post-translational modification, protein turnover, and chaperones, P - Inorganic ion transport and metabolism, S
- Unknown function, T - Signal transduction mechanism.
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A.6 Appendix for Chapter 3.5

pH reduction
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Figure A6.1 Half-logarithmic plot of the OUR of P. putida KT2440 SK4 in the MPLR with the second generation of
the aeration setup. Linear regression yields the slope (denoted as m), which correlates with the growth rate.

=3
N
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The superficial gas velocity in the riser Ug; is defined as

QmRT pLghy
Uge = In (1 + ) 1)
o hiArpLg Ph

where On is the molar gas flow rate, R the universal gas constant, 7 the temperature, /4L the static
height of the gas-free liquid, A, the cross-sectional area of the riser, p the density of the liquid

phase, g the gravitational acceleration constant, and pn the headspace pressure.
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