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Fig. 28: (A) Calibration curve obtained from HPLC analysis of D-fructose, showing the relationship
between D-fructose concentration and peak area; (B) HPLC chromatogram of D-fructose with retention
time of 9.560 min; detection using multiple wavelength detector (MWD) at 191 nm. ........ccccceeeeeens A3
Fig. 29: (A) Calibration curve obtained from GC-MS analysis of a-humulene, showing the relationship
between a-humulene concentration and peak area; (B) GC-MS chromatogram of a-humulene with

retention time of 10.504 min; detection using single ion monitoring (SIM) corresponding to m/z 204.2.

Fig. 30: 3D response surface modelling of the cultivation time until induction (A), a-humulene
concentration (B) and biomass (C) as well as Yess (D) and Yreix (E) 48 h after induction, in relation to
model factors of C. necator pKR-hum: shaking speed and cultivation temperature (A - D, at 20 % (v/v)
n-dodecane solvent volume), solvent volume and cultivation temperature (E, at 180 rpm shaking
speed). Only significant factors were visualized for modelling purposes. ........cccccccevvveveviiiiiieieievenene, A5
Fig. 31: (A) Biomass/substrate yield coefficients Yxis of C. necator pKR-hum at different L-rhamnose
inducer concentrations and times after induction in minimal media (n = 3); (B) Time dependence of
L-rhamnose concentrations after induction of C. necator pKR-hum in minimal media (n = 3);
(C) Product/substrate yield coefficients Ypis of C. necator pKR-hum at different L-rhamnose inducer
concentrations and times after induction in minimal media (nh=3); (D) Product/biomass yield
coefficients Ypix of C. necator pKR-hum at different L-rhamnose inducer concentrations and times after
induction in minimal media (n = 3); all cells were cultivated at 180 rpm and 30 °C, induction at
0.2 - 0.3 /L DIOMASS. ..o A7
Fig. 32: a-Humulene levels according to different L-rhamnose induction times in minimal media,
C. necator pKR-hum induced with 0.2 % (w/v) L-rhamnose at biomass 0.043 g/L (0 h), 0.25 g/L
biomass (11 h), 0.90 g/L biomass (17 h) and 1.20 g/L biomass (21 h); at 180 rpm and 30 °C (n = 3).

Fig. 33: (A) Product/substrate yield coefficients Yes of C. necator pKR-hum according to different
cultivation temperatures and times after induction in minimal media (n = 3); (B) Product/biomass yield
coefficients Ypix of C. necator pKR-hum according to different cultivation temperatures and times after
induction in minimal media (n = 3); (C) Biomass/substrate yield coefficients Yxs of C. necator pKR-
hum according to different cultivation temperatures and times after induction in minimal media (n = 3);
all cells were cultivated at 180 rpm and 30 °C until induction at 0.2 - 0.3 g/L biomass range using
0.2 % (w/v) L-rhamnose and then switched to the corresponding cultivation temperature................. A9
Fig. 34: a-Humulene levels according to standard and optimized conditions and temperatures;
C. necator pKR-hum cultivated at 180 rpm and 30 °C, standard process induced with 0.2 % (w/v)
L-rhamnose at 0.2 - 0.3 g/L biomass, optimized process induced with 2 % (w/v) L-rhamnose at
0.2 - 0.3 g/L biomass, and switched to 25 and 20 °C cultivation temperature 24 h after induction. .A10
Fig. 35: Main culture growth in minimal medium according to standard and optimized process
conditions, C. necator pKR-hum cultivated at 180 rpm and 30 °C; standard process induced with
0.2 % (w/v) L-rhamnose at 0.20 - 0.35 g/L biomass and left at 30 °C, optimized process induced with
2 % (w/v) L-rhamnose at 0.20 - 0.35 g/L biomass, and switched to 25 °C 24 h after induction (see
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Deutsche Zusammenfassung

Die weltweite Nachfrage nach dem Sesquiterpen a-Humulen wachst kontinuierlich, da es in
zahlreichen Bereichen Anwendung findet, darunter in der Lebensmittel-, Duftstoff-, Kosmetik-
und Pharmaindustrie. Die Prozessbedingungen der mikrobiellen a-Humulen Produktion
mittels Cupriavidus necator bieten dabei noch Optimierungspotential, um die enormen
Vorteile der biotechnologischen Produktion gegenuber traditionellen Gewinnungsmethoden
voll auszuschopfen. Das Hauptziel dieser Arbeit war daher die Optimierung der
heterotrophen a-Humulen Produktion mit C. necator, wobei der Fokus auf einer eingehenden
Untersuchung und Optimierung verschiedener Prozessparameter lag. In ersten
Untersuchungen konnte mittels statistischer Versuchsplanung gezeigt werden, dass im
Temperaturbereich von 25 °C bis 28 °C eine erhéhte plasmidbasierte a-Humulen Produktion
sowie verbesserte Ausbeutekoeffizienten fur Produkt/Substrat und Produkt/Biomasse im
Vergleich zur etablierten Standardtemperatur von 30 °C erreicht wurden. Die nachfolgende
Optimierung einzelner Prozessparameter fuhrte zu einer gesteigerten Biomassebildung und
a-Humulen Produktion. Angepasst wurden dabei die Fruktosekonzentration von 4 g/L auf
8 g/L, die Eisen (ll)-sulfat Heptahydrat Konzentration von 0,75 mg/L auf 3,75 mg/L sowie die
L-Rhamnose-Induktor Konzentration von 0,2 % auf 2 % (w/v). Zusatzlich wurde die
Kultivierungstemperatur in zwei Phasen von 30 °C und 25 °C unterteilt (zuvor konstant
30 °C). Die Kombination der optimierten Einzelparameter fihrte zu einer 241 %-igen

Steigerung des a-Humulen Levels im Vergleich zum nicht optimierten Standardprozess.

Eine anschlieRende Untersuchung der Robustheit dieser Optimierungspunkte deutete auf
einen sehr stabilen Produktionsprozess mit C. necator pKR-hum hin. Fir die a-Humulen
Produktion unter variierenden Prozessparametern wurde ein Wert von -0,155 + 0,143
festgestellt, wahrend die Biomassebildung mit -0,002 + 0,002 sogar eine hthere Robutsheit
aufwies und nahe dem idealen Robustheitswert von 0 lag. Selbst wahrend einer simulierten
Prozessstorung produzierte der Prozess noch 79 % des maximalen a-Humulen Levels im
Vergleich zum ungestoérten Prozesslauf, mit einem Robustheitswert von -0,045 + 0,001, was
den robusten Charakter des Prozesses unterstrich. Zudem wurde erstmalig ein
dosisabhéangiger anti-inflammatorischer Effekt von a-Humulen auf Lipopolysaccharid-
induzierte humane THP-1 Zellen festgestellt, mit einer maximalen Hemmung der
Interleukin-6 Konzentration von 60 % nach Gabe von 100 yM a-Humulen. Diese Ergebnisse
tragen erheblich zur Prozessoptimierung der mikrobiellen Terpenproduktion bei. Zudem
konnten erste Erkenntnisse gewonnen werden, die a-Humulen als alternativen,
naturbasierten und vielversprechenden therapeutischen Ansatz zur Reduktion erhéhter

Interleukin-6 Level und chronischer Entziindungen bekréftigen.



Abstract

The global demand for the sesquiterpene a-humulene is steadily increasing due to its wide
range of applications in the food, fragrance, cosmetics, and pharmaceutical industries. The
process parameters for microbial a-humulene production using Cupriavidus necator still offer
optimization potential to fully exploit the significant advantages of biotechnological production
over traditional production methods. The primary objective of this work was, therefore, the
optimization of heterotrophic a-humulene production using C. necator, with a focus on in-

depth investigation and optimization of various process parameters.

In initial studies, the used statistical experimental design demonstrated that a temperature
range of 25 °C to 28 °C resulted in increased plasmid-based a-humulene production, along
with improved product/substrate and product/biomass yield coefficients compared to the
established standard temperature of 30 °C. Subsequent optimization of individual process
parameters led to enhanced biomass formation and a-humulene production. The fructose
concentration was increased from 4g/L to 8g/L, the iron (ll) sulfate heptahydrate
concentration from 0.75 mg/L to 3.75 mg/L, and the L-rhamnose inducer concentration from
0.2 % to 2 % (w/v). In addition, the cultivation temperature was divided into two stages at
30 °C and 25 °C, whereas previously it was constant at 30 °C. The combination of these
optimized parameters resulted in a 241 % increase in a-humulene production compared to

the non-optimized standard process.

A robustness assessment of these optimized parameters indicated a highly stable production
process using C. necator pKR-hum. For a-humulene production under varying process
conditions, a robustness value of -0.155 + 0.143 was observed, while biomass formation
demonstrated even greater robustness with a value of -0.002 + 0.002, approaching the ideal
robustness value of 0. Even under the influence of simulated process disturbances, the
process maintained 79 % of the maximum a-humulene level compared to the undisturbed
process run, with a robustness value of -0.045 + 0.001, highlighting the robust properties of
the process. Furthermore, for the first time, a dose-dependent anti-inflammatory effect of
a-humulene on lipopolysaccharide-induced human THP-1 cells was observed, with a
maximum reduction in interleukin-6 levels of 60 % following the administration of 100 uM
a-humulene. These findings are expected to significantly contribute to the optimization of
microbial-based terpenoid production processes. Additionally, initial insights were obtained
that confirm a-humulene’s potential as an alternative, nature-based, and promising
therapeutic approach for the reduction of elevated interleukin-6 levels and chronic

inflammation.



General introduction

1. General introduction

1.1. Relevance of microbial fermentation

Industrial biotechnology has been developing steadily over the last few decades and
represents an important field of research that involves the development of sustainable
production methods for valuable chemicals and natural substances [1, 2]. This also includes
microbial fermentation processes, which can efficiently produce industrially valuable products
in large quantities through the targeted use of microbial cell metabolism. Depending on the
desired products and process parameters, different production hosts are used, which can
range from animal cell lines to bacteria and archaea. However, the vast majority of industrial
processes for the production of valuable products are presently based on bacteria
(prokaryotes) and eukaryotic cells such as fungi, yeasts, and algae [1]. The global
biotechnology market is substantial, with a valuation of USD 1,070 billion in 2024 and a
projected growth to USD 4,143 billion by 2032 [2]. In 2023, the fermentation industry

constituted the largest sector within the biotechnology market [2].

Products obtained from microbial fermentation are highly diverse, ranging, for example, from
valuable chemicals and alternative biofuels such as isobutanol or 3-methyl-1-butanol [3], to
essential pharmaceuticals like insulin [4], and valuable natural substances such as the
terpene a-humulene [5]. Microbial fermentation processes are particularly efficient and
sustainable, as they convert renewable substrates into valuable compounds. In contrast to
conventional chemical syntheses, biocatalysis is enzymatic and therefore often highly
product-specific, which reduces by-products, process time, energy costs, and the use of
resources [6]. Different types of energy and substrate sources can be used for microbial
fermentations and therefore the cultivation method may vary depending on the product and
microorganism used. In heterotrophic fermentations, organic carbon sources such as fructose
or glucose are added to the culture medium for metabolization [7]. Autotrophic fermentations
involve the utilization of inorganic carbon sources like CO», often in the absence of organic
substrates, to generate the products [8]. Additionally, phototrophic fermentations utilize light
energy and are primarily employed for the cultivation of some mircroalgae or cyanobacteria
in order to convert CO, into biomass and products via photosynthesis [9]. In industrial
applications, however, the fermentation types are not fixed and can also be combined
depending on system limitations, the specific microorganism used, as well as product and

process parameters [9].

To summarize, several advantages of heterotrophic fermentation can be highlighted: In
addition to being independent of light energy, which enables continuous production and

makes scale-up more feasible compared to phototrophic fermentation [10], it also allows for
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the use of a wide variety of organic substrates. This contributes to a more efficient and
sustainable production process overall. For example, waste materials such as food waste
[11], cooking oil waste [12], or green waste like grass clippings [13] can be sustainably
processed and metabolized as carbon sources by versatile microorganisms like
Cupriavidus necator. Compared to autotrophic fermentation systems, which are also
considered sustainable due to CO fixation, heterotrophic systems generally feature simpler
reactor designs, and microorganisms like C. necator tend to result in higher growth rates [14].
For these reasons, the research focus of this thesis was on optimizing the heterotrophic

C. necator-based production process of the terpene a-humulene.

1.1.1. a-Humulene - a valuable natural terpene

Terpenes form a broad and heterogeneous natural substance class. With over 80,000
described structures [15], the terpenome, consisting of the terpenes and their subgroups,
forms the largest natural product class. Due to their structural diversity, they are involved in
a variety of essential functions and metabolic processes. As a result, they are found in a large
number of plant and fungal species as well as in some bacteria, insects, and mammals.
Moreover, the active functions of terpenes in the organisms are various and range from
defensive plant responses against pathogens, such as the release of secondary metabolites
like the sesquiterpene (E)-B-caryophyllene in tomato plants against herbivorous insects [16]
to the release of anti-microbial terpenes among predatory microorganisms. Furthermore, they
are also used for communication and interaction purposes, e.g. limonene as an alarm

pheromone in some ant species [17, 18].

The chemical structure of terpenes and their subgroups consists of hydrocarbons, whereby
their backbone is always made up of individual isoprene units (Cs structure), and they are
classified into hemiterpenes (Cs), monoterpenes (Cig), sesquiterpenes (Cis), diterpenes (Cx),
and even larger structures according to their size [19]. However, it is not free isoprene that is
crucial for the terpene synthesis process, but rather the availability of isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) as activated Cs building
blocks and their subsequent conversion into higher terpenes like a-humulene, see Fig. 1 - A
below [19]. In plants, for example, DMAPP can also be enzymatically converted to free
isoprene by isoprene synthase [20]. The precursor molecules IPP and DMAPP can be
supplied via two different pathways: On the one hand via the methylerythritol phosphate
(MEP) pathway, which is mainly found in plants and most prokaryotes, and on the other hand
via the mevalonate (MVA) pathway in eukaryotes and some gram-positive prokaryotes and

archaea [21]. The structural and functional diversity of terpenes and their subgroups through
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functional groups leads to a vast spectrum of interesting properties, not only in nature but

also for industrial applications.

One natural terpene that has been used in a variety of industrial processes to date and is also
promising for future applications is the sesquiterpene a-humulene (Fig. 1 - B). a-Humulene is
naturally found in various plants, including cannabis (Cannabis sativa), sage
(Salvia officinalis), and its namesake, hops (Humulus lupulus) [22]. However, its presence is
not limited to terrestrial plants; a-humulene has also been identified in marine organisms,

such as eukaryotic brown algae (Padina tetrastromatica) [23].
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Fig. 1: (A) Isoprene synthesis based on the precursor molecules isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP), with their pyrophosphate groups highlighted in color [24-26].

(B) Chemical structure of the sesquiterpene a-humulene [27]. Own illustration.

The ring-shaped complex sesquiterpene a-humulene, a secondary plant metabolite, has a
wide variety of characteristics. Due to its aromatic, anti-microbial [28], anti-biofilm [28], and
anti-fungal properties [29], a-humulene protects plants as part of a range of volatile organic
compounds (VOCs) from herbivores or pathogenic microbes through stress-induced terpene
release on parts like the flowers and leaves [30]. Due to their volative profile, terpenoids are
also used to communicate with the plant's environment or to attract pollinators [31]. In
addition, a-humulene is involved in stress responses, such as enhancing the resistance of
wild tomatoes towards pest infestations like the beet armyworm by modulating biochemical

pathways associated with physiological plant status and defense mechanisms [32].
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a-Humulene’s natural properties are also exploited in the food and beverage industry as a
flavoring and aroma agent, as its occurrence in hops, for example, contributes to the taste of
beer due to its spicy and bitter taste [33]. Moreover, the aromatic notes of terpenes are used
as fragrances in the cosmetics and perfume industry [34], or to provide soothing relief for the
skin when applied in anti-inflammatory phytomedical creams like Acheflan® [35]. Essential oil
preparations derived from the leaves of medicinal plants, such as Croton flavens L., which
contain a-humulene, have also been used for a long time as traditional pain-relieving
medicines [36]. Furthermore, a-humulene exhibits proven anti-microbial [28], anti-cancer
[37, 38], and anti-inflammatory [39, 40] properties, which are being further researched to
create innovative pharmaceuticals. Additionally, a-humulene is also used, for example, as an
environmentally friendly pesticide or as a component in biological cleaning agents [41]. These
versatile properties and areas of application of the sesquiterpene a-humulene, along with its

production, make it a subject of considerable interest.

1.1.2. Challenges in a-humulene production

The traditional production of a-humulene is carried out by extraction from plant parts or
chemical synthesis, which, however, have considerable drawbacks in terms of efficiency and
sustainability. Conventional plant extraction from hops, e.g. using steam distillation, is very
time-consuming and only results in small quantities of a-humulene product [42]. However, the
industrially produced a-humulene comes mainly from plant extraction, whereby the yield is
low, e.g. 6.2 g of a-humulene derived per kg of dried flowers of Syzygium aromaticum
[43, 44]. Plants must first be grown in a long and energy-intensive process and then chopped
and processed further for extraction. In addition, the extract obtained contains a large number
of secondary plant metabolites, which requires complex downstream processing in order to
obtain the pure target terpene [45]. Due to genetics, heterogeneity of growth, and plant
parameters caused by environmental influences, the overall terpene composition and
production volume also varies from batch to batch, which complicates industrial processes
and leads to variations in performance [46]. In addition, the long growing periods of the plants
and the risks of pests and crop failures lead to a very fluctuation-sensitive, unstable, and

expensive plant extraction process [47, 48].

In contrast to the plant route, chemical synthesis offers a controllable process with the
possibility of producing predetermined amounts of a-humulene, but there are also some
drawbacks to consider, such as the use of harmful catalysts and a multi-step cyclization
process [49]. The complex chemical synthesis routes require the provision of high

temperatures and pressures for their reaction conditions, which is why these processes are
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also energy intensive. In addition, expensive, environmentally harmful and fossil-based
starting materials are often required [50, 51]. Besides the fossil-based raw materials,
unsustainable or toxic waste materials are also formed [50, 51]. Furthermore, productivity is
limited due to racemic formation [52], which is why broad industrial application is not attractive

when these disadvantages are taken into account [53].

Chemical synthesis

\ Biotechnological
production

Plant extraction ' p—

/‘ \ - organic substrates
\ P . - inorganic substrates

a-Humulene

Fig. 2: Possible a-humulene production methods. Created with biorender.com, chemical structure [27].

Compared to the two conventional processes described above, biotechnological production
represents a third, sustainable alternative for producing a-humulene using organic or
inorganic substrates, as illustrated in the overview of production methods in Fig. 2. For
example, production using the bacterial host C. necator offers sustainable substrates and
mild production conditions, as well as process scalability and efficiency [5]. A controlled
biotechnological process environment enables consistent production, and the continuous
optimization of fermentation processes has allowed a-humulene yields to be increased further
and further, which traditional methods such as plant extraction or chemical synthesis cannot
compete with. Nevertheless, the biotechnological production of a-humulene still requires
optimization and faces a number of challenges [5]. Complex products like a-humulene often
result in low yields during the initial development stages, requiring further research and
optimization through metabolic engineering of biosynthetic pathways, genome editing, or

general fermentation process optimization [5, 44].
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1.2. C. necator as a versatile a-humulene production platform

C. necator, formerly Ralstonia eutropha, is a gram-negative bacterium of the
Burkholderiaceae family, which are classified as B-proteobacteria [54]. C. necator, first
described by Makkar and Casida as a non-obligate predator of soil bacteria, is a short, rod-
shaped bacterium with peritrichous flagella, commonly found in soil and freshwater
environments, and was originally isolated from soil near University Park, Pennsylvania, USA
[55]. This species-specific epithet (L. n. necator) translates to something like “killer”, which is
based on the ability of C. necator to lyse and utilize other bacteria and fungi, e.g., when there
is a deficiency of nutrients in the soil [55, 56]. C. necator is a facultative aerobic organism,
whereby aerobic conditions and the utilization of oxygen provide the most efficient energy
supply. Fermentation or the use of nitrate/nitrite as an alternative electron acceptor
represents the less efficient anaerobic energy supply [57]. The metabolism of C. necator is
facultative chemolithoautrotrophic, which means that it can metabolize organic substrates as
well as inorganic substrates as a carbon and energy source. In addition to the heterotrophic
utilization of different organic carbon sources, this oxyhydrogen-bacterium can also
assimilate inorganic carbon sources like CO; by the Calvin-Benson-Bassham cycle and

oxidize molecular hydrogen or formic acid as an electron source. [58, 59]

The different cultivation strategies and the use of various carbon sources turn C. necator into
a versatile and promising biotechnological production strain. The assimilation of CO;
represents a highly sustainable and environmentally friendly substrate utilization process;
moreover, organic substrates such as organic acids [60], fructose [60], or amino acids [61],
but also waste materials such as used cooking oil [62], waste glycerol [63], or sugary brewery
wastewater [64] can be efficiently utilized heterotrophically by C. necator. A central process
feature is its native ability to produce and store the biopolymer polyhydroxybutyrate (PHB)
under nutrient limitation. This can account for up to 79 % of the C. necator cell dry weight
heterotrophically [65] or up to 82 % under autrotrophic conditions [66]. Industrial production
of these biological polymers offers a sustainable alternative to conventional fossil plastics, for

example as bioplastics.

Besides PHB production, a large number of other valuable substance classes such as
alcohols (isopropanol [67]), alka(e)nes (e.g., pentadecane [68]), but also terpenes, such as
sesquiterpenes B-farnesene [69] and a-humulene [5, 70], are produced by C. necator after
metabolic engineering. Since native PHB production can consume a large proportion of the
available carbon, PHB-deficient strains such as C. necator H16 PHB-4 are used to efficiently
produce these valuable products. C. necator H16 PHB-4 reroutes carbon flux via pyruvate

and acetyl-CoA due to the absence of PHB formation, thereby increasing MEP and MVA
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pathway-driven production of the terpene precursors IPP and DMAPP [71]. Under additional
nutrient limitations such as nitrogen starvation, the natural strain increases PHB formation,
while in the PHB-deficient strain, the carbon flux is provided in excess for alternative
metabolic routes, including terpene production [5]. To further improve C. necator-based
a-humulene production, the native MEP pathway has been extended with the heterologous
MVA pathway to increase the availability of DMAPP and IPP in the PHB-deficient strain using
a plasmid-based approach [5]. This dual pathway system allows for enhanced terpene
production by increasing the overall flux towards IPP and DMAPP. Fig. 3 below illustrates

both the native MEP and the engineered MVA pathways involved in terpene biosynthesis in

C. necator.
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Fig. 3: Simplified schematic representation of the native methylerythritol phosphate (MEP) pathway, in
green, and the heterologous mevalonate (MVA) pathway, in blue, in C. necator for the biosynthesis of
terpenoids such as a-humulene. The MEP pathway is naturally present in C. necator, while the MVA
pathway was introduced to increase precursor availability and enhance terpene production. Genes
encoding the red-marked enzymes have been transformed into C. necator as plasmid pKR-hum for
optimized a-humulene production, as described by Krieg et al. in [5]. Abbreviations of pathway
intermediates and enzymes are provided in the list of abbreviations section. Own illustration, concept

inspired by Gomes et al. [72].
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For this purpose, the genes for the recombinant MVA pathway derived from M. xanthus [73],
the farnesyl pyrophosphate synthase erg20 (derived from S. cerevisiae) and the a-humulene
synthase zssl (derived from Z. zerumbet) have been amplified and cloned into a previously
designed and stabilized L-rhamnose inducible plasmid [74] to form the a-humulene
production plasmid pKR-hum [5]. This co-expression of the MEP and MVA pathway has been

shown to increase a-humulene levels in M. extorquens [73].

Tab. 1: Microbial a-humulene production — state of the art.

_ Substrate o a-Humulene Year /
Organism ) Specifications _
(heterotrophic) titer [g/L] reference
Fed-batch, 2.4 L bioreactor & 2015/
M. extorquens Methanol batch, plasmid-based 1.650 Sonntag
production etal. [73]

Fed-batch, 1.8 L DASGIP®

i 2021/
parallel fermentation system, )
C. necator Fructose ) . 2.000 Milker
plasmid-based production

. etal. [70]
using pKR-hum
Fed-batch,
. 2021/
) ) 5 L parallel bioreactor,
Y. lipolytica Glucose ) 3.200 Guo
peroxisome and genome
) _ et al. [75]
engineered strain GQ2012
Fed-batch, 30 L bioreactor &
) 2022/
o batch, peroxisome and
C. tropicalis Glucose ] ] 4.115 Zhang
genome engineered strain
et al. [44]
DC-H21D
Fed-batch,
. 2022/
} ] 5 L parallel bioreactor,
Y. lipolytica Glucose ) 21.700 Guo
peroxisome and genome
et al. [76]

engineered strain GQ3008

The microbial production of a-humulene has been continuously optimized in recent years by
scale-up and fed-batch processes, see Tab. 1, whereby up to 2 g/L a-humulene could be
produced using a plasmid-based approach in C. necator [70]. By exploiting yeasts such as
C. tropicalis or Y. lipolytica through peroxisomal and genomic engineering approaches in
larger bioreactors, even higher titers of up to 4.1 [44] or 21.7 g/L a-humulene [76] could be

produced. For the case of C. necator-based production in septa and shake flasks, these
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a-humulene titers are reduced and range from 10 mg/L [13] to 11 mg/L [8] and up to 32 mg/L

[77], depending on the media composition, cultivation methods, flask types, and parameters.

1.3. Heterotrophic fermentation and process conditions

Efficient heterotrophic cultivation of C. necator, combined with increased a-humulene titers,
depends particularly on the optimization of key process parameters to ensure both rapid
C. necator growth and high production rates. Since C. necator is highly versatile due to its
ability to utilize various carbon sources, including CO, assimilation, and exhibits a high
autotrophic redox activity, selecting a suitable fermentation form and appropriate carbon

source together with its optimal concentration is crucial [78].

Non-preferred substrates, and concentrations that are excessive or insufficient, can inhibit
cell growth and productivity. Additionally, the nutrient composition of the medium, the
associated carbon-nitrogen-phosphate (C/N/P) ratio, the cultivation temperature, the shaking
speed, and the pH value also play an important role in C. necator production [79, 80]. Another
factor to be considered is the type of the medium, as a complex medium contains a rich and
undefined mixture of nutrients and is often suitable for the growth of a variety of
microorganisms and initial experiments. A defined medium, in contrast, has a precisely known
nutrient composition adjusted to the organism. A minimal medium is a subtype of a defined
medium that contains only the essential nutrients required for growth. Therefore, a minimal
medium is ideally suited for tightly controlled and more specific studies, such as enabling

rapid production processes in bioelectrochemical C. necator systems [81].

Besides the selection of the fermentation types, fermentation parameters and media nutrient
compositions, there are other factors to consider, such as the method of product recovery in
terpene-producing processes. In addition to the intracellular accumulation of products, which
requires cell disruption at the end of the process, terpenes can also be released extracellularly
into the culture medium. The secretion and accumulation of terpenes during microbial
production processes, like the C. necator-based extracellular release of a-humulene, can
inhibit cell proliferation and productivity as a result of toxic terpene properties such as
hydrophobicity and the potential to increase cell membrane permeability [82, 83]. To
counteract these undesirable toxic effects and ensure a continuous process, in situ product
removal (ISPR) methods such as liquid-liquid solvent extraction or adsorption are often used
to efficiently separate terpenes from the fermentation broth [84]. By means of ISPR methods,
extracellularly released volatile or toxic products can be bound during fermentation and

removed directly from the liquid medium phase, as illustrated schematically in Fig. 4 below.
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Fig. 4: Schematic representation of in situ product removal (ISPR) in shake flasks, as performed in this
work, followed by additional downstream processing (DSP) steps for terpene products. This illustrates
a potential terpene recovery process. Related to this work: a-humulene (brown particles) released
extracellularly by C. necator (red bacteria) is captured and enriched in situ by the lipophilic extraction
agent (upper phase) in a two-phase system consisting of fermentation broth and extraction agent.

Created with biorender.com.

The removal step helps to increase process yield and efficiency, counteract toxic product
accumulation in the liquid medium phase and is the first step towards product purification and
simplified downstream processing [85]. However, an important requirement is the separation
of the extraction phase from the media phase in which the cultivation takes place. This
separation from the aqueous media phase can be easily ensured by using lipophilic extraction
agents, such as higher alkanes like n-dodecane [5]. In addition to the separation from the
media phase, the extraction agent should also be biocompatible in order to avoid inhibiting
cell growth or product formation. In this context, biocompatibility can be estimated using the
logP value, which is a measure of the hydrophobicity of a substance and in the case of

C. necator-based ISPR should be above the critical logP value range of 3.0 - 4.2 [8].

Another aspect to consider is the extractability of the product by the extraction agent. In the
case of C. necator-based a-humulene production and release, the lipophilic and volatile
sesquiterpene a-humulene binds with the lipophilic n-dodecane phase, which is why the
extraction process and overall ISPR proceed efficiently. Additional advantages of ISPR are
the maintenance of optimal fermentation conditions as well as the reduction of waste

materials and a reduced product purification effort. a-Humulene, for example, can be easily
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separated from n-dodecane by distillation or crystallization at the end of the process using

different boiling and melting temperatures [70, 86].

Therefore, in addition to adjusting the media compositions and fermentation parameters, the
choice of product recovery must also be considered to optimize a production process as

efficiently as possible.

1.4. Process optimization of C. necator-based a-humulene production

Advances in metabolic engineering and biotechnology in recent years have paved the way
for the microbial-based production of terpenes as a sustainable alternative route to chemical
synthesis or plant extraction processes. Beyond its previously discussed metabolic flexibility,
C. necator also exhibits high robustness under industrial conditions and is suitable for genetic
engineering, making it a valuable microbial host for biotechnological applications. But despite
its flexibility and the associated potential of C. necator, achieving industrially acceptable
yields of a-humulene using microbial production systems remains a key challenge. To
address this, Fig. 5 illustrates the engineered production host used in this work: a PHB-
deficient C. necator strain harboring the plasmid system pKR-hum, which enables the

extracellular release of a-humulene.

c-hum
\ 21,447 bp

Fig. 5: Schematic representation of the production host: C. necator-based a-humulene production via
plasmid pKR-hum, transformed into PHB-deficient C. necator H16 PHB-4 strain. Production of
a-humulene via native MEP and plasmid-based MVA pathway following extracellular release. The
illustration features a simplified schematic of the bacterial flagella to highlight C. necator’s motility.

Created with biorender.com, chemical structure [27].
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In addition to the necessary a-humulene and farnesyl pyrophosphate synthase, the designed
plasmid system pKR-hum also contains the IPP isomerase besides the MVA pathway-related
genes from M. xanthus [5]. Transformation and pKR-hum plasmid maintenance thus extends
the native MEP pathway as a terpene production route and optimizes the carbon flux and the
conversion of the precursor molecules to a-humulene. In addition, a PHB-deficient strain
C. necator H16 PHB-4 has been selected as the production strain. In comparison to the
natural strain H16, this strain is not capable of forming PHB due to a 1-nitroso-3-nitro-1-
methylguanidine-induced point mutation in the PHB synthase gene phaC [87, 88]. This lack
of PHB formation thus increases the general carbon availability and reroutes the metabolic
flux with regard to enhanced terpene production. While the introduced genetic and molecular
biological optimization approaches have been successfully implemented and increased the
biosynthetic efficiency of a-humulene production [5, 70], the process parameters and their

influence on C. necator-based a-humulene production have not been the main focus.

The investigating and fine-tuning of the production parameters is essential for scalable and
robust bioprocesses. In this context, process robustness can be described as the capacity of
a process to maintain acceptable quality and performance while withstanding variability in
inputs [89]. In order to understand and control the robustness of a process, a deep knowledge
of the impacts and interactions between variable input and output parameters, such as
temperature and media composition on cell growth and product formation, is necessary [90].
In addition to genetic engineering, the optimization of process parameters therefore provides
a further approach to increasing productivity. For example, the plasmid-based production of
the terpenoid isopentenol in B. subtilis could be increased 2.5-fold by optimizing the medium
components and the carbon source [91]. Process parameters such as cultivation
temperature, iron availability, concentration of carbon sources or the efficiency of plasmid
induction are therefore crucial factors that can influence cell growth, metabolic activity and
the efficiency of terpene production pathways [92]. Temperature has a major influence on the
physiological processes of the C. necator production strain and thus on overall metabolic
activity and terpene production. Increased cell growth of C. necator is observed at 30 °C,

whereby deviating cultivation temperatures of 22 - 24 °C slow down the cell growth rate [93].

Additionally, it is important to consider the temperature optima of the enzymes encoded by
the heterologous genes, such as the enzymes involved in the MVA pathway or a-humulene
synthase. The composition of the growth medium and the availability of trace elements are
also crucial factors in this context. Iron in particular plays an essential catalytic role as a
prosthetic group or cofactor for many enzymes involved in numerous metabolic processes,
thereby directly influencing cell division, cell growth and product formation with its catalytic

activity [94]. Insufficient availability of trace elements can therefore lead to a reduced
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conversion of precursor molecules, reducing the overall process efficiency. In addition,
secondary parameters, such as the induction of the pKR-hum plasmid through L-rhamnose,
can also provide a valuable approach for optimization. Regarding the induction parameters,
the induction timing and the concentration of the inducer are particularly important [95].
The occurrence of induction at a low biomass concentration, for example, can lead to
metabolic stress and insufficient production [95, 96]. Additionally, excessive inducer
concentrations result in a metabolic burden on the production cells, while insufficient

concentrations fail to adequately activate the plasmid-based biosynthesis [95, 96].

Optimizing process parameters is crucial, as even small changes can significantly influence
a-humulene production in C. necator and/or cell growth. However, due to the complex
interactions between individual process parameters such as temperature, plasmid induction
and nutrient availability, the identification of optimal process conditions is challenging. In this
context, statistical approaches such as Design of Experiments (DoEs) can help efficiently
achieve optimizations and be used to systematically identify synergistic and inhibitory effects

between individual parameters.

1.5. Design of Experiment as a method for process optimization

Especially in research and development, a profound understanding of the optimal process
parameters and their interactions is required for further process intensification. However, the
optimization of processes is often challenging and associated with high material and labor
costs, as many experiments have to be conducted to identify optimal parameters [97]. To
reduce the number of experiments required, as well as the general costs, the statistical design
of experiments is useful [98]. DoE approaches are applied to increase the information

obtained from individual experiments and the efficiency of the predictions [98].

The number of experiments conducted is related to the amount of information obtained, which
means that the key information content is mostly acquired in the early experiments. This in
turn declines as the number of experiments rises. As the project costs increase linearly with
the number of experiments, there is an ideal number of experiments to be identified using
DoE, providing the optimal ratio of information to project costs [98]. The statistical DoEs can
typically be divided into the following three main parts. At the beginning, a screening is carried
out to determine the most relevant factors of the production process and their range of
investigation [98]. Once these factors are identified, optimization can begin. To minimize
interference effects, the experiments and their order are randomized. Optimization is carried

out in as few experimental runs as feasible to efficiently investigate the impact of any factor
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variation and combination on the target output parameters (responses) [98]. These results
are then pooled, analyzed, and modeled in order to generate a significant overview of the
individual factor influences and interactions combined with their optimal value range (sweet
spot) [98]. In the final part of the statistical DoEs, the robustness of the model generated can

optionally be assessed against any factor variations that occur [98, 99].

In contrast to DoE approaches, the conventional one-factor-at-a-time (OFAT) trial and error
approach is still widely applied. Factors are tested individually one by one without statistical
expertise, and the resulting findings do not involve consideration of any interactions between
the factors and only insufficiently reflect the impact of the factor combinations. Additionally,
optimal factor values can often be missed due to the fact that the selected and analyzed
range of the parameter space is too narrow. The process-related consequences of this

incorrect assumption of the OFAT method can be seen in Fig. 6 below.
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Fig. 6: Procedure of the conventional one-factor-at-a-time (OFAT) method for process optimization and
the associated findings vs. optimization using the sweet spot plot of statistical DoEs. Adjusting the
concentration of the media components A and B with the aim of optimizing the product titer.

Own illustration, concept inspired by Soravia and Orth [100].
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The informative value of the OFAT method is limited, as the impact of a factor (in this case
media component A) is only combined and analyzed at one value level (concentration of
25 g/L) with the second successively adjusted factor (media component B), see Fig. 6 [101].
Low significance leads to “optimal” concentrations of components A (25 g/L) and B (10 g/L),
which, in combination, ultimately result in a lower final product titer of 2 g/L compared to the
DoE-based optimum of 5 g/L. The response surface plot thus shows that the optimal
concentration of media component A should be below 11 g/L, and that of component B
around 14 g/L, indicating that the OFAT approach has therefore not effectively optimized the
production process, in contrast to the DoE approach. An in-depth investigation of several
complex factors, which may also have unknown interactions, can therefore only be
implemented significantly with a DoE approach [100]. Nevertheless, the conventional OFAT
method is still helpful, for example, for orienting and rapid preliminary experiments. [98, 100,
101]

1.6. Anti-inflammatory effects of a-humulene and associated investigation

Terpenes such as a-humulene have been shown to exhibit significant anti-inflammatory
effects in various experimental models, including the reduction of pro-inflammatory cytokine
release in response to bacterial inflammation [38, 39]. This highlights their potential as natural
agents for treating a range of inflammation-related conditions, particularly those caused by

bacterial inflammation.

A typical bacterial inflammation is often triggered by lipopolysaccharides (LPS) of gram-
negative bacteria. They are located in the cell walls and consist of the so-called lipid A, the
inner and outer core region, as well as the polysaccharide chain. Structurally diverse lipid A
forms the actual endotoxin, which is released when the cell disintegrates. If these endotoxins
enter the organism, the sinal transduction of immune cells such as monocytes, activated

macrophages, or B-cells shown in Fig. 7 below is induced. [102-104]
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Fig. 7: Simplified model of the inflammatory cascade of a human immune cell induced by

lipopolysaccharides (LPS), highlighting the activation of nuclear factor kappa light chain enhancer of
activated B-cells (NF-kB) and the extracellular release of pro-inflammatory cytokines. Stimuli such as
hydrocortisone (HC) or some terpenes can exert an anti-inflammatory effect by downregulating

NF-kB. Own illustration, concept inspired by Grace-Lynn et al. [105]. Created with biorender.com.

In human blood or other systemic fluids, the released LPS binds to the acute phase protein
lipopolysaccharide-binding serum protein (LBP). LBP plays a key role in the recognition of
LPS and forms the LPS-LBP complex with LPS, which is recognized and bound by immune
cells such as monocytes and macrophages that carry the membrane receptor CD14, for
example see Ishii et al. [106]. Subsequently, binding of this complex strongly increases
cellular sensitivity towards low LPS concentrations in the picomolar range and consequently
induces an immune response via interactions with Toll like receptor 4 [107]. This step results
in the initiation of complex signaling cascades and interactions that are ultimately related to
the activation of the nuclear factor kappa light chain enhancer of activated B-cells (NF-kB).
NF-kB transcription factors play a fundamental role in the regulation of the immune response,
cell proliferation and cell death [108]. Their presence is largely restricted to the cytoplasm of
immune cells through their binding to the nuclear factor kappa B inhibitor proteins (IkB) [109].
Upon contact with extracellular stimulants such as LPS, the IkB kinase (IKK) complex is
activated, which in turn tags the IkB proteins for degradation and thus enables the conversion
of NF-kB into its active form [109]. Without binding to the IkB proteins, the NF-kB transcription

factors can be actively transported into the cell nucleus [109].
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Once there, they bind to a wide variety of immunological genes and induce their transcription,
which finally results, for example, in the release of inflammatory cytokines [108]. Some of
these cytokines are then released extracellularly and can also act as active stimulants for
cells, where they stimulate/inhibit immunological processes and thus further intensify or

regulate an inflammatory reaction in the organism. [108, 110]

Hydrocortisone (HC) is an established medication for inhibiting inflammatory reactions. HC
belongs to the group of glucocorticoids and diffuses into the cell due to its lipophilic properties
and binds to the glucocorticoid receptor (GR) in the cytoplasm [111, 112]. This binding
activates the GR and forms a dimer, allowing this active complex to enter the cell nucleus of
human monocytes, for example, and stimulate the expression of anti-inflammatory cytokine
genes such as interleukin-10 [113, 114]. Once there, the complex also reacts, for example,
with the RelA (p65) subunit of NF-kB and other co-activators, which blocks the subsequent
binding of NF-kB to the DNA [115]. As a result, the expression of pro-inflammatory cytokine
genes such as tumor necrosis factor alpha (TNF-a) are inhibited [116]. Another mechanism
of action in the cell nucleus is via the activation of the IkB genes by GR binding to their
promoter region, whereby more IkB is formed to inactivate the NF-kB [117, 118]. Furthermore,
GR is able to decrease the IKK activity in the cytoplasm [119], leaving the IKB bound to
NF-kB intact and thus keeping NF-kB in its inactive form. As active stimuli, terpenes or
terpenoids are a promising alternative to classical pharmaceuticals from the group of
corticosteroids and are also able to inhibit the activation of the NF-kB signaling pathway [120].
However, their mechanism of action is partly substance-specific and often dose-dependent.
The monoterpene a-pinene, for example, inhibits NF-kB translocation into the cell nucleus by
increasing the expression of IkB genes in LPS-stimulated THP-1 cells [121]. In comparison,
the sesquiterpene lactone isodeoxyelephantopin targets the inhibition of the IKK complex in
induced human cell lines, thereby indirectly preventing the expression of pro-inflammatory
genes through the lack of NF-kB activation by IKK [122].

For an investigation of the NF-kB signaling pathway activation or the subsequent release of
pro-inflammatory cytokines, the human leukemia monocytic cell line THP-1 provides an ideal
model [123]. In addition to suitable proliferation in vitro, THP-1 cells can also be easily
differentiated into macrophage-like cells with phorbol 12-myristate 13-acetate (PMA) and
then precisely examined for their sensitive inflammatory response after administration of
stimuli such as LPS [123, 124]. This experimental approach enables the simulation of the
human immune response to LPS and the evaluation of a-humulene’s potential anti-

inflammatory effects.
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1.7.  Objectives of the research

In order to meet the increasing global demand for valuable terpenes such as a-humulene, it
is necessary to optimize biotechnological production, for example using the versatile
C. necator strain. Through different cultivation strategies and the versatility of potential
substrate sources, this production process offers a highly sustainable and environmentally
friendly substrate utilization. The main objective of this thesis was to focus on the optimization
of heterotrophic a-humulene production using C. necator with regard to the in-depth
investigation and optimization of various process parameters. This led to the central research
qguestion: Which cultivation and process parameters critically influence heterotrophic

a-humulene production in C. necator?

To realize these objectives, the production process was first of all identified and orientation
studies of the cultivation parameters and their influence on C. necator biomass and product
formation were conducted. This was followed by a design of experiments investigation and
model validation. Furthermore, the ISPR downstream processing was analyzed to identify the
most promising solvent. Based on the established use of n-dodecane for ISPR of extracellular
a-humulene, the following question was addressed: Which deep eutectic solvents and other
promising solvents reported for terpene extraction can serve as biocompatible and effective

alternatives to n-dodecane?

Additionally, individual process steps such as compaosition of the pre- and main culture media,
the L-rhamnose inducer concentration and its dosage timing, as well as a process time-
dependent cultivation temperature were varied and investigated as a central aspect. In
addition, the influence of these steps on biomass and a-humulene formation, both individually
and in combination, was examined in order to identify possible potentiations or interactions
among these individual steps. This gave rise to another key question: How do individual and
combined optimizations of critical process steps affect biomass and a-humulene formation in
C. necator? Since overall process robustness plays an important role in process optimization,
the robustness dependence of the C. necator-based production process on the modification
of individual process steps, as well as the robustness after a simulated process disturbance,
was evaluated with regard to the following question: To what extent do these individual and
combined process optimizations affect the robustness of the overall a-humulene production

process?

Finally, possible pharmaceutical properties of a-humulene on human immune cells were
evaluated. This highlights the broad potential of a-humulene applications and aims to
determine whether its proposed anti-inflammatory effects also occur in lipopolysaccharide-

induced inflammatory responses in humans.
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By combining biotechnological process optimization, evaluation of process robustness and
pharmacological investigation of a-humulene, new insights into C. necator-based terpene
production were gained, which could also be transferred to microbial production processes in

general.

In this thesis, each of the research objectives is discussed in a dedicated chapter, organized
according to its respective research question. This ensures a focused and consistent

presentation of the methods, results, and findings related to each specific research objective.
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2. Chapter 1| Process identification and orientating studies
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determination result section 2.4.1 of this chapter have been published as follows:

Becker L, Dietz E, Holtmann D. Individual process steps optimization of Cupriavidus necator-
catalyzed production of a-humulene. Biochemical Engineering Journal. 2024; 215:109617.
doi:10.1016/j.bej.2024.109617. ™*

Material and methods sections 2.3.7 - 2.3.8 and extraction tests result section 2.4.2 of this

chapter have been published as follows:

Sydow A, Becker L, Lombard E, Ulber R, Guillouet SE, Holtmann D. Autotrophic Production
of the Sesquiterpene a-Humulene with Cupriavidus necator in a Controlled Bioreactor.
Bioengineering. 2023; 10:1194. doi:10.3390/bioengineering10101194. *

"I Author contributions: E.D.: Investigation. L.B.: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Investigation, Data curation. D.H.: Writing — review &

editing, Supervision, Project administration, Funding acquisition, Conceptualization.

"2 Author contributions: Conceptualization, D.H., R.U. and S.E.G.; methodology, all authors;
lab investigation (ISPR), L.B.; lab investigation (autotrophic fermentation), A.S. and E.L.; data
curation, A.S., L.B. and E.L.; writing - original draft preparation, all authors; writing - review
and editing, all authors; supervision, D.H., R.U. and S.E.G.; project administration, D.H.;
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2.1. Abstract

To meet the growing demand for valuable natural substances such as the sesquiterpene
a-humulene, microbial fermentation as an alternative production method must be further
optimized. A suitable microbial production method is plasmid-based production employing
the versatile production host C. necator pKR-hum. To further optimize the production
process, external factors, such as the established cultivation parameters, which are still being
derived from the literature without adaptation, were investigated and varied. For this purpose,
a statistical DoE approach was employed to systematically vary, analyze, and model the
shake flask cultivation factors: shaking speed, volume of the extraction agent, and cultivation
temperature. The resulting effects on C. necator pKR-hum biomass and a-humulene product
formation were investigated. It was demonstrated that a modification of the established
shaking speed of 180 rpm and the volume of added n-dodecane of 20 % (v/v) in the statistical
model had no significant impact on biomass and a-humulene formation. However, a reduction
in the established cultivation temperature from 30 °C to a sweet spot of 28 °C exhibited a
pronounced quadratic effect with regard to elevated final a-humulene concentrations. Further
investigation of these findings may prove beneficial in optimizing production processes based
on C. necator, with the potential for increased efficiency through the implementation of

straightforward adjustments to cultivation parameters.

2.2. Introduction

Continuous process optimization plays an important role in industrial biotechnology in order
to meet the growing demand for valuable substances. This includes microbial fermentation
processes, such as the C. necator pKR-hum-based production of the valuable terpene
a-humulene, whose process efficiency, costs, and productivity need to be optimized.
C. necator, a gram-negative B-proteobacterium, exhibits a broad substrate spectrum and can
be cultivated both heterotrophically and autotrophically [125]. Metabolically modified strains
of C. necator are suitable production hosts and capable of producing a diverse range of
valuable compounds, including terpenes such as a-humulene [5]. The valuable
sesquiterpene a-humulene, for example, occurs naturally in plants such as hops
(Humulus lupus) as an essential oil component [126], to which it owes its nhame. Application
areas range from possible pharmaceutical treatments, based on the e.g., anti-microbial [28],
anti-cancer [127], anti-fungal [128], or anti-inflammatory [40] effects of a-humulene, to
industrial applications. Therefore, a-humulene and its isomers are currently mainly used in

the aroma and odor industry [129] and for cosmetic purposes or fragrances [130].
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There are many theoretical optimization approaches for a fermentation process, as the entire
process can be classically scaled up and/or downstream processing can be improved, for
example to capture or extract and purify an extracellularly released product more efficiently
[131]. However, microbial production processes are complex and underlie a multitude of
factors that interact with each other, often unknown, and can influence biomass formation
and the vyield of the final product [132]. Furthermore, there are also some bottlenecks to
consider when optimizing the process. The microbial production host and its internal
metabolic/physiological properties play a major role in this case. These can be optimized or
expanded through genome editing [133], adaptive laboratory evolution approaches [134],
plasmid-based production [74], and metabolic engineering to increase the yield of the product
[78]. However, internal factors such as metabolic and enzymatic properties, as well as
plasmid maintenance and copy number, are often predetermined and are more challenging
to adjust or optimize compared to external factors. In addition, there is also a certain degree
of intrinsic noise due to the internal factors, which can be characterized by susceptibility to

variations in product yields and biomass formation [135].

Nevertheless, external process factors such as the media composition, physical parameters
and, above all, the production host-specific choice of cultivation parameters such as
temperature and shaking speed also have a significant influence on process efficiency [136].
In this context, the choice of cultivation parameters was defined as an optimization point. To
date, these have always been adopted from established sources in the literature, where it is
described that the plasmid-based production of a-humulene uses the following C. necator
pKR-hum cultivation parameters: 180 rpm shaking speed with a 25 mm orbital diameter,
30 °C cultivation temperature, and the addition of 20 % (v/v) extraction agent for in situ
extraction of the extracellularly released product a-humulene [69, 5, 73]. In this context, a
statistical DoE to plan and vary the C. necator pKR-hum cultivation parameters and to
analyze the resulting effects is beneficial. This optimization using a statistical method has
advantages over the classical OFAT approach, such as a significant reduction in the number
of experiments and the time required, the simultaneous consideration of several process

factors and the identification of interactions between these factors [137, 138].

To investigate the cultivation parameters and their influence on C. necator pKR-hum biomass
and a-humulene product formation, a quadratic response surface design was chosen. This
takes into account the model process factors of shaking speed, n-dodecane volume, and
cultivation temperature. In order to test the corresponding design range, preliminary
orientation and screening experiments were conducted and the most promising solvent for

in situ a-humulene removal was identified.
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The resulting analysis, modeling and knowledge can be used to re-evaluate process factors
and provide parameter suggestions that lead to more robust, efficient and optimized

production processes based on C. necator.

2.3. Materials and methods

In the following chapters, the standard methods and parameters of the C. necator pKR-hum
fermentation, screening and in situ extraction experiments are described. Furthermore, the
specifications of the performed DoE approach are indicated. All experimental works, including

the results presented in this chapter, were carried out in triplicate.

2.3.1. Heterotrophic cultivation and biomass monitoring of C. necator
pKR-hum

In order to establish a stock culture and to ensure comparable starting conditions, C. necator
pKR-hum cryo cultures were prepared at the start of the project and stored at -80 °C for
subsequent testing. C. necator pKR-hum was cultivated in 50 mL of a lysogeny broth (LB)
medium (in a 250 mL Erlenmeyer flask), composition according to Tab.2 below,
supplemented with 15 pug/mL tetracycline (TC) at 30 °C with 180 rpm (Ecotron, 25 mm orbital
diameter, Infors HT; Bottmingen, Switzerland). Subsequently, the culture was centrifuged at
5,000 g for 5 min, and sterile glycerol was added for cryopreservation. For this purpose,
750 pL of the culture was mixed with 250 pL of sterile glycerol, resulting in a final
concentration of 25 % (v/v) glycerol.

Tab. 2: Composition of the lysogeny broth (LB) preculture medium [77].

Medium component Medium concentration [g/L]
Yeast extract 5
Tryptone 10
NacCl 5

The standard procedure for all experiments was maintained consistently to ensure reliable
results. Initially, 3 mL of LB medium, supplemented with 15 pg/mL TC, was inoculated in a
15 mL sterile tube as a preculture from a cryo culture of the stock culture. Cells were then
cultivated for 24 h at 30 °C with 180 rpm. The appropriate amount of biomass needed to
inoculate the main culture to a starting ODsgo 0f 0.1 was transferred to a sterile reaction tube,

centrifuged, and the pellet obtained was resuspended in 20 mL of the main culture medium,
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supplemented with 15 pg/mL of TC. The main culture was cultivated (Ecotron, Infors HT;
Bottmingen, Switzerland) in 250 mL Erlenmeyer flasks according to the runs defined in the
experimental design (see 2.3.10) with variation of the cultivation parameters: cultivation
temperature and shaking speed. During the screening experiments (see 2.3.9), the biomass
was monitored online in terms of backscattered light intensity measuring every 60 s using the
Cell Growth Quantifier® device (CGQ, Scientific Bioprocessing; Pittsburgh, USA). To calibrate
and adjust the recorded backscatter values, offline ODsoo measurements were taken just

before the start and immediately after the end of the main cultivation.

2.3.2. Preparation and composition of main culture media

The standard composition of the minimal medium (MMasy) used for all cultivations, according
to Sydow et al. [81], is shown in Tab. 3 and Tab. 4. To prepare the minimal medium, stock
solutions were prepared with deionized water in the same way as the individual components
listed in Tab. 3. After dissolving the media components, all stock solutions, except the trace
element stock (Tab. 4), were autoclaved and stored at room temperature. This standard

composition of the minimal medium was used in all experiments.

Tab. 3: Standard composition of the minimal medium used (MMasy), stock solutions corresponding to
1) 10-fold, ? 100-fold, and ® 20,000-fold final media concentrations [77].

Medium component Medium concentration [g/L]

Na;HPO4 D 2.895

NaH.PO4 * H.O D 2.707

K2S04 D 0.170

CaS04* 2 H.O D 0.097

MgSO4 * 7 H.0O 2) 0.800

(NH4)2S04 2) 0.934

Trace elements 3 1:20,000 from stock
D-fructose 2) 4.0

Trace elements were added to the medium at the concentrations given in Tab. 4 below. To
prepare the trace element stock solution, all components listed in Tab. 4 were dissolved
together in 0.1 M hydrochloric acid at a concentration 20,000 times that of the medium, and
then filter-sterilized. The trace element stock solution was then stored at 4 °C until it was

added 20,000 times diluted to the minimal medium.
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Tab. 4: Trace element composition of the minimal medium used (MMasy) [77].

Trace element component Medium concentration [pg/L]

FeSO. * 7 H.0 750

MnSO; * H,O 120

ZnS0O4 * 7 H.0 120

CuS0O4 * 5 H.0 24

Na:MoOs * 6 H20 90

NiSO4 * 6 H.0 75
CoS04 * 7 H.0 2

2.3.3. Microbial a-humulene production using C. necator pKR-hum

C. necator H16 PHB-4 was utilized as the host organism for the production of microbial
a-humulene. This PHB-deficient strain was transformed by conjugation with the plasmid pKR-
hum [5]. The plasmid pKR-hum contains an L-rhamnose-inducible promoter [74], in addition
to the MVA pathway genes, the genes required for the production of
a-humulene (zssl and erg20). A tetracycline resistance gene is present as a marker. The
pKR-hum plasmid map is shown in the appendix 7.1, Fig. 27. C. necator pKR-hum main
cultures were induced at an ODsgoo between 0.50 and 0.70 with a final concentration of
0.2 % (w/v) L-rhamnose to initiate a-humulene production, which was achieved by a

hundredfold dilution of a 20 % (w/v) L-rhamnose stock solution prepared in deionized water.

The stock solution was filter-sterilized and stored at -20 °C. Extracellular a-humulene was
removed from the culture process through in situ product removal. For this purpose, the
amount of the suitable and biocompatible extracting agent n-dodecane [8] added to 20 mL of
cultivation broth after induction was varied as the third factor in the experimental design. This

created a second phase above the cultivation broth, from which samples were taken.

2.3.4. Quantification of fructose wusing high performance liquid
chromatography (HPLC)

The fructose content of filter-sterilized cultivation samples was analyzed by HPLC (1260
Infinity I, Agilent Technologies; Santa Clara, USA) using the Aminex HPX-87H column
(Agilent Technologies; Santa Clara, USA). The elution was performed using 5 mM H>SO, at

a flow rate of 0.6 mL/min, and the column oven temperature was set at 50 °C.
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A multiple wavelength detector (1260 Infinity Il Multiple Wavelength Detector, Agilent
Technologies; Santa Clara, USA) was used for the detection of fructose at 191 nm. The
calibration curve, including the linearity range, as well as an example chromatogram with

retention time for fructose HPLC analysis, are provided in the appendix 7.2 (Fig. 28).

2.3.5. Quantification of a-humulene using gas chromatography (GC-MS)

Due to the low water solubility of the product a-humulene in the fermentation broth, in situ
product removal was performed. For this purpose, the extracellularly released a-humulene
was extracted into a n-dodecane phase, which was present in the Erlenmeyer flask during
the fermentation process. Since n-dodecane is lipophilic, it forms an upper phase from which
samples can be collected and further processed for analysis. 100 uL of the centrifuged (5 min,
1,000 g) n-dodecane upper phase was taken and stored at -20 °C in GC glass vials until
measurement. Just prior to measurement, the samples were diluted with 900 pL acetone. In
addition to the samples, calibration standards were created using an a-humulene stock

solution (83351, PhytoLab; Vestenbergsgreuth, Germany).

The corresponding volumes of pure a-humulene stock solution were diluted in n-dodecane to
a final volume of 100 pL and subsequently mixed with acetone at a ratio of 1:10. Samples
and standards were prepared by using the same method. As a top standard for the calibration
curve, a concentration of 100 mg/L a-humulene was set. The concentration values presented
in this work were converted and related to the aqueous culture phase. The detection of
a-humulene was performed by gas chromatography and mass spectrometry GC-MS (7890B
GC-MS with 5977B GC/MSD, Agilent Technologies; Santa Clara, USA) with an N, gas flow
of 45 mL/min, air flow of 450 mL/min, and FID of 250 °C. Samples and standards were
analyzed using an HP-5ms GC column (Agilent 19091S-433, Agilent Technologies; Santa
Clara, USA) with 100 % acetonitrile as the rinsing solvent. The injection volume for the
samples was 1 yL. The analysis was carried out using the single ion monitoring method (SIM)
at a m/z ratio of 204.2 for a-humulene. The calibration curve, including the linearity range, as
well as an example chromatogram with retention time for a-humulene analysis by GC-MS,

are provided in the appendix 7.2 (Fig. 29).

2.3.6. Cell dry mass determination

To determine the dry mass of C. necator pKR-hum cells, 1 L shake flasks were filled with
200 mL of LB medium, inoculated from a preculture to an ODey = 0.1 and cultivated in
triplicate at 180 rpm and 30 °C.
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When the ODeoo increased, 20 mL was removed and centrifuged at 3,000 g for 10 min. The
pellet was then resuspended in ultrapure water to an ODego Of 1.5, 2.0, 3.0, 3.5 and 4.0 and
placed in the moisture analyzer (Kern DBS 60-3; Kern & Sohn GmbH, Balingen, Germany).
Once the target conditions were reached (temperature: 120 °C, weight tolerance range: max.
0.055 % for 30 s), the bio dry mass of the cells was measured after complete drying. The
resulting cell dry mass values were analyzed for a linear correlation with the previously set

ODeno values in order to determine the conversion factor.

2.3.7. Solvent selection and testing

In the literature, the recovery of extracellularly released a-humulene from culture broth has
been performed by in situ product removal (ISPR) with n-dodecane [5, 70]. In order to
optimize the ISPR, several alternative solvents were tested. Therefore, different deep eutectic
solvents (DES) and other promising solvents used in the literature for terpene extraction were
compared with n-dodecane in terms of biocompatibility during cultivation with C. necator pKR-
hum. Furthermore, the formation of a second liquid phase from the cultivation medium was a
criterion to be tested in order to facilitate the removal of the a-humulene-containing solvent

after the extraction process.

Two DES systems, namely, tetrabutylammonium bromide (TBAB):1l-octanol [139] and
D-menthol:lauric acid [140], have been identified as potential alternatives to in situ product
removal using n-dodecane, based on their applications in the literature and successful
terpene extractions. Furthermore, the efficacy of acetophenone [141], methyl butyrate [142]

and 1-cyclodextrin [143] as extraction solvents was evaluated.

2.3.8. Preparation of deep eutectic solvents

D-menthol was used as hydrogen bond donor and lauric acid as hydrogen bond acceptor.
They were heated together in a molar ratio of 2:1 for 2 h at 50 °C in a closed vessel until the
solid components dissolved and a homogeneous liquid was formed [140]. TBAB was heated
together with 1-octanol in a molar ratio of 1:2 for 2 h at 80 °C in a closed vessel until a
homogeneous liquid was formed [139]. The deep eutectic solvents were then stored at room
temperature until use and added to the fermentation broth after inoculation at 20 % (v/v),

similarly to the other extraction solvents tested.
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2.3.9. Screening experiments

Screening experiments were carried out as preliminary tests to define the limits of factor
variation within the experimental approach using the a-humulene-producing C. necator pKR-
hum strain. In these tests, the implementation of higher shaking speeds and cultivation
temperatures within the incubator (Ecotron, Infors HT; Bottmingen, Switzerland) was tested
with regard to technical feasibility and C. necator pKR-hum biocompatibility as well as growth
behavior. To record cell growth, the shake flasks were measured in triplets within the Cell
Growth Quantifier® device every 60 s and the resulting backscatter intensity values were

calculated via the ODggo to the corresponding cell dry mass concentrations.

2.3.10. Analysis and optimization of cultivation process parameters

In order to optimize C. necator pKR-hum biomass growth and a-humulene concentration, a
DoE approach was applied. For this purpose, the critical cultivation process parameters:
shaking speed, in situ product removal solvent volume and cultivation temperature were

varied as factors within the minimum and maximum design range given in Tab. 5.

Tab. 5: Model process factors and corresponding design range.

Factor Name Unit Minimum Maximum
1 Shaking speed rpm 30 330
2 Volume n-dodecane % (V/Iv) 3 37
3 Cultivation temperature °C 28 39

All experiments were designed and analyzed with Design Expert® (software version 12.0.3.0)
according to the parameters in Tab. 6 below. A quadratic response surface design with a
maximum of 19 randomized runs including 5 center points was selected for the optimization
studies. The ANOVA analysis tool of the Design Expert software was used to integrate and
analyze the p-values of the models and factors. A value of p*<0.05 was considered

significant.
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Tab. 6: Model building parameters used to investigate process intensification.

Parameter Setting
Software version Design Expert 12.0.3.0
Study type Response surface
Design type Central composite
Design model Quadratic
Runs 19

The response surface design described above was analyzed for the responses listed in
Tab. 7 with their specific work objectives. Factor parameters of the individual design runs and

the experimentally determined response data are shown in chapter 2.4.4 Tab. 8.

Tab. 7: Model response information for process intensification.

Response Name Unit Objective
R1 Time until induction h minimize
R2 Ca-humulene 24 h after induction mg/L maximize
R3 Ca-humulene 48 h after induction mg/L maximize
R4 Biomass 24 h after induction g/L maximize
R5 Biomass 48 h after induction g/L maximize
R6 Yield coefficient Yp;s 48 h after induction mg/g maximize
R7 Yield coefficient Ypix 48 h after induction mg/g maximize
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2.4. Results and discussion

In the following, the impacts are presented of varying the heterotrophic fermentation
parameters shaking speed, extraction volume and cultivation temperature on the biomass
growth and a-humulene production of C. necator pKR-hum using a DoE approach. For this
purpose, preliminary screening experiments were carried out and the most promising solvent
for in situ product extraction was identified.

2.4.1. C. necator pKR-hum cell dry mass determination

To determine the yield coefficients Yxs and Yeix, the cell dry mass of the C. necator pKR-hum
strain used was determined. The OD values measured at 600 nm were converted into

biomass concentrations using the linear dependency and conversion factor given below
(Fig. 8).
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Fig. 8: Determination of cell dry mass concentration based on C. necator pKR-hum cultivation samples,
linear relationship between optical density (600 nm) and cell dry mass concentration (n = 3). The

regression line is annotated with its slope (m) and coefficient of determination (R2).

Fig. 8 shows the determination of the bio dry mass coefficient for C. necator pKR-hum from
defined cell suspensions, which can be described by a regression line with a coefficient of
determination (R?). Thus, the following calculation can be made:

Biomass 22 = (m) 2 * ODgo (1)
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Using the previous calculation in formula (1) and based on the slope of the regression line,
the conversion of ODeyo = 1, corresponding to 0.43 g/L biomass, was used for calculations in
this work, which is consistent with the literature reference [5]. Refer to the appendix

7.3 (formulas 4 - 6) for details on the calculation of the yield coefficients.

2.4.2. Identification of the most promising solvent for in situ product

removal

As described in material and methods, various solvents were tested and their suitability as
alternatives to n-dodecane was investigated. In the first step, the influence of alternative
solvents on the growth of C. necator was investigated. As the individual solvents were only
compared with each other for their biocompatibility, the cell concentration was subsequently

displayed in backscatter intensity (-).
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Fig. 9: (A) Heterotrophic growth of C. necator pKR-hum in minimal media under the influence of
different deep eutectic solvents for in situ product removal (n =3), (B) Heterotrophic growth of
C. necator pKR-hum in minimal media under the influence of different solvents for in situ product

removal (n = 3).

The heterotrophic growth of C. necator pKR-hum in a minimal medium was reduced by the
addition of the deep eutectic solvents compared to n-dodecane (Fig. 9 - A). The addition of
20 % (v/v) of 1:2 molar TBAB:1-octanol resulted in no growth after inoculation. The addition
of 20 % (v/v) of the 2:1 molar D-menthol:lauric acid mixture resulted in reduced growth with
a prolonged lag phase up to 20 h and a reduced final cell concentration of 300 - 800
backscatter intensity after 40 h compared to 900 - 1050 backscatter intensity with

n-dodecane. Nevertheless, successful separation and formation of a second phase above
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the minimal medium was observed for both deep eutectic solvents identical to n-dodecane.
When 20 % (v/v) of the alternative solvents acetophenone and methyl butyrate were added
to the cultivation process, no growth was detected after inoculation compared to the standard
extraction solvent n-dodecane (Fig. 9 - B). Both alternative solvents successfully formed a
second phase that separated from the minimal medium, with 20 % (v/v) methyl butyrate
forming an upper phase identical to 20 % (v/v) n-dodecane and 20 % (v/v) acetophenone
forming a phase that appeared at the bottom of the shake flask. In addition, a strong
unpleasant odor was detected when acetophenone and methyl butyrate were used as
solvents compared to the menthol-containing deep eutectic solvent or n-dodecane.
Replacement of n-dodecane with 1-cyclodextrin in the experimental setup was rejected
because the addition of the soluble 1-cyclodextrin to the minimal medium did not form an
additional second phase, which was used as a decision criterion. The non-biocompatible
solvents (TBAB:1-octanol, acetophenone and methyl butyrate) must therefore have an
inhibitory effect on the growth of C. necator. The question now arose of how biocompatible

the addition of n-dodecane actually is.
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Fig. 10: Heterotrophic growth of C. necator pKR-hum in minimal media under the influence of

20 % (v/v) n-dodecane and without solvent (n = 3).

The heterotrophic growth behavior in Fig. 10 shows a similar pattern between the bacterial
growth without solvent and the addition of 20 % (v/v) n-dodecane, considering the standard
deviation. In both experiments, the length of the lag phase is about 10 h and the cultures in
exponential phases behave similarly. The experiment with 20 % (v/v) n-dodecane reaches

an increased final backscatter value at 25 h.
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However, this increased backscatter intensity value can be attributed to the additional n-
dodecane, since an offline OD measurement at 600 nm for both experiments showed a value
of 3.0 and 3.1, respectively, at the end of the cultivation. Therefore, the slightly increased

backscatter value can be explained by the addition of phase-forming solvents in general.

Biocompatibility of solvents can be assessed on the basis of logP values. LogP is the
logarithmic partition coefficient of a target compound in a biphasic system consisting of
octanol and water and is a measure of the hydrophobicity of a molecule [144, 145]. The lower
the logP, the greater its hydrophilicity and thus its tendency to accumulate in the aqueous
phase, where microorganisms such as C. necator pKR-hum reside, and interfere with the
physiological processes of the cells [146]. A critical logP value, that prevents further metabolic
activity, is strongly dependent on the microorganism: e.g., for E. coli, the critical logP is
reported to be 3.4 [147], whereas S. cerevisiae has a critical logP between 4.0 and 5.0 [148,
149]. When comparing the computed logP values, it is noticeable that n-dodecane (6.1),
D-menthol (3.0) and lauric acid (4.2) have much higher values than 1-octanol (3.0),
acetophenone (1.6) and methyl butyrate (1.3) [150, 151]. Therefore, it can be assumed that

the critical logP of C. necator is between 3.0 and 4.2.

In terms of the solvent evaluation, it could be shown that the addition of 20 % (v/v)
n-dodecane for in situ product removal of a-humulene does not reduce C. necator pKR-hum
growth compared to its absence and is, therefore, a suitable biocompatible solvent. The
alternative solvents were all found to be non-biocompatible at the 20 % (v/v) concentration
tested, as no bacterial growth occurred upon their addition. Only the deep eutectic solvent
tested, consisting of D-menthol:lauric acid 20 % (v/v), showed limited biocompatibility with a
longer lag phase and lower final cell concentration. Therefore, n-dodecane can still be
considered as the currently most promising solvent for ISPR in C. necator-based production

processes.

2.4.3. Design of experiment - preliminary screening experiments

To ensure the technical and biological feasibility of varying the cultivation parameters in the
planned experimental approach according to the limits in Tab. 5, screening experiments
regarding the C. necator pKR-hum cultivation temperatures and shaking speeds were carried
out (Fig. 11). A biocompatibility test of the third varied factor (n-dodecane volume) was not
carried out in this context, as the addition of 20 % (v/v) of this extraction agent has already
been successfully tested for the biocompatibility of in situ product removal in C. necator
pKR-hum [8], see chapter 2.4.2.
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Fig. 11: C. necator pKR-hum growth according to different cultivation temperatures between 25 and

40 °C with 270 rpm shaking speed in minimal media, uninduced (n = 3).

The screening experiments were successful, as indicated by the C. necator pKR-hum growth
behavior shown in Fig. 11 above. A higher shaking speed of 270 rpm combined with
cultivation temperatures of 25 - 40 °C was found to be technically feasible and resulted in cell
growth of C. necator pKR-hum except at 40 °C. However, it can be seen that a low cultivation
temperature of 25 °C led to delayed growth behavior with a lag phase of up to 25 h. Higher
temperatures of 35 or 37 °C led to a faster growth of the cells with a lag phase of 10 h.
A further increase to 40 °C cultivation temperature is technically feasible, but did not result in

any cell growth of C. necator pKR-hum.

The prolonged growth phase at 25 °C and the lack of growth at 40 °C are caused by
deviations from the optimal temperature for C. necator pKR-hum growth, which results in
microbial adaptation processes to higher or lower temperatures [93]. This leads to longer lag
phases, delayed exponential phases and reduced maximum growth rates [152]. In summary,
the corresponding design range of the DoE approach shown in chapter 2.3.10 Tab. 5 could
be realized in the runs. The final biomasses at cultivation temperatures of 35 and 37 °C, when
reaching the stationary phase after 40 h, were 1.3 - 1.5 g/L and in the example of 25 °C after

55 h 1.7 - 1.8 g/L, considering the standard deviations.
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2.4.4. Design of experiment — performed experimental approach

The DoE approach with the individual factor combinations from chapter 2.3.10 was planned and tested, see Tab. 8 below. In addition, the

corresponding response values were determined for each run. Following Tab. 8, the 3D response surface plots of the model are described.

Tab. 8: Tabular overview of the performed design of experiment work. Divided into 19 runs using varying factors: shaking speed, solvent volume and cultivation
temperature (green). Responses analyzed: Time until induction, a-humulene concentration 24 and 48 h after induction, biomass 24 and 48 h after induction and

yield coefficients Ypis and Ypix 48 h after induction (black). Values not included in the model were crossed out as outliers.

Shaking Volume Cultivation Time until Cahumulene Cahumulene Biomass Biomass
Run Speed n-dodecane  temperature induction 24 h 48 h 24 h 48 h Yeis 48 1 Ve 48 1

pm] (% (viv)] [°C] [h) [mgiL] [mgiL] [g/L] gy mael o medl
1 270 10 30 15.10 2.75 2.87 1.419 1.849 0.68 1.55
2 180 20 34 13.91 0.72 0.71 1.978 2.236 0.17 0.32
3 180 20 28 25.33 0.22 7.28 1.204 1.634 1.84 4.46
4 270 10 37 19.75 0.24 0.30 2.451 2.924 0.07 0.10
5 90 30 37 23.93 0.43 0.21 1.634 1.634 0.05 0.13
6 90 30 30 19.25 2.82 2.02 1.290 1.290 0.47 1.57
7 180 20 34 14.08 0.90 0.74 2.322 2.795 0.19 0.26
8 30 20 34 17.75 1.87 2.53 1.849 1.849 0.60 1.37
9 330 20 34 14.00 3.11 2.87 2.107 2.881 0.69 1.00
10 180 37 34 13.67 1.32 102 2.107 2.623 025 039
11 180 3 34 13.58 0.30 - 2.795 3.053 - -
12 180 20 34 13.45 0.92 0.93 2.752 2.838 0.23 0.33
13 90 10 30 19.25 2.74 2.70 1.247 1.247 0.63 2.17
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Shaking Volume Cultivation Time until Ca-humulene Ca-humulene Biomass Biomass
. . Yris 48 h Ypix 48 h
Run Speed n-dodecane  temperature induction 24 h 48 h 24 h 48 h
. , [mg/g] [mg/g]

[rpm] [% (vIV)] [°C] (h] [mg/L] [mg/L] [g/L] [g/L]
14 180 20 34 13.83 1.08 111 2.623 2.666 0.28 0.42
15 180 20 34 13.99 0.65 0.90 2.107 2.580 0.22 0.35
16 270 30 37 19.75 0.33 0.49 2.322 2.365 0.12 0.21
17 270 30 30 15.10 3.22 3.45 1.290 1.849 0.84 1.86
18 90 10 37 23.93 0.18 0.18 1.849 1.849 0.04 0.10
19 180 20 39 34.75 0.11 0.18 1.892 1.892 0.04 0.10
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The 3D response surface plots of the model are shown in the appendix 7.4 Fig. 30. Varying
shaking speed and cultivation temperature affected all measured responses in the models
(Fig. 30). In particular, cultivation temperature was shown to have a major effect on
C. necator pKR-hum growth and a-humulene production. A temperature of 33 °C was shown
to be optimal in terms of rapid cell growth and reduced process time until induction, reducing
this from up to 40 h (39 °C) to 14 h (32-33°C) (Fig. 30 - A). Similar effects were also
observed with respect to the final biomass 48 h after induction, where an average
temperature of 33 - 34 °C also resulted in the highest measured values of up to 2.7 g/L.
Higher and lower cultivation temperatures of 39 and 28 °C, respectively, resulted in a low
biomass of 0.8 g/L (Fig. 30 - C).

Complementary to this effect is the behavior of the responses associated with a-humulene
production, such as a-humulene concentration 48 h after induction (Fig. 30 - B), yield
coefficient Ypss (Fig. 30 - D) and Yp/x 48 h after induction (Fig. 30 - E). It can be seen that high
a-humulene production occurs at lower cultivation temperatures of 28 °C. In the above model,
this increase in a-humulene concentration 48 h after induction can be up to 10 mg/L
compared to 2 - 3 mg/L a-humulene at higher temperatures of 31 - 32 °C (Fig. 30 - B). The
yield coefficient Ypx 48 h after induction is mainly dependent on the cultivation temperature
and can be increased up to 25 mg a-humulene / g biomass by the use of low cultivation
temperatures of 25 - 28 °C (Fig. 30 - E). This observation at lower cultivation temperatures of
25 - 28 °C can theoretically be explained by a reduction in the translation and folding stress
of proteins, which is temperature-dependent, and due to a resulting reduction in incorrect self-
binding and aggregation of proteins [153]. Therefore, it can be hypothesized that the
efficiency of the plasmid-supplied enzymes for a-humulene production may have increased
due to the lower cultivation temperatures of 25 - 28 °C. Additionally, similar observations were
demonstrated by an increase in groESL chaperone activity in C. necator, which led to
increased heterotrophic isopropanol production [67]. Varying the amount of n-dodecane

added or the shaking speed had no significant influence on Ypx in this model.

2.4.5. Validation of model and process parameters for maximal biomass

and a-humulene concentration

To finally ensure the validity of the optimized process parameters from the 3D contour plots,
a confirmation run (n = 3) was carried out. The model with its optimal process parameter
“sweet spot” (see Tab. 9 below), based on the results obtained from response surface
modelling and the maximizing of the final C. necator biomass and a-humulene concentration,

was verified within the following criteria.
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Tab. 9: Optimal process parameters to maximize final a-humulene concentration and biomass,
numerical model optimization to predict sweet spot and responses, sweet spot validation limit is set to
10 %.

Goal o 90 % 110 % Observed
Factor/Response o Prediction o o
(Limit) Limit Limit (n=3)
] is in range
Shaking speed [rpm] 179.998 161.998 197.998 180+ 2
(100 - 180)
Volume n-dodecane is in range
19.504 17.554 21.454 19.5+0.1
[% viv] (5-30)
is in range
Temperature [°C] 28.007 25.206 30.808 28.0+0.2
(25-33)
a-Humulene o
) Maximize
concentration 48 h after - 15) 3.812 3.431 4.193 418 £0.16
induction [mg/L]
Biomass 48 h after Maximize
) _ 1.164 1.048 1.280 1.42 +0.02
induction [g/L] 1-4
Yield coefficient Ypix 4gn o
Maximize
[mg a-humulene/ - 15) 3.073 2.766 3.380 2.95+0.15

g biomass]

The sweet spot was predicted based on the factor and response goals described above, then
used for cultivation in a final confirmation run (n = 3), during which response values were
evaluated. Response values obtained from the “sweet spot” verification are as follows:
4.18 + 0.16 mg/L a-humulene concentration 48 h after induction, 1.42 + 0.02 g/L biomass
48 h after induction and 2.95 + 0.15 mg a-humulene / g biomass yield coefficient Yp/x 45 1. The
values for the a-humulene concentration and the yield coefficient Ypx agree with the model
predictions of the optimization experiments within their deviation range and indicate

verification by the confirmation run (Tab. 9).

Considering the standard deviation, the biomass determined 48 h after induction is 9.3 %
above the upper limit of the predicted value range. Optimal process parameters determined
for the shaking speed and the volume of n-dodecane added to maximize the final a-humulene
and biomass concentration are in good alignment with the established and described
literature values of 180 rpm and 20 % (v/v) [5, 73, 70]. Within the framework of this DoE
approach, the cultivation temperature of C. necator pKR-hum could be lowered from 30 to

28 °C and promisingly adapted with regard to increased a-humulene production.
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2.4.6. Conclusions

The process parameters determined by the model were verified by the confirmation run,
obtaining a mean final a-humulene concentration of 4.18 mg/L and a C. necator pKR-hum
biomass of 1.42 g/L, see Tab. 9. Moreover, the results correspond to the expected values of
the design optimization and are within the predicted value range. Only the biomass
determined 48 h after induction was found to be 9.3 % above the upper limit of the predicted

value range.

As shown in Tab. 8, cultivation at 30 °C resulted in an average a-humulene concentration of
2.76 £ 0.59 mg/L 48 h after induction, whereas cultivation at 34°C led to a lower
concentration of 1.40 = 0.90 mg/L. This demonstrates that cultivation temperature is a critical
process parameter affecting a-humulene production. Through the DoE and identification of
the sweet spot, lowering the cultivation temperature to 28 °C enabled an increase in
a-humulene concentration to 4.18 + 0.16 mg/L, thereby improving the final a-humulene

concentration by 51 % compared to the starting condition at 30 °C.

The cultivation temperature of the established C. necator pKR-hum based production process
was successfully lowered from 30 to 28 °C. It was demonstrated that within a temperature
range of 25 to 28 °C, the statistical model predicts an increased a-humulene production, in
conjunction with elevated product/substrate and product/biomass yield coefficients. In this
model, lower cultivation temperatures are conducive to greater final a-humulene
concentrations; however, they can also delay and reduce the growth behavior of C. necator
pKR-hum. It is recommended that the reduction in temperature be coordinated with the
induction step or the C. necator pKR-hum growth phase in order to achieve an optimal
balance between biomass and product formation. In future experiments, the temperature
should only be lowered from 30 °C once sufficient cell concentrations have been reached in
the stationary phase. This allows there to be an optimized process that requires less heat
input due to the lower cultivation temperature and at the same time produces more valuable

a-humulene.
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3.1. Abstract

Despite the enormous advantages over traditional plant extraction or chemical synthesis, the
microbial production of the valuable sesquiterpene a-humulene using C. necator has so far
been conducted under non-optimized process conditions. However, optimizing this process
would be helpful to meet the growing terpene demand across various application sectors. In
this chapter, the established process parameters, including the composition of the minimal
medium, the L-rhamnose induction and the process temperature, were varied and optimized
using shake flasks. Furthermore, the C. necator-based a-humulene production process was
divided into two temperature stages. When compared to the initial conditions, these
optimizations resulted in an enhanced C. necator growth and/or elevated a-humulene levels.
The combination of all individual optimizations into an integrated process led to a notable
increase in sesquiterpene levels, from 9.5 to 32.4 mg/L, representing a 241 % increase

compared to the initial conditions without any optimizations.

3.2. Introduction

The terpenome, which includes terpenes and their subgroups, represents the largest group
of natural products, with over 80,000 different structures described [15]. Terpenes exhibit a
high degree of structural diversity and are involved in a multitude of essential functions and
metabolic processes across a vast array of organisms, spanning from plants to
microorganisms and animals [15]. The sesquiterpene a-humulene, also known as
a-caryophyllene, constitutes a subgroup of terpenes and is a valuable natural compound
found in a multitude of plants and even in some marine eukaryotes [22, 23]. Applications in
the fragrance, food, and cosmetic industries [154-156], along with properties such as anti-

inflammatory effects [157], lead to increased production demand.

The microbial production of a-humulene offers significant advantages over traditional plant
extraction and chemical synthesis with regard to numerous economic drawbacks, including
low yields, high downstream processing costs, and a reliance on fossil-based processes [73,
49]. The benefits of a microbial production of a-humulene include economic considerations,
controllability, scalability, and the potential for genetic engineering to improve final product
levels. C. necator serves as an ideal host for a-humulene production through the previously
described properties, such as its flexibility in metabolizing various carbon sources [59]. By
transforming the PHB-deficient C. necator PHB-4 strain with the L-rhamnose-inducible
plasmid pKR-hum, the production platform was expanded to include the recombinant MVA

pathway from M. xanthus [73].
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Biotechnological processes can be divided into individual biological steps known as unit
processing operations (UPOs). Understanding and controlling these UPOs is a prerequisite
for a high-quality and robust manufacturing process [90]. As even small changes in cultivation
temperature or media composition can have a major impact on the growth of C. necator H16
[158] or on bacterial heterogeneity in general, and thus on the efficiency of product formation,
this understanding is very essential. For the first time, these parameters were investigated
and varied as well as the published standard conditions for cultivation and induction [5, 74,
13] of C. necator pKR-hum with the aim of developing a simple process optimization strategy.
In the literature, C. necator pKR-hum grown in lysogeny broth medium achieved a
a-humulene level of 10 mg/L after 42 h of production in a heterotrophic batch cultivation [13].
In contrast, C. necator pKR-hum grown in the minimal medium [81] used in this work
produced a-humulene levels of up to 9.4 mg/L after 52 h [5]. Individual process parameters
can often interact with or reinforce each other in unknown and complex ways, which can lead
to high variations in bacterial growth and potential product formation. Here, the focus was on
different parameters to increase the level of a-humulene, including an optimization of the
growth media composition, the adaptation of cultivation, and the L-rhamnose induction
conditions. In addition to optimizing individual process steps, multiple optimizations were

combined into a single process.

3.3. Materials and methods

The following chapters describe the standard methodology and parameters of the
fermentation experiments, which were consistently applied unless otherwise stated.
Individual process condition changes as a deviation from the standard run, see figure
legends. All experimental works, including the results presented in this chapter and the

appendix 7.6 - 7.8, were carried out in triplicate.

3.3.1. Heterotrophic cultivation and biomass monitoring of C. necator
pKR-hum

Heterotrophic cultivation and biomass monitoring were performed following the procedure
described in chapter 2.3.1. The appropriate amount of biomass needed to inoculate the main
culture to a starting ODsgo Of 0.1 (equivalent to 0.043 g/L biomass, determined by dry mass
analysis, see chapter 2.4.1) was transferred to a sterile reaction tube, centrifuged, and the
pellet obtained was resuspended in 20 mL of the main culture medium, supplemented with
15 pg/mL of TC.
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The main culture was also cultivated at 30 °C with 180 rpm (Ecotron, Infors HT; Bottmingen,
Switzerland) in 250 mL Erlenmeyer flasks, unless other cultivation temperatures were stated.
During the main cultivations, the biomass was monitored online in terms of backscattered
light intensity measuring every 60 s using the Cell Growth Quantifier® device (CGQ, Scientific
Bioprocessing; Pittsburgh, USA).

3.3.2. Preparation and composition of preculture and main culture media

The standard composition of the minimal medium (MMasy) used in all the cultivations,
according to Sydow et al. [81], is listed in chapter 2.3.2 Tab. 3 and Tab. 4. To prepare the
minimal medium, stock solutions were prepared with deionized water in the same way as the
individual components listed in Tab. 3. After dissolving the media components, all stock
solutions, except the trace element stock (Tab. 4), were autoclaved and stored at room
temperature. This standard composition of the minimal medium was used in all experiments,
unless other compositions were specified. LB and super optimal broth (SOB) preculture
media were prepared according to the standard recipes, see chapter 2.3.1 Tab. 2 and
appendix 7.5 Tab. 11.

3.3.3. Microbial a-humulene production using C. necator pKR-hum

Microbial a-humulene production was performed using C. necator pKR-hum according to the
procedure described in chapter 2.3.3. For standard process conditions, C. necator pKR-hum
main cultures were cultivated as described in chapter 3.3.1 and induced at an ODeggo between
0.50 and 0.70 (C. necator pKR-hum biomass 0.2 - 0.3 g/L) with a final concentration of
0.2 % (w/v) L-rhamnose to initiate a-humulene production, unless otherwise stated, which
was achieved by a hundredfold dilution of a 20 % (w/v) L-rhamnose stock solution prepared
in deionized water. Extracellular a-humulene was removed from the culture process through
in situ product removal. To achieve this, 4 mL of n-dodecane was added to 20 mL of
cultivation broth as a suitable and biocompatible extraction agent after induction [8],
corresponding to 20 % (v/v) pure n-dodecane. This created a second phase above the
cultivation broth, from which samples were taken immediately after induction and the addition

of n-dodecane, as well as at 8, 24, and 48 h later.
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3.3.4. Quantification of fructose wusing high performance liquid
chromatography (HPLC)

Quantification of fructose was carried out following the procedure described in chapter 2.3.4.

3.3.5. Quantification of a-humulene using gas chromatography (GC-MS)

The following section outlines only the modifications, all other procedures were performed as
described in chapter 2.3.5. Due to the low water solubility of the product a-humulene in the
fermentation broth, in situ product removal was performed. For this purpose, the
extracellularly released a-humulene was extracted into a 20 % (v/v) n-dodecane phase

(4 mL), which was present in the Erlenmeyer flask during the fermentation process.

3.4. Results and discussion

In the following, the effects of changing individual process factors on C. necator pKR-hum
biomass growth and a-humulene concentration were investigated. For this purpose, process
factors such as the composition of the minimal medium, the L-rhamnose induction
concentration and timing, as well as the cultivation temperature and preculture medium were

individually varied, tested, adapted and combined in a final run.

3.4.1. Optimized sugar concentration in minimal media

The growth of C. necator pKR-hum at different fructose concentrations between 2 and 32 g/L
in standard minimal medium was recorded in an uninduced (Fig. 12 - A) and an induced
culture (Fig. 12 - B). Additionally, the maximum growth rate pmax, the residual fructose content
after 24 h, yield coefficients Yxss, Yrix and Yess, and a-humulene levels after 16 h of production
were determined as growth and production characteristics (Fig. 12 - C). Please refer to the
appendix 7.3 (formulas 3 - 6) for details on the calculation of maximum growth rate values

and the yield coefficients.
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Fig. 12: (A) C. necator pKR-hum growth at different fructose concentrations in minimal media, 180 rpm
and 30 °C, uninduced (n = 3); (B) C. necator pKR-hum growth at different fructose concentrations in
minimal media, 180 rpm and 30 °C, induced with 0.2 % (w/v) L-rhamnose at 0.2 - 0.3 g/L biomass and
the addition of 20 % (v/v) n-dodecane as an extracting agent, see arrow (n = 3); (C) Performance
indicators for the growth of C. necator pKR-hum in the uninduced (Fig. 12 - A) and induced (Fig. 12 - B,
after 16 h of production) cultures.

Different starting concentrations of fructose in the minimal medium were reflected in the
growth behavior of C. necator pKR-hum (Fig. 12 - A & B). Adding n-dodecane to extract the
a-humulene in the induced state (Fig. 12 - B) influenced and increased the measured
backscatter values. A fructose concentration of 2 g/L resulted in an early stationary phase
after 18 h with a final biomass of 0.70 and 0.94 g/L in the uninduced (Fig. 12 - A) and induced
state (Fig. 12 - B), respectively. The highest fructose concentration of 32 g/L resulted in a late
stationary phase and a prolonged exponential phase in both cases. Fructose concentrations
of 4, 8, and 16 g/L in the induced state (Fig. 12 - B) performed similarly to the concentrations
of 8 and 16 g/L in the uninduced state (Fig. 12 - A).

In summary, a similar C. necator pKR-hum growth behavior was monitored at fructose

concentrations ranging from 8 to 32 g/L in both the uninduced and induced states.

Initial fructose concentrations of 8 and 16 g/L in the minimal medium proved to be suitable
for prolonged cultivation and a sufficient a-humulene production, with final biomasses of up
to 1.3 - 1.5 g/L and Yp/x of up to 4.35 + 0.85 mg a-humulene per g biomass (see Fig. 12 - C).
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Lower fructose concentrations, such as 4 g/L, showed no residual fructose content after 24 h
process time in the induced state, as the induced formation of the product a-humulene,
combined with the plasmid-induced metabolic burden, represents an additional load on the
metabolism compared to plasmid-free cells [159]. A fructose concentration of 2 g/L clearly
limits growth, with a low final biomass of 0.70 and 0.94 g/L achieved in both the uninduced
and induced cultures. Too high levels of fructose in the minimal medium can also negatively
affect C. necator growth, for example, through osmotic stress or an imbalance in carbon
metabolism due to excessive fructose uptake rates. These limitations of cell growth, which
were observed at too low (2 g/L) or too high (32 g/L) fructose concentrations, have also been
described in the literature, where fructose concentrations between 5 and 25 g/L have proven
to be reliable for the cell growth of C. necator H16 [158]. In addition to the influence of the
fructose concentration on growth and carbon metabolism, secondary factors, such as the
availability of inorganic nutrients in the medium described by the C/N/P ratio [64], also exert

an effect.

In consideration of the observed growth behavior of C. necator pKR-hum and the high yield
coefficients, a concentration of 8 g/L fructose was confirmed as suitable in this work.
Additionally, residual fructose was observed at the end of the a-humulene production
process, indicating that a carbon limitation did not occur over the course of the process. The
biomass/substrate yield coefficient Yxs for fructose is also high at this concentration and
indicates efficient biomass formation and fructose utilization (see Fig. 12 - C). With a value of
0.39 in the uninduced state, it is close to the modeled maximum value of 0.53 for fructose in
C. necator [160], which, however, does not take into account gene expression and other
regulatory factors. The biomass curve of the induced cultivation (Fig. 12 - B), which is based
on a backscatter signal, shows a sudden increase after the induction point (black arrow). This
increase in the backscatter signal, as well as the higher standard deviations, can be explained

by the addition of 20 % (v/v) n-dodecane for in situ product removal.

In general, the addition of second phase- and droplet-forming solvents, such as n-dodecane
to the aqueous cultivation system, could have a disturbing effect on backscattering
measurements [161]. With regard to residual fructose contents, and in order to avoid possible
limitations, an optimization of the fructose content from 4 g/L to 8 g/L in the minimal medium
was implemented. It should be noted that in terms of fructose utilization, a concentration

of 4 g/L fructose is the best amount.
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3.4.2. Iron supplementation in minimal media

The growth of C. necator pKR-hum was measured at various iron (II) chloride tetrahydrate
and iron (Il) sulfate heptahydrate levels between 1 and 15 times of their standard amount
(0.75 mg/L FeSO, * 7 H,O [13]) in standard minimal medium in an uninduced culture
(Fig. 13). For this purpose, the standard composition of the minimal medium was
supplemented with the appropriate concentrations of iron (1) sulfate heptahydrate and iron (l1)

chloride tetrahydrate.
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Fig. 13: C. necator pKR-hum growth according to different iron (Il) sulfate heptahydrate and iron (II)

chloride tetrahydrate concentrations in minimal media; 180 rpm and 30 °C, uninduced (n = 3).

The addition of iron salts to the standard minimal medium containing an iron content of
0.75 mg/L iron (ll) sulfate heptahydrate (black line) promotes the growth of C. necator pKR-
hum (Fig. 13). When the iron salt concentration is increased 2.5 - 15 times, the C. necator
pKR-hum exponential growth phases occur with higher maximum specific growth rates pmax
up to 0.26 + 0.05 h'* and final biomasses of 1.6 g/L. In comparison to the cultivation with a
standard minimal medium containing an iron salt content of 0.75 mg/L iron (II) sulfate
heptahydrate without iron supplement, a pmax 0f 0.17 + 0.01 h™* and final biomasses of 1.3 g/L
were achieved. This effect can be observed from a 2.5-fold increase in the iron salt standard
level of the minimal medium, and does not differ between the iron () sulfate heptahydrate

and iron (1) chloride tetrahydrate salts tested.
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Given that iron is an essential nutrient for most organisms and is required for numerous
enzymatic processes, as prosthetic groups with a catalytic effect or as cofactors, iron is also
involved in a multitude of metabolic processes, cell growth, or cell division [94]. However, no
difference in growth behavior could be observed when adding iron (Il) sulfate heptahydrate
or iron (1) chloride tetrahydrate in the same concentrations. Both compounds optimized the
growth behavior equally, depending on their concentrations used, indicating that the iron
source has no influence. Consequently, the intracellular iron availability can be increased by
an extracellular increase in iron level, as only extracellular iron ions are bound and
transported into cells by special proteins like transferrin [162]. Siderophores, such as
cupriabactin, have also been shown to promote the growth of C. necator JMP134 by
increasing the rate of intracellular iron uptake [163]. In addition, the promoted growth
observed in this work can also be explained by the protective properties of cupriabactin, as it
plays a crucial role in the protection against oxidative stress and toxic aromatic compounds.
Many of the protective enzymes involved in these degradation processes require iron in their
active enzyme structure and increase their activity through a cupriabactin-induced iron uptake
into the cytosol. [163, 164]

Gram-negative bacteria, such as C. necator, require a minimum iron concentration of
0.017 - 0.101 mg/L [165] for their growth, which means that the standard iron (Il) sulfate
heptahydrate concentration of 0.75 mg/L (equals 0.15 mg/L iron) in the minimal medium
should adequately cover this requirement. However, it was possible to show that a minimal
increase in the iron (Il) sulfate heptahydrate concentration from 0.75 to 1.88 mg/L is sufficient
and results in an increased C. necator biomass growth. In order to exclude possible
limitations, a 5-fold increase (3.75 mg/L) in established iron (Il) sulfate heptahydrate level was

added to the minimal medium for optimization in subsequent experiments.
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3.4.3. Optimization of the L-rhamnose inducer concentration and dosage
time

Subsequently, an investigation was conducted to determine the influence of the L-rhamnose
inducer concentration and the induction time on a-humulene production. To this end, the
a-humulene production of C. necator pKR-hum was analyzed after an induction with different
concentrations of 0.2, 1, and 2 % (w/v) L-rhamnose at 0.2 - 0.3g/L biomass (Fig. 14).
Furthermore, the impact of the L-rhamnose induction time on a-humulene production was
investigated. Additionally, a potential uptake or consumption of the extracellularly added
L-rhamnose over the course of fermentation was evaluated. It was confirmed that C. necator
pKR-hum does not store or consume L-rhamnose, as the content in the extracellular minimal
medium remains constant over the course of fermentation (appendix 7.6, Fig. 31 - B). The
results also indicate that the final a-humulene production depends on the L-rhamnose
induction time; see appendix 7.6 Fig. 32.
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Fig. 14: a-Humulene levels according to different L-rhamnose inducer concentrations in minimal media,
at 180 rpm and 30 °C, C. necator pKR-hum induced at 0.2 - 0.3 g/L biomass (n = 3).

The corresponding yield coefficients are shown in the appendix 7.6 Fig. 31. Fig. 14 illustrates
that an elevated L-rhamnose concentration of 2 % (w/v) enhances the final a-humulene level
in comparison to the established standard concentration of 0.2 % by 84 and 93 %,
respectively, after 24 and 48 h. An increase from 0.2% to 1% (w/v) L-rhamnose

concentration (green bar) also results in higher product levels.

The pKR-hum plasmid used in this work, for the heterologous expression of a-humulene, is

based on a L-rhamnose-inducible system, which offers a tight regulation of expression at
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higher rates compared to other established promoters such as the lactose-inducible P ac [74].
Varying L-rhamnose levels in C. necator pKRrha resulted in a proportional increase in gene
expression, as indicated by the increased specific fluorescence of the enhanced green
fluorescent protein (eGFP), with 0.20 % (w/v) L-rhamnose (11 mM) yielding the highest gene
expression [74]. In later studies, the standard L-rhamnose induction concentration was
therefore set at 0.2 % (w/v) [13].

Raising the L-rhamnose concentration from 0.2 % (w/v) to 1 % or 2 % (w/v) resulted in a 33 %
or 93 % increase in final a-humulene levels after 48 h. Higher L-rhamnose levels enhance
the activation of the transcriptional activator RhaR, triggering rhaSR expression, which leads
to RhaS accumulation and the activation of the L-rhamnose operon rhaBAD at the plasmid
level [96], ultimately boosting a-humulene synthase gene expression using the plasmid
pKR-hum. The L-rhamnose induction time resulted in lower a-humulene levels after induction
at early (0 h) and late (17 h and 21 h) growth phases (appendix 7.6, Fig. 32). Early induction
impacts further cell growth and energy metabolism, leading to lower levels. Late induction,
close to the stationary phase at reduced cell viability and performance, reduces the final
product levels as well. The ideal induction time in the initial exponential phase after 11 h was
therefore confirmed for C. necator pKR-hum. At this point, the induction time is not too early,
which can increase metabolic stress, and not too late, because the growth and performance

rates of the culture are high and can be utilized for an increased production [95].

3.4.4. Batch process with different cultivation temperature stages

In order to investigate a possible influence of the cultivation temperature on a-humulene
levels, the formation of a-humulene by C. necator pKR-hum as a function of process
temperature was investigated (Fig. 15). All cells were incubated at 30 °C with 180 rpm until
induction in the range of 0.2 - 0.3 g/L biomass using 0.2 % (w/v) L-rhamnose. After the
induction step, the cultivation temperature was either changed to 25 °C and 20 °C, or kept at

30 °C as the control. These temperatures were maintained until the experiment ended.
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Fig. 15: a-Humulene levels at different cultivation temperatures in minimal media after induction,
C. necator pKR-hum induced with 0.2 % (w/v) L-rhamnose at 0.2 - 0.3 g/L biomass, at 180 rpm and

30 °C until induction, then switch to the displayed temperature (n = 3).

The a-humulene level over time, depending on the cultivation temperature, is shown above
(Fig. 15). It can be concluded that the highest cultivation temperature of 30 °C leads to the
greatest a-humulene levels at the measurement points of 8 and 24 h post-induction.
However, reducing the cultivation temperature to 25 °C after induction results in a higher final
a-humulene level after 48 h compared to the standard temperature of 30 °C. Specifically, the
final a-humulene level increases by 28 % at 25 °C and by 20 % at 20 °C compared to the
cultivation at 30 °C. The corresponding product yield coefficients Yg;s and Ypx further support
this observation after 48 h, as shown in the appendix 7.7 (Fig. 33).

Although lowering the culture temperature from 30 °C to 25 °C slows down the growth
behavior of C. necator pKR-hum, with a final biomass in a similar range (following Fig. 16 - B),
this reduced cell growth and the subsequent decrease in a-humulene production competes
with the benefits of the lower temperature. This explains why, at 8 and 24 h post-induction,
the a-humulene level is highest at 30 °C. However, after 48 h, the optimal temperature for
production shifts to 25 or 20 °C. Data collected 48 h after induction revealed a significant
difference in mean a-humulene levels between 30 and 25 °C, as indicated by an unpaired
t-test with Welch's correction. The p-value of 0.064, at a significance level of 0.10, suggests
that a-humulene levels are higher at 25 than at 30 °C. This indicates that lower temperatures
may enhance production efficiency. During this 48 h period, the cells recover from the
temperature-related growth slowdown, and the lower temperatures can now exert their

positive effect on a-humulene production.
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For an optimization of the overall process, the temperature was therefore lowered from 30 to

25 °C in the final run no earlier than 24 h after induction.

Lowering the cultivation temperature is a common strategy in recombinant protein expression
to improve protein folding efficiency and reduce the formation of insoluble aggregates, such
as inclusion bodies. In E. coli, for example, Sivashanmugam et al. demonstrated that the
expression of heterologous proteins can be optimized by decreasing the cultivation
temperature from 37 to 23 °C after induction [166]. This effect may have contributed to a
higher proportion of active protein in this work. Additionally, Strocchi et al. have shown that
in E. coli, the activity and production of many chaperones increase at lower cultivation
temperatures [167]. For example, in C. necator, the increased expression and activity of
GroESL chaperones contributed to a higher heterotrophic isopropanol production [67].
In other words, these factors combined lead to a better folding and stability of soluble proteins

and enzymes at lower temperatures.

Since this is a case of heterologous gene expression, and the a-humulene synthase is
derived from the ginger plant Zingiber zerumbet [5], its optimal temperature may also fall
within the lower physiological range of sesquiterpene synthases, which is generally reported
to be between 20 and 40 °C [168]. Given that a temperature of 25 °C is within this range, it
may be more favorable for the activity of the a-humulene synthase compared to 30 °C.
The increased chaperone activity, improved protein folding, and reduced aggregate formation
at lower cultivation temperatures, along with the likely lower temperature optimum of the
terpene synthases used, may explain the increased a-humulene production observed in this

work at 25 °C as compared to 30 °C.

3.4.5. Impact of preculture media and cultivation temperature on main

culture growth

To investigate the effect of the composition of preculture media on the growth of the main
culture, C. necator pKR-hum precultures were grown overnight in SOB and LB media. The
main cultures were then inoculated to an ODggo of 0.1 from SOB or LB precultures, and
incubated at 30 °C with 180 rpm (Fig. 16 - A). Additionally, the cultivation temperature of the
main cultures was varied after inoculating from LB precultures at 25, 30, 32, or 35 °C, and

the cell growth was monitored (Fig. 16 - B).
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Fig. 16: (A) C. necator pKR-hum main culture growth in minimal media following inoculation from
lysogeny broth (LB) or super optimal broth (SOB) media precultures, at 180 rpm and 30 °C, uninduced;
(B) C. necator pKR-hum main culture growth in minimal media at different cultivation temperatures,
inoculated from LB precultures, at 180 rpm and uninduced (n = 3).

Using a SOB medium as a preculture has a similar effect on the C. necator pKR-hum main
culture growth behavior compared to a LB medium (Fig. 16 - A), which is why the LB medium
was kept as the standard preculture medium. However, the main culture grown in a minimal
medium shows a shorter lag phase when inoculated from the SOB preculture compared to
the LB preculture. Additionally, the final biomass of the main culture is higher at 1.42 g/L after
inoculation from the SOB preculture, compared to 1.30 g/L from the LB preculture. Changing
the cultivation temperature from 30 °C to 25 °C also delays the growth of the C. necator
pKR-hum main culture in the minimal medium, resulting in a longer exponential phase and in
a stationary phase that starts up to 6 h later (Fig. 16 - B). The standard temperature of 30 °C
promotes the best cell growth among the tested temperatures. When the temperature is
increased to 32 or 35 °C, or lowered to 25 °C, the lag- and exponential phases are extended
by up to 2.5 h and 6 h, respectively, compared to 30 °C, although the final biomasses remain

similar.

The faster growth and the higher final biomass of the C. necator pKR-hum main cultures
inoculated from SOB medium precultures may be due to the SOB medium being richer in
nutrients, containing extra KCl and MgSO., as compared to the LB medium. This is supported
by literature, indicating that magnesium, sulfate, and potassium are important for promoting
the growth of C. necator [169]. The different cultivation temperatures tested lead to longer lag
phases and lower maximum growth rates, this could be observed in C. necator when the

temperature deviated from the optimal level of 30 °C [93]. The lag phase is prolonged by
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microbial adaptation processes to lower or higher temperatures, delaying the start of the
exponential phase [152]. However, at the end of the cultivation process, the final biomass

reached similar levels of 1.30 - 1.35 g/L across the tested temperature range of 25 - 35 °C.

3.4.6. Combined optimization throughout the whole process vs. standard

conditions

After optimizing several single steps throughout the production of a-humulene, the key
guestion was how these combined effects would influence the overall process performance.
The standard parameters were extended, based on the following insights. Minimal medium
optimizations included (i) an increase of fructose from 4 to 8 g/L and (ii) the addition of
3.75mg/L iron (ll) sulfate heptahydrate. For induction step optimizations, (iii) the
concentration of L-rhamnose was increased from 0.2 % to 2 % (w/v), and (iv) the cultivation
temperature was reduced to 25 and 20 °C, 24 h after the induction step, from an initial
temperature of 30 °C. An induction time of 11 h after inoculation (induction step) was set
during the initial exponential phase, with biomass ranging from 0.2 to 0.3 g/L, as adopted
from standard parameters. a-Humulene levels were measured under both standard and
optimized conditions at 25 and 20 °C (Fig. 17).
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Fig. 17: a-Humulene levels according to standard and optimized conditions and temperatures
(n =3); C.necator pKR-hum, at 180 rpm and 30 °C, standard process induced with 0.2 % (w/v)
L-rhamnose at 0.2 - 0.3 g/L biomass, optimized process induced with 2 % (w/v) L-rhamnose at
0.2 - 0.3 g/L biomass and switched to 25 and 20 °C cultivation temperature 24 h after induction,

a-humulene levels normalized to the 48 h standard run, set as 100 %.
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Fig. 17 illustrates that maintaining a continuous cultivation temperature of 30 °C, along with
the established standard parameters (standard run), results in considerably lower
a-humulene levels than in the optimized run at 25 °C at the measurement times of 8, 24, and
48 h after induction. Notably, all a-humulene levels were normalized to the 48 h level of the
standard run, which was considered as 100 %. With the optimized process conditions, final
a-humulene levels increased by 241 % at 25 °C, and by 121 % at 20 °C, after 48 h, compared
to the levels achieved under standard conditions at 30 °C after 48 h. These values are
normalized for illustration in Fig. 17. The corresponding figure, showing absolute a-humulene
levels, can be found in the appendix 7.8 (Fig. 34). Corresponding growth measurements
indicate that a cultivation with optimized parameters shortens the lag phase, yielding similar
final biomass concentrations between 1.50 and 1.55 g/L compared to the established
standard conditions. The data are provided in the appendix 7.8 (Fig. 35). Increasing the
fructose minimal medium content, the iron (I1) sulfate heptahydrate minimal medium content,
the L-rhamnose induction level, and dividing the batch process into two cultivation
temperature stages (30 and 25 °C), led to an optimization of the overall process performance

compared to the established standard process parameters.

3.5. Conclusions

The aim of this work was to optimize the microbial a-humulene production in order to increase
the biomass and the terpene production of C. necator pKR-hum. The analysis and the
variation of the process parameters were successful. The optimized parameters leading to
an increased biomass and an increased a-humulene production are a fructose concentration
of 8¢g/L, an iron (Il) sulfate heptahydrate concentration of 3.75mg/L, a L-rhamnose
concentration of 2 9% (w/v), and a splitting of the whole process into two cultivation
temperature stages of 30 and 25 °C. Combining the optimized individual parameters led to
an increased a-humulene level of 241 % compared to the non-optimized process. With this
work, it was shown that it is possible to optimize the C. necator-based a-humulene production

process by adjusting the standard parameters.
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4.1. Abstract

The increasing global demand for natural substances such as the sesquiterpene a-humulene
makes optimizing microbial production essential. A production process using the versatile
host C. necator was improved by adjusting the minimal media and process parameters as
described in the previous chapters. In this context, microbial and process robustness were
examined as key factors for maintaining consistent performance. Established process
improvements and the impact of common or individual precultures were analyzed and
guantified for their effect on the robustness of product and biomass formation. A robust
a-humulene production process with even more consistent biomass formation using
C. necator pKR-hum can be reported. Even with a simulated process disturbance, 79 % of
the maximum a-humulene level was still produced. Overall, the analysis of the results shows
that the a-humulene production process using C. necator pKR-hum is highly robust,

demonstrating its resilience to process disturbances and suitability for industrial applications.

4.2. Introduction

The microbial production of complex, bio-based compounds has gained significant attention
due to its efficiency and versatility, and it is increasingly being adopted in industrial
manufacturing processes. Beyond its established applications in areas such as the food
industry, a-humulene is also attracting growing interest due to its potential anti-microbial [170]
and anti-cancer [171] properties in pharmaceutical development. However, robustness plays
a critical role in the microbial production of a-humulene, particularly in the context of
fermentation and process intensification. Ensuring process robustness is therefore a key
consideration when optimizing a-humulene production. Process robustness is defined by
Olsson et al. as the ‘ability of a system to maintain unchanged performance when one or
more perturbations occur’ [172]. Additionally, microbial robustness must be considered in
relation to the production host, which ideally maintains consistent biomass and product

formation rates despite process disturbances or changes [173].

A production method that is robust at both the process and microbial cell levels is essential
for the efficient bioproduction of valuable natural substances. Understanding this is key to
subsequent bioprocess intensification. Therefore, the robustness of microbial a-humulene
production can be enhanced by adjusting or optimizing individual process parameters. To
better understand how these factors influence the process robustness of a-humulene
production using C. necator pKR-hum, the different process conditions that were shown to

affect biomass formation and a-humulene production were investigated.
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These conditions include optimizations that increased a-humulene production and biomass
formation, as described in chapters 3.4 and 3.5. Key parameters tested include the
concentration of iron (Il) sulfate heptahydrate in the minimal medium, the concentration of the
inducer L-rhamnose, and the process cultivation temperature. A 5-fold increase in the
established iron (Il) sulfate heptahydrate concentration (to 3.75 mg/L) led to increased
C. necator biomass growth [77]. Additionally, increasing the L-rhamnose inducer
concentration from 0.2 % to 2 % (w/v), along with decreasing the cultivation temperature 24 h
after the induction step, resulted in higher a-humulene levels [77]. In addition to examining
the effects of the implementation of individual process conditions on robustness against
standard parameters, the potential impact of inoculating the main cultures from either

common or individual precultures was also tested.

The robustness of a-humulene production and biomass formation (n = 6) in C. necator pKR-
hum across various conditions was calculated according to formula (2), adopted from Trivellin
etal. [174]:

2

o
R=-— (2)

When calculating robustness, both positive and negative deviations from the mean value (x)
affect the robustness value (R) due to the variance (0?). An R value of 0 indicates ideal
robustness. However, the robustness value alone does not directly reflect process
performance, although value ranges can be compared with each other. For example, Torello
Pianale et al. showed that the glycerol yield (g/g) of S. cerevisiae CEN.PK113-7D and PE2
can be described with robustness values of -0.8 and -0.5, respectively, while the cell mass
yield (g/g) for these strains was calculated as -0.6 and -0.4 [175]. These results suggest that
cell mass formation is a more robust sub-process with fewer fluctuations than glycerol

production in both strains.

This work quantitatively assesses how key process parameters affect the robustness of
a-humulene production in C. necator pKR-hum. By comparing their effects, along with
preculture handling, on the robustness of a-humulene and biomass formation, insights are
provided for optimizing microbial processes in industrial applications. Understanding these
factors is crucial for developing robust, scalable production systems for a-humulene and other

valuable bio-based compounds using the versatile C. necator strain.
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4.3. Materials and methods

The materials and methods used in this chapter were partially adopted from chapter 3.3. The
following sections describe the standard methodology and parameters for the fermentation
experiments, which were consistently applied unless stated otherwise. Individual process

condition changes as deviations from the standard run are noted in the Figure legends.

The 2-phase temperature run included two cultivation temperature stages: 30 °C until 24 h
after induction, followed by a switch to 25 °C. The final combination of all individually modified
conditions was tested with 8 g/L D-fructose in addition to the standard 4 g/L as the substrate
source. Additional robustness tests, simulating process disturbances with a 12 h shaking
pause after the induction step, were performed to assess the robustness of the bacterial

production host, C. necator pKR-hum.

4.3.1. Heterotrophic cultivation of C. necator pKR-hum

Heterotrophic cultivation and biomass monitoring were performed following the procedure
described in chapter 2.3.1. C. necator pKR-hum main cultures (20 mL of minimal medium in
250 mL Erlenmeyer flasks) were inoculated from either a common preculture (100 mL
Erlenmeyer flask containing 10 mL of LB medium + TC) or from individual precultures (15 mL
tubes with 3 mL of LB medium + TC) to investigate potential influences of preculture handling.
The amount of biomass equivalent to an ODey of 0.1 (0.043 g/L) was taken from the
precultures, centrifuged, resuspended in 20 mL of the main culture medium with TC, and
cultivated at 30 °C with 180 rpm.

4.3.2. Preculture and main culture media

The standard composition of the minimal medium (MMasy) used in all the cultivations, based
on Sydow et al. [81], is listed in chapter 2.3.2 Tab. 3 and Tab. 4. Stock solutions of the
components were individually prepared with deionized water. After dissolving the
components, all stock solutions, except for the trace element stock, were autoclaved and
stored at room temperature. This minimal medium composition was used for all experiments
unless stated otherwise due to additional supplementation with FeSO,4* 7 H,O. The LB

preculture media were prepared following standard recipes, see chapter 2.3.1 Tab. 2.
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4.3.3. C. necator pKR-hum based a-humulene production

Microbial a-humulene production was performed using C. necator pKR-hum according to the
procedure described in chapter 2.3.3. Main cultures were induced at an ODggo of 0.50 - 0.70
(biomass 0.2 - 0.3 g/L) with 0.2 % (w/v) L-rhamnose (unless otherwise specified). To facilitate
in situ product removal of the extracellularly released a-humulene, 20 % (v/v) pure
n-dodecane was added to the shake flasks immediately after the induction step [8]. A second
phase formed above the cultivation broth, from which a control sample was taken directly

after the addition of n-dodecane and then a further sample was taken after 48 h.

4.3.4. a-Humulene quantification

The following section outlines only the modification, all other procedures were performed as
described in chapter 2.3.5. The extracellularly released a-humulene was extracted into a
20 % (v/v) n-dodecane phase (4 mL), which was present in the Erlenmeyer flask during the

fermentation process.

4.4. Results and discussion

Subsequently, the robustness of a-humulene production using C. necator pKR-hum was
evaluated, focusing on the influence of changes in previously established individual process
factors. Factors such as the composition of the minimal medium, L-rhamnose induction
concentration, and cultivation temperature were adopted from chapters 3.4 and 3.5, and the
resulting robustness was assessed. Additionally, the effect of a simulated process

disturbance on the robustness of the production host C. necator pKR-hum was investigated.
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4.4.1. Effect of preculture handling on robustness of a-humulene
production

A growth curve of the production strain C. necator pKR-hum was initially recorded in minimal

medium under standard process parameters, as seen in Fig. 18.

biomass [g/L]

time [h]

Fig. 18: C. necator pKR-hum main culture growth in the minimal medium according to standard process
conditions, with the standard media composition as described in chapter 4.3.2, uninduced, at 30 °C
with 180 rpm (n = 3).

Considering the growth curve in Fig. 18 above, it can be deduced that the C. necator
pKR-hum strain shows, as expected, rapid growth after the lag phase, reaching a stationary
phase after 25 h at a biomass concentration of 1.45 g/L. This growth behavior was consistent
across the tested flasks, with a small standard deviation (n = 3). In the following experiments,
the effect of inoculating from a common LB medium preculture versus individual LB
precultures (n = 6 each) on a-humulene production and robustness under varying process

conditions using C. necator pKR-hum was investigated.

First, the influence of inoculating the main cultures from either a common LB preculture or
individual LB precultures on final a-humulene levels and robustness was tested under

standard conditions.
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Fig. 19: (A) a-Humulene level and (B) robustness of a-humulene production and biomass formation in
C. necator pKR-hum, measured 48 h after induction, based on the standard process conditions:
cultures were supplemented with 0.75 mg/L iron (Il) sulfate heptahydrate and 4 g/L fructose, in
accordance with the standard media composition, incubated at 30 °C with 180 rpm, and induced with
0.2 % (w/v) L-rhamnose at 0.2 - 0.3 g/L biomass. Comparison between main cultures inoculated either

from a common LB preculture or from individual LB precultures (n = 6).

It is shown that, considering the standard deviations, there are no differences in the final
a-humulene levels after 48 h of production between the cultures inoculated from a common

LB preculture and individual LB precultures (Fig. 19 - A).

The robustness of a-humulene production and biomass formation, whether inoculated from
a common LB preculture or individual LB precultures, falls within a low robustness value
range (Fig. 19 - B), close to the ideal value of 0, with a maximum value of -0.16. This indicates
a robust process under standard process conditions. However, the robustness values are
lower and more robust when inoculating from a common LB preculture. Additionally,
C. necator pKR-hum biomass formation is much more robust than a-humulene production,

with robustness values of -0.002 and -0.007 compared to -0.11 and -0.16, respectively.

One possible explanation for this is the defined minimal medium used, which allows the
biomass formation to adapt more consistently to the defined external conditions. In contrast,
a-humulene production may fluctuate more between individual runs, potentially due to
bacterial heterogeneities, such as varying gene expression cascades, metabolic burdens, or

plasmid instability in the isogenic production cells [176, 90].
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4.4.2. Robustness of a-humulene production under varying process

conditions

Next, the standard parameters were extended with previously optimized and established
conditions, either individually or in combination. C. necator-based a-humulene production

was compared, and their influence on final a-humulene levels and robustness was tested.
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Fig. 20: (A) a-Humulene level, (B) robustness of a-humulene production, and (C) robustness of
biomass formation in C. necator pKR-hum 48 h after induction, based on the standard conditions listed
below, each further extended with subsequent individual adjustments to process conditions: standard
conditions with modification A - 5-fold increase in the concentration of iron (ll) sulfate heptahydrate
(from 0.75 to 3.75 mg/L), standard conditions with modification Bi - increasing the L-rhamnose inducer
concentration from 0.2 to 2 % (w/v), standard conditions with modification B: - repetition of B1, standard
conditions with modification C - 2-phase cultivation temperature, standard conditions with
modifications 1 - combination of individual process conditions A, B and C with 4 g/L fructose, standard
conditions with modifications 2 - combination of individual process conditions A, B and C with 8 g/L
fructose. The standard conditions are detailed in the following text. Comparison between main cultures

inoculated either from a common LB preculture or from individual LB precultures (n = 6).
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As standard conditions, the cultures were supplemented with 0.75 mg/L iron (ll) sulfate
heptahydrate and 4 g/L fructose, in accordance with the standard media composition,
incubated at 30 °C with 180 rpm, and induced with 0.2 % (w/v) L-rhamnose at 0.2 - 0.3 g/L
biomass. The 2-phase temperature run consisted of the following steps: 30 °C until 24 h after

the induction step, followed by a decrease in the cultivation temperature to 25 °C.

Fig. 20 - A shows that the specific process conditions of 2 % (w/v) L-rhamnose, a two-stage
cultivation temperature, and the addition of 8 g/L fructose increased the final a-humulene
levels after 48 h, despite the standard deviations. No differences in final a-humulene levels
after 48 h of production were observed between cultures inoculated from either a common
LB preculture or individual LB precultures. The robustness of both a-humulene production
(Fig. 20 - B) and biomass formation (Fig. 20 - C) remained within a low robustness value
range, regardless of whether inoculation was from a common LB preculture or individual LB
precultures. This indicates robust implemented process conditions, regardless of preculture
handling and inoculation. Moreover, this robustness towards both preculture handling
variants also demonstrates the flexible and adaptable properties of the C. necator production
strain, which are particularly in demand in industry and can reduce overall process
complexity. However, the composition of the main medium can cause greater variation in
a-humulene production by C. necator, with 2 mg/L a-humulene in grass juice medium and

10 mg/L a-humulene in LB medium being detected 42 h after induction [13].

Robustness towards variations in preculture handling is not always guaranteed and is often
strain-specific. For example, in E. coli, population heterogeneities and fluctuating growth
behavior as a result of variations in preculture conditions have been demonstrated by Hoang
et al. [177]. Additionally, it can be seen that the robustness values of biomass formation lie in
a much lower value range, suggesting more stable robustness than a-humulene production.
Indicating that essential and vital biological processes such as biomass formation in
C. necator are more robust to external fluctuations and parameter variations than specific
metabolic processes such as a-humulene production. Similar observations in E. coli were
reported by Ishii et al., where enzyme levels were actively regulated to stabilize the metabolic
status of the growth rate and thus the biomass formation for more robustness in the presence
of fluctuations [178]. Overall, the analysis of these results indicates highly robust product and
biomass formation in C. necator pKR-hum, even under varying external process conditions

such as the minimal medium composition or cultivation temperature.
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4.4.3. Robustness of a-humulene production following a simulated

process disturbance

Subsequently, the question arose as to how a simulated process disturbance would affect
the robustness and final a-humulene level of the production process. To investigate this, a
run combining conditions A, B, and C (3.75 mg/L FeSO4 * 7 H»0, 2 % (w/v) L-rhamnose, and
a two-stage cultivation temperature with 8 g/L fructose) was simulated with a process
disturbance. Therefore, the shaking was paused for 12 h following the induction step, with
the culture held at 30 °C during this period.
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Fig. 21: (A) a-Humulene level, (B) robustness of a-humulene production, and (C) robustness of
biomass formation in C. necator pKR-hum 48 h after induction. The combined run included the
following conditions: 3.75 mg/L FeSOa4* 7 H20, 2 % (w/v) L-rhamnose, a 2-phase cultivation
temperature, and 8 g/L fructose. The run was conducted both with and without a simulated process
interruption, where shaking was paused for 12 h after the induction step while temperature control
remained active. Cultures were induced at 0.2 - 0.3 g/L biomass. Comparison between main cultures
inoculated either from a common LB preculture or from individual LB precultures (n = 6).
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Fig. 21 - A shows that there were no differences in the final a-humulene levels after 48 h of
production when inoculations were performed from either a common LB preculture or
individual LB precultures, considering standard deviations (with 8 g/L fructose in the
combined run). A simulated process disturbance, created by interrupting shaking for 12 h
after the induction step, reduced the final a-humulene levels after 48 h in both cases,
regardless of how the precultures were handled. Still, the main cultures inoculated from

individual LB precultures produced 79 % of the maximum a-humulene level.

The robustness values for a-humulene production (Fig. 21 - B) and biomass formation
(Fig. 21 - C) were low for both common and individual LB preculture inoculations, suggesting
robust process conditions in the combined condition run with 8 g/L fructose. While both
inoculation methods produced similar robustness values, inoculation from individual
precultures resulted in slightly lower robustness values. Similarly to previous experiments,
Fig. 21 - B, C show that the biomass formation robustness values are lower than those for
a-humulene production when testing the combined-condition run, indicating the highly robust

biomass formation of C. necator pKR-hum.

The simulated process disturbance did not negatively impact the robustness of the production
process, as the robustness values remained low, even with the process disturbance,
indicating robust and continuous production by C. necator pKR-hum. Compared to the run
without the simulated process disturbance, the final a-humulene levels reached 61 % and
79 % of the maximum after inoculation from common and individual precultures, respectively.
This observed robustness and the relatively high final a-humulene levels despite the process
disturbances may be attributed to the known metabolic adaptability of C. necator, which
enables the organism to sustain productivity under suboptimal conditions such as reduced
oxygen availability. An additional, but more speculative, explanation could involve a stress-
induced increase in flagella formation in response to nutrient and oxygen limitations due to
the lack of shaking. The increase in flagella formation could enable better motility and nutrient
uptake in the unshaken culture, which, however, also consumes additional energy and could
therefore have reduced a-humulene production. In the literature, a comparable mechanism
has been described by Parker et al. in poorly motile E. coli BW25113 cells, which became
motile overnight after a shaking-free incubation in liquid medium as a result of stress-induced

motility gene expression [179].
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4.5. Conclusions

This work demonstrates that the a-humulene production process using C. necator pKR-hum
with recently optimized parameters is highly robust. The robustness value for a-humulene
levels under varying process conditions is -0.155 + 0.143, while it is -0.002 = 0.002 for the
biomass formation. Even with a simulated process disturbance, the process still produces
79 % of the maximum a-humulene level compared to the undisturbed run, with a
corresponding robustness value of -0.045 + 0.001. The analysis of these results indicates
that the C. necator-based production process for a-humulene is robust to external
fluctuations, which is crucial for large-scale industrial applications where such fluctuations
may occur. Additionally, the lower robustness values for biomass formation as compared to
a-humulene production also suggest that biomass formation is a more fundamental
mechanism in C. necator. Contrary to this, the a-humulene biosynthesis route seems to be
more sensitive to fluctuations, possibly due to the additional metabolic load involved in
terpene production. Moreover, the a-humulene production process demonstrated robustness

to inoculation from both common and individual precultures.

Overall, the quantification of robustness, along with these insights into both process and
microbial robustness, contributes to a better understanding of the process for future industrial

applications and supports the development of efficient terpene production processes.
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5. Chapter 4 | Pharmaceutical a-humulene effects

Except for the in vitro toxicity evaluation material and methods chapter 5.3.5 and the

corresponding results chapter 5.4.5, this chapter has been published as follows:

Becker L, Holtmann D. Anti-inflammatory effects of a-humulene on the release of pro-
inflammatory cytokines in lipopolysaccharide-induced THP-1 cells. Cell Biochem Biophys.
2024; 82:839-47. d0i:10.1007/s12013-024-01235-7. "

* Author contributions: Conceptualization, L.B. and D.H.; methodology, L.B.; lab investigation,
L.B.; data curation, L.B.; writing - original draft preparation, L.B.; writing - review and editing,

L.B. and D.H.; supervision, D.H.; project administration, D.H.; funding acquisition, D.H.
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5.1. Abstract

While acute inflammation is an essential physical response to harmful external influences,
the transition to chronic inflammation is problematic and associated with the development
and worsening of many deadly diseases. Until now, established pharmaceutical agents have
had many side effects when used for long periods. In this work, a possible anti-inflammatory
effect of the sesquiterpene a-humulene on lipopolysaccharide (LPS) induction was tested.
Herein, human THP-1-derived macrophages were used and their pro-inflammatory
interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a), and interleukin-1f (IL-18) cytokine
release was measured by means of enzyme-linked immunosorbent assay. A dose-dependent
effect of a-humulene on IL-6 release was observed at 0.5 and 100 pM a-humulene, with a
maximum IL-6 inhibition of 60 % compared to the LPS reference value after the addition of
100 pM a-humulene. TNF-a as well as IL-1B cytokine concentrations were not reduced by
the addition of 0.5 and 100 yM a-humulene. This work suggests that a-humulene has
potential as a promising natural alternative to established pharmaceuticals for the treatment

of elevated IL-6 levels and chronic inflammation in humans.

5.2. Introduction

Natural plant-derived terpenes, such as a-humulene, have gained increasing attention for
their anti-inflammatory properties and offer promising therapeutic approaches to regulate
inflammatory responses [38, 39]. Inflammation can be divided into two types: acute
inflammation and persistent chronic inflammation. Acute inflammation is an important
physical repair mechanism and a life-sustaining response to extrinsic influences, such as
injuries and viral or bacterial infections [180]. For acute inflammatory reactions, common anti-
inflammatory drugs from the group of corticosteroids or non-steroidal anti-inflammatory drugs

(NSAID) such as aspirin or ibuprofen can be used [181].

Chronic inflammation, however, exceeds the benefits of acute inflammation due, to its
continuous stimulation of the organism, and can lead to a wide range of physical and mental
diseases, from diabetes and Alzheimer's to cancer [180, 182, 183]. Diseases that are
considered to be the consequence of chronic inflammation currently account for more than
50 % of the world’s deaths [184, 185]. A long-term use of NSAID for the treatment of chronic
inflammation, though, can cause many undesirable side effects, suppresses the patient’s
immune system, and damages the liver and kidney, thus worsening symptoms and overall
physical health [186]. In the transition from acute to chronic inflammation, the sustained

increased release of pro-inflammatory cytokines and the resulting sustained imbalance with
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anti-inflammatory cytokines play an important role [187]. Thus, there is an urgent need for
new anti-inflammatory agents with fewer side effects that counteract the release of pro-
inflammatory cytokine. Therefore, drugs based on plant extracts or their pharmacologically
active ingredients could be a promising alternative, which allow for longer medication periods

and results in fewer side effects compared to classic anti-inflammatory pharmaceuticals.

Plant extracts have been used in traditional medicine for thousands of years, and studies are
increasingly demonstrating their anti-inflammatory effects [188]. Due to the composition of
various active secondary plant compounds, such as terpenes, essential oils can cause a
remodulation and influence the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) signaling pathway, which is significantly involved in the inflammatory cascade
through the transcription and release of pro-inflammatory cytokines, such as TNF-a, IL-1,
IL-6, and IL-8 [189, 190]. The anti-inflammatory effect of plant components could also be
observed after administering lipopolysaccharides (LPS) in the murine microglial cell line
BV-2. Here, thyme essential oil or its major monoterpene components, linalool, geraniol, and
thujanol, reduced LPS-induced IL-6 and TNF-a release [191]. In this context, the
administration of bacterial LPS, which are bacterial toxins and trigger signaling cascades of
inflammatory responses, initiates the bacterial inflammatory process [192]. This work focuses
on the sesquiterpene a-humulene, which, along with its isomer -caryophyllene, is found in
many plants around the world. The compound is named after its main source, the hop plant
H. lupulus [193, 194].

In addition to its aroma and odor properties, a-humulene has promising pharmacological
effects, including anti-inflammatory, anti-microbial, anti-biofilm, and anti-fungal. It also has
anti-cancer properties, such as chemosensitizing and growth inhibition [28, 171, 195, 196].
To demonstrate the potential anti-inflammatory effects of a-humulene and its transfer to
human cells, the human leukemia monocytic cell line THP-1 was chosen as a comparative
model. This immortal monocyte cell line shows proliferation in vitro and is, therefore, suitable
for immunological studies, unlike isolated human blood cells. Stimulation of human leukemia
cells with phorbol 12-myristate 13-acetate (PMA) induces their differentiation into
macrophage-like cells, which serve as an in vitro model for certain aspects of the immune
response upon contact with pathogens [197]. In particular, PMA activates protein kinase C,
which regulates signal transduction into the target cell through phosphorylation and triggers
cell differentiation via p21 target gene activation [198]. As a result, the cells become adherent
and stop their proliferation [199]. The functional and morphological properties such as shape,
structure, cell surface characteristics or differentiation markers are similar to those of primary

macrophages. Thus, they represent a suitable model to investigate human LPS-induced
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inflammation and pro-inflammatory cytokine release, as well as in vivo phytopharmaceutical

effects, similar to the previously mentioned a-humulene effects [123, 200].

5.3. Materials and methods

The following chapters describe the methodology and parameters of the cell culture
experiments, which were applied unless otherwise specified. All chemical components were

purchased from Sigma-Aldrich (St. Louis, Missouri, USA) unless otherwise stated.

5.3.1. THP-1 cell culture and differentiation

THP-1 cells were purchased from the German Collection of Microorganisms and Cell Cultures
(ACC 16, Leibniz Institute DSMZ; Brunswick, Germany) and cultivated in a humidified
incubator (ICO 150, Memmert; Schwabach, Germany) at 37 °C and 5 % CO; in T-flasks. The
cells were maintained at a cell concentration of 5 * 10° cells/mL and sub-cultivated every
2 - 3 days by addition, or medium exchange after centrifugation (90 g, 10 min), of fresh and
pre-warmed RPMI-1640 medium, which was composed of the following components: RPMI-
1640 supplemented with 2 mM L-glutamine (art. no. R8758), 10 % (v/v) heat-inactivated fetal
bovine serum (art. no. F9665), and 10 U/mL penicillin-streptomycin solution (art. no. P0781).
The THP-1 cell count was determined using a Neubauer improved counting chamber
(0640010, depth 0.1 mm, 0.0025 mm? Bright-Line; Paul Marienfeld, Lauda-Koénigshofen,
Germany). Furthermore, cell viability was monitored using a trypan blue staining assay
(art. no. 93595). Cell counting and trypan blue staining was only performed during the growth
phase of the THP-1 cells to allow appropriate sub-cultivation of the suspension cells prior to
differentiation and the start of the work. When the total cell number reached 12 * 108 cells,
the THP-1 cells were centrifuged and the pellet was resuspended in 24 mL of a fresh RPMI-
1640 medium containing 100 nM PMA (art. no. P8139) to induce monocyte-macrophage
differentiation. For this purpose, the PMA stock used was previously dissolved in dimethyl
sulfoxide (art. no. D2650) and diluted in 1x phosphate buffered saline buffer (PBS, art.
no. D1408). Subsequently, 1 mL of this cell suspension (5 * 10° cells/mL) was added to each

well of a 24-well tissue plate and incubated for a differentiation time of 48 h.

5.3.2. Stimulation of activated macrophages

After 48 h of PMA differentiation, non-attached cells and the medium containing PMA were

removed to enhance further differentiation, the adherent macrophage-like cell layer was
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washed twice with 1x PBS, and 500 pL of fresh complete medium was added. LPS from
E. coli (art. no. L4391), dissolved in 1x PBS, were applied at a final concentration of 5 ng/mL
into the associated wells to initiate the inflammatory cell response. After 2 h, the a-humulene
stimuli (art. no. PHL83351), as well as hydrocortisone (HC, art. no. H6909) as positive
controls, and alcohol (96 % EtOH) as negative controls, were added according to Tab. 10.
The a-humulene was previously diluted in 96 % EtOH, and all stimuli were added to a total
volume of 10 pL in the specific wells. Following 24 h of stimuli exposure during incubation at
37 °C and 5 % CO., the supernatants from each well were collected, vortexed, aliquoted, and

frozen at -80 °C until cytokine analysis.

Tab. 10: Overview of tested stimuli with their concentrations, PMA differentiated THP-1 cells,

performed in 24-well tissue plates.

Basis Stimuli
5ng/mL 05puM  0.25 uM 0.5 M 100 pM 1,000 pM 2 % (V/v)
LPS HC HC ao-humulene a-humulene  a-humulene 96 %
EtOH
noLPS 0.5uM 0.5 uM 100 uM 1,000 uM 2 % (VIv)
HC a-humulene a-humulene a-humulene 96 % EtOH N/A
5.3.3. Analysis of pro-inflammatory cytokines TNF-a, IL-6, and IL-18 by

enzyme-linked immunosorbent assay (ELISA)

Quantitative analysis of the cytokines TNF-q, IL-6, and IL-13 was performed using the ELISA
Ready-SET-Go!™ kits (art. no. TNF-a - 15521127, IL-6 - 15531037, and IL-1[ - 15541087)
obtained from Thermo Fisher Scientific (Waltham, Massachusetts, USA). All assays were
performed according to the manufacturer's protocol using 1 M H.SO, (art. no. 1.60313) as a
stop solution. Finally, the plates were analyzed with the microplate reader Infinite 200Pro
(Tecan, Mannedorf, Switzerland) according to the following parameters: mode absorption,
measuring wavelength 450 nm, reference wavelength 570 nm, bandwidth 9 ms, number of
flashes 20, rest time 0 ms, plate geometry: Costar 96 flat bottom transparent, and

temperature 22 - 25 °C using software version Tecan i-control 1.10.4.0.
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5.3.4. Light microscopic imaging of THP-1 cells in suspension and after
PMA differentiation into macrophages

THP-1 cell counting and viability tests were performed using 100x magnification light
microscope (type 11090137002; Leica Microsystems CMS GmbH, Wetzlar, Germany).
Verification of the PMA differentiation achieved in the 24-well plate, as well as the generation
of images of macrophage-like cells, were also performed by light microscopy
(DMi1 and type DMI6000 B; Leica Microsystems CMS GmbH, Wetzlar, Germany) using Leica
Application Suite 4.12.0.

5.3.5. In vitro toxicity evaluation of a-humulene on differentiated
THP-1 cells

THP-1 cell cultivation and differentiation were performed analogously to chapter 5.3.1, but
using 6-well tissue culture plates instead of 24-well plates. Following 48 h of PMA-induced
differentiation, the PMA-containing medium and non-attached cells were removed as
described in chapter 5.3.2. The adherent macrophage-like cell layer was washed twice, and
1 mL of fresh complete medium was added. Subsequently, either no a-humulene (positive
control, addition of 10 uL of 96 % EtOH) or 0.5, 100, 250, 500, and 1,000 uM a-humulene
(from stock solution, a-humulene diluted in 96 % EtOH) was added in a volume of 10 L to
the corresponding wells. After 24 h of a-humulene exposure, the medium was removed and
replaced with 1 mL of fresh complete medium. The CellTiter-Blue® Cell Viability Assay
reagent (G8080; Promega Corporation, Madison, Wisconsin, USA) was then added to the
wells according to the manufacturer's protocol. Following incubation, the supernatant was
removed, and fluorescence was measured at 560g/590em nm using fluorescence

spectroscopy. The signal is proportional to the number of viable or metabolically active cells.

5.3.6. Statistical analysis

The absorbance values determined by ELISA were subtracted from their reference
wavelengths and used as surrogate parameters to determine the final cytokine
concentrations. All experiments were performed in triplicate (n = 3), and data are presented
as mean * standard deviation. GraphPad Prism 9.0.0 software was used to present results
and test for significance. A one-way analysis of variance (ANOVA) followed by Dunnett's test
for multiple comparisons (95 % confidence interval) was performed. Differences between

stimuli and/or controls were considered significant at a level of p < 0.05 for all tests.
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54. Results and discussion

Subsequently, the PMA-induced differentiation of THP-1 cells was examined by light
microscopy and the influence of stimuli on the pro-inflammatory cytokine release of TNF-q,
IL-6 and IL-1p was tested. In addition, a a-humulene toxicity evaluation on THP-1 cells was

performed.

5.4.1. Light microscopic imaging of PMA differentiated THP-1 cells

The PMA-induced differentiation of THP-1 cells into macrophage-like cells was examined and
confirmed by light microscopy (Fig. 22). Furthermore, the effect of 0.5, 100, and 1,000 pM
a-humulene concentrations in combination with the application of 5ng/mL LPS on the

morphological characteristics of PMA-differentiated THP-1 cells was investigated
(Fig. 22 - A- D).

Fig. 22: Light microscopic images of THP-1 cells and adherent macrophage-like cells after PMA
differentiation of THP-1 cells and addition of stimuli, differentiation with 100 nM PMA & 48 h exposure
time in 24-well plates. (1) THP-1 monocytes in cell suspension. (2) Macrophage-like cells after
differentiation of THP-1 cells with PMA. (A) Macrophage-like cells after 24 h exposure to 5 ng/mL LPS
(B) Macrophage-like cells after 24 h exposure to 5 ng/mL LPS + 0.5 yM a-humulene (C) Macrophage-
like cells after 24 h exposure to 5 ng/mL LPS + 100 uM a-humulene (D) Macrophage-like cells after
24 h exposure to 5 ng/mL LPS + 1,000 uM a-humulene. The scale bar equals 200 pm.
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Exposure to 100 nM PMA for 48 h changed the morphology of THP-1 suspension cells from
previously round and non-adherent to plastic-adherent and macrophage-like
(Fig. 22 - 1 and 2). This phenotype was not affected by the addition of 5 ng/mL LPS or the
further 0.5 and 100 uyM a-humulene addition for 24 h, respectively (Fig. 22 - A - C).

However, after the addition of 1,000 uM a-humulene, it was observed that the adherent cells
were disrupted after an exposure time of 24 h, the medium became turbid and small droplets
formed. After addition of 1,000 uM a-humulene following LPS induction, no more adherent
macrophage-like cells were found at the bottom of the 24-well plate, only cell fragments were
visible as dark dots (Fig. 22 - D). In summary, THP-1 derived macrophage-like adherent cells
were generated by differentiation using PMA, which disintegrated after the addition of

1,000 pM a-humulene.

5.4.2. TNF-a cytokine release in PMA differentiated THP-1 cells after the

addition of stimuli

To confirm a possible anti-inflammatory effect after the addition of a-humulene stimuli to
PMA-differentiated THP-1 cells, the released cytokine concentrations of TNF-a, IL-6, and
IL-18 were analyzed from the cell supernatant by ELISA. The resulting TNF-a concentrations
were compared and normalized on the mean value after the addition of 5 ng/mL LPS to the
differentiated cells. This allows a direct comparison of anti-inflammatory effects by specific
stimuli addition on LPS-induced cytokine release. The following graph (Fig. 23) demonstrates

the calculated TNF-a mean values after stimuli exposure and their statistical significance.
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* %k %k Xk

normalized
TNF-a concentration

Fig. 23: TNF-a concentration normalized on LPS addition after stimulation of PMA-differentiated
THP-1 cells, 24 h exposure, statistical analysis using one-way ANOVA (n = 3), ****p < 0.0001.

An overview of the tested stimuli is provided in Tab. 10.

TNF-a release was significantly increased (**** p < 0.0001) by the addition of 5 ng/mL LPS
to the previously PMA-differentiated THP-1 cells (Fig. 23). The addition of 0.5 or 0.25 pM HC
as a positive control significantly decreased (**** p < 0.0001) the TNF-a cytokine released
concentration. Addition of 0.5 - 1,000 uM a-humulene did not decrease the TNF-a release in

comparison.

Moreover, after the LPS induction and treatment with 1,000 uM a-humulene, only 6 % of the
normalized TNF-a concentration (reference sample: LPS induction without additional
stimuli — 2,689 pg/mL TNF-a) was detected in the sample supernatant. In summary, TNF-a
release was reduced by the addition of the positive control HC (0.5 and 0.25 pM), but the
addition of 0.5 or 100 uM a-humulene did not result in a significant TNF-a reduction.
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5.4.3. IL-6 cytokine release in PMA differentiated THP-1 cells after the
addition of stimuli

Identical to the previous TNF-a investigation, the IL-6 cytokine concentration was also
determined in the cell supernatant by ELISA. Here, IL-6 concentrations, after the addition of
different stimuli, were compared with respect to the normalized value (addition of
5 ng/mL LPS). The following graph (Fig. 24) shows the calculated IL-6 levels after exposure

to the stimuli and their statistical significance.

normalized
IL-6 concentration

Fig. 24: IL-6 concentration normalized on LPS addition after stimulation of PMA-differentiated THP-1
cells, 24 h exposure, statistical analysis using one-way ANOVA (n = 3), ** p < 0.01. An overview of the

tested stimuli is provided in Tab. 10.

IL-6 release was significantly increased (* p < 0.05) by the addition of 5 ng/mL LPS to the
previously PMA-differentiated THP-1 cells (Fig. 24). The addition of 0.5 (** p<0.01) or
0.25 uM HC (*p=<0.05) as a positive control significantly decreased the IL-6 cytokine
concentration released. Addition of 0.5 yM a-humulene did not significantly decrease IL-6
release in comparison, whereas the IL-6 cytokine concentrations after treatment with
1,000 uM a-humulene could not be detected and were below the detection limit (n.a.).

In addition, after the LPS induction and treatment with 100 yM a-humulene, IL-6
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concentration could be significantly reduced (* p<0.05) to 37 +4 % of the normalized
reference value (LPS induction without additional stimuli - 20 pg/mL IL-6). Overall, 1L-6
release was reduced in a dose-dependent manner by addition of the positive control HC (0.5
and 0.25 yuM), and addition of 100 uM a-humulene led to a significant IL-6 reduction.

5.4.4. IL-1B8 cytokine release in PMA-differentiated THP-1 cells after the
addition of stimuli

As a third pro-inflammatory cytokine, levels of IL-1( release were determined identically as
described before by ELISA. The IL-1B concentrations after the addition of different stimuli
were compared with respect to the normalized value (5 ng/mL LPS addition). The graph below

(Fig. 25) shows the IL-1p values after the exposure to stimuli and the statistical significance.

normalized
IL-1B concentration

Fig. 25: IL-1B concentration normalized on LPS addition after stimulation of PMA-differentiated THP-1
cells, 24 h exposure, statistical analysis using one-way ANOVA (n = 3), * p < 0.05. An overview of the

tested stimuli is provided in Tab. 10.

No significant increase in IL-1B cytokine release was detected by the addition of 5 ng/mL LPS
to the previously PMA-differentiated THP-1 cells (Fig. 25). The addition of 0.5 or 0.25 pM HC
as a positive control hardly reduced the LPS-induced IL-1( release compared to the previous
cytokines. All stimuli additions resulted in IL-1B concentrations at the normalized reference

level considering their standard deviations.
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However, it can be seen that the addition of 1,000 uM a-humulene resulted in a significantly
higher IL-1P release (* p < 0.05) compared to the normalized reference value (LPS induction
without additional stimuli - 174 pg/mL IL-1B) or the control without stimuli. In summary, IL-13
release was not significantly altered by the addition of the stimuli tested compared with the
control value (addition of 5 ng/mL LPS). However, the addition of 1,000 uM a-humulene
significantly increased the release of IL-1B, while the addition of 1,000 uM a-humulene

resulted in lower to undetectable TNF-a and IL-6 cytokine concentrations.

5.4.5. a-Humulene toxicity evaluation on THP-1 cells

After PMA-induced differentiation of THP-1 cells into macrophage-like cells and subsequent
exposure to 0, 0.5, 100, 250, 500, and 1,000 uM a-humulene for 24 h, cell viability was
analyzed. The lower graph (Fig. 26) presents cell viability after 24 h of exposure as a function

of the added a-humulene concentration.
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Fig. 26: Viability of differentiated THP-1 cells after 24 h of exposure to 0, 0.5, 100, 250, 500, and
1,000 uM a-humulene. The blue dashed line indicates the graphically interpolated CCso value,
estimated by identifying the intersection of the dose-response curve with the 50 % cell viability level.

Data are presented as mean + standard deviation (n = 3).

The addition of a-humulene for 24 h to previously differentiated THP-1 cells demonstrated a

dose-dependent effect on cell viability (Fig. 26). The reference controls without a-humulene,
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as well as samples treated with 0.5 yM a-humulene, showed cell viability values around
100 %, considering their standard deviations, indicating no inhibitory effect on cell viability. In
contrast, exposure to 100 and 250 yM a-humulene reduced cell viability to 84.9 + 2.5 % and
0 %, respectively, after an exposure time of 24 h. Graphical interpolation of the CCs, value
(Fig. 26, blue dashed line), representing the concentration at which cell viability reaches
50 %, indicates a value of approximately 210 uM a-humulene.

These findings suggest, until date, for the first time that a-humulene may reduce LPS-induced
release of the pro-inflammatory cytokine IL-6 in a dose-dependent manner. Of particular
interest is the fact that the work was carried out using the human monocyte cell line THP-1,
which has been differentiated into activated macrophages, allowing direct translation of the
findings to human inflammatory responses, in contrast to many animal cell models. The
addition of 5 ng/mL LPS to PMA-differentiated THP-1 monocytes resulted in significantly
increased TNF-a and IL-6 cytokine concentrations. Since LPS belongs to the class of
pathogen-associated molecular patterns, it is immunologically active and binds to surface
structures such as pattern recognition receptors. These LPS-binding proteins can now
transport the binding complex to the membrane-bound CD14 surface protein, found on
monocytes and macrophages. After further interactions with several membrane receptors, it
is assumed that toll-like receptors 4 bind this complex and transmit the signal intracellularly
via dimerization with the help of the mediator protein MD-2. There, it leads to the activation
of the NF-kB signaling pathway and an increased release of various cytokines by further,
partly unknown, mechanisms. This cytokine conglomerate also includes the pro-inflammatory
cytokines TNF-a, IL-6, and IL-18 tested in this work. [201, 202]

This increased LPS-induced TNF-a and IL-6 cytokine release, which was significant in the
results, could be inhibited in a dose-dependent manner by the addition of 0.5 and
0.25 pM HC, respectively. HC was used in this work as a pharmacologically established and
effective positive control, which initiates an anti-inflammatory effect by counteracting the LPS-
induced activation of the NF-kB pathway to a certain extent [203]. In doing so, HC induces
transcription of the NF-kB cytoplasmic inhibitor protein gene IkB, which decreases the
guantity of NF-kB by binding and deactivation in the cytoplasm and preventing NF-kB from
entering the nucleus [204]. An anti-inflammatory effect was also successfully observed after
the addition of 100 uM a-humulene, which showed a significant decrease of LPS-induced
IL-6 release by 60 % that can be compared to the anti-inflammatory effect of a 0.25 uM HC
dosage in this work. The addition of 0.5 yM a-humulene after LPS induction also decreased

IL-6 release, to a lesser extent, suggesting a dose-dependent pattern of effect.
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How a-humulene affects the inflammatory cascade and has an anti-inflammatory effect has
not been studied in detail. Medeiros et al. have demonstrated a decrease in NF-kB activation
and reduced neutrophil migration in the tissue of LPS-inflamed rat paws after a-humulene
addition [205].

Giving a-humulene to the inflamed lung tissue of female BALB/c mice also decreased NF-kB
activation and activator protein 1 [157]. Furthermore, a decrease of IL-6 mMRNA expression
levels and histamine levels, via control of intracellular calcium and cyclic
adenosine monophosphate (CAMP) levels, in PMA-stimulated human mast cells HMC-1 cells
was observed by adding a-humulene [206]. In paw oedema of rats previously inflamed by
carrageenan injection, anti-inflammatory effects and a down-regulation of prostaglandin E2

by a-humulene addition were also demonstrated by Fernandes et al. [39].

These effects of a-humulene described in the literature may all interact to produce the IL-6
inhibition shown in this work. NF-kB and activator protein 1 signaling play major roles in the
initiation of inflammation in human cells through their transcriptional activities, and weakening
the binding affinity of their transcription factors to cytokine receptors leads to additional anti-
inflammatory effects [207]. Thus, this reduced activity by a-humulene successively decreases
IL-6 release in the PMA-stimulated THP-1 cells used, as it has also been shown by
Chun et al. after administration of epimagnolin A by attenuated IL-6 promoter activity [208].
Since histamine additionally upregulates IL-6 release in M1 macrophages [209], histamine
levels lowered by a-humulene, as previously described, thus directly influences IL-6 release
in the demonstrated dose-dependent manner. The modulator of the immune response,
prostaglandin E2, induces IL-6 expression in humans via CAMP/PKA and PI3K-dependent
pathways and its NF-kB activation coupled with NF-kB subunit p65 binding to the IL-6
promoter [210]. Since lower prostaglandin E2 levels and the control of intracellular cAMP

levels inhibit IL-6 synthesis [210, 211], a-humulene effectively decreases IL-6 synthesis.

Other sesquiterpenoids have also been shown to have anti-inflammatory properties via LPS-
induced IL-6 cytokine release: zerumbone - ICs of 2.5 yM in THP-1 derived macrophages
[212], popolohuanones G-l - 73.1 % inhibitory activity at 10 yM in THP-1 cells [213],
chlorojanerin - ICso of 1.8 + 0.7 yM in THP-1 cells [214], estafiatin - ICso of 3 uM in THP-1
cells [215]. Some monoterpenes may also have anti-inflammatory effects. Here, it was shown
by Juergens et al., that the administration of 10 uM 1,8-cineol, which is successfully used as
a drug component against human respiratory diseases [216], reduced LPS-induced IL-6
secretion in isolated human monocytes by 76+ 10% [217]. In LPS-stimulated
RAW 264.7 cells, administration of 0.04 % D-limonene (2,470 uM) reduced IL-6 secretion by

80 % in a dose-dependent manner [218].
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Moreover, toxic effects were also observed after the addition of an excessive a-humulene
concentration (1,000 uM). Toxicity studies showed a cytotoxic concentration that reduces cell
viability by 50 % (CCso value) of two Salvia officinalis sage extracts, which are rich in
a-humulene, on differentiated THP-1 macrophages between 66.70+5.41 and
80.24 £+ 7.58 pg/mL, respectively, after 24 h exposure [219]. Furthermore, a CCsp value of
109.7 + 2.3 yg/mL and 29.0 £ 0.3 ug/mL, respectively, was demonstrated when lineage Vero
and Hela cells were stimulated with a-humulene for 72 h [220]. The CCs values reported in
literature confirm the assumption that cytotoxic effects and cell lysis occur at high a-humulene
concentrations. This was observed by light microscopy following the addition of a-humulene
at a concentration of 1,000 uM (equivalent to 204 ug/mL) and in the cell viability assay at
concentrations above 100 uM. A concentration of 1,000 uM clearly exceeds the previously
reported CCso values. The graphically interpolated CCsg value of 210 uM a-humulene (after
24 h of exposure) falls within the same concentration range as the literature-reported
CCso values for Vero and HelLa cells (after 72 h of exposure), considering the longer
a-humulene exposure durations in those studies. The CCso value of 210 uM a-humulene
indicates that the concentrations used in the cytokine assays (0.5 and 100 uM) were within a

biocompatible range.

By addition of 1,000 uM a-humulene and the early-stage macrophage cell lysis, hardly any
TNF-a or IL-6 cytokines were expressed and released via their cascade, which explains the
low or undetectable TNF-a or IL-6 cytokine concentrations. The release of IL-1[3, on the other
hand, was increased by addition of 1,000 uM a-humulene above the normalized LPS
reference value in this work. This initially contradictory finding, can be explained by the
intracellular uptake and storage of IL-1B in activated macrophages, whose function is to
activate and release small IL-13 amounts during an inflammatory reaction [221]. Thus, as a
consequence of cell disintegration by toxic amounts of a-humulene (as shown in this work
with 1,000 uM a-humulene), there may be an uncontrolled release of the intracellularly stored
IL-1B, resulting in high IL-1pB titres as shown in the results [222, 223]. The reduction of pro-
inflammatory IL-6 levels by a-humulene shown in this work has enormous immunoregulatory
benefits for the human organism. This is because IL-6 titres play a key role in molecular
signaling and are significantly involved in the initiation of acute phase reactions in

inflammatory processes [224].

Furthermore, elevated IL-6 levels also negatively influence the ongoing clinical process, as
titres above 24 pg/mL have been shown to induce hypoxemia in Covid-19 patients [225]. In
addition, chronically elevated IL-6 levels are associated with the formation and growth of
several tumors such as breast cancer [226], making IL-6 a cancer marker, leading to a great

need for novel IL-6-lowering cancer immunotherapy approaches [227, 228].
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5.5. Conclusions

In conclusion, the addition of 0.5 and 100 uM a-humulene exerted anti-inflammatory effects
on LPS-induced IL-6 release in differentiated THP-1 cells, while a-humulene did not affect
the release of TNF-a and IL-1R at these concentrations in this work. Thus, these findings
could be transferred to the human organism to provide a-humulene as an alternative, natural-
based, gentle and promising therapeutic approach against elevated IL-6 levels and chronic
inflammation. This underscores the need for further research on the application of
a-humulene. Future studies should aim to clarify the underlying molecular mechanisms and
evaluate the therapeutic potential of a-humulene in in vivo approaches to confirm its efficacy
and safety for clinical applications. Additionally, the potential effects of a-humulene on the
release of anti-inflammatory cytokines should be investigated to fully understand its

immunomodulatory properties.
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6. Final conclusion and outlook

This work systematically optimized the heterotrophic production of a-humulene using
C. necator, with the primary aim of maximizing product level and establishing a robust
production process. This is achieved by targeted investigation and optimization of key
process parameters. Based on the central research question: “Which cultivation and process
parameters critically influence heterotrophic a-humulene production in C. necator?“ - this
work demonstrated that targeted optimization of cultivation conditions, particularly
temperature, and the adaptation of specific media components, significantly impacted
a-humulene formation and can considerably increase its production. In addition, another key
research question that was remarkably addressed was: “How do individual and combined
optimizations of critical process steps affect biomass and a-humulene formation in
C. necator?“ - The findings indicate that individual process steps optimizations, such as
adjustments to temperature, media components, and inducer concentration have strongly
enhanced their individual effects on a-humulene production when combined. Thus, this led
to the question: “How does the implementation of these process step optimizations impact
the robustness of the production process?* To address this, its influence on production
robustness was evaluated, and for the first time, it was quantitatively demonstrated that the
C. necator-based a-humulene production process remains highly robust, even under
simulated process disturbance. Having identified the key parameters for optimal and robust
production, the final stage of the research explored the potential therapeutic effects of
a-humulene in humans. In this context, it was demonstrated for the first time that the anti-
inflammatory effects proposed for a-humulene also occur in lipopolysaccharide-induced

inflammatory responses by reducing LPS-induced IL-6 release in differentiated THP-1 cells.

First, a statistical experimental design was successfully conducted to evaluate the cultivation
parameters. Results indicated that C. necator pKR-hum produced higher levels of
a-humulene when cultivated at a lower temperature range of 25 - 28 °C, compared to the
standard 30 °C. This reinforces the importance of process parameters as a key factor in
optimizing microbial terpenoid production. This observation aligns with previous studies
suggesting that lower temperatures can enhance product stability and enzyme activity across
different microbial hosts, particularly for terpenoids production. For example, Qin et al. found
that S. cerevisiae produced and effluxed terpenes such as glycyrrhetinic acid,
B-caryophyllene, and a-amyrin more efficiently at 22 °C than at 30 °C [229]. This was
attributed to improved protein folding, reduced aggregation, and increased activity of heat-
sensitive enzymes [229]. Notably, B-caryophyllene, which is an isomer of a-humulene, was

also extracted extracellularly using ISPR in this study.
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After three days, the production of B-caryophyllene increased by 23.8 % when the cultivation
temperature of S. cerevisiae was lowered to 22 °C instead of 30 °C [229]. Here, a notable
parallel can be drawn between yeast and C. necator pKR-hum, as both rely on the MVA
pathway. Although a decrease in temperature enhances the MVA pathway flux in yeast [229],
the plasmid-based C. necator pKR-hum may likewise experience similar mechanism. In this
work, reducing the cultivation temperature from 30 °C to 25 °C and 20 °C led to increases in

a-humulene production by 28 % and 20 %, respectively after 2 days.

This highlights the beneficial effect of moderate cooling on sesquiterpenes biosynthesis
across different microbial hosts. The MEP pathway also exhibits increased flux in bacterial
production systems at lower cultivation temperatures, thereby inducing higher production.
Here, another study found that reducing cultivation temperature from 30 °C to 25°C

increased isopentenol production in genetically modified B. subtilis [230].

Since 1-deoxy-D-xylulose 5-phosphate synthase (DXS) is a rate-limiting enzyme of the
bacterial MEP pathway, this effect is likely caused by improved folding, solubility, and activity
of DXS at lower temperatures, which increases the levels of intermediate 1-deoxy-D-xylulose
5-phosphate (DXP) [231]. In E. coli, Zhou et al. demonstrated that reducing the cultivation
temperature to 20 °C enhanced the production and solubility of MEP pathway enzymes, such
as DXS, 1-hydroxy-2-methyl-2-(E)-butenyl 4-pyrophosphate synthase (IspG), 1-hydroxy-2-
methyl-2-(E)-butenyl 4-pyrophosphate reductase (IspH), and farnesyl pyrophosphate
synthase (IspA), which functions downstream to convert IPP and DMAPP into farnesyl
pyrophosphate (FPP) [232]. This further promotes terpene production and increases the
availability of IPP and DMAPP. A similar MEP pathway mechanism may account for the
increased a-humulene production observed in this work by improved efficiency of
downstream enzymes. Thus, by extending the native MEP pathway with plasmid-based MVA
pathway genes in C. necator, a-humulene production benefited from both pathways due to
the lowered cultivation temperatures. Lowering the temperature increases the final

a-humulene level and, reduces the heat energy input, which can reduce process costs.

Based on these findings, additional process parameters were specifically optimized, including
the concentrations of individual media components and the L-rhamnose inducer
concentration. In addition, the cultivation process was divided into two different temperature
stages. These two stages were the use of 30 °C until sufficient biomass was reached, and
the subsequent switch to 25 °C implemented 24 h after induction. This two-stage temperature
separation ensures sufficient biomass formation during early cultivation, followed by
enhanced terpenoid production by reducing the temperature below 30 °C [233, 234]. A similar

effect was observed by Kim et al. in E. coli, where reducing the cultivation temperature from
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37 °C to 25 °C during the exponential growth phase led to a 20 % increase in the final
plasmid-based lycopene concentration [235]. Notably, this temperature-dependent relative
lycopene increase can be compared to the a-humulene production observed in this work
(20 % and 28 %, respectively), as both systems rely on plasmid-based gene expression and
the utilization of the isoprenoid precursors IPP and DMAPP. This highlights the effectiveness
of temperature shifts in decoupling bacterial growth from terpene production.

In summary, the following implementations led to increased biomass formation and
a-humulene production: Increasing the fructose concentration from 4 g/L to 8 g/L. Increasing
the iron (I) sulfate heptahydrate concentration from 0.75 mg/L to 3.75 mg/L. Increasing the
L-rhamnose inducer concentration from 0.2 % (w/v) to 2 % (w/v). Splitting the cultivation
temperature from only 30 °C to 30 °C and 25 °C stages. These observed improvements in
the production process result from a combination of individual optimization steps.
For example, the increase in iron (Il) sulfate heptahydrate concentration in the minimal
medium from 0.75 to 3.75 mg/L with sufficient fructose supply indicates a possible link
between the higher iron availability and terpene biosynthesis. This is probably because the
terminal MEP pathway enzymes (IspG and IspH) depend on iron-sulfur clusters [236, 237].
In addition, Sydow et al. reported that protein expression driven by the L-rhamnose inducible
promoter system in C. necator saturates at 11 mM L-rhamnose, corresponding to
approximately 0.2 % (w/v) [74]. In contrast, this work observed a substantial increase in
a-humulene production, up to 93 %, when the L-rhamnose inducer concentration was
elevated to 2 % (w/v). Thus, this indicates that plasmid-based expression and promoter were
not yet saturated at previously assumed conditions. This finding aligns with Kim et al. who
demonstrated that certain L-rhamnose promoter variants in E. coli possess extended
dynamic range, allowing expression to continue rising even at 2 % (w/v) L-rhamnose without
reaching their saturation point [238]. Consequently, this indicates that L-rhamnose inducible
promoter systems, especially mutant variants, can enable higher gene expression, while
L-rhamnose concentrations above 2 % (w/v) can further increase product concentrations
across different microbial hosts [238]. However, factors such as substrate toxicity, osmotic
stress, metabolic stress, and solubility limitations must be considered. Future research should
focus on optimizing promoter performance by enhancing promoter strength through site-
directed mutagenesis and creating promoter library to further increase expression and

a-humulene production [238, 239].

In particular, a noteworthy finding is the combination of the optimized individual parameters,
resulting in a 241 % increase in the final a-humulene level compared to the non-optimized
standard process. Thus, these substantial improvements suggest that the positive effects of

each optimized parameter were potentiated when combined. Also, this demonstrates that
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optimization of the standard process parameters and fine adjustment of the cultivation
temperature offers enormous potential for enhancing terpene production. Similar findings
were reported by Yang et al. in E. coli [240]. In their study, they demonstrated that lowering
the cultivation temperature from 37 °C to 30 °C increased plasmid-based a-pinene production
from 0.165 mg/L to 1.31 mg/L [240]. By subsequently adjusting the inducer concentration at
30 °C, the production increased further to 1.77 mg/L, which corresponds to a 35 % increase
[240]. Combining both parameters potentiated the individual effects. Further adjustment of
the nitrogen source increased a-pinene production to 5.44 mg/L, thereby highlighting the
potentiating effects of combined optimizations while indicating that the optimization of the
nitrogen source and concentration could offer further potential for terpene production in
C. necator [240]. Similar observations were reported by Milker and Holtmann for 3-farnesene
production using C. necator, where a fed-batch strategy with combined fructose and nitrogen
feed increased growth-dependent production, thereby highlighting fed-batch cultivation as a
promising optimization tool for future a-humulene process development in the context of this
work [69]. One effective strategy could be to feed the 8 g/L fructose concentration, identified
as sufficient in this work, in a fed-batch approach, while varying the ammonium sulfate

concentration over the 48 h production period following induction.

Furthermore, this work evaluated for the first time that the C. necator-based production
process of a-humulene is very robust. Thus, the impact of the previously implemented
parameter optimizations on the process robustness was assessed. Although specific studies
addressed aspects of robustness in microbial production, an in-depth quantitative
assessment of robustness in terpenoid-based production systems, particularly in bacteria,
has been lacking. The experimental and quantitative approach to assess robustness in this
work, adapted from Trivellin et al., has been rarely applied because past literature often
assumed that biological robustness cannot be realistically and mathematically quantified
[174, 241]. In this work, the robustness values determined were approximately equivalent to
the ideal value of 0, thereby indicating that C. necator biomass formation is even more robust
than a-humulene product formation. Using the same experimental and quantitative approach,
Torello Pianale et al. observed a similar phenomenon in S. cerevisiae PE2 with respect to
glycerol production [175]. However, a robustness value of -0.4 was reported for cell mass
yield (g/g) [175]. Thus, the robustness value receded the -0.007 quantified in this work,
thereby underlining C. necator as a highly robust and suitable production host. However,
direct comparison of the robustness to other systems is limited due to differences in organism
and process conditions [175]. In this context, it is particular noteworthy that a simulated
process disturbance yielded 79 % of the maximum final a-humulene level compared to the

undisturbed run. As similar experiments to simulate industrial process disturbances remain
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unconducted with C. necator, this work is the first to quantitatively demonstrate its remarkable
robustness and suitability for industrial applications. In this context, it is well known that
production hosts often show high sensitivity to process changes such as temperature,
shaking rate, or nutrient distribution [242]. For example, Elahi et al. demonstrated that the
staphylococcal enterotoxin type A production of S. aureus decreased from 2,000 ng/mL in
shaken to 200 ng/mL in stationary cultures, thereby corresponding to only 10 % of the
maximum product level achieved, compared to 79 % in this work [243]. This effect becomes
more obvious when compared to E. coli, as reducing the shaking speed from 100 rpm to
50 rpm during production decreased the specific activity of surface-displayed lipase A from
C. antarctica to only 13 % of its initial level [244]. While C. necator has often been described
as a flexible organism [245, 246], this work provides experimental evidence of its robustness
and resilience under process conditions and underlines its suitability as a production host for

industrial applications.

Finally, immunological tests with a-humulene were successfully conducted, showing for the
first time that administration of 0.5 or 100 uM a-humulene resulted in an anti-inflammatory
effect on LPS-induced IL-6 release in differentiated THP-1 cells. According to a comparable
study, a-pinene lipid nanoparticles decreased relative IL-6 mMRNA levels and NF-kB
expression in LPS-induced THP-1 cells within a similar concentration range of approximately
147 uM, suggesting that they can influence IL-6 release [247]. However, despite these
studies, systematic studies on the bioactive effects of microbial produced terpenes in
inflammatory processes, particularly in LPS-induced human in vitro models remain lacking.
To date, most studies conducted focused on terpenes of plant or synthetic origin.
Consequently, while pharmacological efficacy and immunomodulatory properties of microbial

produced terpenes remain insufficiently evaluated, their comparability remains unconfirmed.

This research gap is relevant, as targeted evaluation of microbial produced terpenes validates
their therapeutic potential and focuses on sustainable biotechnological production and
regulatory acceptance. Considering that stereochemistry [248], purity [249], and potential by-
products, such as the toxic farnesyl acetate [249, 250] have exhibited substantial differences
in microbial produced terpenes compared to their plant-derived counterparts, therefore
targeted comparative studies assessing these parameters with the corresponding plant
reference compounds should be conducted from a scientific and an application perspective.
This is particularly important for a-humulene, to ensure its safe establishment for future
pharmaceutical applications in humans. Furthermore, the THP-1 cell findings presented
provide preliminary evidence of the anti-inflammatory effects of a-humulene. However, due

to the limitations of the cell model, they can only be limitedly transferred to the human
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organism, thereby necessitating conducting further validation of its effects on humans using

human peripheral blood, for example [251].

Based on this work’s findings, integrating biotechnology and functional pharmacology further,
thus presents a promising direction for future studies and applications of terpenoids and
terpenes such as a-humulene. In conclusion, the results analysis obtained in this work
provides an important foundation for further development of microbial-based terpenes/oids
production processes. Furthermore, the presented optimization strategy demonstrates that
the complex interplay of several parameters is crucial for the overall process's efficiency and
should increasingly be the subject of research rather than always considering individual

factors and optimizing them separately.

Robustness, both microbially and process-related, should consequently be considered and
evaluated as it demonstrated a robust C. necator production strain in this work. This strain
maintained consistent performance even under simulated process disturbance, thereby
highlighting the suitability of the presented process for industrial scale. Therefore, future study
should focus on scaling up the process to bioreactor scale. To this end, the upscaling from
laboratory scale to industrial production can be validated and tested, and the knowledge
gained can be verified on a bioreactor scale. Here, the process parameters and their
interactions with each other can be more comprehensively explored and refined in a
controlled bioreactor environment, alongside the potential of fed-batch or alternative
cultivation systems. Furthermore, the discovered anti-inflammatory effects of a-humulene
offer promising potential for future medical-pharmaceutical applications. Future in vitro and
in vivo studies could therefore help in explicitly understanding the molecular mechanisms of
action and the therapeutic potential of a-humulene in treating inflammatory diseases,

infections or cancer.

In addition to the optimization of different process parameters described here, future studies
should focus on optimizing existing metabolic pathways and implementing innovative genes
for terpene production. To this end, the plasmid-based production system could also be
further optimized or completely replaced by genome integration of the relevant enzymes.
However, despite these approaches, microbial and process robustness should be

maintained.

Finally, the application of C. necator as a production organism combined with this work’s
insights can be further transferred to other terpenes/oids or bioactive molecules of interest,
especially during sustainable bio-based production processes. Consequently, the presented
strategies for process optimization and robustness evaluation offer valuable methodological

approaches in the future.

91
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Parts of this appendix have been published as a supplementary information document in the

paper:

Becker L, Dietz E, Holtmann D. Individual process steps optimization of Cupriavidus necator-
catalyzed production of a-humulene. Biochemical Engineering Journal. 2024; 215:109617.
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7.1. Plasmid map pKR-hum

Fig. 27 below illustrates the expression plasmid used in this work for the production of

a-humulene.

pPKR-hum

21,447 bp

Fig. 27: Plasmid map of the a-humulene production plasmid pKR-hum, based on [5] and adapted using

SnapGene®.

The plasmid map (Fig. 27) shows the expression plasmid used, pKR-hum, which was
transformed into C. necator H16 PHB-4 for a-humulene production. It contains a tetracycline
resistance, a-humulene synthase (zzsl) as well as a farnesyl pyrophosphate synthase (erg20)

and the MVA pathway enzymes: hmgs, fni, hmgr, mvaK, mvaD and mvaK?2.
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7.2.  Calibration curves for HPLC and GC-MS analysis

The following Figures, Fig. 28 and 29, show the calibration curves, linearity ranges, as well

as the chromatograms and retention times for the D-fructose and a-humulene analysis,

respectively.
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Fig. 28: (A) Calibration curve obtained from HPLC analysis of D-fructose, showing the relationship

between D-fructose concentration and peak area; (B) HPLC chromatogram of D-fructose with retention

time of 9.560 min; detection using multiple wavelength detector (MWD) at 191 nm.
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Fig. 29: (A) Calibration curve obtained from GC-MS analysis of a-humulene, showing the relationship

between a-humulene concentration and peak area; (B) GC-MS chromatogram of a-humulene with

retention time of 10.504 min; detection using single ion monitoring (SIM) corresponding to m/z 204.2.
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7.3. Growth rate and yield coefficients formulas

The growth rate (i) was calculated for each data point using the Cell Growth Quantifier®
device (CGQ) software 1.2.2, in accordance with formula 3. Subsequently, the maximum
growth rate (Umax) Was determined during the exponential phase. Yield coefficients
Yxs (g biomass per g substrate), Yps (mga-humulene per ¢ substrate), and Ypx

(mg a-humulene per g biomass) were calculated using the following formulas 4 to 6.

_ In (X5) -In (X4)
T (- ty) ©)

biomass formed (%)
Yxis = (4)
g
substrate consumed ([)

a-humulene produced (%)
Ypis = g (5)
substrate consumed (E)

a-humulene produced (%)
Yeix = ) (6)
biomass formed ()

g ((o}

7.4. 3Dresponse surface modelling

The DoE approach with the individual factor combinations from chapter 2.3.10 was planned
and tested, see Tab. 8 in chapter 2.4.4. In addition, the corresponding response values were
determined for each run. In the following Fig. 30, the 3D response surface plots of the model
are illustrated. A detailed description of the 3D response surface plots can be found in
chapter 2.4.4.
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Fig. 30: 3D response surface modelling of the cultivation time until induction (A), a-humulene
concentration (B) and biomass (C) as well as Yrsis (D) and Yrix (E) 48 h after induction, in relation to
model factors of C. necator pKR-hum: shaking speed and cultivation temperature (A - D, at 20 % (v/v)
n-dodecane solvent volume), solvent volume and cultivation temperature (E, at 180 rpm shaking

speed). Only significant factors were visualized for modelling purposes.
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7.5. Composition of the SOB medium

The following table lists the standard compositions of the super optimal broth (SOB)

preculture media used in this work.

Tab. 11: Composition of the super optimal broth (SOB) preculture medium.

Medium component Concentration [g/L]
Yeast extract 5
Tryptone 20
NaCl 0.5
KCI 0.186
MgSOs * 7 H,0 2.4

7.6. Optimization of the L-rhamnose inducer concentration and dosage time

To confirm the influence of L-rhamnose concentration on a-humulene production, time-
dependent a-humulene formation by C. necator pKR-hum was analyzed after the addition of
0.2, 1 and 2% (w/v) L-rhamnose (Fig.31- A, C and D). Additionally, different inducer
concentrations were added to the main culture to assess time-dependent L-rhamnose
consumption (Fig. 31 - B). The corresponding yield coefficients (Yxs, Yeis, and Ypix) are

presented below, along with the results of the L-rhamnose consumption tests.
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Fig. 31: (A) Biomass/substrate yield coefficients Yxs of C. necator pKR-hum at different L-rhamnose
inducer concentrations and times after induction in minimal media (n = 3); (B) Time dependence of
L-rhamnose concentrations after induction of C. necator pKR-hum in minimal media (n = 3);
(C) Product/substrate yield coefficients Ypis of C. necator pKR-hum at different L-rhamnose inducer
concentrations and times after induction in minimal media (n = 3); (D) Product/biomass yield
coefficients Ypx of C. necator pKR-hum at different L-rhamnose inducer concentrations and times after
induction in minimal media (n = 3); all cells were cultivated at 180 rpm and 30 °C, induction at
0.2 - 0.3 g/L biomass.

To test a-humulene production influenced by the time of the L-rhamnose inducer addition,
the established standard inducer concentration of 0.2 % (w/v) L-rhamnose was added at
different cultivation times between 0 and 21 h after inoculating the main culture. This
approach aimed to detect potential growth phase-dependent effects and product formation
(Fig. 32 below).
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Fig. 32: a-Humulene levels according to different L-rhamnose induction times in minimal media,
C. necator pKR-hum induced with 0.2 % (w/v) L-rhamnose at biomass 0.043 g/L (0 h), 0.25 g/L
biomass (11 h), 0.90 g/L biomass (17 h) and 1.20 g/L biomass (21 h); at 180 rpm and 30 °C (n = 3).

Analysis of the induction time (Fig. 32) revealed that it affects a-humulene product levels.
Notably, the addition of L-rhamnose at 0.25 g/L biomass during the exponential growth phase
(at 11 h in this experiment - green bar) resulted in the highest a-humulene level among the
times tested. The addition directly after the inoculation of the main culture (0 h) reduces the
final a-humulene levels (11 h) after 24 and 48 h by 56 and 28 %, respectively. Induction

during the early stationary phase (17 h) or the stationary phase (21 h) also led to low
a-humulene levels.
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7.7. Batch process with different cultivation temperature stages

In order to investigate a possible influence of the cultivation temperature on a-humulene
levels, the formation of a-humulene by C. necator pKR-hum as a function of process
temperature was investigated (Fig. 33). All cells were incubated at 30 °C with 180 rpm until
induction in the range of 0.2 - 0.3 g/L biomass using 0.2 % (w/v) L-rhamnose. After the
induction step, the cultivation temperature was either changed to 25 and 20 °C, or kept at
30 °C as the control. These temperatures were maintained until the experiment ended. The

corresponding yield coefficients Yepss, Yeix and Yxis are shown below (Fig. 33 - A, B and C).
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Fig. 33: (A) Product/substrate yield coefficients Ypis of C. necator pKR-hum according to different
cultivation temperatures and times after induction in minimal media (n = 3); (B) Product/biomass yield
coefficients Ypix of C. necator pKR-hum according to different cultivation temperatures and times after
induction in minimal media (n = 3); (C) Biomass/substrate yield coefficients Yxs of C. necator pKR-
hum according to different cultivation temperatures and times after induction in minimal media (n = 3);
all cells were cultivated at 180 rpm and 30 °C until induction at 0.2 - 0.3 g/L biomass range using

0.2 % (w/v) L-rhamnose and then switched to the corresponding cultivation temperature.
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7.8. Combined optimization throughout the whole process vs. standard
conditions

After optimizing several single steps throughout the production of a-humulene, the key
guestion was how these combined effects would influence the overall process performance.
The standard parameters were extended, based on the following insights. Minimal medium
optimizations included (i) an increase of fructose from 4 to 8 g/L and (ii) the addition of
3.75mg/L iron (ll) sulfate heptahydrate. For induction step optimizations, (iii) the
concentration of L-rhamnose was increased from 0.2 % to 2 % (w/v), and (iv) the cultivation
temperature was reduced from 30 °C to 25 °C, starting 24 h after the induction step. The
absolute a-humulene levels, related to the aqueous phase, were compared at 8, 24, and 48 h
post-induction under standard and optimized conditions at 25 and 20 °C (Fig. 34).

s
o
1

] standard run
25 °C optimized run
20 °C optimized run

w
(3]
1

a-humulene concentration [mg/L]
- - N N w
o (3} o o o
1 1 1 1 1

(3]
1

— =

0 8 24 48

o

time after induction [h]

Fig. 34: a-Humulene levels according to standard and optimized conditions and temperatures;
C. necator pKR-hum cultivated at 180 rpm and 30 °C, standard process induced with 0.2 % (w/v)
L-rhamnose at 0.2 - 0.3 g/L biomass, optimized process induced with 2 % (w/v) L-rhamnose at

0.2 - 0.3 g/L biomass, and switched to 25 and 20 °C cultivation temperature 24 h after induction.

Fig. 34 illustrates that maintaining a continuous cultivation temperature of 30 °C, along with
established standard parameters (standard run), results in considerably lower a-humulene
levels compared to the optimized run at 25 °C, measured at 8, 24, and 48 h post-induction.
In order to show a possible effect of the optimized process parameters on the cell growth
behavior, C. necator pKR-hum cell growth was recorded under both established standard and

optimized process conditions (see Fig. 35).
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All cells were induced in the range of 0.20 - 0.35 g/L biomass with 0.2 % (w/v) L-rhamnose
(established standard condition) or 2 % (w/v) L-rhamnose (optimized condition). For the
optimized process, the cultivation temperature was lowered from 30 to 25 °C 24 h after

induction. Induction time and the cultivation temperature switch are highlighted in green.

1.8
J standard process switch to 25 °C
1.6 optimized process 2N
1.4
124
=
210
(7]
®
£ 0.8 1
Ke]
<06
0.4 -
0.2 4
1. = induction
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0 10 20 30 40 50
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Fig. 35: Main culture growth in minimal medium according to standard and optimized process
conditions, C. necator pKR-hum cultivated at 180 rpm and 30 °C; standard process induced with
0.2 % (w/v) L-rhamnose at 0.20 - 0.35 g/L biomass and left at 30 °C, optimized process induced with

2 % (w/v) L-rhamnose at 0.20 - 0.35 g/L biomass, and switched to 25 °C 24 h after induction (see
green arrow).

Comparing the growth behavior of C. necator pKR-hum under established standard and
optimized process conditions reveals similar final biomasses of 1.50 - 1.55 g/L, due to the
parameter optimizations made or the division of the cultivation process into two temperature

stages (Fig. 35). However, it is evident that the lag phase proceeds faster under the optimized
process conditions (Fig. 35 - red curve).
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