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Summary

Summary

The global plastics crisis poses urgent environmental and social challenges due to
the excessive production, consumption and disposal of plastic waste. To address
this issue, biorecycling within a circular bioeconomy is a potential solution, involving
the depolymerization of long-chain polymers by chemical or enzymatic catalysis and
subsequent biological transformation of the resulting monomers. The goal of this work
was to enable this approach by expanding the substrate range of Pseudomonas putida
and P. tatwanensis to include aliphatic medium-chain length (mcl) dicarboxylic acids
(DCAs), aromatic DCAs, and aliphatic diols. The study also aimed to combine plastic
monomer degradation with production of biopolymers and aromatic compounds.

To achieve this, in the first chapter P. putida was engineered to grow on adipate
and other mcl-DCAs by expressing the dcaAKIJP operon from Acinetobacter baylyi
and deleting three S-oxidation regulatory genes, paaYX and psrA. Cultivation in a
nitrogen-limited medium resulted in the production of 25% PHAs/cell dry weight
from adipate as sole carbon source, demonstrating the potential of bioupcycling of
DCAs from plastic hydrolysates into new bio-based polymers. However, growth on
uneven-chain-length (ucl) DCAs, especially pimelic acid, was limited. Consequently, the
second chapter focuses on enabling degradation of ucl-DCAs by laboratory evolution,
revealing a bottleneck in the CoA-dependent degradation pathway of glutaryl-CoA, an
intermediate in the degradation of uneven DCAs. This step is regulated by GedR and
reverse engineering of two different amino acid exchanges could alter the regulation and
thus enable good growth on pimelate as sole carbon source. By combining the metabolic
features of an mcl-DCA degrading strain with those of an mcl-diol degrading strain, a
microbial platform that enables efficient bio-upcycling of complex plastic hydrolysates
to PHAs was successfully constructed. Besides the production of new bio-based plastics,
plastic waste could also serve as carbon source for other chemical building blocks, such as
aromatic compounds. In the second part of this study (Chapters 2.3 and 2.4), aromatic
compounds such as tyrosine and protocatechuic acid were produced by transferring
knowledge from P. putida to the streamlined chassis strain P. taiwanensis GRC3,
resulting in specialized strains able to grow on different monomers of poly(butylene
adipate-co-terephthalate) (PBAT). On the one hand, these strains are able to produce
tyrosine from aliphatic monomers such as adipate or 1,4-butanediol. On the other hand,
these strains were used for the degradation of realistic PBAT mock hydrolysates. In
addition, a biotransformation approach was used to demonstrate the promising potential

of biologically funneling a mixture of plastic monomers through a defined mixed culture.
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Zusammenfassung

Zusammenfassung

Die globale Kunststoffkrise ist eine dringende 6kologische und soziale Herausforderung
aufgrund der iiberméfigen Produktion, des iberméfigen Verbrauchs und der Entsorgung
von Kunststoffabfillen. Eine mdgliche Losung dieses Problems ist das Biorecycling
im Rahmen einer zirkuldren Biockonomie, bei der langkettige Polymere durch chemis-
che oder enzymatische Katalyse depolymerisiert und die resultierenden Monomere
anschliefsend biologisch umgesetzt werden. Ziel dieser Arbeit war es, diesen Ansatz
durch die Erweiterung des Substratspektrums von Pseudomonas putida und P. tai-
wanensis auf aliphatische mittelkettige Dikarbonséduren (DKS), aromatische DKS und
aliphatische Diole zu erméglichen. Ziel dieser Arbeit war es auch, den Abbau von Kunst-
stoffmonomeren mit der Produktion von Biopolymeren und aromatischen Verbindungen
zu kombinieren.

Um dies zu erreichen, wurde im ersten Kapitel das Wachstum von P. putida auf Adi-
pat und anderen mittelkettigen DKS ermdglicht indem das dcaAKIJP-Operon aus
Acinetobacter baylyi heterolog exprimiert und die drei S-Oxidationsregulationsgene
paaYX und psrA deletiert wurden. Die Kultivierung in einem stickstofflimitierten
Medium ermdglichte die Produktion von 25 % PHAs/Zelltrockengewicht aus Adipin-
sdure, was das Potenzial des Bio-Upcyclings von DKS aus Kunststofthydrolysaten zu
neuen biobasierten Polymeren zeigt. Das Wachstum auf DKS mit ungerader Ketten-
ldnge, insbesondere Pimelinsédure, war jedoch eingeschrankt. Daher konzentriert sich
das zweite Kapitel darauf, den Abbau von ungeraden DKS durch Laborevolution zu
ermoglichen, dabei wurde ein Engpass im CoA-abhéngigen Abbauweg von Glutaryl-
CoA, einem Zwischenprodukt des Abbaus von ungeraden DKS, identifiziert. Dieser
Schritt wird durch GedR reguliert, und konnte durch den Austausch von zwei ver-
schiedenen Aminoséuren so verandert werden, das ein gutes Wachstum auf Pimelinsdure
als einziger Kohlenstoffquelle mdoglich wurde. Durch die Kombination der genetischen
Verdanderungen des DKS abbauenden Stammes mit denen eines mittelkettigen Diol
abbauenden Stammes wurde erfolgreich eine mikrobielle Plattform konstruiert, die ein
effizientes Bio-Upcycling von komplexen Kunststofthydrolysaten in PHA ermdglicht.
Neben der Produktion neuer biobasierter Kunststoffe konnten Kunststoffabfille auch
als Kohlenstoffquelle fiir andere chemische Bausteine wie aromatische Verbindungen
dienen. Im zweiten Teil dieser Arbeit (Kapitel 2.3 und 2.4) wurden aromatische
Verbindungen wie Tyrosin und Protocatechuséure produziert, indem das Wissen von P.
putida auf den genomisch reduzierten Stamm P. taiwanensis GRC3 iibertragen wurde,

was zu spezialisierten Stdmmen fiithrte, die auf verschiedenen Poly(butylenadipat-co-

XV



terephthalat)-Monomeren (PBAT) wachsen konnen. Einerseits sind diese Stdmme
in der Lage, Tyrosin aus aliphatischen Monomeren wie Adipat oder 1,4-Butandiol
zu produzieren. Andererseits wurden diese Stdmme fiir den Abbau von realistischen
PBAT- oder PBAT /Starke-Mock-Hydrolysaten verwendet. Dartiber hinaus wurde ein
Biotransformationsansatz verwendet, um das vielversprechende Potenzial der biolo-
gischen Umwandlung einer Mischung von Kunststoffmonomeren durch eine definierte

Mischkultur zu demonstrieren.
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1. Introduction

1.1. Artificial polymers enable social boom

The history of human made polymers is a long story with different chapters of success.
In principle, they have accompanied the evolution of humankind for a very long time.
Back in the palaeolithic age, Homo neanderthalensis, produced a very sticky tar from
compounds of birch sap by pyrolysis. This tar was then used for the hafting of weapons
and thus made their lives much easier (Koller et al. 2001). In 1844, chemist Charles
Goodyear patented a vulcanization process that combined natural rubber with sulfur at
high temperatures to form a rigid rubber (Goodyear 1844). In parallel with Goodyear,
the German pharmacist Johan Eduard Simon by accident discovered the polymerisation
of styrene, described as one of the first semi-synthetic plastics (Scheirs et al. 2003). The
first synthetic polymer was invented in the early 20th century, by Leo Baeckeland, who
worked with a polycondensation reaction for the production of phenol formaldehyde
resins, the so called Bakelite (Thompson et al. 2009). Soon after, further synthetic
polymers like polyethylene (1933) or nylon (a polyamide, PA) (1935) were invented
(Mueller 1962; Spalding et al. 2017). Another, nowadays very popular plastic, namely
polyethylene terephthalate (PET), was first produced by the two British chemist J.
R. Whinfield and J. T. Dickson through a polycondensation reaction of terephthalic
acid and ethylene glycol. Their work was successfully patented in 1946 (Whinfield
et al. 1946). The big industrial breakthrough for synthetic polymers came in the middle
of the 20th century. In 1950 total global production volume reached 1.5 Mt and from
then increases almost 10 % every year (PlasticsEurope 2006) to a global production of
approximately 390.7 Mt of plastic, excluding polymers not used in the manufacturing
of plastic parts and products, such as adhesives or coatings (PlasticsEurope 2022).

Basically, so-called plastics are synthetic or semi-synthetic materials that consist mainly
of polymers and whose properties could be influenced by various additives. These
versatile properties include high flexibility, durability and low weight, in addition to
plasticity (Andrady et al. 2009). The term plastic comes from the ancient Greek
plastikos and means mouldable. Almost all plastics used nowadays are based on fossil

raw materials, and mass production makes their production costs very low. This leads
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to a replacement of various materials that were previously made of steel or other
heavy or expensive to manufacture materials (Geyer et al. 2017). Moreover, plastics
have a high strength-to-weight ratio, resulting in reduced material usage (Andrady
et al. 2009). Thanks to this, the packaging industry has the largest share in the
use of plastics with 44 %, followed by the building and construction industry with
18 % (PlasticsEurope 2022). The tremendous amount of beneficial properties has
unfortunately led to a shift in consumer behaviour from reuse to single-use, resulting in
an enormous throw-away-society.

There are many ways of classifying the various plastics into specific groups, for example
according to their origin or application. Another common way of classifying plastics is
by the functional groups within the polymer. Polymers containing ester functionalities
within the main chain belong to the group of polyester plastics, such as PET and
poly(butylene adipate-co-terephthalate) (PBAT) (Figure 1.1.1). On the other hand,
polymers resulting from a condensation of a carboxylic acid with an amine and thus
having amide bonds in the main chain are called polyamides. A popular example of
this group is nylon. In contrast to that, using a polyaddition reaction to react a diol or
polyol with a polyisocyanate resulting in urethane bonds between the molecules, are
called polyurethanes (PU) (Eling et al. 2020). The biggest group of plastic polymers
are polyolefines, such as polypropylene (PP) or polyethylene (PE) (Sauter et al. 2017).
Besides their chemical structures, the chemical process used to synthesise the polymer,
such as condensation, polyaddition or cross-linking, can also be used to classify them.
In addition, plastics can be classified according to their physical properties, such
as hardness, heat resistance or glass transition temperature (7). A widely used
classification takes into account the thermophysical properties and their importance
for manufacturing. Here, a distinction is made between how the polymers react to
heating and whether reversible or non-reversible processes are involved. If heating leads
to a change in chemical composition and thus to an irreversible change in properties,
the plastics are described as thermoset. Common examples are polyepoxides, silicones
or PU. To make a thermoset polymer, a single or multiple monomers are necessary
that have three or more reactive groups and can form a three-dimensional cross-linked
structure. This results in a complex structure that breaks down when heated and
cannot be converted back to its previous structure (Pavlacky et al. 2013). If the polymer
can be heated and formed more than once in a reversible process, it is referred to as
thermoplastic. Widely used thermoplastics are polyester, PP, polystyrene (PS) or PA
(Birca et al. 2019).
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Crystallinity is another factor that influences physical and mechanical properties of
certain polymers. Normally, most parts of the polymers are randomly oriented or form
amorphous chains. But some polymers have segments in the polymer chain orientated
in parallel bundles to mimic crystal-like domains (Figure 1.1.1). These are called semi-
crystalline plastics. However, the two areas are not always completely separate from each
other. For example, small defects can occur, which means that breaks can also appear
in a crystalline part that lead to amorphous structures and vice versa (Andrady 2017,
Bryant 1947; Venkatram et al. 2023). The amount of crystalline parts can make the
plastic tougher up to a certain point, whereas a higher degree of crystallinity will result
in a brittle material. Polymer crystallisation usually takes place under harsh conditions,
influenced by cooling rates, shear or extension flows and pressure (Mileva et al. 2018).
But also the chemical structure of the polymer chain has an influence on crystallisation.
Polymers with limited intermolecular interactions, such as PE, crystallize very fast.
In contrast to that, polyesters like PET with an additional aromatic ring between
repeating ethylene units, slows down crystallization (Mileva et al. 2018). In addition
to the crystallinity of some polymer fractions, the amorphous parts also influence the
mechanical properties of the polymer by having two temperature dependent states.
These two phases are separated by the glass transition temperature, which is defined as
the temperature at which amorphous polymers or amorphous parts of semi-crystalline
polymers starts showing glass-like properties. Above this temperature the polymers
become more rubbery. Depending on the application of the polymer, most polymers are
used under their Tg, however some are used above their Tg, for example polyisoprenes,
such as cis-1,4-polyisoprene which is similar to natural rubber and is often used in tyres
or footwear (Sanditov et al. 2017; Tropin et al. 2016). Furthermore, the T, and the
resulting glass-like properties as well as the degree of crystallinity have an influence on
the efficiency of some recycling methods, such as enzymatic degradation, and are thus

important characteristics of the polymer (Thomsen et al. 2022).

1.2. The human crisis of plastic overproduction

Nowadays, it’s hard to find a place on the planet that has not been contaminated with
plastic. Due to its light weight and long durability, plastic particles are often transported
hundreds of miles around the globe. This transport usually starts in rivers, through
which the particles enter the oceans and accumulate in huge plastic streams, like the

great pacific garbage patch (Lebreton et al. 2018). From there, they can either sediment
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Figure 1.1.1.: Scheme of polymer crystallinity and structure. A) Visualisation of crystalline
and amorphous polymer structures. B) Different polymers are grouped according to their functional
groups. The yellow boxes show urethane-bonds, the purple boxes show amide-bonds and the red
boxes show ester-bonds. Displayed are polyethylene (PE), polypropylene (PP), polyurethane (PU),
polyamide (PA), polyethylene terephthalate (PET), polylactic acid (PLA), polyhydroxyalkanoates
(PHA), poly(butylene adipate-co-terephthalate) (PBAT).
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and reach the deepest layers of the ocean or be emitted into the atmosphere through sea
spray and evaporation (Abel et al. 2021; Brahney et al. 2021). Strong winds can then
carry them to the farthest regions of the poles, where no humans are usually present
(Caruso et al. 2022). All these cases can be traced back to the fact that we have reached
a point where we are no longer able to deal with the huge amount of plastic, which is
partly due to a lack of awareness of how to deal with plastic and how to recycle it, but
also because the existing recycling methods are not being used properly or are simply
reaching the end of their capacity. In 2020 European countries stored about 23 % of in
total 29.5 Mt of plastic waste on landfills, another 42 % were used for energy recovery
and only 35% were recycled (PlasticsEurope 2022). With about 42 Mt the United
States are the largest waste producer. Most of their waste ends up in landfills (75.4 %),
about 15.3 % are incinerated and only 9.3 % are recycled (Law et al. 2020). Globally, the

! were produced that had a mismanaged

situation is much worse. In 2016, 91 Mt year™
end of life and were not recycled or disposed of properly, representing approximately
42% of global plastic demand. Lau et al. (2020) predict that this number will increase
by a further 10 % if current behaviour does not change. This could lead to a production
of 240 Mt year~! of mismanaged plastic. Apart from the completely misdirected plastic
waste that ends up directly in the environment, the large amount of plastic that ends
up in landfills is also a major challenge. On the one hand, landfills require a lot of
space, which is becoming increasingly rare in some countries. On the other hand, the
collection and transport of the waste has a huge impact on the environment. Especially
if the aim is to minimize environmental damage, the location of the landfill should be as
close as possible to the consumer and waste producer, but far enough away to minimize
health risks (Hopewell et al. 2009). Even well-managed landfills carry a high risk of
long-term contamination of soil and groundwater through leaching of additives from
plastic waste. Some of these additives, such as bisphenol A (BPA) or phthalates, have
been shown to have an enormous impact on the development and reproducibility of
animals (Oehlmann et al. 2009; Parvin et al. 2021; Teuten et al. 2009).

Besides that, the long-term storage of plastic waste in landfills ties up huge amounts of
chemical raw materials and energy that have to be replenished using new fossil resources.
In order to avoid at least total energy loss, incineration and energy recovery are the
most common ways of disposing of plastic waste in Europe. However, incineration also
carries the risk of releasing toxic compounds from plastics into the atmosphere and
huge greenhouse gas emissions. The latter, in particular, is a major problem for climate

change, as most consumer plastics are still based on fossil fuels. If more biomass were
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used to produce substrates for virgin polymers, this could be less unfavourable, as the

overall carbon flux would be more or less neutral (Meys et al. 2021; Zheng et al. 2019).

1.3. Recycling of conventional plastic waste

In order to improve the management of plastic waste at the end of its life cycle, various
recycling techniques have been established, each offering different benefits. These
include mechanical and chemical recycling methods (Kalali et al. 2023). Due to the
versatility and ubiquity of plastics, post-consumer waste streams are complex mixtures
of polymers and other contaminants. This requires a complex sorting and separation
process, as the purity of the recyclate has a major impact on the final quality of the new
polymer (Serranti et al. 2019). Most of the separation technologies rely on the diverse
physical properties exhibited by polymers, such as size, weight, density, or electrostatic
characteristics. However, the separation of different polymers with strikingly similar
properties, such as low-density PE (LDPE) and high-density PE (HDPE), poses a
significant challenge. But also specific colours, especially black and dark colours, pose
severe limitations to separation and therefore recycling, as they cannot be detected
by near-infrared sensors, a process commonly used in recycling plants (Turner 2018).
Apart from foreign contaminants such as aluminium or glass, the use of complex plastic
mixtures as a recycling substrate could in the future be a good way to improve or even
avoid these complicated separation processes and access those plastic polymers, which
are lost in the recycling loop only because of some additives or pigments. But until then,
high quality separation is an essential step for the recycling of plastic waste streams.

Mechanical recycling, mostly performed as extrusion, is widely used, cheap and large-
scale compatible, but often leads to a reduced quality of the polymer. In case of PET,
mechanical recycling leads to a 4-times reduced factor of elongation at break compared
to virgin PET, leading to a lower value in packaging industry (Schyns et al. 2021).
To avoid this loss in value by down-cycling the plastics, another way is the recovery
of the monomers or chemical constituents. This is often referred to as chemical or
feedstock recycling. It involves the use of catalysts that break the chemical bonds and
lead to products that can be purified and recycled back into virgin quality polymers.
(Farkas et al. 2023; Hopewell et al. 2009). Besides that, chemical recycling methods also
describe the use of plastic waste in fuel production by gasification or pyrolysis (Meys
et al. 2020). This refers to the thermal decomposition of polymers in an oxygen-free

environment (Magsood et al. 2021. Feedstock recycling could also be achieved by a
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process that is becoming increasingly popular, namely biotechnological degradation of
plastics based on enzymatic depolymerisation (Wei et al. 2020).

In the past, several microorganisms have been isolated and described that can grow
on polymers, some of which are described as non-biodegradable (Bollinger et al. 2020;
Espinosa et al. 2020; Khandare et al. 2021; Roy et al. 2021; Yoshida et al. 2016). All
of the microorganisms have in common that they use enzymes, such as cutinases or
esterases, to depolymerize the polymers. Well-studied examples for degradation of PET
for example are the hydrolases from Ideonella sakaiensis 201-F6 (Yoshida et al. 2016)
or TfCut from Thermobifida fusca (Kleeberg et al. 1998). Since these wildtype enzymes
are rather slow and have not been naturally optimised by evolution, there has been
growing interest in enhancing them through directed laboratory evolution and enzyme
engineering. This resulted in optimized enzymes. Based on the LCC, isolated from
a leaf-branch compost (Sulaiman et al. 2012), Tournier et al. (2020) engineered the
enzyme and achieved a 90 % PET depolymerisation in less than 10h on a pre-treated
post-consumer PET, resulting in a productivity of 16.7gL~'h™! at 72°C. Another
engineering target is the increase of the thermostability of the enzymes, which is mostly
achieved by adding disulfide bonds to have active enzymes above the Ty of the polymer.
This is because the T, affects the mobility of the amorphous phase of the polymer,
and a temperature above the 7', makes the amorphous part much more accessible to
enzymatic degradation. However, Thomsen et al. (2022) have also demonstrated that
an increase in thermostability alone is not sufficient to degrade polymers above their Tg,
but that an increase in catalytic efficiency on crystalline parts should also be improved.
Besides PET, other polymers that are not suitable for mechanical recycling, such as
PU are more interesting for enzymatic recycling. In case of polyester-polyurethanes
polyester hydrolases, such as LCC or TfCut2, also showed good activity on these
substrates (Schmidt et al. 2017). So far, most of the enzymes described for depolymer-
izing plastics are hydrolases, which means that only polymers containing hydrolysable
bonds are suitable for an enzymatic recycling process. Therefore, in order to develop
more sustainable biodegradable polymers, it is important to focus on polymers with
hydrolysable backbones (Wei et al. 2020).

One possibility to degrade non hydrolysable fossil-based polymers, such as PE, is
a pre-treatment step to make the polymer chain enzymatically accessible. Thereby
initial oxidation of PE polymers takes place through exposure to UV irradiation in
combination with heat or chemicals in the environment leading to carbonyl-groups in

the alkane chain (Montazer et al. 2020). A similar approach was also demonstrated by
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Sanluis-Verdes et al. (2022). They isolated a PEase enzyme belonging to the phenol
oxidase family that was able to overcome the initial step of PE degradation by oxidizing
the carbon-carbon backbone. The resulting functional groups are then hydrolyzed
leading to shorter fragments of PE. Smaller fragments of the polymer or oligomers could
possibly be degraded via pathways similar to degradation pathways of liner n-alkanes,
such as paraffin or hexadecane (Alvarez 2003; Yoon et al. 2012). By pre-treating the
polymer chain with a chemical oxidation approach and combining this chemical process
with biotechnological degradation of the resulted monomers, Sullivan et al. (2022) could
demonstrate an efficient way to valorize HDPE. Pre-treatment was also required for the
degradation of polyether-polyurethanes by isolated urethanases. In this case, Branson
et al. (2023) combined a chemical glycolysis step leading to dicarbamates with an
enzymatic step using a metagenome-isolated urethanase resulting in the release of CO,,
glycol, and the aromatic diamine.

In addition to chemocatalysis or enzyme catalysis, there is a third possibility, namely
whole-cell- or bio-catalysis. In principle, these feedstock recycling methods do not differ
greatly in the basic idea of using catalysts to break chemical bonds. The main difference
is in the origin and application of the catalysts, with each method having its advan-
tages and disadvantages (Mengers et al. 2023). For example, whole-cell catalysis using
microorganisms allows for many different enzymatic steps to be carried out in parallel,
but only under certain moderate conditions. Chemical catalysts, on the other hand,
can use strong solvents, high pressures and temperatures to act quickly, although the
use of large amounts of solvent in particular is a disadvantage in terms of sustainability.
However, all of the above mentioned studies showed good opportunities for feedstock
recycling of conventional, most fossil based, plastics. Nevertheless, there is an ongoing
debate about the environmental benefits of feedstock recycling. Geyer et al. (2016)
showed that closed-loop recycling systems have no inherent environmental benefits
compared to open-loop systems. Surprisingly, Shen et al. (2010) found that linear
recycling pathways for PET through mechanical recycling are environmentally superior
to closed-loop pathways with chemical recycling to recover feedstock monomers, even
if the mechanically recycled PET is ultimately incinerated. In general, studies could
indicate that significant amounts of collected and sorted plastic packaging waste can
be effectively materially recycled to achieve material properties suitable for replacing
virgin polymers (Meys et al. 2020). It is therefore highly desirable to optimise and
streamline recycling processes while using sustainable raw materials. These efforts have

led to the development of new types of sustainable plastics, known as bioplastics, which
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aim to solve the problem of plastic waste and mitigate climate change by replacing
fossil resources. To support this goal, the EU Commission has funded several projects

under its Horizon2020 program.

1.4. Bioplastic as a potential solution

Despite efforts to collect all waste, the lack of economically viable recycling options
hinders the effective retention of carbon in the cycle (Wierckx et al. 2015). New
technologies are urgently needed to improve the recycling of various plastic waste
streams, including impure mixed waste and non-recyclable thermoset polymers such
as polyurethane foams. In addition, the continuous release of microplastics from
sources such as tyre wear or laundry contributes to environmental pollution. One
possible solution to reduce plastic pollution is to develop biodegradable polymers that
degrade faster in the environment. However, it is important to consider environmental
degradation as a last resort and prioritise other sustainable approaches (Wei et al. 2020).
As a consequence, one of the most advertised solutions are the so-called bioplastic
products, which are becoming more and more popular. However, the use of the term
“bioplastic” often encompasses two completely separate product classes, which can lead
to consumer confusion. Moreover, the two product classes have different benefits and
applications. Bio-based plastics can reduce the carbon footprint, while biodegradable
plastics can reduce the environmental impact and may also facilitate bio-recycling (Tiso
et al. 2022). The International Union of Pure and Applied Chemistry (IUPAC) defines

bioplastic, as followed:

“bioplastic
Biobased polymer derived from the biomass or issued from monomers derived
from the biomass and which, at some stage in its processing into finished

products, can be shaped by flow.

Note 1: Bioplastic is generally used as the opposite of polymer derived from
fossil resources.

Note 2: Bioplastic is misleading because it suggests that any polymer derived
from the biomass is environmentally friendly.

Note 8: The use of the term “bioplastic” is discouraged. Use the expression
“biobased polymer”.

Note 4: A biobased polymer similar to a petrobased one does not imply
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any superiority with respect to the environment unless the comparison of
respective life cycle assessments is favourable.”
(Vert et al. 2012)

Common examples of bioplastic are products made from biopolymers such as poly-
hydroxyalkanoates (PHA) or polylacticacids (PLA), but also from cellulose or starch
(Narancic et al. 2020). In addition, fossil-based building blocks are increasingly being
replaced by bio-based building blocks. In case of PE, which is usually synthesised from
ethylene obtained from petroleum feedstock, it has been successfully demonstrated that
ethylene monomers can also be derived from dehydration of bio-ethanol produced from
glucose (Alvarenga et al. 2013). Although Bio-PE is bio-based and could therefore be
called a bioplastic, it does not become a biodegradable polymer (Ghatge et al. 2020).
Because biodegradable and biodegradation are defined by IUPAC as followed:

“biodegradable (biorelated polymer)
Qualifier for macromolecules or polymeric substances susceptible to degrada-
tion by biological activity by lowering of the molar masses of macromolecules

that form the substances.

Note 1: Adapted from [8] to include the notion of decrease of molar mass
in the definition.

Note 2: It is important to note that in the field of biorelated polymers, a
biodegradable compound is degradable whereas a degradable polymer is not
necessarily biodegradable.

Note 3: Degradation of a polymer in vivo or in the environment resulting
from the sole water without any contribution from living elements is not
biodegradation. The use of hydrolysis is recommended. (See also degrada-
tion.)”

(Vert et al. 2012)

“biodegradation (biorelated polymer)

Degradation of a polymeric item due to cell-mediated phenomena [9].

Note 1: The definition given in [2] is misleading because a substance can
be degraded by enzymes in vitro and never be degraded in vivo or in the

environment because of a lack of proper enzyme(s) in situ (or simply a lack
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of water). This is the reason why biodegradation is referred to as limited
to degradation resulting from cell activity. (See enzymatic degradation.)
The definition in [2] is also confusing because a compounded polymer or a
copolymer can include bioresistant additives or moieties, respectively. Theo-
retical biodegradation should be used to reflect the sole organic parts that
are biodegradable. (See theoretical degree of biodegradation and mazimum
degree of biodegradation.).

Note 2: In vivo, degradation resulting solely from hydrolysis by the water
present in tissues and organs is not biodegradation; it must be referred to
as hydrolysis or hydrolytic degradation.

Note 3: Ultimate biodegradation is often used to indicate complete trans-
formation of organic compounds to either fully oxidized or reduced simple
molecules (such as carbon dioxide/methane, nitrate/ammonium, and water.
It should be noted that, in case of partial biodegradation, residual products
can be more harmful than the initial substance.

Note 4: When biodegradation is combined with another degrading phe-
nomenon, a term com- bining prefixes can be used, such as oxo-biodegradation,
provided that both contribu- tions are demonstrated.

Note 5: Biodegradation should only be used when the mechanism is proved,
otherwise degra- dation is pertinent.

Note 6: Enzymatic degradation processed abiotically in vitro is not biodegra-
dation.

Note 7: Cell-mediated chemical modification without main chain scission
is not biodegradation. (See bioalteration.)”

(Vert et al. 2012)

These definitions highlight one of the current problems with polymers labelled as
biodegradable. Although IUPAC is careful in its definition, in many cases plastics are
labelled as biodegradable but are instead erodible, hydrodegradable, photodegradable
or only partially biodegradable, which can lead to residues in the environment. Another
problem in defining biodegradability is the time frame and how to measure it. This is
a major challenge in agriculture, where plastics are deliberately used in the soil and
where fully biodegradable plastics could be a good solution to minimise environmental
damage (Fojt et al. 2020; Kyrikou et al. 2007).

Biodegradable polymers are ubiquitous in nature and are the most abundant polymers

on earth, prominent examples being cellulose or chitin (El Seoud et al. 2022). These
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polymers are naturally degraded over time by various microorganisms, preventing un-
controlled accumulation on earth. Other natural biodegradable polymers of increasing
interest for biotechnological production are PHAs which are accumulated by a wide
range of bacteria as a storage compound and are mainly produced during nitrogen,
phosphorous and oxygen limitation (Koller et al. 2022; Wen et al. 2010). PHAs were
first described in 1925 by a French scientist in Bacillus megaterium, but since then a
lot of other Gram-positive as well as Gram-negative bacteria have been described to
naturally produce PHAs (Chee et al. 2010). Among them, Cupriavidus necator is one of
the best studied short-chain-length (scl)-PHA producers. It can accumulate up to 90 %
of polyhydroxybutyrate (PHB) per cell dry weight via a three-step biosynthetic pathway.
As first a 3-ketothiolase, encoded by phaA, condenses two molecules of acetyl-CoA to
acetoacetyl-CoA. PhaB, an NADH-dependent acetoacetyl-CoA reductase further reduces
this to (R)-3-hydroxybutyryl-CoA, which is then polymerized by the PHB synthase
PhaC (Schubert et al. 1988). In contrast to that, medium-chain-length (mcl)-PHAs are
synthesized via the intermediate (R)-3-hydroxyacyl-CoA. This molecule is produced
either via -oxidation when fatty acids or alkanoic acids are used as substrate, or via
fatty acid de novo synthesis when unrelated carbon sources are used (Mozejko-Ciesielska
et al. 2018). In P. putida, (mcl)-PHA synthesis is organized by two main operons. The
first one encodes two (mcl)-PHA synthases PhaCl and PhaC2, a depolymerase PhaZ,
and a transcriptional activator PhaD. The second operon is downstream of the first one
in opposite direction and encodes for PhaF and Phal, two phasins (Mezzina et al. 2021).
Besides naturally produced biodegradable polymers, nowadays also synthetic biodegrad-
able polymers are becoming more popular. These include, among others, polyesters such
as PLA (Avérous 2008) or some PU (Liu et al. 2021). The development of biodegradable
polymers is limited by the small number of monomers and chemical bonds available
and the conflicting requirements for polymer performance, e.g. tensile strength and
biodegradability. Consequently, there is an urgent need for precise customisation of poly-
mers, achieved by combining different monomers, as in PBAT (Larranaga et al. 2019).
Therefore, the focus changed to the development and production of co-polyester of
aliphatic and aromatic compounds such as poly(butylene succinate-co-terephthalate)
(PBST) or PBAT. PBAT is a mainly fossil-based synthetic polymer produced by poly-
condensation of combinations of diols, such as 1,4-butanediol (BDO), and dicarboxylic
acids, such as adipic acid (AA) and terephthalic acid (TA), while some of the compo-
nents, such as BDO, can already be produced bio-based (Okada 2002; Zhu et al. 2022).

The exact ratio between AA and TA determines the mechanical and biodegradable
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properties (Herrera et al. 2002). It is known from several application in packaging
material (Jian et al. 2020a; Pereira da Silva et al. 2017), biomedical fields (de Castro
et al. 2016; Santana-Melo et al. 2017), and the agricultural industries (Nelson et al. 2020).
In contrast to other polyesters, such as PET or polybutyleneterephthalate (PBT), which
are resistant to hydrolysis at low temperatures (Kint et al. 1999), PBAT is 100 %
biodegradable. In nature, degradation takes place either via enzymatic biodegradation
by bacteria, fungi or algae or via abiotic degradation, for example thermal, mechanical
or chemical degradation (Shah et al. 2008). During enzymatic depolymerization, mi-
croorganisms first secrete enzymes such as esterases, cutinases or lipases, which attach
to the polymer and catalyze the hydrolysis of the ester bound. As a result, the polymer
is broken down into water-soluble monomers and short- or long-chain oligomers, which
are further metabolized by microbial cells (Shah et al. 2014). These polymers could
play a huge role in a circular economy, since they offer a much easier feedstock recycling
und thus their monomers could be used as substrate for biotechnological production of
various compounds. However, this requires a change in the current recycling industry,
which still recycles the majority of plastics through mechanical recycling. Due to the
high similarity of the newly introduced biodegradable polymers and the substitution
of conventional plastics, as it is the case with PLA and PET, these polymers are
considered contaminants in current recycling streams. Mixing PLA and PET waste
during recycling could degrade the quality of the recycled PET and prevent the material
from being reused (La Mantia et al. 2011). This underlines the importance of not only
developing new polymers, but also new efficient recycling technologies tailored to each
polymer, such as specific enzymatic feedstock recycling with additional bio-upcycling of

the resulting monomers.

1.5. Bio-based production and biodegradation of important

monomers for bioplastic

On the way to a sustainable bioplastic, as mentioned above, the focus should be on
both bio-based production and biodegradation. This also applies to the individual
monomers required for polymerisation or those derived from feedstock recycling of waste
materials. Therefore, more and more effort is being put into bioproduction based on
biocatalysis of conventional monomers, most of which are derived from fossil resources.
In addition, complete monomer consumption by microorganisms also plays a key role

in the biodegradation of polymers. Sometimes the development of production and
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degradation pathways complement each other, as they can run in opposite directions in
the cell. In the case of polyester polymers, these monomers are mainly aliphatic and
aromatic dicarboxylic acids and diols (Figure 1.5.1).

The a,w-dicarboxylic acids (DCA), in particular medium chain length (mcl)-DCAs
such as AA, are important intermediates in the production of polyesters, PUs, and PAs,
such as nylon 6,6 (Debuissy et al. 2016; Hai et al. 2021). Today, AA is still mainly
produced from fossil resources via the nitric oxidation process, with an annual global
production volume of more than three million tonnes and an expected market size of
more than $ 8 billion by 2025 (Rios et al. 2021). This describes a two-step oxidation of
cyclohexanone and cyclohexanol mixtures derived from benzene with excess of HNOj;
to AA (Castellan 1991). In particular, the final oxidation step emits the by-product
nitrous oxide, which has a huge negative impact on the environment (Rios et al. 2021).
This could be avoided by a biotransformation approach of cyclohexane to AA by using
an engineered P. taiwanensis VLB120 strain (Bretschneider et al. 2022).

In 2012, AA was selected as a prime candidate for a bio-based production. Therefore,
much effort has been put into the development of sustainable production routes of
AA (de Jong et al. 2012). This could be achieved by different metabolic pathways
depending mainly on the substrate. One approach is the production of AA from acetyl-
CoA and succinyl-CoA, derived from glucose or other substrates metabolized via the
TCA-cycle, via a reverse pathway similar to the AA degradation pathway described in
Acinetobacter baylyi (Parke et al. 2001). By heterologous expression of this synthetic
pathway in E. coli, Yu et al. (2014) were able to produce up to 639 + 34 pg L ™! from
10g L=t glucose. By using a similar pathway in the native AA producer Thermobifida
fusca B6, Deng et al. (2015) were able to produce up to 2.23g L1 AA from 50 gLt
glucose. Furthermore, production of AA is also described via cis, cis-muconic acid or
glucaric acid, which could be derived from benzoate or glucose (Polen et al. 2013). Both
compounds are then converted to AA via catalytic hydrogenation (Cheong et al. 2016;
Kohlstedt et al. 2018; Kruyer et al. 2017). Using longer chain substrates, like fatty
acids, it is also possible to produce AA wvia -oxidation and /or reverse S-oxidation
with additional w-oxidation (Rios et al. 2021). A [-oxidation step is also part of
the microbial degradation of AA, which was initially described in A. baylyi. In this
species the responsible genes dcaAKIJP and dcaECHF are clustered in to separate
operons. Both operons are involved in this pathway, whereby AA is first activated to
adipyl-CoA by a CoA transferase which is encoded by dcalJ (Parke et al. 2001). The
following step is a S-oxidation step done by an acyl-CoA dehydrogenase, an enoyl-CoA
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hydratase and a hydroxyacyl-CoA dehydrogenase which are encoded by dcaA, dcaFE,
and dcaH. As a last step the thiolase DcaF degraded 3-oxoadipyl-CoA into acetyl-CoA
and succinyl-CoA. DcaK is the transporter, which responsible for AA transport and
dcaP encodes for a potential porin (Parke et al. 2001). Other Gram-negative bacteria
like Pseudomonads, which shares some homologs, are not able to natively degrade

AA or other mcl-DCAs (Ackermann et al. 2021). While AA is the most commonly
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Figure 1.5.1.: Schematic overview of the pathways for degradation and production.
Degradation pathways of different plastic monomers are shown in orange. Central metabolism is
visualized in blue. Shared intermediates are marked in red. Pathways for production of compounds of
interest, such as scl- or mcl-PHAs or aromatic compounds, are shown in green.
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used DCA, smaller DCAs such as succinic acid (SA) or glutaric acid (GA) are also
important building-blocks and thus part of a potential monomer mixture after depoly-
merisation. SA is produced by a wide variety of wildtype microorganisms, as it is part
of the oxidative tricarboxylic acid (TCA), the glyoxylate and the reductive TCA cycles.
However, only the last cycle is able to accumulate succinate efficiently, while the other
cycles mostly use SA as an intermediate. The reductive TCA cycle has the advantage
of producing two molecules of SA from a Cg-substrate by adding two molecules of
CO,. The other two pathways lose carbon in form of CO, and are thus not optimal
for fermentation yield (Mancini et al. 2019; Nghiem et al. 2017; Okino et al. 2008). In
terms of biodegradation, the oxidative pathways allow a wide variety of bacteria to
grow on SA as sole carbon source and allow for rapid degradation of SA. This is similar
in the case of glutarate, which is also a metabolic intermediate in bacteria and is part
of the degradation of several amino acids such as L-tryptophan or L-lysine (Blazquez
et al. 2008; Revelles et al. 2005). Two different pathways, one CoA-dependent and
one independent, have been described in bacteria. For the CoA-independent pathway,
glutarate is first hydrolysed to L-2-hydroxyglutarate via CsiD, then further oxidized by
membrane-associated LhgO to a-ketoglutarate, and finally converted into SA by CsiD
(Knorr et al. 2018). In addition to that, via the CoA-dependent pathway, glutarate is
first activated by a CoA-transferase to glutaryl-CoA and then further decarboxylated
by GedH to crotonyl-CoA. Crotonyl-CoA can then be converted via acetoacetyl-CoA
into two acetyl-CoA molecules (Zhang et al. 2019).

Besides the aliphatic DCAs, aromatic DCAs are also important building blocks in the
polymer chemistry. They are important for the physical and mechanical properties
of the final polymer. TA is the most widely used aromatic DCA and is produced by
an oxidation process from fossil p-xylene obtained from the fractional distillation of
naphtha (Lapa 2023). In order to produce more sustainable polymers, the demand for
bio-based TA is increasing. Therefore, different chemical and biotechnological processes
are developed. In 2022 Gian et al. (2022) were able to show the potential of a bio-
chemical route through the Diels-Alder reaction and a thermochemical route through
fast pyrolysis for a more sustainable production of bio-based TA from Miscanthus by a
comparative life cycle assessment. Both processes aim the production of a bio-based
p-xylene. Besides the drop-in replacement of the precursor p-xylene, Neatu et al. (2016)
could successfully demonstrate the production of TA from p-cymene, which is produced
from biodegradable terpenes, limonene or eucalyptol. Although aromatic compounds

inside the polymer chain are important for the polymer properties, this often correlates
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with less biodegradability of the polymer. Therefore, towards a more sustainable poly-
mer based on TA, not only a bio-based production but also an environmentally friendly
degradation of TA is necessary. In the past, bacterial degradation has been described
in several organisms (Choi et al. 2005; Narancic et al. 2021; Schlafli et al. 1994; Wang
et al. 1995). They all share a similar pathway for the degradation of TA, which starts
with the dioxygenation of TA into 1,2-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylate
(DCD) followed by a decarboxylation step to protocatechuate (PCA) (Figure 1.5.1).
Three pathways have been described for the degradation of PCA. The most common
route is via the S-ketoadipate pathway (Stainer et al. 1973). Therefore, ortho-cleavage
of PCA is catalyzed by the protocatechaute 3,4-dioxygenase, encoded by pcaGH into
B-carboxy-cis-cis-muconate and then further degraded via S-ketoadipate to SA and
acetyl-CoA (Harwood et al. 1996). The other two pathways include the meta-cleavage
catalysed by PCA 2 3-dioxygenase (Crawford et al. 1979) or the para-cleavage catalysed
by PCA 4,5-dioxygenase (Dagley et al. 1960).

In addition to dicarboxylic acids, a,w-diols also play a major role in many industrial
applications. Like most of the DCAs described above, diols are also produced from
fossil resources, hence alternative routes are being developed. Unfortunately, the most
common aliphatic diol, 1,4-butanediol, is not naturally produced by any known or-
ganism, so synthetic metabolic routes are required for a sufficient biotechnological
production (Yim et al. 2011). Using these synthetic routes de novo synthesis of BDO
from renewable feedstock’s, such as D-xylose or glucose has been established (Liu
et al. 2015; Yim et al. 2011). The biotechnological degradation of BDO is well described
by Li et al. (2020). They used adaptive laboratory evolution to optimize the growth
of P. putida KT2440 on BDO. A direct oxidation of BDO wia 4-hydroxybutyrate to
succinate seems to be the advantageous route, but they also described an alternative
B-oxidation pathway leading to glycolyl-CoA and acetyl-CoA that could be active (Li
et al. 2020) (Figure 1.5.1). However, degradation of longer diols, such as 1,6-hexanediol,
1,7-heptanediol or 1,8-octanediol is still challenging and is focus of the work of this
thesis.

The degradation of these plastic monomers, which could be part of a depolymerized
mixed plastic waste stream, is the focus of many biotechnological studies, because they
have great potential for a bio-upcycling approach that would bring us closer to a circular

economy.
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1.6. Bio-upcycling of plastic waste streams

The problem with most established industrial recycling processes is that the product
loses value during the recycling process. This downcycling results in the need for new
virgin polymers and thus new fossil resources. For an efficient circular economy it is
important to maintain quality (and thus value) in the product or, in the best case,
to increase the industrial value during recycling. This requires, in addition to the
degradation of monomers and oligomers after chemical or enzymatic feedstock recycling,
the high-yield production of high-value compounds (Figure 1.5.1).

Previous studies have successfully demonstrated the bio-upcycling of PET into high-
value aromatic compounds. Kim et al. (2019) combined a chemical hydrolysis process
with a separation step to obtain high purity ethylene glycol and terephthalic acid (Kim
et al. 2019). Both monomers were used separately as a carbon source for Gluconobacter
ozydans and metabolically engineered E. coli, to produce either glycolate from ethylene
glycol or aromatic compounds derived from protocatechuate or catechol from tereph-
thalate (Kim et al. 2019). To avoid the expensive separation step for both monomers, a
biological funneling approach may be of interest. This involves the consumption of a
variety of monomers by either a single strain or a consortium of different microorganisms
through combined metabolic pathways. To this end, Tiso et al. (2021) performed an
adaptive evolution experiment to enable the growth of the native TA-degrading P.
umsongensis GO16 on ethylene glycol to produce products of high biotechnological
potential, such as PHAs or HAAs form hydrolyzed PET. In combination with chemo-
catalytic glycolysis, Werner et al. (2021) demonstrated the bio-upcycling of PET to
[-ketoadipate, which was used to synthesize a nylon 6,6 analogue. They used a geneti-
cally engineered P. putida strain capable of degrading the monomers resulting from the
chemocatalytic process, such as TA and ethylene glycol, but also bis(2-hydroxyethyl)
terephthalate (BHET) and mono(hydroxyethyl) terephthalate (MHET). Unlike PET,
other polymers may contain some toxic additives or monomers that could limit the
bio-upcycling potential. To overcome this, a mixed culture containing a specific strain
able to degrade these toxic compounds could be feasible, as Utomo et al. (2020) did for
the utilization of the toxic PU monomer 2,4-toluenediamine (TDA). Another option to
avoid these toxic challenges could be an additional chemical separation process. Eberz
et al. (2023) were able to selectively separate toxic diamines from a PU hydrolysate, to
the point that they were no longer toxic for P. putida.

These results suggest the high potential of biological funneling for bio-upcycling of

plastic waste material. By broadening the potential substrate spectrum for biological
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funneling, this process could not only be feasible for single polymers with different
monomers, but also offer a good chance to efficiently recycle mixed plastic waste streams
without a complex separation step. In the case of the described quality loss of recycled
PET due to PLA contamination, the additional expression or prior addition of PLA
degrading enzymes, could funnel both polymers into one product (La Mantia et al. 2011;
Zaaba et al. 2020).

Biological funneling is not an exclusive solution to the plastic waste crisis, but is also
well-established in biomass conversion, for example from lignin or cellulose. In the case
of lignin valorization, an alkaline pre-treatment is required, resulting in a solid phase
consisting of polysaccharides and an alkaline pre-treated liquor. The polysaccharides are
converted via known routes such as enzymatic hydrolysis and additional fermentation
of the released sugar monomers. The alkaline liquor contains a high heterogeneity of
different monomers, dimers, and trimers, with the main components being aromatic
compounds such as p-coumaric acid, vanillic acid, and ferulic acid. All of these com-
pounds were biologically funneled by P. putida KT2440 into the aromatic intermediate
protocatechuate and then further converted into PHAs (Linger et al. 2014).

In addition to upcycling plastic waste into new bioplastics, another interesting product
could be aromatic compounds. Aromatic compounds are important bulk and fine
chemicals with a wide range of applications in the food, feed and pharmaceutical
industries. The majority of aromatics are currently produced from fossil resources, so a
raw material substitution represents a major change towards more sustainability. In the
past, many bacteria have been successfully engineered to produce aromatic compounds,
highlighting their potential for a bio-upcycling approach (Schwanemann et al. 2020;
Wang et al. 2018).

1.7. Pseudomonas as biotechnological chassis

For an efficient bio-upcycling approach, it is important to have a suitable biotechno-
logical host. As shown above, Pseudomonads have already demonstrated their high
potential for bio-upcycling in the past, as they are already able to degrade a wide
range of plastic monomers (de Witt et al. 2023; Franden et al. 2018; Li et al. 2020;
Narancic et al. 2021; Utomo et al. 2020) and produce high value compounds (Davis
et al. 2013; Kenny et al. 2008; Schwanemann et al. 2020; Tiso et al. 2020b). The factors
resulting in their high potential are manifold and include their robustness, rapid growth,

amenability to genetic modification and non-pathogenicity.
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The genus Pseudomonas belongs to the Gram-negative v-proteobacteria and is ubig-
uitous in a wide variety of niches. Species in this genus are studies for their medical,
agricultural, and environmental relevance, with the main focus on the human pathogen
P. aeruginosa PAO1 (Reynolds et al. 2021), the plant pathogen P. syringae (Xin
et al. 2018), the plant growth-promoting P. stutzeri (Pham et al. 2017) or P. fluorescens
(Preston 2004) and the non-pathogenic soil bacteria P. putida (Volke et al. 2020), which
is of particular interest in biotechnology. Pseudomonads also include a wide range of
highly stress-tolerant species.

One of the reasons for them being of great interest in biotechnological processes is their
high chemical stress tolerance, which offers many advantages in approaches such as
biodegradation or bio-upcycling of mixed plastic waste. To achieve this high tolerance,
Pseudomonads have developed a variety of mechanisms to manage different external
stressors in their ecological niche (Bitzenhofer et al. 2021). These start at the outer
or cytoplasmic membrane to prevent toxic compounds from entering the cell. Thereby
Pseudomonads, among other Gram-negative bacteria, use outer membrane vesicles
to increase their membrane hydrophobicity. This results in an improved biofilm or
microcolony formation and thus increased stress tolerance. Another strategy to prevent
penetration of toxic compounds is to modify the cytoplasmic membrane. Thereby, a
cis-trans-isomerase converts cis-unsaturated fatty acids into their trans configuration
(Eberlein et al. 2018; Heipieper et al. 2003).

Even in cases where harmful chemicals manage to cross the membrane or are syn-
thesised by the Pseudomonads themselves, possibly by biotechnological means, these
organisms have inherent strategies to mitigate the effects of such compounds. This
is why different Pseudomonads show variations in their efflux pump systems. An
important role in the extrusion of toxic molecules is played by the three eflux pumps
TtgABC, TtgDEF and TtgGHI, which belong to the resistance-nodulation-division
(RND) family. These so-called toluene tolerance genes have been well studied and
are responsible for the majority of toluene resistance in P. putida DOT-TIE (Rojas
et al. 2001). However, TtgABC, which is constitutively expressed and not induced by
toluene, is mainly involved in extrusion of several antibiotics. In contrast, TtgDEF,
which shows a high similarity on the protein level towards TtgABC, is involved in
adaptive toluene tolerance and is able to export toluene from the cell. This pump is
linked to the tod genes, which encode for a toluene degradation pathway, enabling the
cells to grow on toluene as sole carbon source (Rojas et al. 2001). In addition, TtgGHI

plays a key role in innate and inducible toluene tolerance and the corresponding operon
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is highly expressed after induction with toluene (Rojas et al. 2001). This is also the
reason why the solvent-tolerant P. taiwanensis VLB120 strain, which lacks TtgDEF, is
able to tolerate aromatic and aliphatic solvents such as toluene, styrene or n-octanol
(Kohler et al. 2013). In contrast, P. putida KT2440 lacks TtgDEF and TtgGHI, making
this strain solvent-sensitive (Bitzenhofer et al. 2021).

In addition, if the cell was not successful in keeping the toxic compounds out of the
cells, Pseudomonads can also minimize intracellular damage. Besides the bacterial
SOS system, which is essential for DNA damage repair (Maslowska et al. 2019), a
variety of redox enzymes enable the elimination of reactive compounds. In particular,
highly reactive aldehydes, such as 5-hydroxymethylfurfural or vanillin, can be rapidly
converted to less reactive alcohols or acids, whereas Pseudomonads mainly use oxidative
deactivation (Simon et al. 2014; Xu et al. 2020).

In order to achieve an optimized biotechnological approach, numerous chassis tailored
for diverse applications have been previously engineered, all originating from distinct
Pseudomonads. As a first beneficial step, unnecessary biological functions of the cell
are often deleted to reduce the metabolic burden and increase energy availability for
production of compounds of interest. In 2015 Lieder et al. (2015) published a genome-
streamlined P. putida KT2440 strain that outperformed the parental wildtype strain
in many parameters, such as growth rate, biomass yield and amount of compounds
produced. A few years later, Wynands et al. (2019) engineered a genome-reduced chassis
(GRC) strain based on the solvent-tolerant P. taiwanensis VLB120. Here, they deleted
large proviral segments and the megaplasmid pSTY, as well as genes that allow the
cells to swim and form biofilms, resulting in higher growth rates, biomass yields and
increased solvent tolerance. Since the solvent efflux pump TtgGHI is encoded on the
megaplasmid pSTY, the encoding genes were genomically integrated without (GRC2)
and with (GRC3) the regulatory genes (Wynands et al. 2019).

Previously, this genome-reduced chassis strain was successfully engineered as a de
novo producer of phenol (Wynands et al. 2019) and other tyrosine-derived aromatics
(Wynands et al. 2023), demonstrating great potential for a bio-upcycling approach. In
order to produce high-value aromatic compounds with Pseudomonads, it is important
to delete catabolic pathways, as most Pseudomonads have a high diversity of aromatic
degrading pathways (Jimenez et al. 2002). This results in a tyrosine-overproducing
strain harbouring five deletions (annotated as A5) involved in the (hydro)aromatic
degradation pathways. These include the deletion of hpd and pobA, resulting in strains

unable to grow on 4-hydroxybenzoate and tyrosine as sole carbon sources. In addition,
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three homologs of 3-dehydroshikimate dehydratase (QuiC) were deleted to prevent the
conversion of 3-dehydroshikimate to protocatechuate and thus increase the carbon flux
via chorismate. To further increase the supply of phosphoenolpyruvate precursors, the
pykA gene coding for pyruvate kinase A was deleted (Wynands et al. 2019). For an
optimized tyrosine accumulation three other amino acid substitutions were described.
AroF-1P148E and PheAT3!% Jead to increased feedback inhibition and thus enhance the
flux towards tyrosine (Weaver et al. 1990; Wynands et al. 2018). On the other hand,
the third substitution of an amino acid, namely TrpEF?%%8 | is thought to reduce the
activity of anthranilate synthase, the enzyme responsible for an important reaction in
tryptophan synthesis. This mutation leads to a reduced consumption of metabolites
for the production of unwanted tryptophan and a decrease in intracellular tryptophan
levels. The reduced intracellular tryptophan concentration is likely to relieve feedback
regulations that inhibit the shikimate pathway. It may also lead to increased transcrip-
tion of genes involved in the shikimate pathway. Consequently, this could increase the

metabolic flow towards tyrosine (Wierckx et al. 2008).

1.8. Scope of this thesis

To combine the biotechnological potential for the production of high-value compounds
of P. putida KT2440 and P. taiwanensis VLB120, the overall aim is to extend the
substrate spectrum of both strains to efficiently degrade different plastic monomers
from mixed plastic waste streams to establish a bio-upcycling approach with a focus on
monomers from PBAT.

Therefore, in chapter two the growth of P. putida KT2440 on adipate and other (mcl)-
DCAs as sole carbon source is enabled by reverse engineering based on whole genome
sequencing results of strains selected from an adaptive laboratory evolution experiment.
Furthermore, the potential for PHA production from (mcl)-DCAs as a carbon source
was analyzed.

Upon enabling growth, in chapter two, it was observed that DCAs of uneven chain
length were metabolized much less efficiently. Chapter three therefore focuses on the
degradation of (mcl)-DCAs of uneven chain length, with particular emphasis on pimelate.
Furthermore, the knowledge gained from uneven chain DCAs will be combined with
the degradation pathways of (mcl)-diols to obtain efficient degradation of uneven chain
diols. With the resulting strains, monomer mixtures of different DCAs and diols will be

degraded and potential PHA production is analyzed.
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In addition to bio-upcycling into new polymers, such as PHA, the production of aromatic
compounds from plastic monomers is also of interest. Therefore, chapter four focuses
on the degradation of adipate and 1,4-butanediol with the aromatic overproducer P.
taiwanensis GRC3A5-TYR2 and the production of tyrosine from these monomers.

To complete the bio-upcycling of all PBAT monomers with P. taiwanensis, chapter
five focuses on the bioconversion of terephthalate to protocatechuate using adipate or
1,4-butanediol as an additional carbon source. Furthermore, a de novo protocatechuate
production from glucose as carbon source is established, to also degrade other monomers
from widely used PBAT /starch blends.

In general, this thesis will contribute to the efficient bio-upcycling of plastic monomers
by characterising different degradation pathways of plastic monomers and producing
aromatic precursors, such as tyrosine or protocatechuate, for the production of high-value

compounds.
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2. Publications and manuscripts

This chapter consists of four manuscripts that have either been published or are about
to be published in peer-reviewed journals. The work presented here is the result of
collaborations with various working groups within the EU project Mix-UP and other
collaborations that have resulted in joint publications.

Contributions of the authors to the respective manuscripts were described using the
‘Contributor Roles Taxonomy (CRediT) (Allen et al. 2019).
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2.1.1. Abstract

Bio-upcycling of plastics is an upcoming alternative approach for the valorization of
diverse polymer waste streams that are too contaminated for traditional recycling
technologies. Adipic acid and other medium-chain-length dicarboxylates are key compo-
nents of many plastics including polyamides, polyesters, and polyurethanes. This study
endows Pseudomonas putida KT2440 with efficient metabolism of these dicarboxylates.
The dcaAKIJP genes from Acinetobacter baylyi, encoding initial uptake and activation
steps for dicarboxylates, were heterologously expressed. Genomic integration of these
dca genes proved to be a key factor in efficient and reliable expression. In spite of
this, adaptive laboratory evolution was needed to connect these initial steps to the
native metabolism of P. putida, thereby enabling growth on adipate as sole carbon
source. Genome sequencing of evolved strains revealed a central role of a paa gene
cluster, which encodes parts of the phenylacetate metabolic degradation pathway with
parallels to adipate metabolism. Fast growth required the additional disruption of
the regulator-encoding psrA, which upregulates redundant S-oxidation genes. This
knowledge enabled the rational reverse engineering of a strain that can not only use
adipate, but also other medium-chain-length dicarboxylates like suberate and sebacate.
The reverse engineered strain grows on adipate with a rate of 0.35 = 0.01 h™!, reaching
a final biomass yield of 0.27 gopw gadipatefl. In a nitrogen-limited medium this strain
produced polyhydroxyalkanoates from adipate up to 25 % of its CDW. This proves its
applicability for the upcycling of mixtures of polymers made from fossile resources into

biodegradable counterparts.
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2.1.2. Introduction

Production of plastics reached 359 million tons in 2018 and is almost completely based
on fossil resources. By 2050 the plastics industry will have produced an average of
500 million tonnes per year consuming 20 % of total oil production (World Economic
Forum et al. 2016; Geyer et al. 2017). Plastics have a wide range of advantageous
properties such as flexibility, durability, and light weight. However, most plastics
are extremely stable, and without good end-of-life management they will accumulate
in all major terrestrial and aquatic ecosystems on the planet (Andrady et al. 2009;
Narancic et al. 2018; PlasticsEurope 2019). The pollution of plastic has recently been
highlighted as a global crisis at every stage, from production to disposal and incineration
(RameshKumar et al. 2020). Ideally, a fully circular economy is realized where all plastic
is recycled with no leakage to the environment. However, this is unrealistic, and
surely far from the current reality, in which only a small fraction of plastics is recycled
(PlasticsEurope 2019). Even if all waste would be collected, a lack of economically
viable recycling options for many plastic waste streams currently limits useful retention
of carbon in the cycle. There is therefore a strong need for new technologies especially
for the recycling of impure mixed waste streams, as well as for thermoset polymers like
polyurethane foams that are not amenable to mechanical recycling. In addition, wear
and tear of microplastics from, e.g. tire friction or washing will invariably lead to a
certain level of environmental pollution. One possible way to ameliorate the problem of
plastic pollution is the development of biodegradable polymers. These likely remain
in the environment for a shorter time, although environmental degradation should
always be considered an “emergency” last resort (Wei et al. 2020). The development
of chemical (Meys et al. 2020; Rorrer et al. 2019; Vollmer et al. 2020) and biological
(Narancic et al. 2020; Wei et al. 2020) plastic depolymerization processes has recently
enabled a qualitatively new way of recycling. Major advances have been made in
the depolymerization of polyesters (Knott et al. 2020; Tournier et al. 2020; Westhues
et al. 2018), polyurethanes (Magnin et al. 2020) and polyamides (Kumar et al. 2020).
Biodegradable polymers, like polyhydroxyalkanoate (PHA) and polybutylene adipate
terephthalate (PBAT) are especially amenable to this approach, since they are by
definition easier to depolymerize. In the case of mixed waste streams, depolymerization
of plastic waste will yield a complex mixture of plastic monomers with terminal alcohol,
carboxylic acid, and amine groups, the separation and purification of which may not
always be economical. In this case, biological funneling is a powerful approach to

convert plastic hydrolysates into value-added chemicals (Catur Utomo et al. 2020;
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Kim et al. 2019; Tiso et al. 2020b). This bio-upcycling of plastics has recently been
heralded as a promising new approach to waste management (Wierckx et al. 2015). A
prerequisite for the biological funneling of plastic hydrolysates is the efficient microbial
metabolism of the contained monomers. In this respect, Pseudomonads are considered
highly promising microbial catalysts (Wierckx et al. 2015; Wilkes et al. 2017). Different
non-pathogenic strains of this genus possess favorable intrinsic properties such as high
tolerance to chemical stresses and fast and efficient growth (Heipieper et al. 2007; Nikel
et al. 2018; Schwanemann et al. 2020; Volmer et al. 2014; Wynands et al. 2019). The
last decade has also seen an explosion of available genetic tools (Aparicio et al. 2019;
Ko6bbing 2020; Martinez-Garcia et al. 2011; Nikel et al. 2014; Zobel et al. 2015), enabling
deep metabolic engineering for efficient bioproduction (Lenzen et al. 2019; Otto et
al. 2019) and the generation of streamlined chassis strains (Nikel et al. 2018; Shen
et al. 2017; Wynands et al. 2019). Pseudomonads are also well known for their metabolic
versatility, which already enabled growth on a variety of plastic monomers. P. putida
KT2440 was naturally capable of growing on diols like ethylene glycol and 1,4-butanediol,
but this ability needed to be activated or enhanced by metabolic and/or evolutionary
engineering (Li et al. 2020; Li et al. 2019). Several natural isolates are further capable
of degrading styrene (Baggi et al. 1983), terephthalate (Narancic et al. 2021), and
2,4-toluenediamide (Espinosa et al. 2020). One class of compounds that so far cannot
be metabolized by Pseudomonads are medium-chain-length (mcl)-dicarboxylates like
adipic or sebacic acid. Adipic acid and other mcl-a, w-dicarboxylates are mainly used in
the production of polyamides, polyesters, and polyurethanes. Adipic acid is industrially
produced from fossil benzene (Sato 1998), but several microbial production methods
have also been developed (Chae et al. 2020). Lipids, lignin, and (hemi-)cellulose-derived
feedstocks can be utilized to produce muconic or glucaric acid (Bentley et al. 2020; Otto
et al. 2020; Salvachia et al. 2018), which can subsequently be converted to adipic acid
via catalytic hydrogenation (Cheong et al. 2016; Kohlstedt et al. 2018; Kruyer et al. 2017;
Vardon et al. 2015). Further, E. coli strains have been developed that can convert
glucose directly into adipic acid (Polen et al. 2013; Zhao et al. 2018). This biosynthesis
pathway utilizes a reverse -oxidation route that is similar to the degradation route for
adipic acid (Kallscheuer et al. 2017). Microbial degradation of adipic acid and other
mcl-dicarboxylates was characterized in Acinetobacter baylyi (Parke et al. 2001), a
robust and versatile Gram-negative soil bacterium used for characterization, evolution,
and engineering of enzymes and metabolic pathways (Barbe et al. 2004; Pardo et

al. 2020; Tumen-Velasquez et al. 2018). In this species, adipic acid is first activated
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to adipyl-CoA, after which it is further metabolized via -oxidation. The responsible
genes are clustered in two operons. One encodes enzymes for the transport (DcaK and
DcaP), CoA transferase subunits (DcalJ), and an acyl-CoA dehydrogenase (DcaA).
The other operon (dcaECHF') encodes enzymes related to S-oxidation including an
enoyl-CoA hydratase, ketoacyl-CoA reductase, hydroxyl-CoA dehydrogenase, and a
thiolase (Fischer et al. 2008) (Figure 2.1.1).

In this work, the substrate spectrum of P. putida KT2440 is expanded to encompass
mcl-dicarboxylates like adipic acid. Initial metabolic uptake and activation steps are
heterologously inserted using genes from A. baylyi, followed by adaptive laboratory
evolution to enable and enhance growth. The resulting strains are analyzed by genome
re-sequencing and the adipate-metabolizing phenotype is reverse engineered in the
wildtype. The resulting strains grow at a rate of 0.31 & 0.02h™! on adipic acid as
sole carbon source, and they can also metabolize other mcl-dicarboxylates like suberic,

azelaic, and sebacic acid.
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Figure 2.1.1.: Overview of genes and enzymes involved in adipate metabolism. A) Compar-
ison of the adipate metabolic pathway of A. baylyi (underlined proteins) with the 4-hydroxybenzoate
and phenylacetate pathways from P. putida KT2440. B) Genomic organization of genes encoding
4-hydroxybenzoate and phenylacetate pathway enzymes in P. putida KT2440. Colors correspond to
the encoded enzymes in A. Discovered mutations in ALE strains are shown below the relevant genes.
C) Plasmid-based expression cassette of dcaAKIJP.
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2.1.3. Results and discussion
2.1.3.1. Enabling adipate metabolism by P. putida KT2440

Initial growth experiments showed that P. putida KT2440 is unable to metabolize
adipate as sole carbon source, even after prolonged incubation. In silico comparison of
the P. putida KT2440 genome to the adipate metabolic enzymes from A. baylyi (Parke
et al. 2001) indicated a partial overlap with the 4-hydroxybenzoate and phenylacetate
degradation pathways, starting at the level of 2,3-didehydroadipyl-CoA and 3-oxoadipyl-
CoA, respectively (Figure 2.1.1). There are no known P. putida homologs of DcalJ and
DcaA. However, a BLAST search with DcaA yielded several hits with putative acyl-CoA
dehydrogenases with up to 40 % sequence identity, and the sequences of Dcall are
66 % and 62 % identical to the 3 oxoadipyl-CoA transferase PcalJ of P. putida KT2440.
The pcalJ genes are induced by 3-oxoadipate or indirectly by 4-hydroxybenzoate in P.
putida ATCC12633 (Ornston et al. 1976; Parales et al. 1993). These metabolites also
induce a 3-oxoadipate uptake system that enables adipate import, likely encoded by
pcaT. However, the same studies also confirm the initial observation that in spite of
this, neither the wildtype P. putida ATCC12633, nor constitutive transporter mutants,
grow on adipate as sole carbon source. Therefore, the dcaAKIJP operon from A. baylyi,
encoding the adipyl-CoA transferase, dehydrogenase, and putative adipate uptake
proteins, was overexpressed on vector pBNT-dcaAKIJP. In theory, this overexpression
completes the genetic inventory of P. putida for the metabolism of adipate. However,
the resulting P. putida KT2440 pBNT-dcaAKIJP did not grow on adipate as sole carbon
source. This may be attributed to a lack of induction of the native genes encoding
the downstream 2,3-didehydroadipyl-CoA metabolic pathway. A similar phenomenon
was observed for P. putida incubated with ethylene glycol (Li et al. 2019). Growth
on this substrate was enabled by the addition of the upstream metabolite allantoin,
which activated a glyoxylate metabolic pathway fed by the oxidation of ethylene glycol.
This misregulation was abolished through adaptive laboratory evolution (ALE), which
resulted in mutations that constitutively activated the pathway. We therefore subjected
P. putida KT2440 pBNT-dcaAKIJP to ALE, using a co-feeding scheme of adipate and
supporting carbon sources glucose and 4-hydroxybenzoate. 4-Hydroxybenzoate was used
to induce the abovementioned pcalJ and pcaF, as well as genes like pcaF-I and pcaF-I1
via its metabolites protocatechuate and 3-oxoadipate (Parales et al. 1993). The latter
genes are involved in the degradation of the common intermediate 3-oxoadipyl-CoA

(Figure 2.1.1). A stepwise increase in adipate and decrease of supporting carbon sources
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Figure 2.1.2.: Adaptive laboratory evolution of P. putida KT2440 pBNT-dcaAKIJP on
adipate. Sequential batch cultivation to obtain the evolved populations A6p (A) and A12p (B) on MSM
medium with the following substrates: (1) 5mM glucose, 5 mM adipate, 15 mM 4-hydroxybenzoate; (2)
10 mM adipate, 20 mM 4-hydroxybenzoate; (3) 20 mM adipate, 1 mM 4-hydroxybenzoate; (4) 20 mM
adipate, 0.5 mM 4-hydroxybenzoate; (5) 30 mM adipate. Each transfer is indicated with a green star.
The greyed symbol is an estimated value after visual inspection of a long-term cultivation. C) Growth
of 84 single strains isolated from the two ALE batches in two-fold buffered MSM with kanamycin and
30 mM adipate. The strains A12.1p (A) and A6.1p (V) were selected for further investigation. Growth
was detected via a Growth Profiler using a 96-well plate.

was used to evolve P. putida KT2440 with pBNT-dcaAKIJP in two individual batches
(Figure 2.1.2). No salicylate was added as inducer of the NagR /P ,,a, promoter system,
which controls the dcaAKIJP operon, relying instead on leaky expression of the promoter.
This omission provides higher selective pressure on gain-of-function mutations in native
genes similar to the heterologously expressed operon, as previous work indicated that an
adipate-metabolizing strain might be evolved without the plasmid (Ornston et al. 1976)
When glucose was supplemented to medium 1 (Figure 2B), the strain grew overnight.
The second overnight culture was washed in MSM buffer and used to inoculate medium 2
with 4-hydroxybenzoate and adipate as carbon sources. Growth phases increased to two
days reaching ODggg 2.6 - 3.5 and could be shortened after three transfers to one day.
When 1 mM 4-hydroxybenzoate was co-fed with 20 mM (medium 3) in the A12p culture,
optical densities of only 0.16 were reached. This strongly indicates that up to this
point adipate was not metabolized. A drastic change was observed after four transfers,
which were performed by harvesting the cells and transferring them to fresh medium 3.
Subsequent cultures reached high ODgyy values, which could only be achieved through
adipate utilization. The resulting evolved population grew overnight to an ODggg of
3.6 on adipate as sole carbon source. Eighty-four strains from evolved cultures were
isolated on LB agar plates and tested for growth on adipate (Figure 2.1.2). The fastest
growing strains from each batch were selected and called A6.1p and A12.1p (first strain
evolved on adipate with 6 or 12 sequential batches harboring a plasmid). Both strains
had retained plasmid pBNT-dcaAKIJP and were kanamycin resistant. In MSM with
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kanamycin, 0.1 mM salicylate as inducer and 30 mM adipate as sole carbon source strain
A12.1p grew at a rate of 0.29h~!, which is 2.8-fold faster than A6.1p which grew at a
rate of 0.11h~!,

2.1.3.2. Genome sequencing of evolved adipate-metabolizing strains

To understand the molecular basis of the phenotype of the two evolved strains and their
plasmids, genome re-sequencing was conducted. Sequencing data are deposited in the
NCBI Sequence Read Archive under BioProject number PRJNA464914 with accession
numbers SRX9220792 for A6.1p and SRX9220793 for A12.1p. In total 51 mutations
were found in A6.1 and 53 mutations in A12.1. As was shown previously for sequenced
strains evolved on ethylene glycol and 1,4-butanediol, most of the genomic mutations
are also present in our laboratory wildtype and therefore unlikely to contribute to
adipate metabolism (Li et al. 2020; Li et al. 2019). Of the remaining mutations (Table
2.1.1), one prominent phenomenon stood out in both evolved strains. The sequence read
coverage for transposon Tn4652 was twice as high as the average genomic coverage. This
transposon is known to be activated under stress conditions such as starvation (Ilves
et al. 2001). It was previously found to play a role in ALE-derived strains growing on
ethylene glycol and 1,4-butanediol (Li et al. 2020; Li et al. 2019). It contains a predicted
promoter at its 3 "-end and is known for generating novel fusion promoters upon insertion
into a new locus (Nurk et al. 1993; Teras et al. 2000). Arbitrary-primed PCR revealed
that this transposon had replicated into a second locus, between paaFGHIJ and paaYX.
The paa cluster encodes enzymes responsible for the degradation of phenylacetate,
which shows parallel activities to adipate degradation (Figure 2.1.1). In E.coli, PaaX is
a repressor of paaZ and paaABCDEFGHIJK (Fernandez et al. 2014). Phenylacetate
is CoA-activated to phenylacetyl-CoA, which binds to PaaX thereby releasing the
repression by disassociating from the promoter binding site of PZ and PA (Ferrandez
et al. 2000). The function of PaaY is so far not fully understood. It is thought to
inactivate PaaK, the phenylacetate-CoA ligase, by acetylation (Teufel et al. 2010).

Additionally, only identified in A12.1p, the psrA gene encoding a TetR family tran-
scriptional regulator was mutated (GAG — TAG; E80*). This protein is a homolog to
PsrA of P. aeruginosa (protein sequence identity of 85 %), which is a global regulator of
B-oxidation that, among others, represses fadAB (Fonseca et al. 2014; Kang et al. 2008).
Since pcaF-I1I and fadB are close to psrA, and these also have high homologies to
fadAB in P. aeruginosa, it is likely that they are also regulated by this transcriptional

repressor, and that its disruption activates the expression of these genes (Figure 2.1.1).
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Table 2.1.1.: Genomic loci affected by ALE in A6.1p and A12.1p.

Found in affected putative mutation putative Reference
strain locus function (position in effect
genome)
A6.1p, PP_0278 small insertion_-_T frameshift Belda
hypothetical et al. 2016;
Al2.1p protein (336124°336125) Nelson
et al. 2002
Al2.1p PP 2144 TetR family G—T (2445964) nonsense Fonseca
transcriptional E80* et al. 2014;
regulator (236 Kang et al. 2008
aa)
A6.1p, PP_ 2589 aldehyde C—T (2958523) A428V Kurihara
Al2.1p dehydrogenase et al. 2005
Al12.1p PP_ 3988 hypothetical deletion_ T _- frameshift Belda
protein (4498312) et al. 2016;
Nelson
et al. 2002
A6.1p, PP_5037 lipocalin family ~C—T S175N Bishop 2000;
Al2.1p lipoprotein (5740555) Flower
et al. 2000
A6.1p, Tn4652 transposon 17 kb insertion  promoter Tlves et al. 2001;
Al2.1p (3719504°3719505) mutation Teras et al. 2000

Although pcalJ were induced by 4-hydroxybenzoate during the ALE experiments, no
mutations were found in their genomic region. A third mutation found only in A12.1p
consists of a frameshift deletion in PP 3988, which affects the last 118 out of the total
682 amino acids of the encoded hypothetical protein of unknown function. However,
restoring the wildtype sequence in A12.1 did not affect the growth of this strain on
adipate, making it unlikely to be foundational to the phenotype of this strain (Figure
S2). Three further mutations were found in both strains (Table 2.1.1), but these were
also deemed of lower priority due to their marginal putative effect or the lack of any
apparent relation to adipic acid metabolism. Besides genomic mutations, the plasmid of
A6.1p contained one missense mutation in the rep gene, which encodes the replication
initiator protein of the plasmid (Kriiger et al. 2014). Mi et al. (2016) found similar
mutations in the rep gene of a related pBBR1 plasmid backbone after ALE with P.
putida, leading to a lower plasmid copy number which eliminated a plasmid-induced
growth defect. Sequence read coverage analysis shows that the plasmid copy number in

A6.1p is approximately 3-fold lower than in A12.1p (Figure 2.1.3). Thus, the mutation in
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Figure 2.1.3.: Analysis of evolved pBNT-dcaAKIJP expression constructs. A) Comparison
of growth on adipate of strains A12.1 (orange) and A6.1 (blue) with and without the indicated plasmids.
Open symbols indicate omission of salicylate. B) The average sequence read coverage of the plasmids
normalized to the genome. C) Mutation in the backbone of plasmid pBNT-dcaAKIJP. D) Mini-Tn7
genomic integration construct for constitutive expression of dcaAKIJP. E) Growth curves of P. putida
A12.1 with episomal and genomic expression of the dcaA KIJP genes. Growth curves were measured in
MSM with 30 mM adipate with the Growth Profiler and the results were converted to an equivalent OD
at 600nm. Error bars indicate the standard error of the mean (n=3 (A), n=5 (E)). (ge = genomically
integrated P .-dcaAKIJP; p = pBNT-dcaAKIJP).

the rep gene of pBNT-dcaAKIJP of A6.1p likely reduces the expression of the dca operon.

2.1.3.3. Characterization of plasmid effects in evolved adipate-metabolizing

strains

The effect of the mutation in the rep gene of the plasmid from A6.1p was investigated
by curing the two evolved strains from their plasmids and re-transforming them with
plasmids isolated from both strains (Figure 2.1.3A). In the case of A12.1 there is a
slight negative effect on growth on adipate from the re-transformation with its own
plasmid (0.26 &+ 0.01h™!) compared to the original evolved strain (0.29h='). The
growth rate is significantly lower (0.22h~!) if the plasmid from A6.1p is used. The

37



2. Publications and manuscripts

opposite effect can be seen in A6.1, whose growth rate increases significantly with
the plasmid from A12.1p (0.12h~') compared to the original evolved strain (0.11h~!)
and the re-transformed strain (0.10h~!). However, the A6.1 strain with the plasmid
of A12.1 still grew much slower than any of the A12.1 transformants, indicating
the effect of additional genomic mutations in the A12 strain background on growth.
Omission of salicylate as inducer of the nagR/Pyagaa promoter led to much slower
growth compared to induced cultures (Figure 2.1.3A). It thus seems that the omission
of salicylate in the ALE provided insufficient selective pressure for the emergence of
mutations that increased expression or led to gain-of-function of other genes. The
mutation in the rep gene likely relate to general plasmid instability issues during ALE,
as shown by Mi et al. (2016), rather than to efficient growth on adipate. In order to
avoid the influence of plasmid instability and copy number effects, we therefore opted
to integrate the dcaAKIJP operon into the genome of P. putida. By excluding the
variable copy number of the plasmid, the reproducibility and stability of the strain
would increase. As additional advantage, no antibiotic selection is needed, thereby
providing less metabolic burden. The constitutive synthetic promoter P ;. (Zobel
et al. 2015) was used to drive the expression of the dca operon, making salicylate
induction unnecessary. The integration of the heterologous genes was carried out using
a mini-Tn7 integration construct (Zobel et al. 2015), modified to enable marker removal.
This provides two main advantages; (I) further genetic modification with the same
antibiotic resistance marker is made possible, and (II) application of marker-free strains
faces fewer regulatory hurdles in industrial biotechnology. The gentamicin marker
in the transposon was replaced by a kanamycin marker flanked by FRT sites, taken
from plasmid pBELK (Nikel et al. 2013). A second redundant kanamycin marker was
removed from the plasmid backbone. Changing the context of synthetic promoters can
significantly affect their activity (Kobbing 2020). Therefore, the resulting constructs
were validated with different promoters using msfGFP as a reporter gene to ensure that
the modifications did not affect the activity of downstream promoters (Figure 2.1.4).
Indeed, the activity of P, was decreased by 70%, in spite of the relatively large
distance of 248 bp between the promoter and the modified marker. The activity of the
other tested promoters only differed marginally compared to the original construct. In
the case of P14e this difference was not significant (p = 0.2726), making the generated
marker-recycling vector suitable for reliable genomic gene expression. The influence of
genomic expression of P ,.-dca AKIJP using the Tn7 construct (designated as “ge”) was
tested in strain A12.1 (Figure 2.1.3). Strain A12.1ge (0.33 £0.01h™!) grew at a similar
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Figure 2.1.4.: Characterization of genomically integrated mini-Tn7 marker recycling
constructs in P. putida KT2440. The original construct containing a Gm® marker (green
bars) is compared with new versions containing a recyclable Km® marker flanked by two FRT sites
before (orange bars) and after (blue bars) marker recycling. Strains were cultured in a BioLector in
minimal medium with 20 mM glucose in a 96 well plate. Identical strains from at least three different
transformations were tested, with three biological replicates each. Promoter activity was calculated
from the slope of GFP fluorescence to optical density during the exponential phase. Error bars indicate
the standard error of the mean (n=9).

rate as the original evolved strain A12.1p induced with salicylate, while a slightly but
significantly (p = 0.0052) higher final biomass concentration was obtained with A12.1ge.
Apparently, the high constitutive expression with the P, promoter, possibly combined
with better translation initiation and mRNA stability caused by the BCD2 element
(Zobel et al. 2015) was sufficient to counteract the reduced copy number of the genomic
construct. Given the additional abovementioned advantages of marker-free genomic
integration, the influence of the genomic mutations was further characterized using the

genomic expression construct.

2.1.3.4. Characterization and reverse engineering of genomic mutations for

adipate metabolism

Plasmid effects alone cannot explain the differences between A6.1 and A12.1, and even
with genomic expression of dcaAKIJP, wildtype P. putida KT2440 cannot grow on
adipate as sole carbon source (Figure 2.1.3). This indicates that the discovered genomic
mutations are also foundational to efficient growth on adipate. We therefore set out
to characterize individual and combined mutations in a reverse engineering approach,
starting with wildtype P. putida KT2440 with P;,.-dcaAKIJP integrated into the

genome. Because the parallels of adipate and phenylacetate degradation start with
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2,3-didehydroadipyl-CoA, initial focus was on the influence of the insertion of transposon
Tn4652 between paaFGHIJK and paaYX. The 17-kb transposon was inserted 104 bp
upstream of paaF, disrupting a putative P, promotor. This disruption leads to the
emergence of a putative fusion promoter with the native -10 sequence of Pp,qr and a -35
sequence located in the mosaic end of the transposon. The putative promotor of paaYX
remains intact (Figure S1). To mimic the effect of this insertion, the native promotor
was exchanged with the strong synthetic constitutive promoter P, (Zobel et al. 2015).
Possibly, the large transposon insertion separates the promoter from the unknown
binding site of the PaaX repressor. In this case, a promoter exchange alone could still
be repressed. To test this hypothesis, a knockout of the paaYX regulatory genes, as well
as a combined promoter insertion and paaYX knockout, was performed. The resulting
strains all grow at a similar rate of 0.13h™! (ApaaYX, AP ppep-paaYX::Pyy,) or 0.14 71
(AP puar::P1yg), which is slightly faster than the evolved A6.1p strain but much slower
than the reference strain A12.1ge (Figure 2.1.5A). The fact that the knockout of paaYX,
insertion of P;,,, and the combination of both, all enable growth on adipate indicates
that either the synthetic promoter P, is strong enough to drive the transcription of
the gene cluster paa FGHIJK even in the presence of the PaaX repressor, or that the
PaaX binding site overlaps the native Ppqr promoter, which was removed during the

exchange. The deletion of paaYX and/or promoter exchange upstream of paaF enable
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Figure 2.1.5.: Characterization of reverse engineered P. putida KT2440ge strains. A)
Growth curves measured with the Growth Profiler. KT2440 genotypes are indicated in the table.
B) Growth curves of P. putida KT2440ge AP puqp-paaYX P,y ApsrA, KT2440ge, and Al2.1ge
measured in 500 mL flasks by offline CDW determination. Adipate concentrations were measured by
HPLC (red lines). All strains were cultivated in MSM with 30 mM adipate. Error bars indicate the
standard error of the mean (n=3). The abbreviation “ge” denotes genomically integrated marker-free
attTn7::P 1 e-dcaAKIJP.

growth on adipate, but at a lower rate than that of A12.1ge, indicating that further
mutations are necessary to completely mimic the evolved phenotype. As described

above, an SNP in psrA was only found in A12.1. It is likely that this transcriptional
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regulator represses the two genes fadB and pcaF-II, which may be involved in the
metabolism of 2,3-didehydroadipyl-CoA, the common intermediate between adipate
and phenylacetate (Figure 2.1.1). The putative repressive effect of PsrA was confirmed
by episomal overexpression, which strongly reduced growth of A12.1 on adipic acid
(Figure S3). Working on the hypothesis that the nonsense mutation disrupted PsrA,
the encoding gene was deleted both in the P. putida KT2440ge and in the KT2440ge
AP pgop-paaYX ::P 1y, strains. In the wildtype background, the psrA knockout leads to
weak growth on adipate. The strain grew at a rate of 0.15 4 0.01h™!, but only after
a 40-hour long lag phase (Figure 2.1.5A). In contrast, P. putida KT2440geAP poop-
paaYX::P;,, ApsrA completely mimicked the growth phenotype of the reference strain
A12.1ge (Figure 2.1.5A). This result was verified by growth experiments in shake
flasks, which also confirmed full metabolism of adipate by both strains (Figure 2.1.5B).
Under these conditions the completely reverse engineered strain grew at a rate of
0.35£0.01 h™!, which is similar to that of A12.1ge (0.34 & 0.01h™!). The final biomass
reached 1.19 £0.01 g L~! after 13 hours (Figure 2.1.5), which corresponds to a yield of
0.27 gcpw gadipateiy

Taken together, this data show that the degradation pathway of adipate in P. putida
appears to be a hybrid metabolism involving dcaAKIJP from A. baylyi and partly
redundant downstream S-oxidation pathways encoded by paa FGHIJK and fadB/pcaF-II.
Only the combination of the latter two engineering targets resulted in good growth on
adipate as sole carbon source. The requirement of this redundancy fits with RB-TnSeq-
analysis of P. putida growing on medium chain carboxylates and alcohols (Thompson
et al. 2020), which could not clearly implicate single enzymes for specific S-oxidation
reactions, suggesting that several enzymes may catalyze these steps. Alternatively, the
knockout of psrA will affect other targets besides fadB/pcaF-II (Kang et al. 2008),

which may also contribute the improved phenotype.

2.1.3.5. Growth of evolved and reverse engineered P. putida strains on

other mcl-dicarboxylates

A. baylyi can also grow on longer-chain dicarboxylates besides adipate via the DCA
pathway (Parke et al. 2001). We therefore analyzed the growth of the evolved and
reverse engineered P. putida strains on glutaric acid (Cs), pimelic acid (Cy), suberic
acid (Cyg), azelaic acid (Cy), and sebacic acid (Cyp) (Figure 2.1.6). With the exception
of pimelate, good growth was observed for both the ALE strain Al12.1ge and the
reverse engineered P. putida KT2440ge AP ppop-paaYX Py ApsrA. wildtype P. putida
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Figure 2.1.6.: Growth of evolved and engineered P. putida strains on dicarboxylic acids
with different chain lengths. All strains were grown in MSM with the indicated carbon sources at
a C-molar equivalent to 30 mM adipate. Cultures of A12.1p further contained 0.1 mM salicylate as
inducer. The growth curves were measured with a Growth Profiler and the results were converted to
an equivalent ODggo. Symbols show every 9" data point. Error bars indicate the standard error of
the mean (n=4).

KT2440 only grew on glutaric acid. This Cs dicarboxylate is converted to succinate via
2-oxoglutarate, and thus not metabolized via S-oxidation (Zhang et al. 2018). The fact
that only the evolved and/or engineered strains with the heterologous genes from A.
baylyi grew on the longer-chain dicarboxylates clearly indicates that they are degraded
via the same pathway as adipate. In most cases, growth of the strains with the dca
operon integrated into the genome was similar to that on adipate, although the OD,.x
was higher on sebacate. In contrast, the original ALE-derived strain A12.1p with
episomal expression of the dca operon showed impaired growth with an extended lag
phase on the longer-chain dicarboxylates, further confirming the detrimental effect of
the plasmid-based approach. All strains grew slower and reached lower OD,,,x on the
longer uneven chain length azelaate and especially on pimelate, indicating a further
misregulation of connecting metabolic pathways, possibly at the point of glutaryl-CoA

or malonyl-CoA resulting from S-oxidation of these dicarboxylates (Harrison et al. 2005).

2.1.3.6. Production of polyhydroxyalkanoates from adipic acid

Engineering of dicarboxylate-metabolizing P. putida strains enables the upcycling of
these important plastic monomers into value-added compounds. P. putida is an efficient
producer of many such compounds (Nikel et al. 2018; Schwanemann et al. 2020), among

which, polyhydroxyalkanoates (PHASs) are a prominent example (Escapa et al. 2011; Lee
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et al. 2000; Sun et al. 2007a). Production of PHAs is especially efficient on substrates,
which are metabolized via S-oxidation to yield acetyl-CoA as primary precursor (Fonseca
et al. 2014; Mezzina et al. 2020; Ruiz et al. 2019), making them a promising product
for the upcycling of adipate and especially longer-chain dicarboxylates. To test the
production of PHAs from adipate, the evolved and reverse engineered strains were
cultivated in a nitrogen-limited mineral medium (3x buffered) with 3.96 g L™! (27.1 mM)
adipic acid (Table 2.1.2). The evolved P. putida KT2440 A12.1ge and the engineered
KT2440ge AP peap-paaYX::P;,, ApsrA reached similar final biomass concentrations.
The engineered strain possibly produced more PHA than the evolved strain, but
the statistical significance of the difference between these strains is low (p = 0.086).
Under the conditions tested, the reverse engineered strain produced 25.3 & 4.2 % PHA

L of carbon) compared with 6.3% for the evolved

representing a yield of 9.2% (gg~
strain. The carbon to PHA yield of the reverse engineered strain compares favorably
with previous reported Pseudomonas strains grown on 1,4-butandiol (Li et al. 2020)
and equimolar terephthalic acid and ethylene glycol (Tiso et al. 2021) both exhibiting a
yield of 3.1% (gg~! carbon). The yields are, however, much lower than reported for P.
putida KT2440 on simple sugars such as glucose under similar flask scale conditions,
with greater than 20 % yield on a carbon basis (Davis et al. 2013). The addition of fatty
acids, as a cofeed strategy, has been shown to increase PHA productivity and yield in
the 1,4 butandiol strains, increasing maximal yield to 9.9 % with the addition of octanoic
acid (Li et al. 2020). A similar strategy could be employed to improve PHA production
using adipic acid and consequently improve cost efficiency of the process.The original
evolved strain A12.1p induced with salicylate performed significantly worse, especially
with regard to PHA production, which only reached 8.56 % of CDW. Unexpectedly,
A12.1p performed better without salicylate induction. PHA production was analyzed
after 48 h to enable the slower growing uninduced culture to reach maximum production
values. However, this also likely caused a longer starvation phase in the other cultures,
thereby consuming part of the produced PHA. Previously, the knockout of psrA and
associated increased (-oxidation activity was shown to cause a shift towards shorter
chain lengths in the distribution of PHA monomers (Fonseca et al. 2014).

This is likely also the case with the adipate-metabolizing strains. The strain with psrA
deletion produced a significantly higher fraction of Cg (p = 0.029) and possibly also a
lower fraction of Ciy (p = 0.069) monomers than the control strain P. putide KT2440ge
AP poar-paaYX ::P ;. without ApsrA. Since a narrow monomer distribution is important

for PHA polymer properties, this information is valuable to guide efficient upcycling,
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Table 2.1.2.: Relative monomer composition of PHA polymers produced by
strains from adipic acid.

Strain pH CDW(gL~') PHA (%) C6 (%) C8 (%) C10 (%) C12 (%)
Al2.1p 72  0.74 £ 0.02 16.8 £33 36+26 304+13 608+22 52401
A12.1p, induced 7.2 0.65 £0.01 8.6 £0.8 48+04 295401 600+04 56=+0.8
Al2.1ge 7.2 0.75 £ 0.01 198+ 0.3 28+24 335+23 585+20 52413
KT2440ge 7.2 0.71 £ 0.03 253+42 46+09 288+46 61.2+63 54+0.7
AP paar-paaYX::Pyyg

ApsrA

KT2440ge 7.2 0.69 £+ 0.00 220+04 36+06 198+05 702+03 64403

AP paar-paaYX::Pyyg

especially in a mixed culture approach aimed at upcycling complex plastic hydrolysates
(Catur Utomo et al. 2020; Nikodinovic et al. 2008)

2.1.4. Conclusion

Biological funneling is a powerful approach to convert mixed-plastic hydrolysates into
value-added chemicals. This approach requires microbial biotech workhorses that can
efficiently metabolize plastic monomers, which was the focus of this study. The substrate
spectrum of P. putida KT2440 was expanded to include aliphatic dicarboxylic acids. A
combination of metabolic engineering and adaptive laboratory evolution enabled and
enhanced growth on adipic acid. Genome sequencing and reverse engineering revealed
that a hybrid pathway with partially redundant enzyme activities was required for
efficient growth. Besides adipate, the resulting strains can also grow on dicarboxylates
of other chain length such as suberate, sebacate, and azelaate. This makes them
widely applicable for the upcycling of complex hydrolysates derived from different
polyesters. Full conversion will also require the metabolism of terminal diols and
aromatic dicarboxylates. This can be achieved by defined microbial communities of
available strains (Catur Utomo et al. 2020; Li et al. 2020; Li et al. 2019; Narancic et
al. 2021) or by consolidation of multiple monomer-metabolizing pathways into engineered
chassis strains. In both cases, a detailed understanding of the underlying biochemical
pathways and their regulation is paramount, as was also apparent from the differences

in PHA production by strains with and without psrA mutation.
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2.1.5. Experimental procedures
2.1.5.1. Strains and culture conditions

The chemicals used in this work were obtained from Carl Roth (Karlsruhe, Germany),
Sigma-Aldrich (St. Louis, MO, USA), or Merck (Darmstadt, Germany) unless stated
otherwise. All bacterial strains used in this work are listed in table 2.1.3 or table S1.
For quantitative microbiology experiments, P. putida KT2440 strains were cultivated
in three-fold buffered (11.64gL~! KoHPOy, 4.89 gLt NaH,PO,) MSM (Wierckx et
al. 2005) unless stated otherwise. Pre-cultures contained 20mM glucose. For the
cultivation with adipic acid, a 300 mM adipic acid stocksolution was dissolved 1:10
in MSM to reach a final concentration of 30 mM. Liquid cultivations were incubated
at 30°C, 200 rpm shaking speed with an amplitude of 50 mm in a Multitron shaker
(INFORS, Bottmingen, Switzerland) using 500 mL non-baffled Erlenmeyer flasks with
metal caps, containing 50 mL culture volume. For online growth detection without
offline sample analysis, a Growth Profiler 960 (Enzyscreen, Heemstede, The Netherlands)
was used. This device analyses cultures in microtiter plates with transparent bottoms
by image analysis. Pre-cultures containing 2mL MSM with 20 mM glucose in 14 mL
culture tubes (Greiner bio-one, Frickenhausen, Germany) were cultivated in a Multitron
shaker (INFORS) with a 220 rpm shaking speed. Main cultures in 96-well plates with
200 nL volume, using MSM with several concentrations of different carbon sources as
indicated, were incubated at 30°C, 225 rpm shaking speed with an amplitude of 50 mm

in the Growth Profiler. Pictures were taken every 30 minutes.

2.1.5.2. Adaptive laboratory evolution

Adaptive laboratory evolution was performed as follows: a pre-culture of P. putida
KT2440, cultivated in MSM with 20 mM glucose, was used to inoculate 250 mL clear
glass Boston bottles with Mininert valves (Thermo Fisher Scientific, Waltham, MA,
USA) containing different concentrations of adipic acid and alternative carbon sources
as indicated (starting ODgg of 0.01). Unless stated otherwise, serial transfers were
reinoculated with a starting ODggg of 0.1 after the cultures reached an ODggg of at least
0.5. Single colonies were isolated from ALE cultures by streaking samples on LB agar

plates.
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2.1.5.3. Plasmid cloning and strain engineering

Plasmids were assembled by Gibson assembly (Gibson et al. 2009) using the NEBuilder
HiFi DNA Assembly Master Mix (New-England Biolabs, Ipswich, MA, USA). Primers
were ordered as unmodified DNA oligonucleotides from Eurofins Genomics (Ebersberg,
Germany). As polymerase Q5 High-Fidelity Polymerase was used. Detailed information
about utilized primers and plasmid is listed in Table S2 and S3. For the transformation
of DNA assemblies and purified plasmids into competent E. coli cells a heat chock
protocol was used (Hanahan 1983). For P. putida either conjugational transfer or
electroporation were performed as described by Wynands et al. (2018). Knockout
strains were obtained using the pEMG system described by Martinez-Garcia et al.
(2011) with a modified protocol described by Wynands et al. (2018). The integration
of heterologous genes from Acinetobacter baylyi into the attTn7-site of the P. putida
KT2440 genome was achieved by patch-mating of the E. coli donor strain holding the
respective pBG-plasmid, the helper strain E. coli HB101 pRK2013, E. coli DH5a Apir
pTNS1 providing the required transposase, and the recipient. Evolved plasmids were
isolated from indicated P. putida strains using the Monarch Plasmid Miniprep Kit
(New- England Biolabs, Ipswich, MA, USA) followed by immediate transformation into
E. coli.

Plasmids containing FRT-FLP marker recycling were generated from plasmid pBG13
(Zobel et al. 2015), which was used as a template for the origin of transfer oriT and
origin of replication oriR6K containing fragment. A FRT-flanked kanamycin marker was
amplified from pBELK (Nikel et al. 2013). Promoters Py to P44, BCD2, msfGFP, and
terminator TO fragment were amplified from appropriate plasmids pBG14b to pBG14g.
A P.,,7 containing fragment was amplified from pBG13 with the same oligonucleotide
combination. All fragments were cut out of agarose gels and purified with a DNA Gel
Extraction kit (New England Biolabs, Ipswich, Massachusetts, USA). The concentration
of purified fragments was measured with a NanoDrop One (Thermo Scientific, Waltham,
Massachusetts, USA). Fragments were assembled via Gibson Assembly.

The integration of the novel mini-Tn7 vector was done by patch mating as described
above. The kanamycin resistance cassette was removed by flippase activity. pPBBFLP
was transformed via electroporation into BGX FRT _Kan bearing P. putida KT2440
strains (X stand for different promoters). Afterwards, cells were plated on LB agar
plates containing 30 mg L~ tetracycline to maintain pBBFLP. The growth of clones
needed up to two days. Colonies were picked on LB agar plates with and without

50 mg L~! kanamycin to identify clones no longer resistant to kanamycin. Verification
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was done by colony PCR using OneTaq 2X Master Mix (New England BioLabs, Ipswich,
Massachusetts, USA). Plasmid inserts, genome integration and gene deletions were

confirmed by Sanger sequencing performed by Eurofins Genomics (Ebersberg, Germany).

Table 2.1.3.: Strains used and generated for adipic acid metabolism.

P. putida strain Description Reference

KT2440 Strain derived of P. putida mt-2 cured of the Bagdasarian
pWWO plasmid et al. 1981

Al12.1 KT2440 after evolution on adipate, 12 This work

generations, cured from the evolved plasmid
pBNT-dcaAKIJJP

Al2.1p Evolved KT2440 strain bearing the evolved This work
plasmid pBNT-dcaAKIJJP

Al2.1ge A12.1 after genomic integration of This work
attTn7::P 1ye-dcaAKIJP and removal of the
resistance marker

KT2440ge KT2440 after genomic integration of This work
attTn7::P 14e-dcaAKIJP and removal of the
resistance marker

KT2440ge APpaar::P1yy Exchange of the natural promoter Pp,.p for the This work
synthetic P;;, promoter

KT2440ge Exchange of the natural promoter P, for the This work
AP poar-paaYX::Pqyy synthetic P;;, promoter together with knokout

of paaYX
KT2440ge ApaaYX Knockout of paaYX without promoter exchange This work
KT2440ge ApsrA Knockout of psrA This work
KT2440ge ApaaYX Knockout of paaYX, knockout of psrA This work
ApsrA
KT2440ge Exchange of the natural promoter P,qqr for the This work
AP poar-paaYX Py, synthetic P;,, promoter together with knockout
ApsrA of paaYX, knockout of psrA

* All strains for molecular biological procedures and the marker recycling

experiments are shown in S1

47



2. Publications and manuscripts

2.1.5.4. Analytical methods

Bacterial growth was monitored as optical density at a wavelength of A = 600 nm
(ODggo) with an Ultrospec 10 Cell Density Meter (GE Healthcare, Little Chalfront,
Buckinghamshire, United Kingdom). Cell dry weight values were derived from ODggo
using a separate calibration. The conversion factor for ODggo to CDW is 0.3121. The
online analysis of growth using the Growth Profiler was analysed using the Growth
Profiler Control software V2_0_0. Resulting G-values were converted to an equivalent
ODggo according to the manufacturer’s instructions. All growth curves from Growth
Profiler experiments of each well was smoothed (window: 5 points) before calculating
mean values and standard error of the mean and symbols show every 3rd data point for
better visibility, unless stated otherwise. Characterization of promoter activities were
determined with a Biolector (M2P Labs, Baesweiler, Germany) in clear bottom 96 well
plates (Greiner Bio-One) with a filling volume of 200 pL. MSM medium supplemented
with 20 mM glucose as sole carbon source. Biomass was measured at 620 nm and GFP
fluorescence with ex488 nm/em520 nm. The activity was calculated as a slope of GFP
fluorescence over optical density during the exponential phase. A more detailed protocol
is described by Kébbing (2020).

2.1.5.5. PHA analysis

Single colonies were picked and used to inoculate 2mL overnight cultures in mineral
medium (9gL~! Na,HPO,- 12H,0, 1.5g L7t K,HPO,, 0.2g L7t MgSO,4-7H,0, 1gL!
NH4Cl and 1 mLL™! trace elements solution prepared according to Sun et al. (2007b)
(Schlegel et al. 1961). The medium was supplemented with 3.96 g L.~ of adipic acid
(as a sodium salt). Kanamycin and salicylic acid were added to overnight cultures as
appropriate. Strains were incubated for 24 h at 30°C in an orbital shaker at 200 rpm.
Overnight cultures were used to inoculate (1% (v/v), inclusion) 250 mL Erlenmeyer
flasks containing 50 mL altered mineral medium with reduced nitrogen concentration
and a higher buffer capacity (27gL~! Na,HPO,-12H,0, 4.5gL~* K,HPO,, 0.2g L~}
MgSO,-7H,0, 0.25g L=t NH,Cl and 1mL L~! trace elements solution). This medium
was supplemented with 3.96 gL=! of adipic acid to achieve a carbon to nitrogen ratio
of 30:1. pH was adjusted to 6.5 with 3 M sodium hydroxide. Strains were incubated
for 48h at 30°C in an orbital shaker at 200 rpm. Flasks were harvested at 48 h for
determination of CDW and PHA quantification by acid methanolysis and GC analysis
as described in Li et al. (2020).
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2.1.5.6. Extracellular metabolites

For measuring extracellular metabolites, samples taken from liquid cultivation were
centrifuged for 3min at 17,000xg to obtain supernatant for High-Performance Liquid
Chromatography (HLPC) analysis using a 1260 Infinity II HPLC equipped with a 1260
Infinity II Refractive Index Detector (Agilent, Santa Clara, California, USA). Analytes
were eluted using a 300 x 8 mm organic acid resin column (Metab-AAC, Isera, Diiren,
Germany) together with a 40 x 8 mm organic acid resin precolumn with 5 mM H,SO,

as mobile phase at a flow rate of 0.6 mL min~' at 40°C.

2.1.5.7. Genome sequencing

Genomic DNA for sequencing was isolated through a High Pure PCR Template Prepa-
ration Kit (ROCHE life science, Basel, Switzerland). Sequencing was performed by
GATC (Konstanz, Germany) using Illumina technology as paired-end reads of 2x 150
base pairs. The read data (FASTQ files) were processed with the CLC Genomics
Workbench software (Qiagen Aarhus A/S) for base quality filtering and read trimming.
For each sample, the output was mapped to the GenBank accession AE015451 as the
P. putida KT2440 reference genome sequence and to the pBNT-dcaAKIJP plasmid
reference sequence. The resulting mappings were used for the gene coverage analysis
and the quality-based SNP and structural variant detection with the CLC Genomics
Workbench. The detected SNPs were consolidated in one list for sample comparison
and inspected regarding their relevance. The mapping was also visualized and inspected
with the Integrative Genomics Viewer (IGV) (Thorvaldsdottir et al. 2013).
Sequencing data are deposited in the NCBI Sequence Read Archive under BioProject
number PRJNA464914 with accession numbers SRX9220792 for A6.1p and SRX9220793
for A12.1p.
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2.2.1. Abstract

Bio-upcycling of plastics is an emerging alternative process that focuses on extract-
ing value from a wide range of plastic waste streams. Such streams are typically
too contaminated to be effectively processed using traditional recycling technologies.
Medium-chain-length (mcl) diols and dicarboxylates (DCA) are major products of
chemically or enzymatically depolymerized plastics, such as polyesters or polyethers. In
this study, we enabled the efficient metabolism of mcl-diols and -DCA in engineered
Pseudomonas putida as a prerequisite for subsequent bio-upcycling. We identified the
transcriptional regulator GedR as target for enabling metabolism of uneven mcl-DCA
such as pimelate, and uncovered amino acid substitutions that lead to an increased
coupling between the heterologous [-oxidation of mcl-DCA and the native degradation
of short-chain-length DCA. Adaptive laboratory evolution and subsequent reverse engi-
neering unravelled two distinct pathways for mcl-diol metabolism in P. putida, namely
via the hydroxy acid and subsequent native (-oxidation or wia full oxidation to the
dicarboxylic acid that is further metabolized by heterologous S-oxidation. Furthermore,
we demonstrated the production of polyhydroxyalkanoates from mcl-diols and -DCA by
a single strain combining all required metabolic features. Overall, this study provides
a powerful platform strain for the bio-upcycling of complex plastic hydrolysates to

polyhydroxyalkanoates and leads the path for future yield optimizations.
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2.2.2. Introduction

The plastic crisis is a pressing environmental issue facilitated by an increasing plastic
production that reached about 390 million metric tons in 2021, of which 90 % was
based on fossil raw materials. More than half of the plastics produced are polyolefins
such as polypropylene, low- or high-density polyethylene, and polyesters like PET
(PlasticsEurope 2022). Especially mixed plastics are a major challenge for mechanical
and chemical recycling as they typically require pure feedstocks or the costly purification
of individual building blocks (Ellis et al. 2021; Idumah et al. 2019; Wei et al. 2020).

Bio-upcycling is a promising strategy to overcome the drawbacks of conventional end-
of-life solutions (Tiso et al. 2022). This describes the process of biologically converting
plastic waste into valuable products or materials through (bio-)depolymerization and
subsequent microbial cultivation. Such conversion could provide better end-of-life
options for hard-to-recycle polymers and composites because biology is uniquely capable
to work with complex mixtures and materials (Wierckx et al. 2015). Furthermore,
significant efforts were invested in the past to combine enzymatic or chemical depoly-
merisation with microbial metabolization by using genetic and metabolic engineering
(Ellis et al. 2021). For example, pyrolysis was used to produce hydrocarbon wax
from PE polymers, which was subsequently oxidized to a mixture of fatty acids. This
mixture could then serve as substrate for polyhydroxyalkanoate (PHA) production
in Pseudomonas (Guzik et al. 2021). Furthermore, Sullivan et al. (2022) combined a
chemical auto-oxidation step to break down the carbon bonds of high-density PE or PET
with a microbial bioconversion step to further metabolize the resulted monomers into
new compounds. Unfortunately, both chemical and enzymatic degradation processes
sometimes lead to unfavourable by-products such as toxic monomers or require harmful
solvents (Magnin et al. 2020). Although in some cases it is possible to separate toxic
compounds, such as aromatic diamines (Eberz et al. 2023; Utomo et al. 2020), this will
not, always be economically feasible. Therefore, it is important to use robust microbial
hosts. One promising candidate is the widely used biotechnological host Pseudomonas
putida KT2440 (Bitzenhofer et al. 2021; Schwanemann et al. 2020). Besides a high
tolerance to chemical stress and rapid growth, in previous studies P. putida was already
enabled to grow on different plastic monomers such as 1,4-butanediol (BDO), adipic
acid (AA), ethylene glycol, or itaconate (Ackermann et al. 2021; de Witt et al. 2023;
Franden et al. 2018; Li et al. 2020; Utomo et al. 2020). Moreover, P. putida KT2440
was engineered to serve as platform organism for the production of several value-added

molecules including aromatic compounds (Schwanemann et al. 2020), thamnolipids (Tiso
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et al. 2020b), and medium-chain-length (mcl) polyhydroxyalkanoates (PHA), consisting
of Cg-C12 monomers (Dalton et al. 2022; Mezzina et al. 2020; Prieto et al. 2016).
Mcl-aliphatic diols, such as BDO and 1,6-hexanediol (HDO), are prevalent monomers
of polyurethanes or polyesters. Previous studies enhanced metabolism of BDO in P.
putida KT2440 (Li et al. 2020). A mutation in a transcriptional regulator, encoded by
PP_ 2046, activated the downstream operon PP _2047-51, thereby greatly enhancing the
rate of BDO metabolism. Since this operon encodes enzymes involved in S-oxidation,
it is likely that BDO is converted to glycolyl-CoA and acetyl-CoA, although direct
oxidation to succinate could not be excluded. A relevant group of intermediates within
this pathway are the partly oxidized hydroxy acids (HA) such as 6-hydroxyhexanoate
which is the monomer of polycaprolactone. The production of PHA from BDO by P.
putida was successfully shown (Li et al. 2020). Nevertheless, several other mcl-diols
including HDO can currently not be funneled into the central metabolism of P. putida
for bio-upcycling.

Together with mcl-aliphatic diols, mcl-dicarboxylates (DCA) are mainly used for the
synthesis of polyesters but also to produce polyamides and polyurethanes. Further-
more, mcl-DCA are products from chemical oxidation of longer polyolefins (Sullivan
et al. 2022). Growth on single mcl-DCA was already achieved with the engineered
P. putida KT2440ge APpyp-paaYX:: Py ApsrA (KT2440-AA) strain expressing the
heterologous dcaAKIJP cluster from Acinetobacter baylyi (Ackermann et al. 2021).
However, metabolism of especially uneven-chain-length (ucl) DCA is still rather ineffi-
cient, especially in the case of pimelate (C7). An exception to this is glutarate (Cs),
which is a favorable native carbon source for P. putida and is metabolized through
two independent pathways. One is regulated by the GntR family regulator CsiR,
which induces a CoA-independent pathway with glutarate hydroxylase (CsiD) and
L-2-hydroxyglutarate oxidase (LhgQO) as key enzymes (Zhang et al. 2018). Further-
more, P. putida contains a CoA-dependent pathway, in which glutarate is activated
by a CoA-transferase (PP_0159) to glutaryl-CoA and then further decarboxylated by
glutaryl-CoA dehydrogenase (GedH) to crotonyl-CoA (Zhang et al. 2019). Crotonyl-
CoA can then be converted via acetoacetyl-CoA into two acetyl-CoA molecules.

In this study, we aimed to extend the substrate range of P. putida KT2440 with
prevalent polyethylene and polyester hydrolysate constituents, namely mcl-diols and
-DCA, using metabolic engineering and laboratory evolution. Especially metabolism of
substrates of uneven chain-length is limited and needs to be addressed. The combina-

tion of unravelled pathways should result in a mutant that is able to funnel a complex
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polyester mock hydrolysate into its central metabolism providing it as substrate for bio-
upcycling. To demonstrate such an approach, PHA and poly(3-hydroxybutyrate) (PHB)
production from mecl-diols and -DCA as pure substrates and in a mock hydrolysate
is envisioned. Altogether, this study leads the path for future bio-upcycling of mixed

plastic hydrolysates that currently are a burden to conventional recycling.

2.2.3. Results and discussion
2.2.3.1. Engineering metabolism of aliphatic diols

Aliphatic mcl-diols are prevalent monomers in a variety of polymers such as polyesters
or polyurethanes. In previous work, P. putida KT2440 was engineered to metabolize
BDO as sole carbon source (Li et al. 2020). The metabolic pathway for BDO was
predicted to occur wia its partial oxidation to 4-hydroxybutyrate followed either by
CoA-activation and subsequent S-oxidation resulting in acetyl-CoA and glycolyl-CoA,
or by full oxidation to succinate. In contrast to succinate, longer chain-length DCA and
thus the corresponding diols cannot be directly funneled into the central metabolism but
require the heterologous S-oxidation for DCA (Ackermann et al. 2021). Consequently,
two different pathways might enable metabolism of aliphatic diols, in which either
the partly oxidized HA (HA-CoA-activating) or the further oxidized DCA is CoA-
activated (DCA-CoA-activating) (Figure 2.2.1). As the wild type strain is not capable
of metabolizing mcl-DCAs, engineering its background might only enable degradation
via the HA-CoA-activating pathway. In contrast, engineering of P. putida KT2440-AA,
which is able to metabolize mcl-DCA, could lead to degradation via both pathways.

To enable growth on HDO wvia the HA-CoA-activating pathway, adaptive laboratory
evolution (ALE) of the P. putida KT2440 wild type was performed on HDO (Figure
S4). Subsequent whole-genome sequencing of ALE mutants and reverse engineering
resulted in the triple mutant PP_204642°7T, PP 27904220V tt4GA*"P that metabolized
HDO and 1,8-octanediol (ODO) but not 1,7-heptanediol (Figure 2.2.1). Interestingly,
the transcriptional activator encoded by PP 2046 that was already involved in BDO
metabolism, was revealed to be involved in HDO metabolism as well. Hence, HDO
was likely metabolized by the HA-CoA-activating pathway encoded by PP 2047-51.
Additionally, a mutation within a second regulator, more specifically a sigma factor
54-dependent sensory box protein encoded by PP_ 2790, was found to be involved in

HDO metabolism. This regulator might activate expression of orthologs of this pathway
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with higher affinities for HDO than BDO. Moreover, a frameshift mutation within
ttgB (PP _1385) encoding an efflux pump membrane protein increased growth on HDO.
Possibly, the intact TtgABC efflux pump reduces intracellular HDO concentrations
thereby hindering its metabolism.

In addition to the HA-CoA-activating pathway, HDO might also be metabolized by
the DCA-CoA-activating pathway via adipate (AA). Therefore, P. putida KT2440-AA
that was recently engineered to metabolize AA and other even chain-length DCA was
chosen as a starting point for enabling mcl-diol metabolism. Although this strain was
not able to grow on HDO as sole carbon source (Figure 2.2.1), ALE resulted in the
isolation of mutants able to metabolize 15 mM HDO within 24h (Figure S4). Whole-
genome sequencing of the fastest-growing ALE mutant revealed two single nucleotide
variants (SNV). The first SNV occurred in PP 5423 encoding a putative membrane
protein causing arginine 29 to be replaced by proline (PP_54238%F) The second
mutation caused the exchange of glycine 70 to arginine in the protein translocase
subunit SecG encoded by PP_ 5706 (secGSR). Both positions are highly conserved
among Pseudomonads. Reverse engineering of the unevolved P. putida KT2440-AA
revealed that the secGS™® mutation alone could reproduce the growth phenotype of the
isolated ALE mutant. Reverse engineering of the PP 542382 mutation enabled growth
on HDO, albeit much slower and with a long lag phase. Combination of both secGS7R
and PP_542382P in one strain did not further enhance growth compared to the

secGG70R

mutant (Figure S5), indicating the mutated SecG protein as most important
for HDO metabolism. SecG is an auxiliary protein that recognizes pre-protein signal
sequences and builds the core of the protein translocation apparatus SeccABCDEFGY
(Crane et al. 2017). Deletion of secG in the unevolved P. putida KT2440-AA mimicked
the phenotype of the secG%™F mutant on HDO as sole carbon source indicating that the
SNV likely caused a loss of function (Figure S6). We speculate that this mutation could
affect the subcellular localisation of oxidoreductases, thereby influencing the transport
of HDO and/or its intermediates into the cytoplasm. However, global effects on other
proteins, such as transporters, or signalling pathways are also conceivable but further
investigations are required to unravel the exact mechanisms. Because the metabolism
of 6-hydroxyhexanoate was found to not require the secGS™® mutation, we conclude
that this mutation affects the first oxidation steps of the diol to the HA (Figure S7). In
addition to DCA-CoA-activating pathway, 6-hydroxyhexanoate was also metabolized
via the HA-CoA-activating pathway in the reverse engineered KT2440 wild type-based

strain. Hence, 6-hydroxyhexanoate can be directed into the central metabolism via both
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pathways enabling future bio-upcycling processes of polycaprolactone hydrolysates.

In addition to HDO, the reverse engineered secGS™R mutant was also able to utilize
ODO as sole carbon source, whereas 1,7-heptanediol was poorly metabolized by the
strain (Figure 2.2.1). These results are in agreement with the ability of the parent strain
P. putida KT2440-AA to metabolize the corresponding dicarboxylate suberate (Cg)
much better than pimelate (C;) (Ackermann et al. 2021). To test whether HDO and
ODO were metabolized via the DCA-CoA-activating pathway, the dcaAKIJP operon,
enabling growth on mcl-DCA, was deleted in P. putida KT2440-AA secGS™R. Indeed,
the secGE™R AdcaAKIJP mutant showed decreased growth with HDO and ODO
indicating that both substrates were metabolized via their mcl-DCA (Figure 2.2.1).
However, this indicated that the HA-CoA-activating pathway was also active in the P.
putida KT2440-AA-based strain. Although the secGS™® AdcaAKIJP mutant showed
an increased lag-phase with ODO compared to HDO, the observed growth indicated
that ODO is the favoured substrate for the HA-CoA-activating pathway. Deletion of
PP_ 2051 encoding a 3-ketoacyl-CoA thiolase that is involved in the degradation of
BDO, did not alter the phenotypes of the secGY™" AdcaAKIJP mutant with HDO
and ODO, likely due to the presence of isozymes (Liu et al. 2023) (Figure S6). Hence,
both pathways can be used to metabolize mcl-diols but they result in different central
metabolites as end products namely acetyl-CoA and glycolyl-CoA for the HA-CoA-
activating or acetyl-CoA and succinyl-CoA for the DCA-CoA-activating pathway (Figure
2.2.1). In contrast to succinyl-CoA, the metabolic route for glycolyl-CoA is unknown,
but a conversion to glyoxylate is likely. This can be funneled into the glyoxylate shunt
(Li et al. 2019), or it might also be metabolized via tartronate semialdehyde yielding
2-phosphoglycerate that is an intermediate of glycolysis (Franden et al. 2018). Since
degradation of glycolyl-CoA can be associated with the release of CO, and consumption
of NAD(P)H, the HA-CoA-activating pathway might be energetically inferior compared
to the DCA-CoA-activating pathway. In addition to this, the deletion of dcaAKIJP
within the DCA-CoA-activating pathway might enable the consolidation of a mixture
containing diols and DCA to a single group of monomers. Such bioconversion using a
AdcaAKIJP mutant would enhance the economic viability of monomer recycling from
PE hydrolysates as not a heterogeneous mixture of monomers but only a single type of

building blocks needs to be purified from the hydrolysate.
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Figure 2.2.1.: Metabolic pathways of aliphatic diols in engineered P. putida KT2440.
P. putida KT2440 wild type-based strains (A-C) and P. putida KT2440-AA-based strains (D-F)
were cultivated in mineral salts medium (MSM) supplemented with 1,6-hexanediol, 1,7-heptanediol,
or 1,8-octanediol in concentrations that are C-mol equivalent to 30 mM 1,6-hexanediol. Depending
on the background strain, the mcl-diols are either metabolized via the HA-CoA-activating (I) or
DCA-CoA-activating (II) pathway which required the expression of the heterologous dcaAKIJP cluster
in P. putida KT2440-AA (genomic modifications in grey). Depending on the chain-length of the
diol (dashed lines), namely C=4 (1,4-butanediol), C=5 (1,5-pentanediol), C=6 (1,6-hexanediol), C=7
(1,7-heptanediol), and C=8 (1,8-octanediol) and the respective pathway, different central metabolites
are obtained. The results of single mutant cultivation are shown in Figure S5. Growth was monitored
using a Growth Profiler. Error bars indicate the standard error of the mean (n=3).

o8



2.2. Bio-upcycling of even and uneven mcl- diols and DCAs using engineered P. putida.

2.2.3.2. Engineering metabolism of ucl-DCA

Given that P. putida KT2440-AA grows very poorly on ucl-DCA, the inability of

GYR mutant to metabolize ucl-diols likely stems from this downstream lim-

the sec
itation. Hence, the next step was to optimize catabolism of ucl-DCA. Sullivan et al.
(2022) demonstrated the upcycling of a DCA mixture from plastic waste containing
polyesters. Even when growth was enabled on the mixture containing C4-Ci7; DCA
and all substrates were degraded over time, growth inhibition was observed on the
single monomers with uneven-chain-length, especially pimelate (C7). This suggested
a further misregulation of connecting metabolic pathways, possibly at the point of
glutaryl-CoA, resulting from S-oxidation of these DCA (Harrison et al. 2005). Since
it is known that pimelate cannot act as an inducer of GedR, the absence of glutarate
could explain the difference in growth between a monomer mixture and pimelate as
sole carbon source (Thompson et al. 2019). To further investigate this misregulation,
an evolution experiment was performed. P. putida KT2440-AA and the corresponding
evolved strains P. putida A12.p and A12.1ge (Ackermann et al. 2021), were cultivated
in MSM containing pimelate as sole carbon source to provoke stable mutations. After
70-80 hours of cultivation, weak growth was detectable (Figure 2.2.2). The cultures
of all replicates were spread on LB agar plates and single colonies were re-inoculated
in MSM containing pimelate as sole carbon source. This re-inoculation resulted in a
significantly shorter lag phase and better growth, suggesting that stable mutations had
occurred.

Whole-genome sequencing of two of the P. putida Al12.1ge strains re-inoculated on
pimelate revealed mutations in the regulator gedR. One strain (PA1.2) contained a C—T
mutation in gedR resulting in a G148D substitution, while the other strain (PA1.1)
contained a C—T mutation resulting in a G154D substitution. Among Pseudomonads,
both positions are highly conserved and the emerged amino acid exchanges are located
in the substrate binding domain of GedR. This LysR family regulator governs the
expression of gedH, encoding a glutaryl-CoA dehydrogenase, and PP_ 0159, encoding a
family IIT CoA-transferase (Madhuri Indurthi et al. 2016; Zhang et al. 2019). Glutarate
is the effector of GedR (Thompson et al. 2019; Zhang et al. 2019), but since pimelate
is degraded via glutaryl-CoA and not glutarate, the reason for the poor growth is
likely the lack of induction of gcdH. We hypothesized that the mutations found in gedR

ameliorate this lack of induction, hence enhancing growth on longer- ucl-DCA.

To investigate the impact of the regulator GedR on the degradation of ucl-DCA, a gedR
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Figure 2.2.2.: Adaptive laboratory evolution and reverse engineering for growth on
pimelate. All strains were cultivated in three-fold buffered MSM containing 25.7 mM pimelate as sole
carbon source. A) Long-term cultivation of strains that are not able to grow on pimelate to induce
adaptive mutations. B) Growth of single strains which were isolated on LB agar plates after 80 h from
the experiment shown in A. C) Growth of reverse engineered strains based on mutations found after
whole-genome sequencing of evolved P. putida A12.1ge strains. Growth was monitored using a Growth
Profiler. Error bars indicate the standard error of the mean, but errors are sometimes so small that
they are not visible behind the lines (n=3).

knockout strain was compared to a strain harbouring the synthetic promoter P, for
constitutive expression of gedH-PP 0159 (Figure 2.2.2). Since P. putida KT2440-AA
AgcdR was not able to grow on pimelate as sole carbon source, it is likely that GedR
activates the transcription of gcdH-PP_0159. Growth on glutarate was not decreased by
the deletion of gedR probably due to the second CoA-independent degradation pathway
of P. putida (Figure S8). In contrast, constitutive expression of ged H-PP_0159 enabled
growth on pimelate, but at a lower rate than in the two evolved strains, indicating that
activation of the native promoter mediated by the mutated GedR is stronger than the
expression obtained using a constitutive synthetic promoter. This was confirmed by
genomic insertion of the mutations encoding the amino acid exchanges found in the
evolved strains. Growth of these reverse engineered strains was much better compared
to the constitutive P4 expression, almost completely mimicking the growth phenotype

of the evolved strains (Figure 2.2.2).
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2.2.3.3. SNV’s in gedR may cause changes in ligand binding

To comprehend the effects of the G148D and G154D mutations on GedR, RT-qPCR
experiments were performed to analyze expressions levels of gedH in the gedR mutants
on different ucl-DCA and on glucose (Figure 2.2.3). In the GedRE*¥™P mutant, the
expression levels of gcdH are the same on all substrates. Hence, this mutation likely
led to a strong constitutive activation, at a level similar to the wild type induced
by glutarate. In contrast, in the GedR%®P mutant, expression levels of gcdH are
much higher on glutarate and pimelate than on glucose or azelate, indicating that this
mutant is induced by both ucl-DCA| in contrast to the wild type regulator which is only
induced by glutarate. This indicates that the G148D mutation increased the spectrum
of possible ligands of GedR. ColabFold protein structure simulations and YASARA
docking studies (Krieger et al. 2014; Mirdita et al. 2022) indicate a structural impact
of G148D and G154D on the effector binding pocket of GedR (Figure 2.2.3, S6). The
(G148D substitution is more distal from the pocket, which appears to be larger compared
to the wild type. The G154D mutation is closer to the pocket, where the negatively
charged aspartic acid might lead to a conformational change that is not easily modelled
by this in silico method. This would support the RT-qPCR results, although these are
only simulations that need further confirmation. The expression levels of gedH with the
wild type regulator induced by glutarate, the G148D mutant induced by glutarate or
azelate, and the constitutive G154D mutant, are similarly high, significantly exceeding
that of the constitutive P;;; promoter exchange strain. This supports that the slow
growth of the latter strain was caused by the relatively weak expression driven by the
promoter exchange.

With this knowledge, the strains containing the SNVs were compared to P. putida
KT2440-AA in terms of growth on different mcl-DCA. This confirmed the improvement
of growth of the GedRE'*P strain on ucl-DCA compared to the starting strain (Figure
2.2.3). The most conspicuous difference can be seen on azelate. The parent strain with
wild type gedR grew reasonably well on this Co-DCA, possibly as a result of the two
acetyl-CoA released from (-oxidation of this longer chain length. However, growth on
azelate was enhanced by the G154D mutation but inhibited by G148D. This indicated
that the G148D mutation altered the effector binding pocket such that pimelate causes

induction, while azelate causes repression.
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Figure 2.2.3.: Characterization of growth of engineered and evolved strains of P. putida
on dicarboxylic acids of varying chain lengths. A) All strains were cultured in MSM containing
the specified carbon source, that are C-mol equivalent to 30 mM adipate. The growth was monitored
using a Growth Profiler. Error bars indicate the standard error of the mean (n=3). B) Relative
expression levels of gedH in cells of P. putida with wild type or mutated versions of the regulator
GcedR on different C-sources were determined by RT-qPCR. The Ct values were normalized to the
Ct of rpoD. Standard errors of the means were calculated using three technical replicates of two
biological replicates. Expression levels in cells that did not grow on certain substrates were set equal
to unexpressed values and are indicated with “X”. C) Three-dimensional structures were predicted
with ColabFold and visualized with PyMOL. Docking of glutaric acid in the wild type regulator was
calculated using YASARA (orange arrow). The mutated amino acid (D148) is marked in green. The
blue surface color indicates the effector binding domain and the red surface color indicates the DNA
binding domain. The visualization of the mutant gcdRG154D is shown in Figure S9.

62



2.2. Bio-upcycling of even and uneven mcl- diols and DCAs using engineered P. putida.

2.2.3.4. Enabling growth on ucl 1,7-heptanediol

P. putida KT2440-AA secGS™® metabolized diols of even chain-length via the DCA-
CoA-activating pathway, whereas the ucl 1,7-heptanediol was poorly metabolized by
this strain due to its inability to utilize pimelate. Since introducing the gcdRS154P
mutation into P. putida KT2440-AA enabled metabolism of pimelate as sole carbon
source, it was introduced into P. putida KT2440-AA secGS™R. Indeed, the resulting
secGETR | ged RS54 mutant metabolized 1,7-heptanediol and deletion of the dcaAK-
IJP cluster confirmed its metabolism via the DCA-CoA-activating pathway (Figure
2.2.4). The gedRE™P mutation was also introduced into the wild type-based ttgGA4P,
PP_20464%7T PP _ 2790422V mutant that metabolized HDO and ODO wia the HA-
CoA-activating pathway. However, the resulting mutant was not able to metabolize
1,7-heptanediol (data not shown). This highlights the DCA-CoA-activating pathway as
most suitable pathway for funneling aliphatic even and uneven mcl-DCA and -diols into
the central metabolism of the engineered P. putida KT2440-AA secGE™R | gcd RGP,
A mixture consisting of Cg-C19 DCA and Cg-Cg diols was fully consumed by this strain
confirming the successful funneling of all substrates from a complex mixture into the

central metabolism (Figure 2.2.4).

2.2.3.5. Towards bio-upcycling of complex aliphatic mixtures

Although growth on single monomers is useful to elucidate the genetic and biochemical
basis of mcl-DCA metabolism, for bio-upcycling purposes it is necessary to metabolize
mixtures of complex plastic hydrolysates. For example, auto-oxidation of high-density
polyethylene (HDPE) yields a mixture of C4-Cag dicarboxylic acids (Sullivan et al. 2022).
This mixture was successfully degraded by Sullivan et al. (2022) by strain AW162
comparable to P. putida KT24440-AA described above. Strain AW162 lacks the
mutations in gedR and is not able to grow on pimelate as sole carbon source (Sullivan
et al. 2022). However, AW162 was able to metabolize ucl-DCA in a mixture, likely
due to the presence of glutarate to induce gedH-PP 0159. We hypothesized that the
relatively low concentration of glutarate might lead to sub-optimal expression that
might be ameliorated by the gcdR mutation. Indeed, comparison of growth of our
reverse engineered strain with and without gcdRS%*P on a mixture of C4-Cio DCA
reveals a much better growth for the strain harbouring the mutation (Figure 2.2.5).

This was the case for mixtures with and without glutarate.
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Figure 2.2.4.: Growth of KT2440-A A strains on 1,7-heptanediol and on a mcl-DCA -diol
mixture. All strains were cultivated in MSM containing 25.7mM 1,7-heptanediol (A) or a mixture
consisted of adipate, pimelate, suberate, azelate, sebacate, 1,6-hexanediol (HDO), 1,7-heptanediol, and
1,8-octanediol (ODO) with concentrations of 3mM each (B). Red indicates the inability of the strain
to metabolize the substrate. Yellow indicates metabolism via the HA-CoA-activating pathway, whereas
blue indicates that the substrate was metabolized via the DCA-CoA-activating pathway. Potential
activity of both pathways is indicated as color gradient. All mutations shown are in the KT2440-AA
strain. Error bars indicate the standard error of the mean (n=3).

The successful funneling of DCA and diols of even and uneven chain lengths into the
central metabolism of our engineered P. putida KT2440-AA secGC™R ged RGE154P
paves the way for investigating their bio-upcycling. As target product, polyhydrox-
yalkanoates (PHA) were selected that are biodegradable polyesters with increasing
industrial applications (Blanco et al. 2021; Dalton et al. 2022). In nitrogen-limited
media, P. putida KT2440 natively produces mcl-PHA providing (R)-3-hydroxyacyl-CoA,
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Figure 2.2.5.: Growth of strains on a mixture of various (mcl)-dicarboxylic acids. All
strains were cultivated in three-fold buffered MSM containing 1 mM of each DCA (C4-Cyg) with and
without glutarate to compare the influence of inducer. For offline growth measurements, samples were
taken at several time points (A). Final consumption of all monomers was confirmed by HPLC (data
not shown). After 26 hours sample were taken for final cell dry weight determination (B). Error bars
indicate the standard error of the mean (n—2).

the primary precursor, via two pathways (Liu et al., 2023). By this, related substrates
such as fatty acids are converted to (R)-3-hydroxyacyl-CoA wvia -oxidation, whereas
unrelated substrates such as glucose are funneled via malonyl-CoA into fatty acid de
novo synthesis resulting in the production of the precursor. To test if the engineered P.
putida KT2440-AA secGE™R, gcd RGP is able to produce mcl-PHA from mcl-DCA
and -diols, the strain was cultivated in nitrogen-limited medium with a C:N ratio of 30:1
using substrate concentrations that are C-mol equivalent to 30 mM adipate. Although
all mcl-DCA are metabolized via the dcaAKIJP-encoded fS-oxidation, PHA production
was clearly dependent on the chain-length of the substrate (Table 2.2.1). Using adipate
as substrate, mcl-PHA were produced to 15.7 £ 1.0% of the cell dry weight (CDW)
with 3-hydroxydecanoic acid as the dominant monomer (57.8 &+ 3.2 %). In contrast
to this, only 3.3 £ 0.1 % mcl-PHA were produced from pimelate and less than 1 %
mcl-PHA were produced from suberate, azelate, and sebacate. The same trend was
observed when different mcl-diols were tested for mcl-PHA production. In total, 10.0
+ 0.6 % mcl-PHA were produced from HDO and 4.3 4+ 0.1 % from 1,7-heptanediol.
As observed for suberate, mcl-PHA production from ODO was below 1 %. Although
the relative monomer composition of adipate and pimelate compared to HDO and
1,7-heptanediol was similar, the total amount of mcl-PHA was higher when the mcl-
DCA were used as substrates (Table 2.2.1). This can be explained by the presence of
the HA-CoA-activating pathway for mcl-diol metabolism in the AdcaAKIJP mutants.
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Hence, less carbon was likely funneled from the diols into the DCA-CoA-activating
pathway yielding less favourable precursors for mcl-PHA production. When a mock
hydrolysate consisting of Cg-C19-DCA and Cg-Cyp-diols with 5mM each was used as
substrate, 0.3 &+ 0.0 % mcl-PHA were produced. This low yield can be explained by the
relative high amount of Cg-Cjg substrates that were identified to be barely suitable for
mcl-PHA production. Our results fit into the observations of Sullivan et al. (2022) that
reported a yield of 11.8 & 2.9 % mcl-PHA from a mixture containing benzoate, acetate,
and C4-Cy7-mcl-DCA. When a polystyrene hydrolysate was tested, only 0.8 + 0.2 %
mcl-PHA were produced indicating that only fractions of complex mixtures can be used
to produce PHA. In contrast to Cg-Cjp-fatty acids that are well-suited for mcl-PHA
production in P. putida KT2440 (Prieto et al. 2016), Cs-C19-DCA were not appropriate
for mcl-PHA production. This likely results from the fact that mcl-DCA such as
adipate and pimelate are metabolized via $-oxidation, but unlike fatty acids they are
not directly used as PHA precursors. Rather they are broken down to acetyl-CoA, and
then shunted back into fatty acid de novo synthesis, which is linked back to S-oxidation
through the action of PhaG. Possibly, the longer-chain DCA, which match the typical
PHA monomer chain length, induce components of S-oxidation that interfere with PHA
synthesis by degrading the hydroxyacyl-CoA precursor. Moreover, the ratio between
succinyl-CoA and acetyl-CoA increases with increasing chain-length using C-molar
equivalent concentrations of the substrate. The changing ratio might influence PHA
production (Figure 2.2.6). This could also be an explanation for the variation in CDWs
when different substrates are metabolized (Table 2.2.1).

To avoid the abovementioned hypothesized conflict, we investigated whether PHB might
be a favoured product for the bio-upcycling of the described substrates. This short-chain
polymer is produced from acetoacetyl-CoA, which is converted to (R)-3-hydroxybutyryl-
CoA as substrate for PHB synthesis. To produce PHB in P. putida KT2440, the ability
to produce mcl-PHA was abolished by deleting the PP 5003-6 gene cluster including
the PHA (de-)polymerases. Since P. putida KT2440 is not a natural PHB producer,
a PHB biosynthesis pathway from C. necator H16 was expressed in the KT2440-AA

SecGGmR RG154D

ged mutant. The synthetic pathway comprises phaCAB, encoding (i)
PhaA, a thiolase that condenses 2 acetyl- CoA moieties into acetoacetyl-CoA, (ii) PhaB,
a reductase that converts acetoacetyl-CoA into (R)-3-hydroxybutyryl-CoA and (iii)
PhaC, a short-chain-length (scl)-PHA synthase that polymerizes 3-hydroxybutyryl-CoA
monomers (C4) to yield PHB. We constructed a synthetic operon with these genes

under the transcriptional control of the ChnR /P 5 expression system, inducible by
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cyclohexanone (Benedetti et al. 2016), and a synthetic ribosome binding site (5-AGG
AGG AAA AAC AT-3’) upstream of each gene. This construct was assembled in the
PSEVAG631 vector by USER cloning, resulting in plasmid pS6311-PHB.

Table 2.2.1.: Production of mcl-PHAs by engineered P. putida KT2440-AA secGCG7OR,
gcdRG'54D from different substrates. The CDW, PHA content, and relative monomer composition
of mcl-PHA are shown. The strain was cultivated in MSM supplemented with C-mol equimolar
concentrations to 30 mM of adipate using a C:N ratio of 30:1. The mock hydrolysate consisted of 5 mM
of each individual substrate. Error values are calculated as standard deviations (n=2). Exemplary GC
chromatograms are shown in Figure S10.

substrates CDW(gL') PHA (%) Cs (%) Cs (%) Cio (%) Ci2 (%)
adipate 0.62 £ 0.05 15.74+1.05 143 +32 2414+02 57.8+32 38+02
pimelate 0.62 £ 0.02 43£012 142+02 323£03 479=£02 5.6 =+0.0
suberate 0.47 £ 0.00 0.4 +0.01 n.d 50+ 11 484 +16 46.6=£34
azelate 0.47 £ 0.01 0.4 +0.02 n. d n. d. 488 +34 51.2 £ 34
sebacate 0.52 £ 0.03 0.6 £0.01 n.d 99+02 558+07 343£04
1,6-hexanediol 0.57 £ 0.03 100 £ 06 100£0.5 3344+02 529+01 38=+0.2

1,7-heptanediol 0.57 £ 0.01 34£001 128+0.7 300£00 49.7£02 7.5£0.5
1,8-octanediol 0.43 £ 0.01 0.54+0.00 47+05 72+£01 491+£28 39.0%20

mock hydrolysate  0.89 % 0.02 0.3+0.01 n.d n. d. 60911 391+£11

Heterologous expression of the phaCAB cluster indeed enabled production of PHB by P.
putida KT2440-AA secGE™R, ged RSP carrying pS6311-PHB under nitrogen-sufficient
conditions (Table 2.2.2). In contrast to native mcl-PHA production, uneven substrates
such as pimelate (15.14 + 0.05 %) and 1,7-heptanediol (21.86 £ 2.77 %) were preferred
for PHB accumulation. This can be explained by the formation of acetoacetyl-CoA as
intermediate that is directly used for PHB synthesis. Hence less carbon is available
for biomass formation yielding lower CDWs (Table 2.2.2). When azelate was used
as substrate, less PHB (6.53 + 0.92 %) was produced compared to pimelate likely
caused by the formation of an additional molecule of acetyl-CoA that was used for the

production of biomass as indicated by the CDW.
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even chain length substrate uneven chain length substrate
biomass DCA/diol T DCA/diol
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Figure 2.2.6.: Comparison between PHA and PHB synthesis from even- and uneven-chain
aliphatic diols and dicarboxylates. The heterologous enzymes from C. necator responsible for
PHB production are shown in red.

Although mcl-PHA were produced from adipate, this substrate as well as suberate
and sebacate were not suited for the production of PHB as acetyl-CoA was likely
used for biomass formation (Table 2.2.2). Moreover, HDO and ODO also resulted
in lower amounts of PHB. In all, these results indicate that the produced PHB was
mainly derived from acetoacetyl-CoA as intermediate of ucl-DCA or -diol metabolism.
Consequently, our results indicate that acetyl-CoA from substrates with even chain
length are predominantly utilized for the production of biomass rather than converted
to acetoacetyl-CoA for PHB synthesis. To enable efficient upcycling of substrates with
even and uneven chain lengths present in mixed hydrolysates, future studies could
investigate the combination of scl- with mcl-PHA synthesis pathways in a single strain.
By this both mcl- and ucl-substrates can be converted to scl-co-mcl-PHA that features

enhanced physical properties compared to homopolymeric PHAs (Wang et al. 2023).
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Table 2.2.2.: Production of PHB by engineered P. putida KT2440-AA secGS7°R,
gcdRC'%4D carrying plasmid pS6311-PHB from different substrates. The CDW and PHB
content are shown. The strain was cultivated in MSM supplemented with C-equimolar concentrations of
pure substrates and 1 mM cyclohexanone as inducer for phaCAB expression. The strain was cultivated
in MSM supplemented with C-mol equimolar concentrations to 30 mM of adipate using a C:N ratio of
30:1. The mock hydrolysate consisted of 5mM of each individual substrate. Error values are calculated
as standard deviations (n=2). Exemplary GC chromatograms are shown in Figure S10.

substrates CDW(g L) PHB (%)
adipate 1.52 £ 0.05 1.16 £+ 0.06
pimelate 0.23 + 0.01 15.14 £ 0.05
suberate 1.52 £+ 0.04 1.56 £+ 0.19
azelate 1.47 £ 0.01 6.53 £ 0.92
sebacate 1.52 + 0.02 2.35 £ 0.07
1,6-hexanediol 1.29 £ 0.14 3.59 + 0.01
1,7-heptanediol 0.26 £ 0.01 21.86 £ 2.77
1,8-octanediol 0.56 + 0.01 2.20 £ 0.76
mock hydrolysate 1.16 + 0.01 3.59 £ 0.01

2.2.4. Conclusion

Bio-upcycling of complex monomer mixtures, either from a single polymer or from
mixed plastic waste streams, is a promising approach for the establishment of a circular
economy. In order to achieve an efficient bio-upcycling approach, the funneling of
different monomers into the value-added products is crucial. We successfully engineered
the combined degradation of diols and dicarboxylic acids in a single platform strain of P.
putida KT2440. Using this strain, we demonstrated the conversion of monomer mixtures
into different PHA, which are of increasing interest in the polymer industry. Although
PHA yields are currently relatively low (& 0.03 gpHa Ssubstrate ), our study provides
fundamental insights into the different metabolic pathways available for aliphatic «,
w-functionalized molecules and how their central metabolic products affect product
formation. This leads the path for future PHA yield optimizations and increased the

range of potential substrates for PHA production.
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2.2.5. Experimental procedures

2.2.5.1. Strains and culture conditions

The chemicals used in this work were obtained from Carl Roth (Karlsruhe, Germany),
Sigma-Aldrich (St. Louis, MO, USA), or Merck (Darmstadt, Germany) unless stated
otherwise.

All bacterial strains used in this work are listed in table 2.2.3. Unless otherwise stated,
P. putida KT2440 strains were cultivated for quantitative microbiology experiments
in three-fold buffered (11.64gL~! K,HPO,, 4.89gL~! NaH,PO,) mineral salt medium
(MSM) (Hartmans et al. 1989). Pre-cultures contained 20 mM glucose. For cultivation
experiments, the final concentrations of diols or dicarboxylates were C-molar equivalent
to 30mM adipate. For online growth measurements cultures were grown and analyzed
with the Growth Profiler 960 (Enzyscreen, Heemstede, The Netherlands) by image
analysis. Main cultures were cultivated in transparent bottom 96-well microtiter plates
(CR1496dg) with a volume of 200 nL at 30°C and 225 rpm shaking speed.

Adaptive laboratory evolution (ALE) on HDO was performed in 96-well microtiter
plates by iterative inoculation of fresh medium after the stationary phase was reached.
For P. putida KT2440-AA, 30mM HDO was used as sole carbon source. Since P.
putida KT2440 did not grow with HDO as sole carbon source at the start of the ALE,
15mM HDO and 15mM BDO were used for the first two batches of the ALE. This
concentration was shifted to 20 mM HDO and 10 mM BDO (batches 3-5), and to 30 mM
HDO (batches 6-14). After ALE, single clones were isolated on LB agar plates and
screened for growth on HDO as sole carbon source. The best growing strains were
selected for whole genome sequencing.

Liquid cultivations with additional analysis were incubated at 30°C, with a shaking
speed of 200rpm and an amplitude of 50 mm using Climo-Shaker ISF1-X (Kuhner
Shaker, Birsfelden, Switzerland) in 500 mL non-baffled Erlenmeyer flasks with metal
caps, containing 50 mL culture volume. For PHA production experiments, cells were
cultivated in three-fold buffered and nitrogen-limited MSM. For this, a C:N ratio of
30:1 was used. PHB production was carried out in three-fold buffered MSM with 1 mM
of cyclohexanone as inducer and 10 ug mL™! gentamicin to maintain the pS6311-PHB
plasmid. Cultivations were performed in 500 mL shake flasks with 50 mL of culture

volume at 30°C and 200 rpm until the stationary phase was reached.
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2.2.5.2. Plasmid cloning and strain engineering

Cloning primers were ordered as unmodified DNA oligonucleotides from Eurofins
Genomics (Ebersberg, Germany) and are listed in table S3. The Q5 High-Fidelity 2X
Master Mix (New-England Biolabs, Ipswich, MA, USA) was used for the amplification of
cloning fragments, while the One Tag Quick-Load 2X Master Mix (New-England Biolabs,
Ipswich, MA, USA) was used for screening together with a pre-lysis step in alkaline
PEG200 (Chomezynski et al. 2006). Plasmids used in this study were assembled by
Gibson assembly (Gibson et al. 2009) using the NEBuilder HiFi DNA assembly Master
Mix (New-England Biolabs, Ipswich, MA, USA) or USER cloning (Cavaleiro et al. 2015)
and are listed with more details in table S2. In order to bestow PHB biosynthesis
to P. putida strains, plasmid pS6311-PHB was constructed as follows. First, plasmid
pS648::(sRBS)phaCAB was constructed in order to introduce synthetic RBSs upstream
of each gene comprising the PHB operon. Such sRBSs sequences were introduced in
the USER primers and phaCAB from Cupriavidus necator H16 was amplified from
pS341-PHA (Durante-Rodriguez et al. 2018). The resulting plasmid, bearing sRBSs
upstream of each of the three genes comprising the pha operon, was then used as
template for the amplification of this construction. Lastly, pPSEVA2311 (Silva-Rocha
et al. 2013) was used as template for PCR amplification of the ChnR/ P, 5 expression
system. These two USER fragments were used to assemble plasmid pS6311-PHB.
Transformation of E. coli with assembled DNA and purified plasmids was performed by
a heat chock protocol (Hanahan 1983). Transformation of P. putida was performed
by electroporation and conjugational transfer of mobilized plasmids by patch mating
as described by Wynands et al. (2018). Knockouts, promoter exchanges and point
mutations were obtained using either a modified pPSNW2 system from Volke et al. (2020)
based on the pEMG system described by Martinez-Garcia et al. (2011) or the original
system with a modified protocol described by Wynands et al. (2018). Antibiotics
were added to the medium as needed to support plasmid maintenance and to select
for genomic recombination events (final concentration: Kanamycin sulfate 50 mg L=};
Gentamicin 25 mg L™1).

Plasmids, gene deletions and point mutations were confirmed by Sanger sequencing

performed by Eurofins Genomics (Ebersberg, Germany).
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Table 2.2.3.: Strains used and generated for this study.

Micat P. putida strain Description Reference
no.
30 KT2440 Strain derived from P. putida mt-2 Bagdasarian
cured of the pWWO0 plasmid et al. 1981
586 Al2.1p Evolved KT2440 strain bearing the Ackermann
evolved plasmid pBNT-dcaAKIJJP et al. 2021
607 Al2.1ge A12.1 after genomic integration of  Ackermann
attTn7::P 14e-dcaAKIJP and et al. 2021
removal of the resistance marker
618 KT2440ge AP poar-paayx::P1yg Exchange of the natural promoter Ackermann
ApsrA (KT2440-AA) P pqqr for the synthetic Py, et al. 2021
promoter together with knockout of
paaYX, knockout of psrA
2230 PA1l.1 Evolved Al12.1ge strain for growth ~ This work
on pimelate with ged RGP
2231 PA1.2 Evolved Al12.1ge strain for growth ~ This work
on pimelate with gedRGM8P
1447 KT2440-AA AgcdR Knockout of gedR This work
1446 KT2440-AA AgcdR::P 14 Exchange of the regulator gene This work
gcdR for the synthetic Pyyp
promoter
1459 KT2440-AA gcdRG154D gcdRG154D This work
1454 KT2440-AA gcdRSG'48D gcdRG148D This work
1558 KT2440-AA ALE HDO Evolved KT2440ge This work
AP paap-paayx P 149 ApsrA strain
for growth on 1,6-hexanediol
1560 KT2440 ALE HDO Evolved KT2440 wildtype on This work
1,6-hexanediol
1675 KT2440 PP 20464257T Partly reverse engineered, This work
a PP_ 204642577
1712 KT2440 PP 27904220V Partly reverse engineered, This work
a PP_ 27904220
1713 KT2440 ttgBA4bp Partly reverse engineered, This work
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Table 2.2.3.: Strains used and generated for this study. (followed)

Micat P. putida strain Description Reference
no.
1717 KT2440 PP_2046A257T, Fully reverse engineered strain This work
PP _ 27904220V {1gBA4bP
1678 KT2440-AA secGGTOR Fully reverse engineered strain, This work
PP_ 5706 secGCTOR
1677 KT2440-AA PP_5243Rzgp Partly reverse engineered, This work
PP_ 5243R29P
1718 KT2440-AA secGGTOR secGETOR PP 5243R829P combined  This work
PP _5243R29P
1758 KT2440-AA secGGTOR Deletion of dcaAKIJP in This work
AP 14e-dcaAKIJP KT2440-AA secGCTR
1834 KT2440-AA secGG™R Final strain for (u)mcl-DCA and This work
gcdRG154D -diol metabolism
2174 KT2440-AA secGCETR Strain for PHB production using This work

gcdRC154D APP_ 5003-6,
pS6311.-PHB

pS6311-PHB, containing phaCAB,
PHB biosynthesis pathway from C.

necator H16

* All strains for molecular biological procedures are shown in table S1.

2.2.5.3. RT-qPCR

To analyze gene expression levels, RT-qPCR was performed. Therefore, pre-cultures
of P. putida strains were used to inoculate 50 mL shake flask main-cultures in three-
fold buffered MSM containing either glutarate (36 mM), pimelate (25.7mM), azelate
(20mM) or glucose (20mM) as sole carbon source to an initial OD600 of 0.1. After
incubation to mid-exponential growth phase, cells were harvested from 2mL of cell
culture by centrifugation (21,000 x g for 2 min) and immediately resuspended in
1mL RNAlater (Thermo Fisher Scientific, Massachusetts, USA) and stored at —20°C
until further analysis. RNA extraction was performed using the Quick-RNA Miniprep
Kit (Zymo Research, Irvine, CA, USA) and ¢cDNA was prepared from the purified
RNA using the LunaScript RT superMix Kit (New England Biolabs, Ipswich, MA,
USA). The expression levels of gcdH and rpoD were analysed using primer designed

by qPCR assay design tool from Eurofins Genomics and listed in table S3. Quantita-

73



2. Publications and manuscripts

tive RT-PCR was performed using Luna Universal gPCR Master Mix (New England
Biolabs, Ipswich, MA, USA) in 96-well plates by the TOWER 2.2 (Analytik Jena,
Jena, Germany). The reaction conditions were used as described in the manufacturer’s
instructions. Experiments were performed in technical triplicates of biological duplicates.
Gene expression levels were evaluated by comparing the Ct values of the housekeep-

ing gene rpoD (Wang et al. 2010) with the Ct value of gedH using the following equation:

Gene expression leve]l = 2Ct(rpoD)-Ct(target)

2.2.5.4. Genome sequencing

Genomic DNA from selected strains was purified using a Monarch Genomic DNA
Purification Kit (NEB) from an overnight LB culture. Afterwards, 1 pg of DNA was
used for library preparation using the NEBNext® Ultra” IT DNA Library Prep Kit
for Ilumina® (New England Biolabs, Ipswich, MA, USA). The library was evaluated
by qPCR using the KAPA library quantification kit (Peglab, Erlangen, Germany).
Afterwards, normalization for pooling was done and paired-end sequencing with a
read length of 2 x 150 bases was performed on a MiSeq (Illumina, San Diego, CA,
USA). The sequencing output (base calls) were received as demultiplexed fastq files.
The data (e.g. trimming, mapping, coverage extraction) were processed using the
CLC Genomic Workbench software (Qiagen Aarhus A/S, Aarhus, Denmark). For each
sample, the output was mapped to the GenBank accession AE015451.2 as the P. putida
KT2440 reference genome with further modifications for previous genetic engineering
(Ackermann et al. 2021). Sequencing data are deposited in the NCBI Sequence Read
Archive under BioProject number PRJNA987418.

2.2.5.5. Analytical methods

In shake flask experiments, bacterial growth was monitored as optical density at a
wavelength of 600 nm (ODggg) with an Ultrospec 10 cell Density Meter (Ge Healthcare,
Little Chalfront, Buckinghamshire, United Kingdom). Online analysis of growth was
measured by the Growth Profiler and analyzed using the Growth Profiler Control
software V2 _0_0. The corresponding green values are derived from image analysis
of the image taken from the bottom of microtiter plates. For measuring extracellular
mcl-diols and DCA metabolites, samples were harvested from liquid cultivation by

centrifugation (21,000 x g for 2 min) and the supernatant was analysed using a 1260
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Infinity IT HPLC equipped with a 1260 Infinity IT Refractive Index Detector (Agilent,
Santa Clara, California, USA). Analytes were eluted using a 150 x 7.80 mm organic
acid resin column (Rezex ROA — organic acid H+ (8 %), Phenomenex, Torrance, CA,
USA) together with a 40 X 8 mm organic acid resin pre-column with 5mM H,SO, as
mobile phase at a flow rate of 0.7mLmin~! at 80°C. Metabolites were quantified using
HPLC-grade chemicals.

2.2.5.6. PHA and PHB analysis via gas chromatography

PHA and PHB quantification was performed using acidic methanolysis and gas chro-
matography (GC) analysis as described in Li et al. (2020). For this, cells were harvested
by centrifugation at 5000 x g for 10 min and washed with HyOpiig. Prior to analysis,
samples were lyophilized overnight in a Christ LT-105 freeze drier (Martin Christ
Gefriertrocknungsanlagen, Osterode am Harz, Germany). Next, 5-15 mg of lyophilized
cells were mixed with 2mL acidified methanol (15 % (v/v) HySO,) and 2 mL chloroform
containing methyl benzoate as internal standard in a 15 mL Pyrex tube. The tube was
sealed and incubated at 100°C for 3h. After cooling the tubes on ice for 2min, 1 mL of
HyOwmiiniq was added to each tube and the solution was mixed by vortexing. The phases
were allowed to separate and the organic phase (lower phase) was filtered through
cotton wool before further analysis. The 3-hydroxyalkanoic acid methyl esters were
quantified using an Agilent 7890A Gas Chromatograph equipped with a HP Innowax
column (30 m x 0.25 mm x 0.5 1m) and a flame ionization detector (FID). An oven ramp
cycle was employed as follows: 120°C for 5min, increasing by 3°Cmin~! to 180°C,
180°C for 10 min. A 10:1 split was used with helium as the carrier gas and an inlet
temperature of 250 °C. Commercially available 3-hydroxyalkanoic acids (C4-Ci2) were

methylated as described above and used as standards to quantify PHA monomers.

Declaration of competing interest

The authors declare no competing interest

Funding

This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreements No. 870294 for the project MIX-UP to
N.W. This project has received funding from the Bio-based Industries Joint Undertaking
(JU) under the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 887711 to N.W. The JU receives support from the European

75



2. Publications and manuscripts

Union’s Horizon 2020 research and innovation programme and the Bio-based Industries
Consortium. This project was also partially supported by The Novo Nordisk Foun-
dation through grants NNF20CC0035580, LiFe (NNF180C0034818) and TARGET
(NNF210C0067996) and the European Union’s Horizon 2020 Research and Innovation
Programme under grant agreement No. 814418 (SinFonia) to P.I.N.

76



2.3. Engineering of BDO and AA metabolism in P. taiwanensis.

2.3. Engineering of 1,4-butanediol and adipic acid metabolism

in P. taiwanensis for upcycling to aromatic compounds.

Leonie Op de Hipt", Yannic S. Ackermann”, Hannah de Jong, Tino Polen, Benedikt
Wymnands, Nick Wierckx

“these authors contributed equally to this study.

manuscript in preparation

status: unpublished

CRediT authorship contribution statement:

Leonie Op de Hipt:Methodology, Investigation, Validation, Formal analysis, Data curation, Writ-
ing—original draft, Writing—review and editing, Visualization

Yannic S. Ackermann: Methodology, Investigation, Validation, Formal analysis, Data curation,
Writing—original draft, Writing—review and editing, Visualization

Hannah de Jong: Investigation, Writing—review and editing

Tino Polen: Methodology, Formal analysis, Data curation, Writing—review and editing

Benedikt Wynands: Methodology, Writing—review and editing, Supervision

Nick Wierckx: Conceptualization, Resources, Data curation, Writing—original draft, Writing—review

and editing, Visualization, Supervision, Project administration, Funding acquisition
Overall, own contribution: 45 %

The presented experimental work was conducted by LO and HdJ (diol part), YSA
and LO (dicarboxylic acid part). Validation was done by LO, YSA, TP, BW and
NW. Visualization of all data was performed by LO and YSA. The writing of the
original draft was done by LO and YSA, which was reviewed and edited by NW and all
co-authors. Funding for the project was acquired by NW.

7



2. Publications and manuscripts

2.3.1. Abstract

The overwhelming amount of plastic produced is an unprecedented challenge for human-
ity especially due to the lack of end-of-life solutions for heterogeneous plastic wastes
that cannot be recycled conventionally. One possibility is feedstock recycling of mixed
plastics and complex polymers, combined with subsequent biological funneling and
upcycling. Common depolymerization products include aliphatic dicarboxylic acids or
diols such as adipic acid (AA) and 1,4-butanediol (BDO). In this work, the substrate
spectrum of an aromatic overproducing P. taiwnanensis was extended to AA and
BDO to enable upcycling of these compounds. For this purpose, adaptive laboratory
evolution followed by genome sequencing was used and key growth-enabling mutations
were discovered. In the case of AA, in addition to expression of the heterologous
dcaAKIJP genecluster and the paa genes, mutations in the ribosomal protein encoding
gene rpmE were identified that are thought to affect production and thus growth. In
contrast to P. putida KT2440, knockout the repressor gene psrA regulating expression
of genes involved in §-oxidation had no positive effect on growth on AA. Growth on
BDO was enabled via a point mutation enabling expression of PVLB 10545 encod-
ing a dehydrogenase. This dehydrogenase likely catalyzes the oxidation of BDO to
4-hydroxybutyrate thus substituting for Pedl, which is present in P. putida but not
P. taiwanensis. Two additional mutations further enhanced growth most likely by
speeding up steps downstream 4-hydrxybutyrate. The first mutation was identified in
PVLB 12690 encoding a LysR dependent transcriptional regulator, whose homologue
was also mutated in P. putida KT2440 after evolution on BDO. Both strains were then
characterized for growth and production of aromatic compounds such as tyrosine and

phenylalanine as model compounds with AA and BDO as carbon source.
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2.3.2. Introduction

The plastic crisis presents one of the biggest challenges of modern society. Plastics
themselves are an important cornerstone of today’s life due to their beneficial properties
and versatile applications (Andrady et al. 2009). Therefore, production has increased
exponentially in the last 50 years and is predicted to further rise (Geyer et al. 2017).
Since, the current state of plastic economy is up to date mostly linear with 90 % of new
materials being produced from fossil feedstocks and only 8.3 % post-consumer recycled
plastics in 2021, this enormous increase is accompanied by huge negative consequences
(PlasticsEurope 2022). Firstly, plastic production significantly contributes to fossil
resource depletion due to their mainly petrochemical production. About 15 % of the
global oil demand was used as petrochemical feedstock in 2020 with the biggest fraction
of 70 % being used for the production of plastics (10 mb/d) (International Energy Agency
(IEA), 2022). Secondly, most of resulting plastic waste is not managed properly. In 2015
about 12 % was incinerated for energy gain and 79 % percent were deposited in landfills
eventually ending up in the environment where it accumulates due to the extreme
stability of most plastic materials (Geyer et al. 2017; Worm et al. 2017). Several million
tons of plastics enter the sea each year further resulting in widespread pollution of the
oceans (Lebreton et al. 2018). Even when potential efforts to reduce plastic pollution
are taken into account the amount is expected to further rise in the future (Borrelle
et al. 2020; Jambeck et al. 2015; Law et al. 2023; Ostle et al. 2019). Moreover, the
linear plastic economy is associated with emission of huge amounts of greenhouse gasses
during their whole life from manufacturing to potential incineration. Today plastics are
already responsible for 4.5 %of global greenhouse gas emissions (Cabernard et al. 2021;
Stegmann et al. 2022). To stop this extremely harmful and unsustainable trend, solutions
leading to a more circular plastics economy are needed. Bioplastics could present a
promising approach to help solve this problem (Narancic et al. 2020). One interesting
candidate is the biodegradable aliphatic aromatic co-polyester poly(butylene adipate-
co-terephthalate) (PBAT), which is synthesized by esterifying 1,4 butanediol (BDO)
with terephthalate and successive polycondensation with adipate (AA) (Wu et al. 2023).
It has similar properties to non-biodegradable polyolefins such as LDPE, while being
much more prone to biological degradation (Ferreira et al. 2019). However, it is also a
more complex polymer, consisting of a mix of three different monomers. This makes the
material an interesting target for biological re- or upcycling. Moreover, in a worst-case
scenario, in which the polymer ends up in the environment due to improper disposal, the

biodegradability reduces the overall accumulation of plastic waste, which is associated
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with many hazardous effect on wildlife and nature (Wei et al. 2020). For those reasons,
PBAT has already been industrially produced and introduced to the market as a more
sustainable and eco-friendlier alternative to polyolefines more than 20 years ago and is
mostly used as mulch-foils or as packaging material in various sectors (Jian et al. 2020b).
Furthermore, although currently mostly produced from fossil resources, biological
production pathways exist for AA (Kallscheuer et al. 2017) and BDO, with the latter
already being produced at industrial scale (Burgard et al. 2016). This further underlines
the high potential that PBAT has as a candidate for a more sustainable circular plastic
economy. However, to ensure full circularity, suitable end-of-life options in form of
recycling must be developed. These should be suited for the enormous heterogeneity of
plastic waste, usually containing a variety of different polymers consisting of different
monomers with various bond types as well as additives. Here a combination of chemical
approaches as well as enzymatic depolymerization might be necessary for degradation of
all polymers (Ellis et al. 2021; Jehanno et al. 2022; Sullivan et al. 2022). Hydrolysates
resulting from such depolymerization will be chemically diverse, which would make the
purification of single monomers difficult and expensive. A very promising and cost-
effective solution here could be to use these hydrolysates as a carbon source for microbial
biotechnology (Ellis et al. 2021; Wierckx et al. 2015). The monomers are funneled
into the central carbon metabolism of a pure or a mixed culture of microorganism
that use them as energy source to grow and more importantly produce a desired
compound that eventually can be more easily purified from the culture broth such
as polyhydroxyalkanoates (PHAs), bio-polyurethane and j-ketoadipic acid (Linger
et al. 2014; Merchan et al. 2022). Pseudomonads are very promising hosts for such a
metabolic funneling approach as they have a very broad substrate spectrum as well as a
high resistance to harsh conditions such as high concentration of the plastic monomers
(Bitzenhofer et al. 2021). The substrate spectrum of Pseudomonas putida KT2440 has
already been broadened to include several plastic monomers (Ackermann et al. 2021;
Franden et al. 2018; Li et al. 2019; Li et al. 2020). Moreover, Pseudomonads have
also been developed to synthesize a variety of products ranging from bioplastics to
biosurfactants (Loeschcke et al. 2015; Narancic et al. 2021; Tiso et al. 2020a). One
especially interesting strain is Pseudomonas taiwanensis VLB120, which has been shown
to have a high resistance to various solvents and has already been used to produce
interesting aromatic compounds (Schwanemann et al. 2020). Wynands et al. (2019)
have created a genome reduced chassis strain with enhanced flux into the shikimate

pathway, which has been shown to be a superior platform strain for the production of
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aromatics. Among these are 4-coumarate and derived para-hydroxy aromatics which in
turn can be used as building blocks for new synthetic polymers (Wynands et al. 2023).
To enable metabolic funneling of plastic monomers into the central carbon metabolism
of these aromatics-producing strains, engineering of corresponding catabolic pathways
is necessary. For this purpose, two helpful approaches can be followed. In both cases,
the first step is, if necessary, heterologous expression of genes encoding enzymes with
functions that are not natively present and that cannot be easily gained by modification
or activation of native genes. Next, Adaptive Laboratory Evolution (ALE) has been
shown to be a powerful tool to enable growth on plastic monomers (Franden et al. 2018;
Li et al. 2019). Alternatively, the mutations found after an ALE can be genetically
reconstructed in the unevolved strain. In this work, the substrate spectrum of a tyrosine
producing P. taiwanensis strain was expanded to the PBAT-monomers AA and BDO
by ALE and by targeted reconstruction of mutations that emerged during the ALE.
These were largely diverging from the mutations identified in P. putida evolved on
1,4-butanediol, which underlines the differences between the two strains but also the
high potential of ALE to identify new genetic targets and thereby enable unbiased
engineering. The effect of the mutations was investigated in more detail contributing to
a wider knowledge about the degradation pathways. Furthermore, the influence of both

approaches on tyrosine and potentially derived aromatics production was investigated.

2.3.3. Results and discussion

2.3.3.1. Engineering growth on adipate and 1,4-butanediol via adaptive

laboratory evolution

Growth of P. putida KT2440 on AA could only be achieved with additional heterol-
ogous expression of the dcaAKIJP cluster from Acinetobacter baylyi complementing
the phenylacetate degradation pathway with the enzymes enabling uptake and initial
conversion of AA to the common metabolite 2,3 didehydroadipyl-CoA (Ackermann
et al. 2021; Parke et al. 2001). Additionally, an ALE was performed resulting in a
constitutive expression of the phenylacetate degradation cluster (Ackermann et al. 2021).
Based on this knowledge, the dcaAKIJP was genomically integrated into the attTn7-site
(Zobel et al. 2015) of P. taiwanensis GRC3A5-TYR2, a tyrosine overproducing genome
reduced chassis strain, to enable its constitutive expression. With this strain, six parallel

ALE runs were performed with AA as sole carbon source (Figure 2.3.1).
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Figure 2.3.1.: ALE of P. taiwanensis GRC3A5-TYR2 attTn7::Py.-dcaAKIJP on AA.
A) Sequential batch cultivation of the strain P. taiwanensis GRC3A5-TYR2 attTn7::P;e-dcaAKIJP
in 10mL MSM with 30mM AA as sole carbon source in Boston bottles. Six runs were performed
in parallel. B) End concentrations of tyrosine measured via HPLC analysis plotted against growth
rate of single strains isolated from all six ALE-batches. The strains were cultivated in the GP while
online-monitoring growth via green values (GV). To calculate the growth rates GV were converted
into ODggp equivalents using a calibration. The growth rates were calculated for all cultures with
the ODgoo equivalents in the range from 0.5 to 0.9. C) ODggg, AA concentrations and D) tyrosine
concentrations measured at different timepoints during the cultivation of six selected evolved strains in
shake flasks. Error bars derive from three technical replicates and indicate the SEM.
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In all runs growth on AA could be detected after a long lag phase of six days. After
several reinoculation steps, higher ODggy values were achieved in shorter time spans.
The ALE was terminated on day 22 after approximately 32 to 37 generations, when all
six cultures reached an ODggy above 3 within a day. In contrast to the evolution of P.
putida KT2440 on adipate, no additional carbon source was necessary. This is probably
due to the fact that a stable and good expression of the dcaAKIJP cluster right at the
beginning of the ALE was ensured via Tn7 integration (Zobel et al. 2015). In P. putida
KT2440, a plasmid-based expression of dcaAKIJP was used, which may have presented
an additional bottleneck at the beginning of the ALE that prevented growth without
further carbon source. This hypothesis is supported by mutations affecting the copy
number of the plasmid that emerged during ALE (Ackermann et al. 2021). For selection
of the strains with the most beneficial mutations, singling smear from all six batches on
LB-agar plates was performed and single colonies were tested for growth and tyrosine
production from AA (Figure 2.3.1). One strain with the best combination of growth
and production was chosen from each ALE run for further investigation. The selected
strains differ in growth rate and amount of produced tyrosine indicating that different
mutations occurred. Moreover, the amount of tyrosine produced is approximately
ten times lower compared to the amount produced by the original strain from 20 mM
glucose, with a carbon yield of 0.02 £ 0.00 Cpo1 Cuort and 0.21 £ 0.01 Cpol Chor™?
respectively (Otto et al. 2019). One reason for this could be that AA is channeled
into the central carbon metabolism via the TCA-cycle. Therefore, the precursors for
tyrosine production must be formed wvia gluconeogenic reactions instead of glycolysis
resulting in a higher energetic expense. Therefore, AA is a less beneficial substrate for
tyrosine production compared to glucose. A similar effect has been observed before for
production of 4-hydroxybenzoate and phenol from xylose via the TCA-cycle through the
oxidative Weimberg pathway (Lenzen et al. 2019; Wynands et al. 2018). Furthermore,
mutations impairing the production might have occurred during the ALE, considering
that aromatics production likely poses a metabolic burden which provides selective
pressure favoring repressor mutations.

In contrast to AA as carbon source, for BDO no heterologous genes are necessary to
enable growth of P. putida KT2440 and it can be degraded via several oxidation steps
catalyzed by different native dehydrogenases. In specific, the cluster PP_2047-2051 as
well as the ped-cluster have been shown to be involved in the oxidation of BDO (Li et
al. 2020). However, the ped-cluster is absent in P. taiwanensis VLB120 and alternative

dehydrogenases oxidizing BDO and intermediates need to be identified. Therefore, an
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ALE was carried out with the tyrosine over producer P. taiwanensis TYR2 and the same
strain evolved on AA, P. taiwanensis Al. During the first two weeks, almost no growth
on BDO was detected. As before for the ALE on AA, an increase in the measured ODggg
values and a simultaneous decrease in the required cultivation durations could be seen
with increasing number of ALE steps. For identification of advantageous mutations,
single strains were isolated from the ALE and tested for their growth and tyrosine
production from BDO. For more detailed insights in improvement between different
ALE steps, the best strains from two different timepoints were chosen (Figure 2.3.2).
The strains P. taiwanensis AB1 and AB2, which originated from P. taiwanensis Al,
were isolated after 4 and 9 rounds of cultivation, resulting in respective growth rates of
0.065 £ 0.002 h'! and 0.114 £ 0.001 h'!. The increase in the growth rates between the
two timepoints indicates the appearance of additional mutations.

The strain P. taiwanensis Bl that was not evolved on AA before grew with a similar
growth rate of 0.111 % 0.002 h™!. Moreover, this strain produced 1.4 £ 0.02 mM tyrosine
corresponding to a carbon yield of 0.09 = 0.00 Cpop Cimor™t. Compared to the original
strain on glucose it is still smaller, which is likely due to the disadvantageous carbon
source, but compared to the strain that was evolved on AA before, which produced
amounts of tyrosine in the range of 0.01 £ 0.00 Cop Cruoi™! and 0.02 & 0.00 Cpuol Crnor™,
the carbon yield on BDO is still considerably higher, promoting the earlier explained
hypothesis that mutations might have occurred during the ALE on AA that impair
tyrosine production.

To further expand the substrate spectra for the diols analogously to the dicarboxylic
acids up to a chain length of six carbon atoms the growth of the evolved strains on
1,5-pentanediol and 1,6-hexanediol was also tested. All strains were able to grow
on 1,5-pentanediol. Interestingly, only the strain that has also been evolved on AA
was able to grow on 1,6-hexanediol indicating metabolization of 1,6-hexandiol via
AA. Upon knockout of the dcaAKIJP cluster in this strain, growth on 1,6-hexanediol
was significantly reduced, which further promotes this hypothesis. However, some
growth could still be detected indicating that an additional route for metabolization of

1,6-hexanediol is present (Figure S11).
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Figure 2.3.2.: ALE of P. taiwanensis Al.6 and P. taiwanensis GRC3A5-TYR2
attTn7::Py e-dcaAKIJP on BDO. A) Sequential batch cultivation of the strain P. taiwanen-
sis A1.6 and P. taiwanensis GRC3A5-TYR2 in 10 mL MSM with 45 mM BDO as sole carbon source
in Boston bottles. B) End concentrations of tyrosine measured via HPLC analysis plotted against
growth rate of different strains isolated from both ALE-batches. The strains were cultivated in the GP
while online-monitoring growth via GV. To calculate the growth rates GV were converted into ODggq
equivalents using a calibration. The growth rates were calculated for all cultures with the ODggo
equivalents in the range from 0.5 to 0.9. C) ODggp, BDO concentrations and D: tyrosine concentrations
measured at different timepoints during the cultivation of five selected evolved strains in shake flasks.
Error bars derive from three technical replicates and indicate the SEM.
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2.3.3.2. Characterization and reverse engineering of causal mutations for

1,4-butanediol and adipic acid metabolism

Adaptive laboratory evolution is a very powerful and promising approach to enable
growth on non-preferred substrates. However, the mutations are random and may have
unfavorable effects on the strains with regard to production or growth under other
conditions. Therefore, a promising next step is to apply the knowledge gained from
ALE and subsequent whole genome sequencing to a well-defined parental strain. This
way, only known and beneficial modifications are used and a defined strain background
can be guaranteed. Considering the enhanced growth rate of all selected strains with
BDO as sole carbon source, mutations were expected in all five strains (Table 2.3.1).
The only mutation that could be identified in the strain P. taiwanensis AB1 was a SNV
in PVLB 10540 encoding hypothetical protein without known function that resulted
in a silent mutation. In silico analysis of the corresponding genomic area revealed no
indications for a regulatory role of the mutated sequence, but an increased expression
of the downstream gene, which encodes an ethanol-active dehydrogenase, could be

detected within the reverse engineered strain via RT-qPCR (Figure S12). Moreover,

Table 2.3.1.: Genomic loci affected by ALE on BDO.

Found in affected locus putative function mutation putative
strain (position in effect
genome)
AB1, AB2, PVLB 10540 Small hypothetical G— A Missense,
AB3 protein (2316640) alteration of
regulatory
region
AB2, AB3 PVLB 12690 LysR family C — T (2802833) A247V
transcriptional
regulator
B1, B2 PVLB_ 13305 Sigma factor T — C (2946894) S141P
dependent
transcriptional
regulator
B1, B2 PVLB_ 10765 Diguanylate cyclase C — T (2368691) G179D
B1, B2 PVLB 02465 and Acyl-CoA- Deletion alteration of
intergenic region dehydrogenase (567672-568117)  regulatory
between region
PVLB_ 02465 and
putA

upon reconstruction of this mutation in the unevolved strain, growth on BDO could be
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recovered (Figure 2.3.3). It can be concluded that the mutation activates expression of
PVLB 10545, encoding the ethanol active dehydrogenase, which in turn is responsible
for oxidation of BDO and/or its oxidation products and thereby enables its degradation.
However, growth is still decreased compared to the evolved strains, indicating that
further beneficial mutations have occurred. One mutation, which was present in the
strain isolated at a later timepoint is a SNV in PVLB 12690 resulting in an amino acid
exchange in a LysR family transcriptional regulator. Interestingly, the homologue with
79 % sequence identity was also mutated in a P. putida KT2440 evolved on BDO. In
context of P. putida KT2440, the encoded regulator was shown to be an activator of the
downstream gene cluster PP 2047-51 and the mutation resulted in constant expression
of the corresponding genes encoding among others for several dehydrogenases. The ion
active dehydrogenase encoded by PP _ 2049 in particular was shown to be involved in
BDO metabolization (Li et al. 2020). In contrast to P. putida KT2440, reconstruction
of this mutation alone did not enable the growth on BDO, which can be explained by
the lack of the ped-cluster. Pedl was shown to oxidize BDO to 4-hydroxybutyrate in P.
putida KT2440 (Li et al. 2020). Since this cluster is missing in P. taiwanensis VLB120
this first step is not catalyzed and therefore no growth is possible. In combination
with the silent mutation however growth is enabled indicating that the silent mutation
is responsible for the initial conversion of BDO. Therefore, it can be concluded that
the ethanol active dehydrogenase encoded by PVLB 10545 substitutes for Pedl in the
evolved P. taiwanensis strains and oxidizes BDO to 4-hydroxybutyrate. When the
mutation in PVLB 10540 is combined with the mutation in PVLB_ 12690 an increase
in growth rate is achieved, proving a positive influence of the mutation in PVLB_ 12690
on BDO metabolism. It is therefore likely that this mutation accelerates a limiting step
downstream of the initial oxidation of BDO. This hypothesis was also strengthened
by the fact that growth on 4-hydroxybutyrate is influenced by the reconstruction of
PVLB_ 126904247V, Initial slow growth followed by a rapid increase was observed, which
can be explained by initial accumulation of succinate semialdehyde, suggesting that the
dehydrogenases encoded by the PVLB _12665-12685 gene cluster catalyze the oxidation
of 4-hydroxybutyrate to succinate semialdehyde (Figure S13). The aldehyde in turn
might have a growth inhibitory effect causing the slow growth on 4-hydroxybutyrate in
the beginning of cultivation (Bitzenhofer et al. 2021; Jayakody et al. 2018). However,
once the aldehyde has been further metabolized to succinate in sufficient concentration,
rapid growth occurs due to quick succinate metabolization. A similar aldehyde inhibition

delay has also been observed during engineering of P. putida KT2440 metabolism of
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Figure 2.3.3.: Reverse engineering of P. taiwanensis GRC3A5-TYR2 strains for growth
on BDO. A) Genomic context of mutations identified in the evolved strains with positive effect on
growth on BDO. B) Growth curves of engineered strains carrying different mutations found during the
whole genome sequencing of the ALE on BDO. All strains are cultivated in three-fold buffered MSM
medium containing 45 mM of BDO as sole carbon source. Error bars represent the standard error of
the mean (n=3).

ethylene glycol (Franden et al. 2018). In contrast, the strain P. taiwanensis Bl does not
harbor any of the two described mutations but instead one in PVLB 13350 encoding a
sigma factor dependent transcriptional regulator and one in PVLB 10765 encoding a
diguanylate cyclase, both resulting in amino acid exchanges. Additionally, a deletion of
445 bp was identified in the intergenic region between PVLB 02465 encoding an acyl-
CoA dehydrogenase and putA. Upon reverse engineering of the two first mutations no
growth could be restored indicating that there is still a limiting step in the metabolism
of BDO. This step could be circumvented by reconstruction of the silent mutation in
PVLB _ 10540 from the strain P. taiwanensis AB1. When the mutation of the strain

P. taiwanensis Bl in the sigma factor dependent transcriptional regulator encoded by
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PVLB 13350 was combined with the silent mutation and the mutation in PVLB_ 12690
the resulting strain mimicked the growth phenotype of P. taiwanensis AB1. Hence, a
positive effect of the mutation in PVLB 13350 on the growth on BDO can be concluded,
resulting in the best growing reverse engineered strain. In contrast, combining the silent
mutation in PVLB 10540 with the mutation in the gene encoding the diguanylate
cyclase had no effect and in combination with all three other mutations a negative effect
can be seen (Figure S14). Therefore, the diguanylate cyclase is probably not directly
involved in BDO metabolism. Although ALE-like growth could be restored via reverse
engineering, the question remains unanswered how the evolved strain P. taiwanensis Bl
can grow without the silent mutation in PVLB 10540. The most likely hypothesis is
that growth is enabled by the deletion of 445 bp between PVLB 02465 and putA, but
this mutation could not be reverse engineered. In addition, the original growth rate of
the evolved strain AB1 could only be achieved by reconstructing an additional mutation
from strain Bl suggesting that there are other effects within AB1 that positively affect
growth. Possibly, these effects are related with the reduced tyrosine production that
occurred after the primary evolution of the strain on AA.

In all evolved strains isolated from the ALE on AA, mutations were identified within
the genomic region of paaXY as well as rpmFE. In a previous study where P. putida
KT2440 was evolved on AA, a transposon insertion upstream of paaXY led to the
overexpression of the paa gene cluster through the formation of a fusion promoter.
Furthermore heterologous expression of dcaAKIJP on the one hand and activated
expression of the paa gene cluster due to knockout of the repressor genes on the other
hand enabled growth of P. putida KT2440 on AA as sole carbon source, suggesting the
importance of the activated phenylacetate degradation pathway. It was concluded that
DcaAKIJP enable uptake and activation of AA to 2,3-didehydroadipyl-CoA, which is
a common metabolite to the phenylacetate degradation pathway that encoded by the
paa cluster. Moreover, ALE of P. putida reveals the advantage of a higher S-oxidation
activity induced by the deletion of the gene psrA, which encodes for the repressor of
fadAB (Ackermann et al. 2021). The mutations identified in the six P. taiwanensis
strains evolved on AA in this study range from a deletion of 402 bp in paaX to SNVs in
paaX as well as in the intergenic region between paaF and paaX. Therefore, paa YX was
deleted in the unevolved strain harbouring the dcaAKIJP genes at the attTn7 site. This
resulted in a strain capable of growing on AA as sole carbon source, although this growth
was much worse and the strain took twice as long to reach stationary phase as the ALE

strain Al (Figure 2.3.4). Since this strain will later be used for a bio-upcycling approach
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Figure 2.3.4.: Characterization of growth of reverse engineered P. taiwanensis GRC3A5-
TYR2 strains on AA. All strains are cultivated in three-fold buffered MSM medium containing
30mM of AA as sole carbon source. A) Analysis of the growth of the evolved strain Al on AA and the
influence of the deletion of psrA. B) Growth curves of engineered strains carrying different mutations
found during the whole genome sequencing of the ALE strains. Error bars represent the standard error
of the mean (n=3).

and will therefore require further metabolic engineering and heterologous integration of
production clusters, it is advantageous to keep well-established integration sites, such
as attTn7, empty. For this purpose, the dcaAKIJP expression cassette was integrated
directly into the position of the regulatory genes paaYX, deleting the latter genes in the
process. The resulting strain GRC3A5-TYR2 ApaaYX::Py;e-dcaAKIJP was also able
to grow on AA as sole carbon source. Furthermore, growth could be slightly increased
compared to the integration at the attTn7-site, suggesting that the integration at paaYX
seems to be beneficial, perhaps due to a higher expression rate of the dcaAKIJP cluster.
However, growth was still not comparable to that of the evolved strains. Previously, it
was shown that an increased f-oxidation could enhance growth of P. putida KT2440
on AA as sole carbon source, induced by a deletion of psrA (Ackermann et al. 2021).
It was striking that unlike in P. putida, the gene encoding the §-oxidation regulator
PsrA was not mutated in any of the evolved P. taiwanensis strains, nor were any other
mutations found that could plausibly affect S-oxidation. To investigate this difference,

psrA was deleted in the evolved strain A1 and in the reverse engineered strains. Deletion
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of psrA in the ALE-strain has no effect on growth, suggesting that f-oxidation does
not limit growth on AA in the ALE-background. In contrast, deletion of psrA could
indeed slightly increase growth in the strain expressing the dcaAKIJP genes from
attTn7-site, although growth was not comparable to the evolved strain. This effect was
not visible, when psrA was deleted in strain GRC3A5-TYR2 ApaaYX::Pyy.-dcaAKIJP.
Deletion of psrA without deletion of paaYX also resulted in weak growth, showing
that ApsrA is at least not negative for growth on AA, but that S-oxidation is not the
limiting step in AA degradation in this strain. This difference between P. putida and
the P. taiwanensis strains tested here can likely be attributed to the production of
aromatic compounds. The GRC3A5-TYR2 strain studied here contains many genetic
modifications (Wynands et al. 2019), which reduce the growth rate of P. taiwanensis to
the point where [-oxidation catalyzed by the paa cluster-encoded enzymes alone is likely
sufficient. Another possible cause of the enhanced growth rate of the evolved strains
compared to the reverse engineered strain, are the mutations found in the genomic
region around rpmFE (PVLB_01635). These mutations were either a deletion of 236 bp
of rpmE or point-mutations in the intergenic region (IGR) between prid and rpmFE
or in rpmkE itself (Figure 2.3.5). Downstream of rpmFE, a putative nuclease and the
malic enzyme MaeB are encoded. Hence, these mutations may have an influence on the
ribosomal protein bL31 encoded by rpmFE or on the malate dehydrogenase which is part
of the central metabolism. To clarify the effects on growth on AA, all rpmE mutations
were repaired back to the wildtype sequence in the evolved strains. This resulted in
strains that grew much worse, similar to the reverse engineered strain (Figure 2.3.5).
This strongly suggests that the mutations around rpmE were the reason for the different
growth of the strains. To further investigate the reason for the observed phenotype
a RT-qPCR was performed to detect changes in the expression levels of rpmkFE, the
nuclease (PVLB_01640), maeB and priA, which is located upstream of rpmFE. This
analysis showed no significant difference in the expression levels of maeB or priA. The
same is true for maeB in the strains harboring a mutation within the gene suggesting
that the phenotype is rather caused by mis-functional version of the encoded ribosomal
protein bL31 than due to changed expression levels. In case of the mutation in the IGR,
more precisely in the putative promoter of rpmFE, the RT-qPCR results show a lower
expression level in the mutated strain compared to the repaired version. Surprisingly,
in both cases, the ALE strain (strain A3) containing the potential promoter mutation
and the repaired strain have higher expression levels of the nuclease-encoding gene than

the parental strain harbouring the wildtype genes. Overall, these results suggested a
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Figure 2.3.5.: Analysis of different mutations in rpmFE found in all ALE strains. A)
Schematic overview of the genomic region of rpmE and the mutations of each ALE strain. Arrow
size does not correspond to gene size. B) Comparison of growth of ALE strains with corresponding
strains, which contain the wildtype sequence of rpmE (repaired strains). Growth curves were measured
in three-fold buffered MSM medium containing 30 mM of AA with the Growth Profiler. Error bars
represent the standard error of the mean (n=3). C) Relative expression levels of rpmE, nuclease, and
maeB in cells of evolved strains and strains with the repaired sequence were determined by RT-qPCR.
The Ct values were normalized to rpoD. Standard errors of the means were calculated using three
technical replicates of two biological replicates.

potential effect of the ribosomal protein bL31 on growth on non-native carbon sources
such as AA. The rpmE gene encodes the non-essential bacteria-specific (C+) ribosomal
protein L31. Many bacteria like B. subtilis, E. coli or P. aeruginosa possess one or
more Zn-independent (C-) paralogs (Hensley et al. 2012), but these were not found
in the genome of P. taiwanensis. In E. coli, deletion of these paralogs leads to a
decreased growth (Aseev et al. 2020). In this study, attempts to knock out rpmFE by

homologous recombination were unsuccessful, confirming the absence of a paralog of
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RpmE in P. taiwanensis. The presence of paralogs of the ribosomal protein in other
species is connected to zinc availability. P. aeruginosa produces the C- protein when
zinc deficiency occurs, although the C+ paralog (which requires zinc as cofactor) is still
present. It is assumed that the presence of both ribosomal proteins enables the strain
to rapidly switch metabolism as soon as Zn”" is available again (Hensley et al. 2012).
Even though no paralogs were identified in P. taiwanensis, the role of these proteins
in P. aeruginosa suggests an involvement of zinc availability. To test this hypothesis
a growth experiment containing different zinc concentrations was performed (Figure
2.3.6).
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Figure 2.3.6.: Growth of ALE strains and the corresponding repaired rpmFE strains with
different zinc concentrations. All strains were cultivated in three-fold buffered MSM medium
containing 30 mM AA and different zinc concentration as shown in the figure. Shaded areas indicate
the standard error of the mean, but they are so small, that they are covert by the lines (n=3).

On the one hand, these results indicate a positive effect of higher zinc concentrations
in the medium. Our standard MSM medium contains 7nM Zn®'. Increasing this
concentration by five-fold leads to a visible improvement in strains bearing the wildtype
rpmFE sequence, whereas a ten-fold increase does not further optimize growth. These
differences are much smaller in the strains harbouring the mutated version of rpmFE,
suggesting a higher tolerance of these strains to zinc limitation in the medium. However,
even the highest zinc concentration did not restore growth of the reverse engineered
strain to the level of the ALE strains, suggesting that zinc availability is not the pri-

mary reason for the growth difference. Nevertheless, the fact that restoration of the
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wildtype mpmFE sequence reduced growth of the evolved strain to the level of the reverse
engineered strain clearly indicates the importance of this gene. Hence as alternative
hypothesis the production of tyrosine might have been affected by the rpmFE mutations,

which could indirectly improve growth by alleviating the metabolic burden of production.

2.3.3.3. Tyrosine production from adipate and 1,4-butanediol by the

evolved and reverse engineered strains

The development of an efficient bio-upcycling approach as part of a circular economy
requires besides a well-established consumption of waste stream substrates, such as
monomers from plastic waste hydrolysates, also a good production of compounds
of higher value. In this study, we aimed to enable the conversion of AA and BDO
into aromatic compounds by implementation of monomer metabolism in the tyrosine-
producing aromatics platform strain P. taiwanensis GRC3A5-TYR2 (Wynands et
al. 2023; Wynands et al. 2019) This strain harbours deletions of aromatic catabolic
pathways (Ahpd, AquiC, AquiC1, AquiC2, ApobA) and four modifications (TrpEF2%0S,
AroF-1PM8L Phe AT310T ApykA) to increase the carbon flux trough the shikimate path-
way towards tyrosine (Wynands et al. 2019). To test tyrosine production, cultivations
were performed on 30 mM glucose and C-equimolar concentrations of AA and BDO, and
endpoint measurements were taken at the respective early stationary phases (Figure
2.3.7). On glucose, the parental strain GRC3A5-TYR2 accumulates 2.4 + 0.23 mM
tyrosine and 1.7 + 0.19 mM phenylalanine after 28 h. After 48 h no phenylalanine was
detectable and about 3.0 £ 0.18 mM of tyrosine accumulates, suggesting that the pheny-
lalanine is partly converted to tyrosine via PhhAB. The difference in the total amount
of aromatics produced could be due to separate cultivations and needs to be further
investigated in the future. The transient accumulation of phenylalanine was previously
also observed by Otto et al. (2019) and is probably caused by a bottleneck activity of
PhhAB. As this strain is unable to metabolize AA, no growth or tyrosine production
on AA took place. In contrast, small amounts of tyrosine/phenylalanine accumulated
after 72h during the cultivation on BDO. In line with this, an increase in biomass was
detected within the growth profiler after about60h (data not shown). Although this
was unexpected, the previous ALE shows that this strain can spontaneously mutate to
enable BDO metabolism. Likely, this mutation occurred earlier in this culture, causing

the slow growth observed here.
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Figure 2.3.7.: Comparison of tyrosine production of evolved strains with reverse engineered
strains. All strains were cultivated in three-fold buffered MSM medium containing c-equimolar
concentrations of glucose, AA (A) and BDO (B). The amount of tyrosine or phenylalanine are added
in the bar chars. Error bars represent the standard error of the mean (n—3).

Both the reverse engineered GRC3A5-TYR2-BDO and the ALE-B1 strain produced
a similar total of approximately 2.39 + 0.10 mM aromatics from 45 mM BDO after
72h, of which 1.33 £ 0.07 mM tyrosine and 1.07 £ 0.04 mM phenylalanine. This
constitutes a total yield of 12% Cpoi Cimor™t. These strains show a similar production
from glucose compared to the parental strain with titers approximately twice as high
compared to BDO as substrate. This difference was expected, considering that BDO is
metabolized via succinate, acetyl-CoA, or glycosyl-CoA, which is probably converted
to succinyl-CoA wia the glyoxylate shunt in the TCA cycle, resulting in precursor
formation for aromatic production by gluconeogenic reactions (Li et al. 2020). Previous
work on aromatics production with a comparable strain from xylose metabolized via the
TCA cycle also resulted in much lower yields, which are comparable to those achieved
here (Lenzen et al. 2019). The reverse engineered GRC3A5-TYR2-AA produced 1.57
+ 0.02 mM aromatics from AA in 48 h, of which 1.15 £+ 0.01 mM phenylalanine and
0.42 + 0.01 mM tyrosine. Growth on AA was faster compared to the BDO strains, but
the yield of 7.8% Col Cmot Was significantly lower. Using glucose as substrate, the
tyrosine production of GRC3A5-TYR2-AA (3.1 £+ 0.21 mM) is comparable to that of
the parental strain after 48 h. However, a small amount of phenylalanine (0.2 £ 0.00
mM) accumulates at this time and is likely to be converted afterwards. Interestingly,

the ALE-AT1 strain produced significantly less aromatics on both AA and glucose. A
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Figure 2.3.8.: Analysis of the influence of mutated rpmFE on production of tyrosine. All
strains were cultivated in three-fold buffered MSM medium containing c-equimolar concentrations
of glucose and AA. The amount of tyrosine or phenylalanine are added in the bar chars. Error bars
represent the standard error of the mean (n=3).

similar performance was observed for ALE-ABI1, which is derived from ALE-A1, on
both glucose and BDO. This strongly indicates that a mutation occurred during the
ALE on AA that negatively affects production. To test whether the mutations in rpmFE
were responsible for these differences in production, the previously repaired strains
were compared with the corresponding ALE strains on glucose and AA. Indeed, all
ALE strains only produced about half as much aromatics as the corresponding repaired
strains (Figure 2.3.8). This clearly confirms a link between the mutations in rpmE and
the production of aromatics, although it is currently not clear how the mutation in this
ribosomal protein exerts this effect. The rpmE mutations likely affect ribosomal activity
(Lilleorg et al. 2017), which might have an indirect global effect on intracellular amino
acid pools due to altered protein synthesis rates. This could in turn affect tyrosine and
phenylalanine production directly, or indirectly via allosteric inhibition effects in the
tyrosine biosynthesis pathway, but this is mere speculation which requires further study.

Nevertheless, these results demonstrate the high potential of the bio-upcycling approach.

2.3.4. Conclusion

In this study, we extended the substrate spectrum of a tyrosine-overproducing P. tai-
wanensis strain to the monomers AA and BDO, enabling microbial upcycling to of

these PBAT monomers. The two strategies of ALE and reverse engineering proved
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to be very useful and each showed different advantages. The ALE enabled fast and
unbiased optimization of plastic monomers metabolism, providing clear leads for rational
strain engineering and highlighting differences between P. putida and P. taiwanensis.
However, this work also exemplified a drawback of ALE-based optimization for sub-
strate metabolism in the presence of a secondary objective of product formation. This
highlights the importance of rational reverse engineering, which in this case restored
lost production capacity. The P. taiwanensis GRC3A5-TYR2 platform can readily
be extended with other production modules, enabling production of a wide range of
value-added aromatics (Schwanemann et al. 2020; Wynands et al. 2018; Wynands
et al. 2023) from plastic monomers. This makes this platform widely applicable for
plastic hydrolysate upcycling, which can be further extended by implementation of

other monomer-metabolism pathways.

2.3.5. Experimental procedures
2.3.5.1. Strains and culture conditions

The chemicals used in this work were obtained from Carl Roth (Karlsruhe, Germany),
Sigma-Aldrich (St. Louis, MO, USA), or Merck (Darmstadt, Germany) unless stated

otherwise. All bacterial strains are listed in table 2.3.2.

Table 2.3.2.: Strains used and generated for this study.

Micat P. putida strain Description Reference

no.

58 GRC3A5-TYR2 Genome reduced chassis strain optimized ~Wynands
for production of tyrosine, harbours et al. 2023
trpEP290S and pheAP144S

1211 AB1 GRC3A5-TYR2 Al evolved on This work
1,4-butanediol as sole carbon source

2507 AB2 GRC3A5-TYR2 Al evolved on This work
1,4-butanediol as sole carbon source

2508 AB3 GRC3A5-TYR2 Al evolved on This work
1,4-butanediol as sole carbon source

1478 B1 GRC3A5-TYR2 evolved on This work
1,4-butanediol as sole carbon source

2509 B2 GRC3A5-TYR2 evolved on This work

1,4-butanediol as sole carbon source
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Table 2.3.2.: Strains used and generated for this study. (followed)

Micat P. putida strain Description Reference

no.

1148 AB1 Restored Tn7 site by knockout of This work
AattTn7::Pyje-dcaAKIJP  dcaAKIJP

1508 GRC3A5-TYR2 Reconstruction of SNV in PVLB_ 10540 This work
PVLB_ 10540%480L

1481 GRC3A5-TYR2 Reconstruction of SNV in PVLB 12690 This work
PVLB_ 126904247V

1480 GRC3A5-TYR2 Reconstruction of SNV in PVLB 13305 This work
PVLB_ 133055141F

1567 GRC3A5-TYR2 Reconstruction of SNV in PVLB_ 10765 This work
PVLB_10765G179P

1530 GRC3A5-TYR2 Combination of SNV in PVLB_ 10540 This work
PVLB_ 10540%480C and PVLB_ 12690
PVLB_ 126904247V

1509 GRC3A5-TYR2 Combination of SNV in PVLB 10540 This work
PVLB_ 10540%480C and PVLB_ 13305
PVLB_ 133055141P

1482 GRC3A5-TYR2 Combination of SNV in PVLB 12690 This work
PVLB_ 126904247V and PVLB_ 13305
PVLB_ 133055141P

1579 GRC3A5-TYR2 Combination of SNV in PVLB 12690, This work
PVLB_ 126904247V PVLB_ 13305 and PVLB_10765

PVLB_ 133055141P
PVLB_10765G179D

1486 GRC3A5-TYR2 Combination of SNV in PVLB_ 10540, This work
PVLB_ 10540%480L in PVLB_ 12690 and PVLB_ 13305
PVLB_ 126904247V
PVLB_ 133055141F

1580 GRC3A5-TYR2 Combination of SNV in PVLB 10540 This work
PVLB_ 10540%480C and PVLB_ 10540, in PVLB_ 12690,
PVLB_ 126904247V PVLB_ 13305 and PVLB_ 10765

PVLB_ 133055141F
PVLB_10765G179D

623 GRC3A5-TYR2 Genome integrated dcaAKIJP cluster This work
attTn7::Py).-dcaAKIJP under the control of Py,
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Table 2.3.2.: Strains used and generated for this study. (followed)

Micat P. putida strain Description Reference
no.
1323 Al GRC3A5-TYR2 attTn7::Pyje-dcaAKIJP  This work
evolved on adipate as sole carbon source
1324 A2 GRC3A5-TYR2 attTn7::Pyje-dcaAKIJP  This work
evolved on adipate as sole carbon source
1325 A3 GRC3A5-TYR2 attTn7::Pyje-dcaAKIJP  This work
evolved on adipate as sole carbon source
1326 A4 GRC3A5-TYR2 attTn7::Pyje-dcaAKIJP  This work
evolved on adipate as sole carbon source
1327 A5 GRC3A5-TYR2 attTn7::Pyje-dcaAKIJP  This work
evolved on adipate as sole carbon source
1328 A6 GRC3A5-TYR2 attTn7::Pyje-dcaAKIJP  This work
evolved on adipate as sole carbon source
1426 GRC3A5-TYR2 ApsrA Knockout of psrA This work
1427 GRC3A5-TYR2 Knockout of psrA in addition to genomic This work
attTn7::Py -dcaAKIJP integration of dcaAKIJP
ApsrA
1428 Al ApsrA Knockout of psrA in evolved strain Al This work
1434 GRC3A5-TYR2 ApaaYX:: Combined integration of dcaAKIJP at This work
Pyje-dcaAKIJP ApsrA the position of paaYX by deleting
paaYX, knockout of psrA
1443 GRC3A5-TYR2 Knockout of paaYX and psrA in This work
attTn7::Py -dcaAKIJP addition to genomic integration of
ApaaYX ApsrA dcaAKIJP
1978 GRC3A5-TYR2 ApaaYX:: Combined integration of dcaAKIJP at This work
Pije-dcaAKIJP the position of paaYX by deleting
paaYX
2399 GRC3A5-TYR2 Knockout of paaYX in addition to This work
attTn7::Py -dcaAKIJP genomic integration of dcaAKIJP
ApaaYX
2233 A1l rpmEFE (repaired) Repaired rpmFE region with wildtype This work
sequence
2234 A2 rpmEFE (repaired) Repaired rpmE region with wildtype This work

sequence
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Table 2.3.2.: Strains used and generated for this study. (followed)

Micat P. putida strain Description Reference

no.

2235 A3 rpmE (repaired) Repaired rpmE region with wildtype This work
sequence

2244 A5 rpmE (repaired) Repaired rpmFE region with wildtype This work
sequence

2245 A6 rpmE (repaired) Repaired rpmFE region with wildtype This work
sequence

* All strains for molecular biological procedures are shown in table S1.

All strains were routinely cultured in lysogeny broth (LB) medium prepared with
premixed LB medium (Carl Roth, Karlsruhe, Germany) or on LB agar plates prepared
with a respective mixture (Carl Roth, Karlsruhe, Germany). To select for Pseudomonas
strains after mating procedures, 25 mgmL irgasan was added. For the selection for
delivered genetic elements, antibiotics corresponding to the transferred resistance genes
were added in the following concentrations: 50 mg mL kanamycin sulfate, 25 mgmL
gentamicin, 100 mg mL ampicillin. Experiments involving the measurement of growth
on plastic monomers, their utilization, and the production of aromatic compounds
were conducted using a mineral salt medium (MSM) according to Hartmans et al.
(1989). Pre-cultures were performed in MSM with one-fold buffer and 20 mM of glucose
whereas the main cultures were performed with three-fold buffer unless stated otherwise
and the plastic monomers instead of glucose. All plastic monomers were added in a
C-equimolar concentration to 45 mM 1,4-butanediol. In general, liquid cultures were
performed in 500 mL non-baffled Erlenmeyer flasks with a filling volume of 10 %, at
200 rpm shaking speed with an amplitude of 50 mm and a humidity of 80 % using
a ISF1-X Climo-Shaker (Kuhner shaker, Birsfelden, Switzerland). All Pseudomonas
strains were cultivated at 30°C and all E. coli strains at 37°C. For online monitoring
of growth, liquid cultivations were performed in a 96-microwell plate with transparent
polystyrene bottom (Enzyscreen, Heemstedem, The Netherlands) within the Growth
Profiler (Enzyscreen, Heemstedem, The Netherlands) at 224 rpm with an amplitude of
50 mm and 30°C.
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2.3.5.2. Adaptive laboratory evolution

ALE was performed in 100 mL Boston bottles filled with 10 mL. MSM. The first ALE
step was inoculated with an overnight culture grown on glucose. As soon as the
cultures were turbid, the cultures were sampled and ODggg was measured. If ODgg
was above 1, fresh medium was inoculated for the next ALE step. Starting ODggg
of every ALE step was 0.1. Cells used for inoculation were washed with sterile 0.9 %
Na(Cl to prevent transfer of media components and allow cultivation under constant
conditions. The ALE experiment was stopped when the cultures reached an ODgg
above 2.8 overnight. At the end of ALE, single colonies were isolated on LB agar plates
and subsequently analyzed for their growth and tyrosine production from adipate. For
this they were grown in the Growth Profiler (Enzyscreen, Heemstedem Netherlands).
Depending on growth and tyrosine production, at least one strain from each ALE batch

was selected for whole genome sequencing and further analysis in shake flask cultivations.

2.3.5.3. Plasmid cloning and strain engineering

All primers and plasmids utilized in this work are listed in table S2 and table S3.
The primers were ordered from Eurofins Genomics (Ebersberg, Germany) and used in
combination with Q5 High-Fidelity Polymerase to amplify DNA fragments via PCR.
The fragments were assembled to plasmids by Gibson assembly (Gibson et al. 2009)
using the NEBuilder HiFi DNA Assembly Master Mix (New-England Biolabs, Ipswich,
MA, USA). Constructed plasmids were transformed into competent E. coli cells via
heat shock. Subsequently, the plasmids were transferred from FE. coli into the desired
Pseudomonas strain through conjugational transfer using F. coli HB101 pRK2013
as helper strain as described by Wynands et al. (2018). For genomic integration of
heterologous genes into the attTn7 site a pBG mini-Tn7 vector harboring the genetic
module of interest and the pTNS1 providing the required transposase were introduced
by mating (Zobel et al. 2015). A variant of the pBG14 plasmid containing FRT sites
for a recyclable kanamycin marker was used as described by Ackermann et al. (2021).
SNVs and knockouts were obtained using the pEMG system described by Martinez-
Garcfa et al. (2011) with a modified protocol described by Wynands et al. (2018). All
constructed plasmids and genomic modifications were verified via colony PCR using
OneTaq 2X Master Mix (New England BioLabs, Ipswich, Massachusetts, USA) followed

by Sanger sequencing performed by Eurofins Genomics (Ebersberg, Germany). For
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this purpose, template colonies were pre-lyzed with alkaline PEG200, according to
Chomezynski et al. 2006.

2.3.5.4. RT-qPCR

Gene expression levels were analyzed by RT-qPCR. For this purpose, 50 mL shake flask
main-cultures were carried out as previously described. After reaching mid-exponential
growth phase, cells were harvested and promptly suspended in 1mL of RNAlater
(Thermo Fisher Scientific, Massachusetts, USA). The samples were then stored at
—20°C for subsequent analysis. RNA extraction was performed using the Quick-RNA
Miniprep Kit (Zymo Research, Irvine, CA, USA) and ¢cDNA was prepared from the
purified RNA using the LunaScript RT superMix Kit (New England Biolabs, Ipswich,
MA, USA). The expression levels of the house keeping gene rpoD (Wang et al. 2010) as
well as the gene of interest were analysed using oligonucleotides designed by qPCR assay
design tool from Eurofins Genomics that are listed in table S3. Quantitative RT-PCR
was performed using Luna Universal gPCR Master Mix (New England Biolabs, Ipswich,
MA, USA) in 96-well plates by the gTOWER 2.2 (Analytik Jena, Jena, Germany).
The reaction conditions were used as described in the manufacturer’s instructions.
Experiments were performed in triplicates with biological duplicates or triplicates. Gene
expression levels were evaluated by comparing the Ct values of the housekeeping gene
rpoD (Wang et al. 2010) with the Ct value of genes of interest using the following
equation:

Gene expression level = 2Ct(rpoD)-Ct(target)

2.3.5.5. Analytical methods

In shake flask cultivations, growth was detected by measuring the optical density at
600nm (ODggo) with an Ultrospec 10 Cell Density Meter (GE Healthcare, Little Chal-
front, Buckinghamshire, United Kingdom). Online growth monitoring was performed in
the growth profiler via bottom-up images of transparent-bottom microtiter plates taken
every 30 min and image analysis using the Growth Profiler Control software V2_0_0.
Where indicated, resulting green values were converted to an equivalent ODggy via a

non-linear correlation.
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2.3.5.6. HPLC analysis

Concentrations of extracellular metabolites were detected via HPLC analysis. For this
purpose, samples were prepared by centrifugation for 3min at 17,000xg and filtration
of the supernatant through an AcroPrep™ 96-well filter plate (Pall Corporation, Port
Washington, NY, USA). All measurements were performed with the 1260 Infinity IT
HPLC (Agilent, Santa Clara, California, USA). For analysis of glucose, adipate and
1,4-butanediol concentrations the column Metab-AAC (Isera, Diiren, Germany) or
Phenomenex Rezex ROA-organic Acid H+ (150x 7.8 mm) (Phenomenex, Torrance,
California, United States of America) were used together with a 40 x 8 mm organic
acid resin precolumn with 5 mM H,SO, as mobile phase at 0.6 mLmin~! and column
temperature of 40 °C. All tree compounds were detected with a 260 Infinity IT Refractive
Index Detector (Agilent, Santa Clara, California, USA). Tyrosine and phenylalanine
were detected with a method involving the derivatization of the amino group with
ortho-phthalaldehyde via the 1260 Infinity II Fluorescence Detector (Agilent, Santa
Clara, California, USA). For this method, the utilized column was Phenomenex Kinetex
2.6ym EVO C18 100 A (Phenomenex, Torrance, California, United States of America)
with methanol and borate buffer (14.2¢L~! Na,HPO,, 28.1 gL ~! Na,B,0;, pH at 8.2)
as running agents. A constant flow of 0.42mLmin~! and a gradient from 95 % borate
puffer and 5% methanol to 100 % methanol during the first 10 minutes and back to the

starting ratio during the last 2 minutes was applied. The column temperature is 40 °C.

2.3.5.7. Genome sequencing

For whole-genome sequencing, genomic DNA was isolated using the Monarch®) Ge-
nomic DNA Purification Kit (New-England Biolabs, Ipswich, MA, USA) following the
manufacturer’s instructions. For library preparation, the NEBNext@®) Ultra™ II DNA
Library Prep Kit for llumina@®) (New England Biolabs, Ipswich, Massachusetts, USA)
was utilized. All steps were performed according to the manufacturer’s protocol. For
validation of the library, qPCR was carried out with the KAPA PROBE FORCE Kit
(Sigma-Aldrich, Munich, Germany). Subsequently, the concentrations of the library
samples were calculated. Samples were diluted to the desired concentration 3 mM with
10 mM Tris/HCI containing 0.1 % tween (pH of 8.5). Next, denaturation of the DNA was
achieved by mixing 5 pLi of the library sample with 5L 0.2 N NaOH, short vortexing,

centrifugation and incubation for 5 minutes at room temperature. After incubation,
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990 L. of cold hybridization buffer HT1 from the MiSeq reagent kit (Illumina, San
Diego, California, USA) used for sequencing, was added. 600 pL of the prepared samples
were loaded onto the prefilled cartridge and sequencing was started in the MiSeq-System
(Ilumina, San Diego, California, USA). After the sequencing run, de novo assembly

of the resulting sequencing followed by alignment to the reference genome was carried out.
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2.4.1. Abstract

The overproduction of plastics and the rapidly increasing greenhouse gas emissions are
two of the major crises of our time. In some ways, plastics and the climate crisis are inex-
tricably linked: the massive overproduction of virgin plastics from fossil sources leads to
enormous greenhouse gas emissions. One way to avoid this is to replace fossil fuels with
bio-based, renewable raw materials. In addition, more efficient recycling technologies
should be developed and implemented. The enormous amount of post-consumer plastic
waste offers a huge source of feedstock for the production of new plastics, preventing
the extraction of new fossil raw materials and also protecting renewable agricultural
land.

In addition to the production of new bio-based plastics such as polyhydroxyalkanoates,
post-consumer plastic waste can also serve as a substrate for other chemically important
building blocks. Therefore, this work focuses on the production of protocatechuic acid
(PCA), an aromatic precursor of interest in many industries. For the production of
bio-based PCA, a tyrosine-producing Pseudomonas taiwanensis GRC3 streamlined
chassis strain is first optimized for the production of PCA. Several metabolic pathways
are used. By combining QuiC, a feedback-resistant version of UbiC, and the expression
of RpcTAL-ech-vdh-fecs, Carbon/Carbon yields of 22.5 + 0.04 % are obtained from
glucose. This glucose can come from agricultural waste streams or be a by-product
of the depolymerization of PBAT /starch blends. These PBAT /starch blends can also
be used to combine biological funneling of plastic hydrolysates with biotransformation.
One of the monomers of a PBAT hydrolysate is terephthalate. This terephthalate can
be degraded by expressing the tph operon of P. umsongensis GO16 via PCA and is
therefore a good substrate for the production of PCA. Only an additional carbon and
energy source is needed. This can be one of the other monomers of PBAT or glucose
resulting from starch.

By using defined mixed cultures of strains capable of degrading the respective monomers,
a realistic PBAT and a PBAT /starch mock hydrolysate were successfully degraded in
this work and also used as a substrate for the biotransformation of TA to PCA. Overall,
this work could demonstrate the potential of bio-upcycling of mixed substrates. This
will be particularly important in the recycling of mixed wastes or complex substrates,

where purification is very costly or not possible.
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2.4.2. Introduction

In today’s world, conventional plastics have become one of the most important ma-
terials due to their exceptional properties and affordability. This had led to very
high production capacities and huge resource consumption (PlasticsEurope 2022). In
particular, the fossil feedstock of most of the plastics used poses a major challenge,
not only in terms of the plastic pollution crisis, but also in terms of climate change
(Wei et al. 2020). Therefore, more and more efforts are being made to build a circular
economy (Kawashima et al. 2019; Meys et al. 2020). One promising solution is the
biotechnological upcycling of waste streams, either from agricultural waste, such as
molasses or starch, or directly from plastic waste into high-value compounds, to keep the
carbon fixed in the loop of the circular economy (Blank et al. 2020; Wierckx et al. 2018).
One building block with increased usage in the polymer and pharmaceutical industry is
3,4-dihydroxybenzoate (protocatechuate, PCA).

PCA is a secondary metabolite in various plants and serves as an antifungal or ne-
maticidal agent. In addition, PCA exhibits antibacterial, anticancer, and antioxidant
activities, making it very interesting for pharmaceutical applications (Kakkar et al. 2014;
Nguyen et al. 2013). Moreover, PCA has been used as a natural antioxidant on film
for food packaging materials (Liu et al. 2017). Besides these properties, PCA is also of
interest for the polymer industry. It has been shown that PCA could be an alternative
to bisphenol A for the production of epoxy resins (Chen et al. 2020; Tao et al. 2020).
Within a circular economy, there are two ways to produce PCA, one is a bio-based ap-
proach of de novo production from glucose or other sugars that derive from agricultural
waste streams (Takkellapati et al. 2018). In previous studies, different microorganisms,
such as Corynebacterium glutamicum, Pseudomonas putida, or Saccharomyces cerevisiae,
have been successfully used for the biosynthesis of PCA (Labib et al. 2021; Li et al. 2021;
Weber et al. 2012).

The other option is biotransformation, in which one compound is converted to another
in a few enzymatic steps. This approach is well established in the valorization of lignin.
As PCA is a key intermediate in the aromatic catabolic pathways of many organisms,
it provides a promising target for the biotransformation of various aromatic compounds
from lignin. After the biotransformation of various aromatic compounds to PCA, it is
metabolized to high-value products, such as muconic acid or polyhydroxyalkanoates
(PHA) via the f-ketoadipate pathway (Linger et al. 2014; Salvachtia et al. 2018). Given
that PCA is part of the degradation pathway of terephthalic acid (TA), a widely

used monomer of various polymers such as PET or PBAT, TA could also be a good
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compound for a biotransformation approach. In the past, several microorganism, such
as Comamonas sp. Rhodococcus sp. and P. umsongensis GO16 have been found to be
able to degrade TA via PCA naturally (Choi et al. 2005; Narancic et al. 2021; Sasoh
et al. 2006).

One limitation that often arises when biotransformation approaches, such as the con-
version of PCA to muconic acid, do not proceed via the TCA cycle is the need for an
additional source of carbon and energy to maintain the metabolism of the cell (Salvachia
et al. 2018). However, this fits to another challenge of the plastic crisis, which is the
recycling of mixed plastic wastes streams or the issue that most plastic polymers consist
of different monomers. For example, poly(butylene adipate co-terephthalate) (PBAT) is
a promising and widely used aliphatic-aromatic co-polyester due to its development po-
tential in various applications, which is obtained by polycondensation of 1,4-butanediol
(BDO), adipic acid (AA) and terephthalic acid (TA) (Jian et al. 2020a). Therefore, a
combination of bio-degradation of AA or BDO with the biotransformation of TA could
offer a great bio-upcycling approach. In addition, fossil polyesters are often blended
with other sustainable polymers such as starch or PLA to reduce resource consumption
and production costs or to optimise the physical properties of the product, resulting in
a waste plastic blend with additional starch components or lactic acid polymers that
could be degraded by enzymatic hydrolysis to glucose or lactic acid monomers. These
monomers could then also serve as a potential carbon source in a biotransformation
approach (Aversa et al. 2022; Thothong et al. 2013).

One promising candidate for this approach is the solvent tolerant P. taiwanensis strain.
This strain already confirmed its huge potential in the production of aromatic compounds
of high interest (Lenzen et al. 2019; Otto et al. 2019; Otto et al. 2020; Schwanemann
et al. 2020; Wynands et al. 2018). In the past, Wynands et al. (2019) developed a
genome-reduced P. taiwanensis chassis (GRC) to improve growth rates, biomass yields
and solvent tolerance. Due to the removal of the megaplasmid pSTY, it was necessary
to genetically integrate the solvent eflux pump TtgGHI into the genome, resulting in
strain GRC3 (Wynands et al. 2019).

In this study, we follow two different approaches for the production of PCA within
a circular economy. The first step is the de novo production of bio-based PCA from
glucose as a feedstock, potentially derived from agricultural waste streams. This will be
achieved by metabolic engineering and heterologous gene expression in which a tyrosine
overproducing strain P. taiwanensis GRC3A5-TYRI1 will be transformed into a PCA
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producer. In a second approach, we aim to convert TA into PCA by using different
additional carbon and energy sources derived from PBAT hydrolysates. To achieve this,
TA metabolism is enabled in P. taiwanensis and combined with previous knowledge of
AA and BDO degradation. Finally, we bio-upcycle a realistic PBAT mock hydrolysate

with defined mixed cultures into the aromatic compound PCA.

2.4.3. Results and discussion

2.4.3.1. Engineering a tyrosine-producing P. taiwanensis strain for de novo
production of PCA

The production of bio-based PCA, an important building block for novel polymers, is
of increasing interest to reduce the use of fossil resources and move towards a circular
economy. In recent years significant effort was put into the production of aromatic com-
pounds with non-pathogenic Pseudomonads (Schwanemann et al. 2020). A promising
candidate for the production of PCA is the solvent tolerant P. taiwanensis VLB120,
which has already been optimised as a genome reduced chassis for the production
of aromatic compounds via phenylalanine and tyrosine (Otto et al. 2019; Wynands
et al. 2019). For the production of PCA, we initially used two different strains. First,
GRC3A5-TYRI1, which has an SNV in ¢prE (P290S) that reduces the flux towards
tryptophan and leads to tryptophan bradytrophy, and a deletion of pykA for an increased
precursor supply, both of which result in higher tyrosine production (Figure 2.4.1). In
addition, a previous version of GRC3A5-TYR1 without the SNV in trpE (GRC3A5-aA)
was used, resulting in a normal carbon flux towards anthranilate and thus not limiting
the tryptophan supply of the cell (Wynands et al. 2018). In a first step, the knockout
of pobA was “repaired” by re-inserting the pobA gene into its native locus (strains from
now on denoted as A4). This gene encodes a 4-hydroxybenzoate 3-monooxygenase that
converts 4-hydroxybenzoate (4-HB) into PCA. Almost the same approach was used as
for the pobA knockout, except that the native gene was left in between the homologous
recombination flanks. The resulting strain is able to grow on 4-HB again. To prevent
PCA from being further metabolized, the pcaGH genes encoding protocatechuate 3,4-
dixoygenase were knocked out (Wynands et al. 2018). This knockout disabled growth
on 4-HB. These modifications were verified by a growth experiment on MSM agar-plate
containing 5mM of 4-HB as sole carbon source (Figure S15). However, the production
experiments showed that these modifications were not sufficient to enable PCA accumu-

lation (data not shown), probably due to the prior optimization for tyrosine production,
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Figure 2.4.1.: Schematic overview of the PCA production pathways. Genes that are deleted
priory deleted are marked in red. Blue arrows indicated reintegrated genes, which were initially deleted.
Reduced fluxes are shown in orange. Heterologous pathways and enzymes are illustrated in green.
Abbreviations: ED, Entner-Doudoroff; PPP, pentose phosphate pathway; TCA, tricarboxylic acid;
PEP, phosphoenolpyruvate; PYR, pyruvate; E4P, erythrose 4-phosphate; DAHP, 3-deoxy-D-arabino-
heptulosonate 7-phosphate; DHQ, 3-dehydroquinate; DHS, 3-dehydroshikimate; SH, shikimate; S3P,
shikimate 3-phosphate; EPSP, 5-enolpyruvyl- shikimate 3-phosphate; CHO, chorismate; 4-HB, 4-
hydroxybenzoate; PCA, protocatechuate; ANT, anthranilate; TRP, tryptophan; PRE, prephenate;
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dioxygenase; Hpd, 4-hydroxyphenylpyruvate dioxygenase; TrpEP290S, anthranilate synthase component
I; Figure adapted from (Wynands et al. 2018).
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so adding a side pathway without redirecting the carbon flux is not enough. A further
reason could be feedback inhibition by phenylalanine and/or tyrosine as byproducts.
The first step of the shikimate pathway, catalyzed by the DAHP synthase isozymes
and encoded by aroF, aroG and aroH, is a major step in the production of aromatic
compounds and is feedback regulated by different aromatic compounds such as tyrosine,
phenylalanine or tryptophan (Brown 1968). To avoid tyrosine feedback inhibition
both strains already contain a feedback-resistant version of aroF-1 (P148L) (Wynands
et al. 2018). In addition, a feedback-resistant version of AroG from E. coli, which
is natively inhibited by phenylalanine, was genomically integrated via the mini-Tn7
system. Previous studies have already shown a beneficial effect on the production of
aromatic compounds (Kikuchi et al. 1997; Wynands et al. 2018). Besides the regulation
of the shikimate pathway, another feedback inhibition limits the accumulation of PCA
by a decreased precursor supply of 4-HB. In this case the chorismate pyruvate-lyase
(UbiC), which catalyzes the conversion of chorismate into 4-HB, is directly inhibited
by its product (Holden et al. 2002). To overcome this limitation, Jha et al. (2019)
engineered a reduced product inhibited version of UbiC by using a specific biosensor and
mutagenesis approach. Thereby two amino acid substitution (E31Q and M34V) showed
the best results. This engineered ubiC?" from E. coli was heterologously expressed in
GRC3A5-aA as well as GRC3A5-TYRI. Especially in combination with trpET?%°5 the
use of ubiC™" leads already to a production of 2.1 mM of PCA (Figure 2.4.2).

To further increase the flux to PCA by overexpression of the endogenous quiC, another
pathway were investigated in more detail. Previously, all three versions of quiC' were
knocked out to avoid degradation of the aromatic precursors 3-dehydroshikimate (DHS)
(Otto et al. 2019; Wynands et al. 2018). It appears that the overexpression of quiC
alone only allows the production of low amounts of PCA independent of the SNV in
trpE. This is somewhat surprising at first, since previous studies have shown that it
is important to delete all three 3-dehydroshikimate dehydratase-encoding genes (quiC,
quiC1, quiC?2) for the production of phenol and other aromatic compounds. Otherwise,
P. taiwanensis is still able to grow on quinate and thus convert the shikimate pathway
intermediate 3-dehydroshikimate to PCA (Peck et al. 2017; Wynands et al. 2018). The
combination of the two pathways in the strain without TrpEF?°S further increased the
production. This shows that the integration of quiC, especially in combination with
ubiC™" | has a positive effect on the production. The strains with the mutation in trpFE,
that leads to a reduced flux to anthranilate and increased the production of tyrosine,

also showed the advantages of both pathways. This strain produced up to 3.4 mM PCA.
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Figure 2.4.2.: Characterization of different genomic modifications for de novo PCA
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medium (MSM) with 20 mM glucose as sole carbon source for 75h to ensure glucose depletion. “fg”
denotes for ferulic genes. Error bars indicate the standard error of the mean (n=2).
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However, the strains with Trp still produced up to 2.1 mM tyrosine when only

quiC was overexpressed. Even the best producing PCA strain still produces 0.4 mM

tyrosine. Furthermore, strains lacking trpEF2908

accumulate an undefined compound
that was detected by a DAD detector during HPLC measurement. To increase the
production of PCA in the future, it could be beneficial to integrate again the other two
3-dehydroshikimate dehydratases (PVLB 10935, PVLB 13075).

In order to prevent tyrosine accumulation and increase PCA production, one alternative
would be the deletion of chorismate mutase/prephenate dehydrogenase, but this would
lead to phenylalanine and tyrosine auxotrophy, which is a cost-increasing issue for indus-
trial purposes. Therefore, the conversion of tyrosine to PCA via 4-HB was targeted by
integrating an additional third pathway. Therefore, a phenylalanine/tyrosine ammonia
lyase from Rhodosporidium toruloides (RtPAL) (Nijkamp et al. 2007) which converts
tyrosine to p-coumerate was integrated. This ammonia lyase showed good properties
in converting phenylalanine or tyrosine in contrast to other specific tyrosine ammonia
lyases, probably due to a higher V.. (Wynands et al. 2023). In addition to that the

ferulic acid metabolic genes, consisting of ech, vdh and fecs from P. putida KT2440 were
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used to metabolize p-coumerate into 4-hydroxybenzoate (4-HB) (Lenzen et al. 2019).
4-HB is then converted via PobA into PCA. Depending on the use of TrpEF?%°S these
pathway further increase the amount of PCA. The strain GRC3A4-aA now produces
about 3.5 mM of PCA (Figure 4.2). In contrast to that, the amount of PCA is slightly
reduced after the integration of RtPAL-ech-vdh-fcs in GRC3A4-TYRI.

The use of the ammonia lyase could indeed prevent tyrosine accumulation, but un-
fortunately the activity towards phenylalanine led to the production of up to 0.4 mM
of trans-cinnamate, which could not be further metabolized. One option to prevent
this is the hydroxylation of trans-cinnamate to 4-coumerate via a plant cytochrome
P450 cinnamate 4-hydroxylase (C4H). However, its functional expression in bacteria
is very challenging (Li et al. 2018). Therefore, a better approach could be the use a
specific tyrosine ammonia lyase without any side activity for phenylalanine. In order to
achieve this, the recently characterized RpcTAL from Rivularia sp. with high tyrosine
conversion activity was used instead of RtPAL (Brack et al. 2022). In contrast to
the construction of the plasmid for the integration of P;,~RtPAL-ech-vdh-fcs, the
cloning of P;,~RpcTAL-ech-vdh-fcs, was not possible using the usual methods, instead
another terminator upstream of the promoter sequence was required to obtain plas-
mids without mutations in the genes. In addition to these modifications, a random
mutation occurred at the end of Py in E. coli, and because no other positive plas-
mids were obtained, the combination with the promoter mutation (P;;s,) was used for
genomic integration in P. taiwanensis. The integration of RpcTAL indeed abolished
trans-cinnamate accumulation after 48 h. The final yield achieved with the best pro-
ducing strain P. taiwanensis GRC3A4-aA ApcaGH attTn7:P 10 quiC-ubiC™ -aroG™"
PVLB_02480::P 1;4,-RpcTAL-ech-vdh-fes (henceforth denoted as GRC3A4-PCA) was
22.50 £ 0.04 % (Cpol Cinor!) with the strains without the modification in trpE (Table
2.4.1). In combination with trpET?5 the final yield was 16.00 % 0.04 % (Cuot Cunor™).
These result suggested a good de novo production of PCA from a renewable carbon
source, which can be derived from sugar-rich waste streams, or as component of a
PBAT /starch hydrolysate.
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Table 2.4.1.: Overview of the C,o1 Cmor! yields of PCA from glucose from
different P. taiwanensis strains engineered in this study.

Genotype Yield Cuoi Crmor™t
" GRC3A4-aA ApcaGH 0.0 + 0.00
% + quiC-aroG™ 2.1+ 0.01
E + ubiC™-aroG™ 5.0 £ 0.02
E + quiC-ubiC™-aroG™ 13.0 + 0.08
E + quiC-ubiC™-aroG™" RtPAL-ech-vdh-fcs 19.9 + 1.39

+ quiC-ubiC™-aroG™" RpcTAL-ech-vdh-fcs 22.5 4+ 0.04

GRC3A4-aA ApcaGH 0.0 £ 0.02
g + quiC-aroG™r 0.7 £ 0.01
%g + ubiC™-aroG™ 13.5 £ 0.92
i b quiC-ubiC™-aroG™r 21.5 £ 0.12
'E + quiC-ubiC™-aroG™" RtPAL-ech-vdh-fcs 15.5 £ 0.11

+ quiC-ubiC™-aroG™ RpcTAL-ech-vdh-fcs 16.0 £ 0.04

2.4.3.2. Engineering terephthalate metabolism in P. taiwanensis GRC3A5

Besides producing bio-based PCA as a building block for polymers, it is also important
to use carbon that is already in the loop of a circular economy in form of plastic
polymers. Therefore, in a next approach we want to combine our knowledge of monomer
consumption with the production of PCA. In this case we use PBAT as the polymer and
the corresponding monomers adipic acid, 1,4-butanediol and terephthalic acid. Previous
studies have successfully enabled the metabolism of AA and BDO in P. taiwanensis
(Op de Hipt, unpublished, Chapter 2.3). Thus, a first step would be the conversion of
TA. For this purpose, three different producing strains, P. taiwanensis GRC3A5-aA,
GRC3A5-TYR1 and GRC3A5-TYR2, were used in order to exclude negative effects of
the producing background, induced by trpET?% (Otto et al. 2019; Wynands et al. 2018;
Wynands et al. 2023). Since P. taiwanensis is naturally able to grow on protocatechuate

as the sole carbon source, the engineering focused on the first two enzymatic steps
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from TA to PCA (Figure 2.4.3). The genes encoding the dioxygenase TphA1A2A3
and the dehydrogenase TphB, were previously described in P. umsongensis GO16
and heterologous expressed using the mini-Tn7 integration system, with an additional
marker recycling step (Ackermann et al. 2021), together with the transporter TphK
and the native regulatory gene iclR. This construct enabled growth on terephthalate as
sole carbon source. After integration of the tph-operon all used strains are able to grow,
but the strain without the point mutations in trpFE and pheA grows far better than the
others. After around 20 h this strain reached the stationary phase, which is almost as
fast as the native TA degrader P. umsongensis GO16. The difference in growth between
the tested strains is probably caused by the mutations made for optimized tyrosine
production. The two other strains needed three times longer, which is likely due to
the point mutations in ¢rpF, which causes a tryptophan bradytrophy (Wynands 2018).

In contrast to that, the influence of pheA™'"T seems to be much lower, as the strain
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Figure 2.4.3.: Enabling growth on terephthalate as sole carbon source. A) Two step
reaction from TA to PCA via the intermediate DCD and corresponding genes from tph-operon from P.
umsongensis GO16. B) Characterization of growth on TA after genomic integration of tph genes in
different aromatic producing P. taiwanensis strains. All strains were cultivated in three-fold buffered
MSM medium containing 22.5mM TA in the Growth Profiler. Symbols show every 2"¢ data point.
Error bars indicate the standard error of the mean (n=3).
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containing both trpET?% and pheA™% grows only slightly worse than the strain with
just trpET2908,

2.4.3.3. Enabling biotransformation of TA into PCA with P. taiwanensis

For upcycling of waste plastic materials into compounds of higher value, TA as one of
the most commonly used aromatic diacids in plastic polymers is an important com-
pound to develop a bio-upcycling approach. As mentioned TA is degraded via PCA, a
compound of high interest and thus a good target for the biotransformation. Since, the
previously engineered P. taiwanensis strains can already grow and metabolise TA, it
is only required to prevent PCA from being further metabolised by knocking out the
genes pcaGH encoding for the protocatechuate 3,4-dioxygenase. This resulted in strains,
which can no longer grow on TA as sole carbon source (Figure 2.4.4). Therefore, an
additional substrate as carbon and energy source is required. On the one hand, this
could be another plastic monomer that occurs in a plastic hydrolysate, such as ethylene
glycol from a PET hydrolysate or adipate and 1,4-butanediol from a PBAT hydrolysate.
However, it can also be other additives from the plastic polymer. For better physical
properties, PBAT is often mixed with starch or poly lactic acid (Aversa et al. 2022;
Nayak 2010). If also an amylase or PLase is used in the enzymatic hydrolysis, the
resulting hydrolysate would also consist of glucose or lactic acid besides the PBAT
monomers (Thothong et al. 2013; Zaaba et al. 2020). These substrates could then serve
as carbon and energy source for the cells. In the case of the used aromatic producing
strains, it is also possible to convert the glucose into high value aromatic compound,
like tyrosine. To enable the biotransformation of TA to PCA, pcaGH was first knocked
out in the aromatic producer strains GRC3A5-TYR1 and GRC3A5-TYR2 and their
progenitor strain GRC3A5-aA, and glucose was used as the carbon and energy source.
Online growth measurements of these strains confirm that pcaGH is essential for growth
on TA (Figure 2.4.4). However, they can grow on glucose as the sole carbon source and
on a substrate mixture of glucose and TA. Only a slightly decrease is observed when
TA and glucose are used together, indicating that the concentrations of TA applied
here are not toxic. In a first biotransformation approach, 10 mM of TA was used in
combination with the standard setup of 3-fold buffered MSM medium containing 20 mM
of glucose. The experiment was performed in System Duetz plates for sampling for
offline analytics, and in parallel in the Growth Profiler to determine online growth

curves. All three strains grew very similarly and completely consumed the glucose after
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Figure 2.4.4.: Characterization of strains for biotransformation of TA and glucose. A)
All strains were cultivated separately in MSM medium containing terephthalate and/or glucose as
mentioned in the figure. Online growth curves were measured using the Growth Profiler. Error bars
indicate the standard error of the mean (n=3).

24h (Figure S16). In addition, all three strains converted some of the TA into PCA.
The ratio between the consumed TA and the produced PCA is in all strains almost
100 %, which shows that no by-products or intermediates such as 1,2-dihydroxy-3,5-
cyclohexadiene-1,4-dicarboxylate (DCD) are accumulating (Figure 2.4.5). However,
there are still about 5mM TA left after 24h in the GRC3A5-aA attTn7::tph ApcaGH
and the GRC3A5-TYRI1 attTn7::tph ApcaGH strains, and this was not further con-
verted upon prolonged incubation. The GRC3A5-TYR2 attTn7::tph ApcaGH strain
performed slightly better, converting 68 % of TA into PCA and leaving about 3 mM
TA. Besides the biotransformation, both aromatic-producing strains produced up to
1.77mM (TYR1) or 1.61 mM (TYR2) of tyrosine with a corresponding Cpo Crmor! yield
of 11 %. This is a little less than previous studies, where the GRC3A5-TYR2 strain
produced a bit more than 2mM after 24 h, but still quite good considering that the
strains express another gene cluster and produce additional enzymes that require other
co-factors (Otto et al. 2019). Overall it seems that the biotransformation is coupled
to the consumption of glucose, hence in a next step, higher glucose and different TA
to glucose ratios where tested. Therefore, the glucose concentration was increased to
30mM or 40 mM and further the TA concentration was reduced to 5mM in combination

with 20 mM of glucose, to exclude any toxicity or inhibitory effects of TA. In all cases,
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Figure 2.4.5.: Biotransformation of TA into PCA with glucose as additional carbon source.
All strains were cultivated separately in MSM medium containing TA and glucose as mentioned in the
figure. Samples were taken over time from separate System Duetz plates, which were all inoculated
from the same master mix. (A-C) HPLC data from cultivations with 10 mM TA and 20 mM glucose.
(D-F) HPLC data from cultivations with 10mM TA and 40 mM glucose. (G) Calculated PCA yield
from TA after 24 h of different strains with different ratios of TA and glucose. (H) Calculated final
tyrosine yields (Ciol Cmor™!) from glucose. Error bars indicate the standard error of the mean (n=2).
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the strains grew in a comparable manner, with different final biomasses due to the
different amounts of carbon available (Figure 2.4.5/Figure S17). Even the double
amount of glucose is consumed after 24 h with comparable growth in all three strains.
This shows that the strains did not lack other medium components such as nitrogen or
trace elements due to the higher carbon ratio. Indeed, by increasing the glucose/TA
ratio, the amounts of TA converted are higher compared to the lower ratios. However,
even at the highest glucose/TA ratio tested, not all TA could be converted to PCA.
This was the case for both TA concentrations, suggesting that there is no negative
effect of the TA, but rather that the amounts of glucose provide an insufficient carbon
and energy source for biotransformation. This trend was observed for all three strains
tested. Nevertheless, all three tested strains are able to convert TA into PCA when
glucose is present. The GRC3A5-TYR2 attTn7::tph ApcaGH strain seems to be the
best converting strain, which could be explained by its slightly slower growth. However,
neither the Growth Profiler growth curves nor the conversion data show large differences
between the strains, so it is difficult to say, whether the strains perform differently.
Besides the conversion of TA into PCA, the GRC3A5-TYRI1 attTn7::tph ApcaGH and
GRC3A5-TYR2 attTn7::tph ApcaGH strains are also able to produce tyrosine from
glucose. Both strains reached a tyrosine yield of 11 to 12 % of Ciol(tyrosine) Cmol(glucose)'l
after 48 h regardless of the concentration glucose in the medium at the beginning of the
cultivation.

As mentioned above a hydrolysate of PBAT /starch could not only harbour glucose
as additional carbon source but also AA or BDO. Furthermore, when only PBAT is
hydrolysed there is no glucose at all present in the hydrolysate. That is why in a
next step we enabled the AA and BDO degrading strains GRC3A5-TYR2-AA and
GRC3A5-TYR2-BDO strains to grow on TA and further convert TA into PCA (Op
de Hipt et al., chapter 2.3). Therefore, the tph operon from P. umsongensis GO16
under the control of the native regulation was genomically integrated into the attTn7
site of both strains (Figure 2.4.6). This enabled both strains to grow on TA as sole
carbon source after a lag-phase. To prevent PCA from being further metabolized,
pcaGH was knocked out. This leads to two strains that were no longer be able to
grow on TA as sole carbon source (Figure S18). Based on the knowledge from the
glucose experiment, the biotransformation was performed with different concentrations
of adipate (20mM, 30 mM, 40 mM) or BDO (30mM, 45mM, 60 mM) and 5mM or
10mM of TA in System Duetz plates. Samples for ODgpg and HPLC measurements

were taken after 19h, 47h and 72h. Furthermore, for online growth measurements
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Figure 2.4.6.: Characterization of strains for biotransformation of TA on monomers of
PBAT. All strains were cultivated separately in MSM medium containing 22.5 mM TA, 30 mM AA or
45 mM BDO. Online growth curves were measured using the Growth Profiler. A) GRC3A5-TYR2-AA
strain with and without genomically integrated ¢ph genes. B) GRC3A5-TYR2-BDO strain with and
without genomically integrated tph genes. Error bars indicate the standard error of the mean, but
these are so small that they are not visible behind the lines (n=3).

Growth Profiler experiments were performed in parallel with the same cultures. The
strain GRC3A5-TYR2-AA attTn7::tph ApcaGH consumed all adipate after 72 h except
for the highest concentrations of 40 mM (Figure 2.4.7). This could be due to a rather
low-initial pH of 6.30. At this low pH, the strain grew a little slower and consumed
only half of the initial amount of adipate after 72h. At this point, the pH already
shifted to 6.97. Endpoint HPLC measurements from the corresponding Growth Profiler
experiment, showed a complete consumption of 40 mM adipate after 120h, and the
growth curves suggested complete degradation by 96 h, when this strain reached the
stationary phase.

To avoid this short growth lag in future experiments, higher buffer concentrations could
be beneficial. Overall, the biotransformation of TA into PCA is lower compared to the
previous results on glucose. This could be due to the slower growth and therefore lower
biomass in the first hours. After 72h, when using 5mM of TA and 20 mM of adipate,
only 26.8% of TA were converted into PCA, this ratio did not change in the Growth
Profiler experiment after 120 h, suggesting that at 72h the biotransformation already
stopped. Interestingly the conversion percentage is higher at the ratio of 10mM to
20mM TA/AA. In this setup, about 40 % of TA were converted. The difference between
the two setups could be explained by a slightly higher initial adipate concentration and

thus more biomass for the conversion. Next, the adipate concentration was increased to

120



2.4. Bio-upcycling of PBAT mock hydrolysates by defined mixed cultures into PCA.

GRC3AS5-TYR2-AA attTn7::tph ApcaGH

A) 5mM /20 mM B) 10mM/20 mM C)  10mM/30 mM =
o 30 =
< 204 20 20- 20 33
E i | %g 15 =
£1s —15 15+ 15
;j I . 10 10
.5_ 10 ~10 104—=_ 10 50
o 5 .
2 L a 5 5 2
5 — 5 5 Fs , \}:
s . o [ 5
I—r— —|—-—|—|—| o-——5—r—-0 O0-——5——r7T0 g
72 0 24 48 72 0 24 48 72
time (h) time (h) time (h)
D) 10 mM / 40 mM E)
40- 100 4
e 72 h
% 301 I-—IS 80
; 20 g _ -3
= % 60- 5 Z
= 10 10 S = k2
= - = _ w & —_
& T3 40 ) ‘ <
g 5 2 "
. S | A 20-i . B 116
=) — I ) 0- - 0
D e e B e i B S T T T T
0 24 48 T = 520 10720 10/30  10/40
time (h
F) ® G)
100 100 120 h
— 80 . 80- - 100,
o g2
= - -
= 60 % £ 60
> o=~
g 40 27 40+ - 50
& 2 : |-
20 Zﬂ-i - s = ‘
0 T T 1 0= T 0
0 24 48 72 96 120 5/20 10/20 10/30 10/40
time (h)
—  5mM/20mM —— 10 mM /30 mM
— 10mM/20mM — 10mM/40 mM

Figure 2.4.7.: Biotransformation of TA into PCA with AA as additional carbon source.
All strains were cultivated separately in MSM medium containing TA and AA as mentioned in the
figure. Samples were taken over time from separate System Duetz plates, which were all inoculated
from the same master mix. (A-D) HPLC data from cultivations with different TA/AA ratios. (E)
Calculated PCA yields from TA after 72h of different strains with different ratios of TA/AA and
the amount of consumed AA (AAA). (F) Online growth curves measured in the Growth Profiler and
(G) corresponding PCA yields from TA calculated from HPLC samples taken after 120h. Error bars
indicate the standard error of the mean, for F these are so small that they are not visible behind the
lines (A-E n=2; F-G n=3).
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30mM as the initial concentration. This resulted in a higher final ODggg of 2.6, but
was not high enough to convert the complete amount of TA. Looking at the highest
adipate concentration of 40 mM adipate, also the highest conversion rate was achieved.
Due to slower growth described above, the strains converted less TA at 72h compared
to the lower adipate concentrations, but after 120 h in the Growth Profiler a conversion
rate of 82.5 % was achieved. Overall, these results showed that adipate could be used
as carbon and energy source, although it seems important to have a much higher
adipate concentration compared to TA. Considering PBAT as a substrate, this could be
disadvantageous since a high amount of aliphatic monomers, such as adipate, compared
to aromatic monomers makes the physical properties of the polymer much weaker and
thus unfavourable for most of the industrial approaches (Herrera et al. 2002).

Since the ratio of dicarboxylic acids to the diol in PBAT is approximately 1:1, regardless
of the ratio of adipate to TA, a hydrolysate of PBAT will contain more BDO than
TA. Therefore, BDO was also tested as an additional carbon source. First, the strains
grew much slower on BDO in the presence of TA (Figure 2.4.8). This was true for
all approaches, depending on the BDO concentrations. The online growth curves
from the Growth Profiler experiment show growth limitations at different initial BDO
concentrations. A pH effect, as with adipate, could be excluded, as all initial pH-values
were between 7.01 and 7.07. Interestingly, at 30 mM BDO the growth was better after
72h in the 5mM TA cultivation compared to 10 mM. From the corresponding System
Duetz cultivation, we know that the 5mM TA are completely converted in contrast
to the 10mM TA. It seems that TA inhibts growth on BDO specifically, as this was
not observed with adipate or glucose as co-substrates. One possible explanation for
this could be a chelating effect of metal ions by TA. In particular, the binding of zinc
ions could inhibit growth. In chapter 2.3 we could show that the first step of BDO
metabolism in P. taiwanensis is catalysed by a zinc-dependent alcohol dehydrogenase
(PVLB_10545). We also observed that another iron-dependent alcohol dehydrogenase
(PVLB_12675) is part of the degradation pathway. However, zinc as a limiting factor
seems more likely, since the mineral salt medium has a higher iron content (18 nM
FeSO,) compared to zinc (7nM ZnSOy,).

It was also observed that zinc deficiency slightly limited growth on AA as sole carbon
source. Thus, metal ion limitation could perhaps explain the growth limitation in
the presence of TA, but not the growth dependence on the BDO concentration. One
explanation for this could be a limiting step in the transport of BDO into the cells. The
mechanism of BDO transport in Pseudomonas is still unclear. Although, Li et al. (2020)
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Figure 2.4.8.: Biotransformation of TA into PCA with BDO as additional carbon source.
All strains were cultivated separately in MSM medium containing TA and BDO as mentioned in the
figure. Samples were taken over time from separate System Duetz plates, which were all inoculated
from the same master mix. (A-D) HPLC data from cultivations with different TA/BDO ratios. (E)
Calculated PCA yields from TA after 72h of different strains with different ratios of TA/BDO and the
amount of consumed BDO (ABDO). (F) Online growth curves measured in the Growth Profiler and
(G) corresponding PCA yields from TA calculated from HPLC samples taken after 120h. Error bars
indicate the standard error of the mean, for F these are so small that they are not visible behind the
lines (A-E n=2; F-G n=3).
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observed that an amine transporter in P. putida was upregulated when an evolved
strain was grown on BDO as a carbon source, but a knockout of this transporter did
not affect gorwth on BDO. The results rather indicate a passive transport trough the
membrane, which is concentration-dependent. Besides growth limitations, the results
showed a very good conversion rate of TA into PCA. Except for the cultivation with
10mM TA and 30mM BDO, all other cultivations achieved ratios above 90 % after
72h. In the Growth Profiler, complete conversion of TA into PCA was achieved after
120h in all cultivations. Although some unclear effects of TA on growth with BDO are
still present, it seems that BDO could be a good additional carbon source for efficient
biotransformation of TA into PCA.

2.4.3.4. Degradation of PBAT mock hydrolysates with defined Mixed

Cultures

As shown above, different strains have been successfully engineered to grow on different
plastic monomers and further convert them into aromatic compounds. However, all
these strains only metabolize one or two monomers, but one of the major problems in
the plastics crisis is the mixture of different monomers coming from a complex polymer
or from a mixture of different polymers (Kalali et al. 2023). Since separating of the
different monomers is very costly, it would be beneficial to be able to degrade more
than one or two monomers in one step. One way to solve this problem is to combine
all the genetic modifications in a single strain and enable it to grow on a wide variety
of plastic monomers. However, this could lead to a high metabolic load, elaborate
development and less flexibility in changing the substrate mixture, so a bacterial con-
sortium could be a good alternative (Vinuselvi et al. 2012). We therefore applied a
mixed culture of different monomer-degrading strains. As a representative monomer
mixture a mock hydrolysate was prepared based on a monomer ratio of a real PBAT
hydrolysate from enzymatic hydrolysis (C. Siracusa, BOKU University Vienna, per-
sonal communication). The mock hydrolysate medium contains 9 mM adipate, 12 mM
terephthalate and 27.5 mM mM 1,4-butanediol in three-fold buffered (108 mM) mineral
salt medium. Furthermore, a mock hydrolysate based on PBAT /starch blends was also
used, containing additional 4 mM glucose. Usually these blends consist of 10 % starch
(C. Siracusa, BOKU University Vienna, personal communication).

At first, the three previously engineered strains GRC3A5-TYR2-AA, GRC3A5-TYR2-
BDO and GRCA5-aA attTn7::tph were used to grow on the mock hydrolysates. In the
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case of the PBAT /starch hydrolysate, all strains should first metabolise the glucose in
parallel and then the respective specific monomers. Online measurements suggested
good growth on the mixtures (Figure 2.4.9). Due to the additional glucose monomers
in the PBAT /starch mock hydrolysate, the strains grew slightly faster compared to
the PBAT mock medium, resulting in faster biomass accumulation and thus these
strains reached their stationary phase much earlier. Because of the different monomer
concentrations and growth of the respective strains, different growth rates are visible.
After 14-18 h in both cases the growth decreases, probably due to the complete con-
sumption of adipate, increase in green value afterwards is only from the slower growing
strains on BDO and TA. To confirm these results, samples were taken over time from
Mixed culture:
GRC3AS5-TYR2-AA
GRC3A5-TYR2-BDO
P. taiwanensis GRC3A5-aA attTn7::tph
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Figure 2.4.9.: Growth and monomer consumption of a defined mixed culture on PBAT
and PBTA /starch mock hydrolysates. A) For online growth measurements in the Growth Profiler,
all strains were cultivated in MSM medium containing a PBAT and PBAT /starch mock hydrolysate
as substrate. B) Growth and monomer consumption in shake flask cultivation, samples were taken
over time. Error bars indicate the standard error of the mean (A n=3; B n=2).

cultures grown in System Duetz plates and analysed by HPLC. First, glucose from the
PBAT /starch mock medium was consumed after a few hours. As observed previously,
the growth of both cultures on PBAT and on PBAT /starch is slowed down after 24 h. At
this point, the adipate is completely consumed. The next carbon source utilized is TA.
Due to a higher difference in biomass on PBAT compared to PBAT /starch mock media,

TA is consumed much faster in cultures with added glucose. BDO is finally consumed
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after 96 h. These results confirm the previous results on a mixture of TA and BDO. It
indicates a general effect of TA on BDO metabolism and not just a growth limitation
due to the inability of GRC3A5-TYR2-BDO attTn7::tph ApcaGH to degrade TA. The
fact that the biomass seems to remain constant after 48 h and does not increase, even in
the presence of BDO, could be due to the long stationary phase of the adipate degrading
strains. Sometimes a decrease in biomass is observed in the end, probably due to cell
lysis. This effect could counteract the increase in biomass of the BDO and TA degrading
strains. To overcome this, it may be beneficial to inoculate the cultures with different
initial strain concentrations. Another possibility is to change the monomer mixture
by increasing AA and decreasing TA, which would lead to longer growth of the AA
degrading strains and could eliminate negative TA effects at an earlier stage. However,
to get as close as possible to a realistic process, we decided to mimic a real hydrolysate
and are therefore limited in the monomer composition. A further challenge is posed
by the differences in substrate consumption rates, which greatly affect the efficiency
of the conversion. Although the use of single specialized strains for the degradation
of mixed substrates has some advantages, such as greater flexibility in changing the
substrate mixture or faster and less laborious development, the use of a single strain
that consumes all substrates could be an option for faster degradation (Figure 2.4.10).
Consuming all substrates at different rates in one superstrain strain, assuming that the
substrates are consumed sequentially, would result in a higher initial biomass when the
less favourable monomer is consumed. This higher biomass would then reduce the time
for degradation. In addition, an "in-between” solution could be the use of a defined
mixed culture with strains that can consume more than one substrate, but not all
substrates, to improve the outcome of such biological funneling approaches. When the
mixed cultures are combined with a biotransformation approach to produce high-value
compounds, it is necessary to combine different substrate consumptions in one cell,
since an additional carbon source is required. Nevertheless, these results successfully
demonstrated the complete consumption of monomer mixtures adapted to PBAT and
PBAT /starch hydrolysate, thus demonstrating the potential for bio-upcycling. Since
the bacterial mixed culture above mostly resulted in biomass production from mixed
plastic monomers and thus did not produce any product of higher value. In the next
approach, the consumption of plastic monomers in a mixed culture were combined with
the biotransformation of TA into PCA (Figure 2.4.10). Therefore, either the sole AA de-
grading strain GRC3A5-TYR2-AA was combined with a BDO and TA degrading strain,
or the sole BDO degrading strain GRC3A5-TYR2-BDO was combined with an AA and
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Figure 2.4.10.: Simulated comparison of biological funneling with mixed cultures or
superstrains. A) Overview of the consumption of different substrates by either a defined mixed
culture or a single superstrain. B) Growth visualization of a defined mixed culture or a superstrain
on a substrate mixture containing three different monomers (AA, TA, BDO), which are degraded
separately. For mixed cultures, all biomass values were added for combined consumption and for the
superstrain growth was then calculated with different initial biomasses resulting from the previous
substrate. Growth rates and final biomass values for the simulation were calculated from a shake flask
growth experiment on a c-equimolar ratio of all monomers (AA p = 0.1141; TA p = 0.1088; BDO
= 0.0677) (de Jong 2022).
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TA degrading strain and cultivated on the PBAT and PBAT /starch mock hydrolysates.
This results in a cultivation where either AA or BDO acts as the carbon source, while
TA is converted to PCA by the strain with the additional #ph operon and the deletion
of pcaGH, and further either AA or BDO is degraded by the additional single specialist
strain, leading to complete utilisation of AA and BDO and accumulation of PCA from
TA. Initially, the growth of these mixtures was measured online to see if any growth
effects occurred during the cultivation (Figure 2.4.11). To rule out any negative effect
caused by the biotransformation of TA into PCA, strains without the knockout of pca GH
were also tested. Regardless of which single degrading strain, GRC3A5-TYR2-AA or
GRC3A5-TYR2-BDO was used, both cultures grew quite fast at the beginning. As
observed above, the cultivation on PBAT /starch mock grew faster in the beginning,
probably due to the additional glucose. When using GRC3A5-TYR2-BDO attTn7::tph
in combination with GRC3A5-TYR2-AA, in contrast to the three-strain mixed culture
above, no growth interruption is observed. This is probably due to the fact that this
strain can now also use TA as a carbon and energy source, which is consumed faster
than the BDO. Indeed, when GRC3A5-TYR2-BDO attTn7::tph ApcaGH is used a
growth inhibition is observed after 24h. This is caused by the fact that the strain
can no longer use TA as carbon and energy source and thus only biomass production
from BDO is measured. In contrast to that, when the single BDO degrading strain
is used in combination with GRC3A5-TYR2-AA attTn7::tph or GRC3A5-TYR2-AA
attTn7::tph ApcaGH this second slower growth phase after 24 h is not observed. The
reason for this could be the complete degradation of TA, when GRC3A5-TYR2-AA
attTn7::tph ApcaGH reaches its stationary phase, and thus no limiting effect of TA
occurs anymore, allowing a faster growth of GRC3A5-TYR2-BDO. Looking at the
previous results of biotransformation with AA this is rather unlikely as even after 72h,
TA was still present in the medium. Nevertheless, it seems that no larger limitation
occurs by combining the biotransformation with the mixed cultures. Therefore, in a last
step mixed culture of both biotransformation strains GRC3A5-TYR2-AA attTn7::tph
ApcaGH and GRC3A5-TYR2-BDO attTn7::tph ApcaGH were prepared in shake flask.
In this case, the complete amount of TA should be converted into PCA and not biomass.
In general, the mixed cultivation takes longer than the cultivation with a single de-
grading strain. As expected, AA is consumed first and completely degraded after 72 h.
After 72h, when AA is consumed, half of the TA is still present in the medium. This is
then consumed together with BDO as a carbon source. After 6 days, 100 % of the TA
in the medium is converted into PCA. At this point, there are still 5mM of BDO from
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Figure 2.4.11.: Biotransformation of PBAT and PBTA /starch mock hydrolysates into
PCA with a defined mixed culture.. (A/B) Growth Profiler measurement of a defined mixed
culture consisting of either a TA and AA or a TA and BDO degrading strain and a strain that
only converts the other monomer to biomass. All mixed cultures were cultivated on MSM medium
containing a PBAT or PBAT /starch mock hydrolysate. "X" indicates the presence of the strain in the
defined mixed culture. C) Growth and monomer consumption of a defined mixed culture consisting of
GRC3A5-TYR2-AA attTn7::tph ApcaGH and GRC3A5-TYR2-BDO attTn7::tph ApcaGH in shake
flask cultivation, samples were taken over time. Monomer concentrations are normalized to their initial
concentration (9mM AA, 12mM TA, 27.5mM BDO). Error bars indicate the standard error of the
mean (A,B n=3; C n=2).
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the PBAT /starch and about 7mM from the PBAT hydrolysate in the medium. If the
cultivation is prolonged, this BDO should also be degraded, probably much faster in
the end when no TA is left. However, the economic viability of this biotransformation
approach needs to be validated in the future, e.g. through a techno-economic analysis.
Due to the high amount of AA and BDO required to convert TA to PCA, it should be
evaluated whether a separate purification step of the remaining TA after degradation of
AA and BDO might be more useful for an efficient degradation of PBAT monomers
(Ling et al. 2019). In this case, AA or BDO could simply be consumed by the cells or, as
previously demonstrated with P. putida KT2440, used for PHA production (Ackermann
et al. 2021; Li et al. 2020). The purified TA could easily be used as a substrate for new
polymerisation. However, to address the plastic waste crisis, it is important to pursue
different approaches and validate them accurately. In view of this, this experiment
successfully demonstrated the biotransformation of a realistic mock hydrolysate from
PBAT or PBAT /starch mixtures into an aromatic precursor of great interest, such as
PCA.

2.4.3.5. Conclusion

The substitution of fossil substrates with renewable raw materials or waste streams plays
a key role in the future circular economy. In particular, bio-upcycling of these substrates
into high-value compounds using efficient microorganisms is important. In this study,
we enabled the production of a bio-based aromatic compound, protocatechuate, which
is an important precursor for many industrial and pharmaceutical approaches. To do
this, we converted a previously optimized tyrosine overproducing strain into a PCA
producer using metabolic engineering and heterologous expression of optimized genes.
Besides feeding new renewable carbon into the plastics circular economy, it is also
of increasing interest to better re- or up-cycle plastic waste streams. Therefore, we
successfully combined a biotransformation approach, where we convert TA into PCA,
with a defined mixed culture growing on different monomers of PBAT or PBAT /starch
hydrolysates. In the end, we were able to produce bio-based PCA either from renewable
feedstock such as glucose or from plastic waste hydrolysates. For an efficient future
approach and higher PCA production, it could be interesting to combine the knowledge
gained in the de novo production from glucose with the degradation of AA and BDO.
This would lead to PCA production not only from TA but also from AA and BDO,

thus increasing the value of the degradation of the other monomers. Furthermore, the
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biotransformation step could also be optimised by changing various parameters. It is
known that the second step, catalysed by TphB, is zinc-dependent, so an increase in
the supply of co-factors could be beneficial. Fed-batch fermentation, where substrates
are added systematically over time, could also be an option by increasing the biomass
at the beginning of the fermentation and then continuing to feed the high biomass (Qin
et al. 2023).

2.4.4. Experimental procedures
2.4.4.1. Strains and culture conditions

The chemicals used in this work were obtained from Carl Roth (Karlsruhe, Germany),
Sigma-Aldrich (St. Louis, MO, USA), or Merck (Darmstadt, Germany) unless stated
otherwise.

All bacterial strains used in this section are listed in table 2.4.2. For quantitative
microbial experiments, P. taiwanensis were cultivated in three-fold buffered (108 mM
phosphate buffer) mineral salt medium (MSM). Pre-cultures were prepared in MSM
medium containing 20 mM of glucose. Unless stated otherwise, final substrate concen-
trations in main-cultures were C-equimolar to 30 mM adipic acid. The concentrations
mentioned for the biotransformation experiments are the averaged concentrations of the
values measured by HPLC. Liquid cultivations were incubated at 30 °C, with a shaking
speed of 200 rpm and an amplitude of 50 mm using Multitron shaker (INFORS) in
either 500 mL non-baffled Erlenmeyer flasks with metal caps, containing 50 mL culture
volume or 24 well System Duetz plates containing 1.5 mL culture volume. For online
growth measurements cultures were analysed with the Growth Profiler?60 (Enzyscreen,
Heemstede, The Netherlands) by image analysis. Main cultures were cultivated in
transparent bottom 96-well microtiterplates (CR1496dg) with a volume of 200 L at
30°C and 225 rpm shaking speed.

Table 2.4.2.: Strains used and generated for this study.

Micat P. putida strain Description Reference

no.

39 GRC3A5-aA Genome reduced chassis strain Wynands et
optimized for production of tyrosine al. 2019

660 GRC3A5-TYR1 Genome reduced chassis strain Wynands et
optimized for production of al. 2023

tyrosine, harbours trpEF2908
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Table 2.4.2.: Strains used and generated for this study. (followed)

Micat P. putida strain Description Reference

no.

58 GRC3A5-TYR2 Genome reduced chassis strain Wynands et
optimized for production of al. 2023
tyrosine, harbours trpEY2%95 and
P he ATB]OI

1407 GRC3A4-aA Reintegration of pobA This work

1408 GRC3A4-TYR1 GRC3A4-TYRI1 with reintegrated =~ This work
pobA

1412 GRC3A4-aA ApcaGH Additional knockout of pcaGH This work

1413 GRC3A4-TYR1 ApcaGH Additional knockout of pcaGH This work

1417 GRC3A4-aA ApcaGH Genomic integration of This work

attTn7::ka-P14f-quiC- quiC-aroG™" under the control of
aroG™* the synthetic promoter P, ¢

1422 GRC3A4-TYR1 ApcaGH Genomic integration of This work

attTn7:kmR-P;s-quiC- quiC-aroG™ under the control of
aroG™®r the synthetic promoter P, ¢

1418 GRC3A4-aA ApcaGH Genomic integration of This work

attTn7:km®-P, 4f-uln'Cfbr- ubiC™ - aroGy,, under the control
aroG™r of the synthetic promoter P ;¢

1421 GRC3A4-TYR1 ApcaGH Genomic integration of This work

attTn7:kmR-P, 4f-ubinbr- ubiC™ - aroG™" under the control
aroG™* of the synthetic promoter P ;¢

1441 GRC3A4-aA ApcaGH Genomic integration of This work

attTn7::P 45-quiC-ubiC™r- quiC-ubiC™ - aroG™" under the
aroG™* control of the synthetic promoter
Py
1442 GRC3A4-TYR1 ApcaGH Genomic integration of This work
attTn7::P14f-quiC-ubinbr- quiC-ubiC™ - aroG™" under the
aroG™r control of the synthetic promoter
Py
1444 GRC3A4-aA ApcaGH Genomic integration of This work
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Table 2.4.2.: Strains used and generated for this study. (followed)

Micat P. putida strain Description Reference
no.
1445 GRC3A4-TYR1 ApcaGH Genomic integration of This work
attTn7:P 1 45-quiC-ubiC - P;4r-RtPAL-ech-vdh-fcs at landig
aroG™r pad PVLB_02480-PVLB_ 02485
PVLB_02480::P;;7-RtPAL-
ech-vdh-fcs
2251 GRC3A4-aA ApcaGH Genomic integration of This work
attTn7::P 14f-quiC-ubiCﬂ’r- P ;r-RpcPAL-ech-vdh-fcs at landig
aroG™* pad PVLB_02480-PVLB_ 02485,
PVLB_02480::P;;-RpcTAL- additional promotermutation in
ech-vdh-fcs Py
2250 GRC3A4-TYR1 ApcaGH Genomic integration of This work
attTn7::P 4 4¢-quiC-ubiC™r- P 4s-RpcPAL-ech-vdh-fcs at landig
aroG*™r pad PVLB_02480-PVLB_ 02485,
PVLB_02480::P;,;-RpcTAL- additional promotermutation in
ech-vdh-fcs Py
2261 GRC3A5-aA attTn7::tph Genomic integration of tph operon  This work
from P. umsongensis GO16
2263 GRC3A5-TYR1 attTn7::tph Genomic integration of tph operon  This work
from P. umsongensis GO16
2262 GRC3A5-TYR2 attTn7::tph Genomic integration of tph operon  This work
from P. umsongensis GO16
2268 GRC3A5-aA attTn7::tph Knockout of pcaGH to enable This work
ApcaGH biotransformation into PCA
2270 GRC3A5-TYRI1 attTn7::tph Knockout of pcaGH to enable This work
ApcaGH biotransformation into PCA
2269 GRC3A5-TYR2 attTn7::tph Knockout of pcaGH to enable This work
ApcaGH biotransformation into PCA
1434 GRC3A5-TYR2-AA Reverse engineered P. taiwanensis  Op de Hipt,
GRC3A5-TYR2 unpublished
paaYX::P14e-dcaAKLJP ApsrA for
growth on AA
1486 GRC3A5-TYR2-BDO Reverse engineered P. taiwanensis  Op de Hipt,
GRC3A5-TYR2 PVLB_10540%48%L  unpublished

PVLB_ 126904247V
PVLB_133055''F for growth on
BDO

133



2. Publications and manuscripts

Table 2.4.2.: Strains used and generated for this study. (followed)

Micat P. putida strain Description Reference

no.

2265 GRC3A5-TYR2-AA AA reverse engineered strain able This work
attTn7:tph to grow on TA

2264 GRC3A5-TYR2-BDO BDO reverse engineered strain able  This work
attTn7::tph to grow on TA

2272 GRC3A5-TYR2-AA Strain for biotransformation of TA  This work
attTn7::tph ApcaGH into PCA with AA as additional

carbon source

2271 GRC3A5-TYR2-BDO Strain for biotransformation of TA  This work

attTn7::tph ApcaGH into PCA with BDO as additional

carbon source

* All strains for molecular biological procedures are shown in table S1.

2.4.4.2. Plasmid cloning and strain engineering

Cloning primer were ordered as unmodified DNA oligonucleotides from Eurofins Ge-
nomics (Ebersberg, Germany) and are listed in table S3. The Q5 High-Fidelity Poly-
merase Master Mix was used for the amplification of cloning fragments, while the Taq
DNA Polymerase Master Mix for used for screenings (New-England Biolabs, Ipswich,
MA, USA). Plasmids used were assembled by Gibson assembly (Gibson et al. 2009)
using NEBuilder HiFi DNA assembly Master Mix (New-England Biolabs, Ipswich, MA,
USA) and are listed in more detail in Table S2. Transformation of E.coli with assembled
DNA and purified plasmid was performed by a heat chock protocol (Hanahan 1983).
Transformation of P. taiwanensis was performed by electroporation and conjugational
transfer of mobilized plasmids was performed by patch mating as described by Wynands
et al. (2018). Knockouts, promoterexchange and point mutations were obtained using
either a modified pSNW2 system from Volke et al. (2020) based on the pEMG system
described by Martinez-Garcia et al. (2011) or the original system with a modified
protocol described by Wynands et al. (2018). Integration of heterologous genes into the
attTn7-site of the P. taiwanensis VLB120 genome was achieved by patch-mating of the
E. coli donor strain harbouring the respective pBG-plasmid, the helper strain E. coli
HB101 pRK2013, E. coli DH5«x Apir pTNS1 providing the required transposase, and the

recipient, which are listed in table 2.4.2. Marker recycling was performed as described
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in Ackermann et al. (2021).Genomic integration of the RpcTAL-ech-vdh-fecs cassette
downstream of PVLB 02480 was only possible with an additional terminator sequence
upstream of the P;,; promoter sequence on the integration plasmid. Additionally, a
mutation (A—C) at the end of Py, that occurred during integration, resulting in
sequence GCCCGTTGACATGACATGGTTTTGAGGGTATAATGTGGCGC.

Plasmids, gene deletions and point mutations were verified by colony PCR using the
OneTag 2x Master Mix (New England BioLabs, Ipswich, Massachusetts, USA) with an
additional pre-lysis step in alkaline PEG 200 (Chomczynski et al. 2006) and confirmed

by Sanger sequencing performed by Eurofins Genomics (Ebersberg, Germany).

2.4.4.3. Analytical methods

In shake flask experiments, bacterial growth was monitored as optical density at a
wavelength of 600 nm (OD600) with an Ultrospec 10 cell Density Meter (Ge Healthcare,
Little Chalfront, Buckinghamshire, United Kingdom). Online analysis of growth was
measured by the Growth Profiler and analysed using the Growth Profiler Control
software V2_0_0. The corresponding green values are derived from image analysis of

the image taken from the bottom of microtiter plates.

2.4.4.4. Extracellular metabolites

For measuring extracellular metabolites, samples were harvested from liquid cultivation
by centrifugation and the supernatant was analysed using a 1260 Infinity II HPLC
equipped with a 1260 Infinity II Refractive Index Detector (Agilent, Santa Clara,
California, USA). Analytes (AA and BDO) were eluted using a 150 x 7.8 mm organic
acid H+ resin column (Rezex™ ROA-Organic Acid H+ (8 %), LC Column 150 x 7.8
mm) together with a 40 x 8 mm organic acid resin pre-column with 5mM H,SO, as
mobile phase at a flow rate of 0.6 mLmin~! at 60°C. TA and PCA were analyzed
using a reversed-phase C18-HPLC column (InfinityLab Poroshell 120 EC-C18,3.0 x
150 mm, 2.7 pm, Agilent Technologies, P.N. 693975-302T) together with a pre-column
(Agilent Technologies; P.N.: 615 823750-911) and eluted by using a gradient of 0.1 %
(v/v) trifluoroacetic acid (TFA, Sigma Aldrich) and acetonitrile (Th. Geyer) at a flow
rate of 0.8 mL min~! and a temperature of 40 °C. Primary amines, such as tyrosine,
were separated and quantified as ortho-phthalaldehyde derivatives using a Kinetex 2,6
nm EVO C18 (100A7 100 x 2,1 mm) HPLC column, equipped with SecurityGuard
ULTRA cartridges (Phenomenex) and a gradient of a mobile phase consisting of 10 mM
Na,HPO,, 10 mM Na,B,0; (pH 8.2) at a flow rate of 0.42mL min~"'.
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3. General discussion and outlook

The overproduction of plastics and the environmental impact caused by improper
disposal are major global challenges for our present and future. Since plastics have
many advantages over traditional materials such as steel, glass or cement in terms of
flexibility, weight and manufacturing, and are indispensable in modern society, their
complete elimination is not a viable solution. Instead, it is imperative to explore the
development of new and efficient processes to solve this dilemma. One part of the
solution, to which the work of this thesis will contribute, in the complex system of

plastics recycling could be biological treatment and upcycling.

3.1. Biodegradation of monomers enables plastic waste to be

used as feedstock for biotechnological approaches

The transition to a circular economy for plastics has encountered several obstacles,
including the depolymerization of polyolefins such as PE or PP. These polyolefins have
beneficial properties but are difficult to degrade due to their strong carbon-carbon
backbone. The majority of these often single-use plastics are not recycled and end up
in landfills or the environment, causing ecological and environmental damage (Rorrer et
al. 2021). Therefore, to tackle the issue of efficient recycling, interdisciplinary approaches
are necessary. These approaches should integrate highly efficient thermochemical or
catalytic depolymerization methods with microbial metabolization (Tiso et al. 2022).
Pyrolysis, which is an example of such an efficient depolymerization method, holds
promise in this regard. Under the absence of oxygen, products of pyrolysis can be
mixtures of n-alkanes, which then could be further oxidized to fatty acids. The resulting
fatty acids being a promising feedstock for microbial production of PHAs by different
Pseudomonads strains (Guzik et al. 2021). Besides pyrolysis, also the oxidation of the
polyolefine backbone demonstrate a promising combined approach. These oxidation
could either be done by enzymatical oxidation, e.g. by phenoloxidases (Sanluis-Verdes
et al. 2022), by chemical autooxidation (Sullivan et al. 2022) or by microwave-assisted

oxidation (Béckstrom et al. 2017). Such oxidations of PE can yield mixtures of medium-
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and long-chain o ,w-diacids.

Another challenge has been the utilization of the resulting monomers from these depoly-
merization approaches. To solve this open part towards a circular economy, different
Pseudomonads have been engineered in this thesis for the efficient microbial degradation
of a variety of plastic monomers, ranging from medium- to long-chain aliphatics, such
as a,w-alcohols (Chapter 2.2,2.3) and «,w-acids (Chapter 2.1,2.2), from PE to complex
aromatics from PET or PBAT (Chapter 2.4). The chain length of the products from
oxidation of PE is often depending on the process parameters like temperature, recycling
time or used catalyst and thus have an influence on the sustainability of the process
(Béckstrom et al. 2017). The broad substrate spectrum of the engineered P. putida
provides a good opportunity for a more sustainable process, as it is not necessary to
degrade the PE chain to the smallest fraction, but it becomes possible to stop the
reaction earlier and accept longer chains of even and uneven length.

Once both depolymerization and subsequent funneling of the monomers into the central
carbon metabolism have taken place, almost all common sugar-based biotechnological
processes can be used and combined to produce new products from plastic waste (Wier-
ckx et al. 2018). Here, the substrate spectrum of an aromatics-producing P. taiwanensis
was switched from glucose to adipate and 1,4-butanediol. Thereby, carbon/carbon
yields of 12 % from BDO and 7.8 % from adipate were achieved, which is only slightly
worse than previous yields from glucose (Otto et al. 2019). For the future approach and
an economically feasible bio-upcycling process, it will be important to move beyond
from tyrosine, which is mainly used as a feed additive, to aromatic compounds with
higher value (Schwanemann et al. 2020; Wynands et al. 2023).

Initially, the focus was on single monomers, such as mcl-dicarboxylic acids and diols, but
this could later be extended to mixed substrates. To achieve high quality end products,
mechanical and physicochemical recycling demand waste feedstocks that are pure and
free from impurities through resource-intensive sorting. At this point the high potential
of bio-degradation and further biological funneling of mixtures of monomers resulting
from mixed plastic waste underlines the usage of these approaches. This was also
demonstrated by Reifsteck et al. (2023). They performed a techno-economic assessment
(TEA) and compared the monomer recovery after enzymatic recycling with a further
microbial conversion. Thereby the advantage of using all of the resulting monomers
from a plastic waste mixture as microbial feedstocks compared to the recovery of only
lactic acid, which led to a huge loss of carbon in case of TA and EG, become clear. They

also calculated a decreased carbon foot print of microbial conversion against recovery,
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due to less freshwater usage and wastewater production (Reifsteck et al. 2023).

3.2. Future applications of biotechnological recycling

In addition to the recycling of solid post-consumer plastic waste, the recycling and
removal of micro- and nano-plastic particles from industrial, domestic, and municipal
wastewater is becoming increasingly important. Wastewater treatment plants are
a major source of plastic pollution because most treatment processes are poor at
separating, filtering or degrading the small plastic particles. They either accumulate
in the final sludge and could thus end up on agricultural land or are pumped directly
into rivers via the effluent water (Okoffo et al. 2019). Since wastewater is often even
more contaminated than solid collected plastic waste, a further purification step by
means of selective biological degradation of the plastic fraction could be beneficial (Hou
et al. 2021). Recycling steps that require a high degree of purity, such as mechanical
recycling, are rather unsuitable at this point, since this would first require a costly
separation process. Here, the strains of this work could also be useful and used in a
combined process involving a prior catalytic depolymerization process. Either only
for degradation of the plastic particles and production of biomass or for upcycling
of the wastewater into new bio-based plastic. However, it should be noted that this
is a separate closed treatment step and the microorganisms cannot simply be added
to the conventional biological active sludge treatment step because they are GMOs.
Nevertheless, this step could be worthwhile, since most non-GMOs microorganisms
isolated so far are often very slow to degrade plastic and would then potentially take
longer than the wastewater stays in the treatment plant. Especially for microplastic-rich
point sources, such as plastic production plants, this approach could prove economical
or even essential in the face of ever stricter environmental norms and legislation. The
situation differs when considering other waste treatment processes, such as composting
plants. Composting plants today also often have the problem that the circulation time
within the plant is too short to break down plastics completely, this is often the case
even when it is biodegradable plastic, such as PLA or PBAT (Millican et al. 2021).
Since high temperatures are often generated within the process, usually around the glass
transition temperatures of the polymers (Azim et al. 2018), the use of naturally isolated
thermophilic strains growing under high temperature conditions could be advantageous

compared to engineered mesophilic microorganisms. Using isolated or genetically
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modified thermophilic strains is also one approach to tackle the challenge of combined
enzymatic and biological degradation of plastics. The enzymes currently used for
degradation are most effective at higher temperatures above the T, of the polymer (Wei
et al. 2017), making direct fermentation of hydrolysates with engineered Pseudomonads
in the same reactor impossible. Lowering the temperature to room temperature would
significantly reduce the enzymatic activity (Wei et al. 2017). Nevertheless, a combined
approach, in which the same organism responsible for degrading the resulting monomers
also produces and releases the necessary enzymes, has some advantages due to the
direct metabolism of the released monomers. On the one hand, it could avoid product
inhibition or toxicity effects that would reduce enzyme activity. Secondly, it would
reduce the need to add expensive acids or bases, as the acids, such as adipic acid
or terephthalic acid, are consumed immediately. (Ellis et al. 2021). However, this
approach would still be limited by different optimal temperatures and would require an
additional carbon source at the beginning to ensure efficient production of sufficient
biomass and enzymes. At this point, thermophilic organisms that thrive at around 60 °C,
such as Geobacillus thermoleovorans (Dinsdale et al. 2011), could be advantageous as
they have similar optimal temperatures to the enzymes. To overcome the problem
of low initial biomass and associated low enzyme concentration, continuous processes
could be considered in the future, where enzymes are partially recycled if this allows
their activity. Otherwise, the process would have a much longer lag phase than if a
larger amount of purified enzymes were used. A disadvantage of using thermophilic
bacteria for an up-cycling approach is that only a few thermophilic production hosts
have been described so far. In contrast, Pseudomonads are known for their broad
production spectrum, as was also shown in this work. Whether a better compromise
would be an initial enzymatic degradation at an optimal temperature, followed by a
temperature reduction for further processing, has to be proven in the future, but the
costs of reducing acid and base in the combined process should not be neglected. In
addition to expanding the substrate spectrum of Pseudomonads for efficient metabolism
of plastic monomers and production of bio-based polymers such as PHAs, this work
also focused on biological funneling and the production of new bio-based compounds
such as tyrosine and protocatechuate. These efforts aim to address not only the plastics
crisis, but also the climate crisis by conserving resources, replacing fossil feedstocks,
and reducing greenhouse gas emissions. Walker et al. (2022) have shown that the choice
of materials and their disposal play a critical role in determining the net impact on

greenhouse gas emissions. By using biomass as a substrate, bio-based plastics can
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sequester atmospheric CO4 during their lifecycle, which can lead to negative emissions if
renewable energy is used (Walker et al. 2022). Considering plastics and the climate crisis
together, this thesis succeeded in the de novo production of key precursors and building
blocks, including protocatechuate. The combination of de novo production of PCA from
glucose or later from plastic hydrolysates with biotransformation of terephthalate could
be a good way to efficiently utilize and biologically funnel mixed substrate and thus
enable a sustainable recycling of mixed plastic waste. However, more research is needed
to determine whether a mixed culture approach or the use of a single strain is the better
option. Although a defined mixed culture would shorten the development time, this
work shows some limitations in terms of biotransformation and high-energy catabolism,
which stops once the carbon and energy source is consumed. For this case, a single
"superstrain" that can utilize several to all substrates might be better. On the one
hand, preferred substrates such as glucose, which is produced during the degradation of
PBAT /starch blends, can be used to produce sufficient biomass in the first place. The
subsequent consumption of less suitable substrates would consequently start at higher
biomass concentrations, leading to an overall more rapid biotransformation (Figure
2.4.10). If the strain is also a de novo producer, the excess substrates can also be used
for the production of PCA. However, especially in the development of such processes, it
is also important to know and understand each individual degradation and production
pathway, and therefore it is necessary to test separate strains, to which this work
contributes. In conclusion, the solution to the plastics crisis lies in weighing up the
most efficient solution (Bachmann et al. 2023). This will involve a mix of technologies.
For pure and easily separable plastics, mechanical recycling, as is already partly the
case today, will probably make the most economic sense. If plastic incineration is used
in combination with energy recovery to avoid the use of fossil resources such as gas, coal
or oil, this technology could also be an initial alternative and reduce the huge amount of
plastic. For much else, pyrolysis is currently the most mature technology. All processes
are easily scalable in terms of volume, which is an advantage given the huge volume of
plastic waste. However, pyrolysis in particular requires large amounts of energy, which
can lead to high greenhouse gas emissions in some regions, depending on the energy mix.
This, together with the fact that there are still many waste streams that are not very
pure or difficult to sort, gives biotechnological recycling methods a niche that cannot
be ignored. This work has contributed to the success of this technique by broadening
the substrate spectrum of different Pseudomonads and showing the conversion into

chemical molecules of increasing interest.
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Supplemental data to:

Engineering adipic acid metabolism in Pseudomonas putida (Section 2.1)

Yannic S. Ackermann”, Wing-Jin Li*, Leonie Op de Hipt, Paul-Joachim Niehoff,
William Casey, Tino Polen, Sebastian K6bbing, Hendrik Ballerstedt, Benedikt Wynands,
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paaF €
CATGTTCGGGCGCCTGCACATCGATATATCGCGGCATCTCGGGTTCCTCTGGCTGCACGC

ACGGCACATCGCTTGGCCGGCATTTTTTGGAATTGTTTGCAGGGACGTAATGCGGGATCA

-10 >Tn4256 -35
B8ccrcarceccacar AAATTAGGACATTCGT
-35
CGACCAGGTGTGGTCAGTATARIGCTCTATGCGATACAACAATGCAAGGCGCARAATGETT

TCT ..~17kbp .. TTTACAGAACGAATGTCCTAATTTTTGCCTTATCTCGGCATAACCCC

-10
TCGCGTATCTCTTTTTTACTTITCTATGATCACAGCTCCAGTGCAATGCTTGCTGAAGAA

TCGTTTAACCTTTGCATTTTCTAGTACTTACAGCGGGTTTTTGCCTTGCAGCATTAATTC

AACACAAGTGATACACGATTGACGACCAAACAGCATCTGATACAAGATCGACTGACATTC
2> paaY
CAAATCATTTCGAGAGTGTTGCCATGCCTTGCTATCGACTGGACGGCCTGACGCCTGTGG

Predicted promotor binding sites via Bprom:
yellow for paaF

blue for paaY

- for paaF inserted by transposon Tn4652

Transcriptional regulators:
rpoDl17 towards paaF
rpoDl7 towards paaY
bold = paal’ and paaY
B = insertion of transposon

Italics = inverted repeats of transposon Tn4256

Figure S1.: Promotor predictions for the intergentic region between paaF and paaY
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Figure S2.: Determination of the impact of the mutation in PP__ 3988 on the growth on
adipate. Growth curves of P. putida A12.1ge and A12.1ge with cured mutation in PP _3988. Growth
curves were measured with the Growth Profiler and the results were converted to an equivalent OD

at 600 nm. Error bars indicate the standard error of the mean (n=3). (ge = genomically integrated
P14e—dcaAKIJP).

ODygy, equivalent

0 10 20 30 40
time (h)
% Al2.lp —o— Al2.1p ApsrA  —e— Al2.1p Apsrd pJNN_mcs

=~ Al2.1p Apsr4 pJNN_psrA_E80* —b— Al12.1p Apsrd pINN_psrA

Figure S3.: Determination of the impact of the regulator PsrA on the growth on adipate.
Growth curves of P. putida A12.1 ApsrA with episomal expression of the dcaAKIJP genes and different
overexpression constructs of psrA on compatible plasmid pJNN(mes)t. Growth curves were measured
in MSM with 30 mM adipate and 0.1 mM salicylate and antibiotics as appropriate. Growth Profiler
data were converted to an equivalent OD at 600 nm. Error bars indicate the standard error of the
mean (n=3). (p = pBNT-dcaAKIJP, * = stop codon).
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Appendix

Supplemental data to:

Bio-upcycling of even and uneven medium-chain-length diols and dicarbozylates to poly-
hydrozyalkanoates using engineered Pseudomonas putida (Section 2.2)

Yannic S. Ackermann”, Jan de Witt", Mariella P. Mezzina, Christoph Schroth, Tino
Polen, Pablo 1. Nikel, Benedikt Wynands, Nick Wierckx

A) KT2440 B) KT2440-AA
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0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28
time (d) time (d)

ALE1 ALE2 — ALE3

Figure S4.: Adaptive laboratory evolution of P. putida KT2440 wildtype (A) and KT2440-
AA (B) on 1,6-hexanediol. ALE was performed by iterative inoculation after the stationary phase
was reached. Since P. putida KT2440 did not grow with HDO as sole carbon source, 15mM HDO
and 15mM BDO were used for the first two stages of ALE to enable growth. This concentration
was shifted to 20mM HDO and 10mM BDO (stages 3-5) to 30 mM HDO (stages 6-14). P. putida
KT2440-AA could grow with 30 mM HDO.
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Figure S5.: Metabolic pathways of aliphatic diols in engineered P. putida KT2440.
Extension of figure 2.2.1. P. putida KT2440 wild type-based strains (A-C) and P. putida KT2440-AA-
based strains (D-F) were cultivated in mineral salts medium (MSM) supplemented with 1,6-hexanediol,
1,7-heptanediol, or 1,8-octanediol in concentrations that are C-mol equivalent to 30 mM 1,6-hexanediol.
Growth was monitored using a Growth Profiler. Error bars indicate the standard error of the mean
(n=3).
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Figure S6.: Growth of P. putida KT2440-AA mutants on HDO. Strains were cultivated in
MSM supplemented with 15 mM of HDO as sole carbon source. (A) Effect of secGS™R mutation on
HDO metabolism. (B) Effect of AdcaAKIJP and APP_2051.
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Figure S7.: Growth of P. putida strains on HDO Strains were cultivated in MSM supplemented
with 15mM of HDO as sole carbon source.
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Figure S8.: Growth of P. putida KT2440-AA mutants on glutarate. Strains were cultivated
in MSM supplemented with 36 mM glutarate as sole carbon source
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gcdR (WT) gedRG0

Figure S9.: Three-dimensional structures of GecdR predicted with ColabFold and visualized
with PyMOL. Docking of glutaric acid was calculated using YASARA (orange arrow). Mutated
amino acid (D154) is marked in green. The blue surface color indicates the effector binding domain
and the red surface color indicates the DNA binding domain.
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Figure S10.: Exemplary gas chromatography chromatograms of polyhydroxyalkanoates
(A) and polyhdroxybutyrate (B). Methyl esters of 3-hydroxyacids (C4-Ci2) were quantified
using analytical standards (black lines). As internal standard (IS) methyl benzoate was used. PHA
production from adipate (A) and PHB production from pimelate (B) are shown in red. For better
visibility, the y-axis was capped due to high responses of chloroform and methanol.
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Supplemental data to:

Engineering of 1,4-butanediol and adipic acid metabolism in P. taiwanensis for upcycling
to aromatic compounds. (Section 2.3)

Leonie Op de Hipt", Yannic S. Ackermann®, Hannah de Jong, Tino Polen, Benedikt
Wymnands, Nick Wierckx
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24 48 72 926
time (h) time (h)

f

45 mM 1,4-butancdiol == 36 mM 1,5-pentancdiol == 30 mM 1,6-hexanediol

Figure S11.: Growth of P. taiwanensis strains evolved on BDO on diols with different
chain lengths. All strains were cultivated in MSM with the indicated carbon sources at a C-molar
equivalent to 45 mM BDO. Green values were measured via the Growth Profiler. Error bars derive
from three technological replicates and indicate the SEM.
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Figure S12.: RT-qPCR analysis of PVLB 10545 expression with and without the mutation
PVLB 10540 8L, P tgjwanensis GRC3 A5-TYR2 PVLB_10540%48°L PVLB_ 126904247
PVLB_ 133055''P was cultivated in MSM containing 20mM glucose as well as MSM containing
45mM BDO as sole carbon source and P. taiwanensis GRC3A5-TYR2 was cultivated in MSM
containing 20 mM glucose as sole carbon source. Samples were taken at an optical density of 0.9 to 1.1.

The measured Ct values were normalized to rpoD. Error bars derive from three biological replicates
and indicate the SEM.
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Figure S13.: Cultivation of reverse engineered P. taiwanensis GRC3A5-TYR2 strains for
growth on 4-hydroxybutyrate. Growth curves of engineered strains carrying different mutations
found during the whole genome sequencing of the ALE on BDO. All strains are cultivated in three-fold
buffered MSM medium containing 45mM of 4-hydroxyburate as sole carbon source. Error bars
represent the standard error of the mean (n=3).
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Figure S14.: Reverse engineering of PVLB_107655'4'F in P. taiwanensis GRC3A5-TYR2
strains. Growth curves of engineered strains carrying different mutations found during the whole
genome sequencing of the ALE on BDO. All strains are cultivated in three-fold buffered MSM medium

containing 45 mM of BDO as sole carbon source. Error bars represent the standard error of the mean
(n=3).
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Supplemental data to:

Bio-upcycling of PBAT mock hydrolysates by defined mixed cultures into protocatechuic

acid (Section 2.4)
Yannic S. Ackermann, Benedikt Wynands, Nick Wierckx

1. GRC3A5-aA
2. GRC3A4-aA
3. GRC3A4-aA ApcaGH

4. GRC3A5-TYR1
5. GRC3A4-TYRI
6. GRC3A4-TYRI1 ApcaGH

S.
MSM-agar plate + 5 mM 4-hydroxybutyrate

Figure S15.: Charackterizing growth on 4-hydroxybenzoate. All strains were spread out on

MSM agar plate containing 5 mM 5-HB from a liquid overnight culture.
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Figure S16.: Growth of different bio-transformation strains on mixture of TA and glucose.
All strains were cultivated separately in MSM medium containing terephthalate and glucose as
mentioned in the figure. Online growth curves were measured by the Growth Profiler. Error bars
indicate the standard error of the mean (n=3).
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Figure S17.: Bio-transformation of TA into PCA with glucose as additional carbon
source. All strains were cultivated separately in MSM medium containing terephthalate and glucose
as mentioned in the figure. Samples were taken over time from separate System Duetz plates, which
were all inoculated from the same master mix. (A-C) HPLC data from cultivations with 6 mM TA
and 22 mM glucose. (D-F) HPLC data from cultivations with 11 mM TA and 32 mM glucose. Error
bars indicate the standard error of the mean (n=2).
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Figure S18.: Characterization of strains for bio-transformation of TA and glucose. All strains
were cultivated separately in MSM medium containing terephthalate and/or glucose as mentioned in

the figure. Online growth curves were measured using the Growth Profiler. Error bars indicate the
standard error of the mean (n=3).
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