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B. ABBREVIATIONS 

3-MB 3-methylbenzoate kb kilobase 

AA amino acid LacZ β-galactosidase 

AAAH aromatic AA hydroxylases LPS lipopolysaccharide 

ABC ATP-binding cassette MAP 2-methyl-3-n-amylpyrrole 

AbR antibiotic resistance marker MATE 
multidrug and toxic compound 
extrusion 

ACP acyl-carrier protein MBC 
4-methoxy-2,2′-bipyrrole-5-
carbaldehyde 
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c. circa MS mass spectrometry 

Cas9 CRISPR-associated protein 9 MVA mevalonate 

CoA coenzyme A n.d. not determined 
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chassis-independent recombinase-
assisted genome engineering 

NAD(P) 
nicotinamide adenine dinucleotide 
(phosphate) 

CRISPR 
clustered regularly interspaced short 
palindromic repeats 

NDP nucleoside diphosphate 

CRISPRa CRISPR activation NMR nuclear magnetic resonance 

CRISPRi CRISPR interference NP natural product 

Cti cis-trans isomerase NRP non-ribosomal peptide 

dCas9 dead Cas9 NRPS non-ribosomal peptide synthase 

DCPK dicyclopropyl ketone NT non-template 

DNA deoxyribonucleic acid OE outside end 

DNP Dictionary of Natural Products® OM outer membrane 

ED Entner-Doudoroff  OMP outer membrane protein 

EMP Embden-Meyerhof-Parnas OMV outer membrane vesicle 

FA fatty acid oriR origin of replication 

FAD flavin adenine dinucleotide PAM protospacer adjacent motif 

FDA Food and Drug Administration PCA phenazine-1-carboxylic acid 

FMN flavin mononucleotide PCP peptidyl-carrier protein 

FPP farnesyl pyrophosphate PDA photodiode array 

GC guanine-cytosine PDB precursor-directed biosynthesis 

GRAS generally recognized as safe PE-H polyester hydrolase 

GUS β-glucuronidase Pel pellicle 

HAA 3-(hydroxyalkanoyloxy)alkanoic acid PG peptidoglycan 

HPLC 
high-performance liquid 
chromatography 

PK polyketide 

HV host–vector PKS polyketide synthase 

IM inner membrane PLP pyridoxal phosphate 

IPA indole-3-pyruvic acid PP pentose phosphate 

IPTG 
isopropyl-β-D-1-
thiogalactopyranoside 

PPTase phosphopantetheinyl transferase 

PQS Pseudomonas quinolone signal 
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Psl polysaccharide synthesis locus SMR small multidrug resistance 

RBS ribosome binding site sRNA small RNA 

RL rhamnolipid T template 

RNA ribonucleic acid T7RP T7 RNA polymerase 

RNAP RNA polymerase TCA tricarboxylic acid cycle 

RND resistance-nodulation-division TREX transfer and expression 

rRNA ribosomal RNA TTP thiamine pyrophosphate 

SAM S-adenosyl methionine UV ultraviolet 

SEVA 
Standard European Vector 
Architecture 

yTREX 
TREX system applicable for yeast 
cloning 

sgRNA single guiding RNA   
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C. SUMMARY 

Natural products (NPs) are a valuable source of potentially useful pharmaceutical compounds 

and have been a focus of scientific research for a long time. Obtaining these compounds from 

the native producer is often limited or even impossible, which highlights the significance of 

recombinant production in appropriate microbial hosts. As Pseudomonas putida has already 

demonstrated to be a promising heterologous host, this thesis aimed to establish strategies for 

harnessing the potential of P. putida as a robust production platform for several NPs. 

First, the criteria identified by prior research for generating a robust Pseudomonas chassis 

were reviewed and applied in subsequent studies. For stable and straightforward strain 

generation, a fully modular genetic toolbox was established, which enables the random as well 

as site-specific chromosomal integration in different genomic loci. This toolbox could be used for 

the integration of genes encoding biosynthetic pathways and other bioprocess-relevant features 

in subsequent studies. Pathway engineering was then carried out using the established vector 

series to genomically introduce genes involved in precursor supply or entire additional precursor 

biosynthetic pathways.  

Further, the release and extracellular storage of the produced NP was pursued with different 

strategies. For the first time, engineering the formation of outer membrane vesicles, a native 

stress response in Gram-negative bacteria, was explored to support NP biosynthesis in 

P. putida. Using a two-phase cultivation with polyurethane foam cubes as an adsorbent resulted 

in the extracellular accumulation of the major part of produced prodiginines and arcyriaflavin A, 

with over 95% of each compound recovered from the cubes. Finally, access to diverse NPs and 

their derivatives was enabled by combining biology with classical chemistry to build tailored 

biosynthetic pathways. Namely, production of new-to-nature hydroxylated and cyclic 

prodiginines was achieved through a hybrid synthesis route that involves adding chemically 

prepared building blocks as well as artificial biosynthetic pathway expansion or late-stage 

chemical conversion of the bioproduct, respectively. This showcase underlined the value of 

combining different biosynthetic concepts like (combinatorial) biosynthesis, muta-, and 

semisynthesis. By applying all mentioned strategies, the recombinant production of several NP 

classes was realized in P. putida KT2440, which include rhamnolipids, terpenes, and especially 

alkaloids such as prodiginines, violacein, and arcyriaflavin A. 

 

In conclusion, genetic as well as biosynthetic tools were established, and engineering strategies 

were investigated to help to ensure strain stability, to access diverse NPs, and to enhance 

bioprocess productivity of the chosen host organism. These findings contribute to research 

aimed at harnessing the potential of P. putida as a recombinant production host and may 

significantly minimize the effort required to generate an optimal chassis organism hosting novel 

biosynthetic pathways in the future. 
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D.  ZUSAMMENFASSUNG 

Naturstoffe stellen eine bedeutende Ressource für die Entwicklung wichtiger Pharmazeutika dar 

und befinden sich schon seit längerer Zeit im Fokus der wissenschaftlichen Forschung. Der 

natürliche Produzent dieser Naturstoffe kann jedoch häufig nicht als Quelle dieser Stoffe 

dienen, weshalb sich die rekombinante Produktion in einem geeigneten mikrobiellen Wirt als 

vielversprechende Alternative erwiesen hat. Das Ziel dieser Arbeit bestand darin, verschiedene 

Strategien zu entwickeln, um Pseudomonas putida, der bereits zuvor als vielversprechender 

heterologer Wirt beschrieben wurde, als eine robuste Produktionsplattform für diverse 

Naturstoffe zu etablieren. 

Hierfür wurden wesentliche Kriterien, die aus der bisherigen Forschung zur Erzeugung 

robuster Chassis bekannt sind, zusammengetragen und in unterschiedlichen Studien 

angewandt. Eine modulare Toolbox wurde entwickelt, die sowohl eine zufällige als auch 

gezielte genomische Integration von Genen, die Biosynthesewege oder andere Bioprozess-

relevante Funktionen kodieren, in verschiedene Genom-Loci ermöglicht. Dies wurde in weiteren 

Studien erfolgreich zur Stammerzeugung eingesetzt. So konnten auch Gene, die an der 

Synthese von Vorstufenmolekülen beteiligt sind oder sogar ganze alternative Synthesewege 

kodieren, in das Genom integriert werden, um die Biosynthese der jeweiligen Naturstoffe zu 

optimieren.  

Im weiteren Verlauf wurde die Produktivität durch Freisetzung und extrazelluläre 

Anreicherung des Naturstoffs optimiert, wofür verschiedene Strategien untersucht wurden. 

Erstmals wurde in P. putida die Bildung von sogenannten outer membrane vesicles, eine 

natürliche Stressantwort von Gram-negativen Bakterien, gezielt genetisch beeinflusst und ein 

Einfluss auf die Naturstoffproduktion beobachtet. Außerdem führte eine Zweiphasenkultivierung 

mit Polyurethanschaumwürfeln als Adsorbens dazu, dass die extrazelluläre Akkumulation von 

Prodigininen und Arcyriaflavin A erhöht wurde und über 95% der produzierten Menge aller 

untersuchten Naturstoffe in den Schwämmen zu finden war. Abschließend konnten mithilfe der 

Kombination aus Biologie und klassischer Chemie maßgeschneiderte Biosynthesewege 

entwickelt und damit ein Zugang zu verschiedenen Naturstoffen und deren Derivaten ermöglicht 

werden. Es konnte durch eine hybride Syntheseroute, welche sowohl die Zugabe chemisch 

hergestellter Vorstufen als auch eine artifizielle Erweiterung des Biosyntheseweges 

beziehungsweise eine späte chemische Umsetzung des Bioprodukts beinhaltet, die Bildung 

neuartiger hydroxylierter und zyklischer Prodiginine erreicht werden. Anhand dieses Beispiels 

konnte verdeutlicht werden, wie vielversprechend die Kombination unterschiedlicher 

Biosynthesekonzepte wie die (kombinatorische) Biosynthese, Muta- und Semisynthese ist. 

Durch Anwendung all dieser Strategien konnte die rekombinante Produktion mehrerer 

Naturstoffklassen in P. putida KT2440 realisiert werden. Diese Klassen umfassen 
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Rhamnolipide, Terpene sowie insbesondere Alkaloide, wie Prodiginine, Violacein und 

Arcyriaflavin A. 

 

Zusammenfassend wurden in dieser Arbeit genetische und biosynthetische Werkzeuge 

entwickelt sowie engineering-Strategien untersucht, die für die Gewährleistung der genetischen 

Stabilität der erzeugten Stämme, den Zugang zu verschiedenen Naturstoffen und die 

Verbesserung der Produktivität des Bioprozesses von zentraler Bedeutung sind. Diese 

Ergebnisse tragen zur Weiterentwicklung des Potenzials von P. putida als rekombinantem Wirt 

für die Naturstoffproduktion bei. Die so entwickelten Werkzeuge können helfen, den Aufwand, 

der für die Entwicklung eines optimalen Chassis-Organismus für neue Biosynthesewege 

erforderlich ist, erheblich zu reduzieren. 
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I. INTRODUCTION 

Since ancient times, nature has been a source of remedies for a wide variety of diseases and 

ailments. The documentation reaches back to c. 1600 BCE when the knowledge of ancient 

Egyptian medicine was summarized in the Ebers Papyrus. This 20-meter-long papyrus 

documents an understanding of versatile topics spanning wound treatment to contraception, 

with early mentions of narcotics such as opium and cannabis[1]. Since then, natural products 

(NPs) have served as powerful therapeutics and inspiration for drug design, culminating in the 

`golden era` of antibiotics (1940s to 1960s)[2,3], which gave mankind one of the biggest medical 

breakthroughs of the 20th century[4,5]. While NPs find application in the treatment of diverse 

diseases, the field of antibiotics perhaps most prominently demonstrates their utmost relevance. 

Most classes of antibiotics currently in use were developed during these years, and to date, 

more than three-quarters of the approved antibiotics are based on NPs or their derivatives, 

again underlining the value of these compounds as antibiotic scaffolds[6,7]. However, the 

research pipeline for new antibiotics is depleted, while the urgency to discover new antimicrobial 

agents has grown due to increased antibiotic resistances[8]. In fact, deaths associated with 

infections by multidrug-resistant bacteria are expected to further increase in the coming years 

and could overtake cancer as the leading cause of death by 2050[9]. Therefore, research in this 

field must be intensified in order to combat this threat[10,11]. Biotechnology can make valuable 

contributions to the discovery and production of relevant compounds. To do so, it requires an in-

depth understanding of the molecular framework and biosynthesis of NPs[12,13].  

I.1. Natural products 

In the broadest sense, NPs are defined as any chemical compounds that occur naturally in 

biological organisms. These compounds can be derived from primary metabolism, from building 

blocks such as sugars, amino acids (AAs), lipids, and nucleic acids. However, the term ‘natural 

product’ typically refers to secondary metabolites which are basically derivatives of primary 

metabolites, but often synthesized through more complex pathways. Unlike primary metabolites, 

these molecules are not essential for the organism’s basic metabolism and reproduction[14]. 

They often exhibit various biological effects, including antibacterial, antifungal, anticancer, and 

immunosuppressive properties[6,15,16], as well as promoting cell survival or adaptability to 

changing environmental conditions[17–20]. 

NPs are produced from a limited number of primary metabolites (e.g., D-glucose, isopentyl 

diphosphates, L-tryptophan, L-phenylalanine, acetyl-CoA, malonyl-CoA) as building blocks. 

Their structural architectures are generated by a limited number of enzyme classes (e.g., 

oxidoreductases, decarboxylases, transferases, isoprenoid synthases) in conjunction with 

certain chemical reactions (e.g., Aldol- and Claisen condensation, C-N condensation, Mannich 

reaction)[21]. The combination of precursors, reactions and enzymes results in the formation of a 
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diverse range of NPs, which comprise approximately 200 000 to 350 000 compounds, with the 

estimations based on the compounds listed in various NP databases, such as the Dictionary of 

Natural Products® (DNP)[22–24]. According to the DNP, the majority of the representatives are 

produced by plants (67%), animals (13%), fungi (10%), and bacteria (9%) (Figure I-1)[25]. 

Although plants have been reported to have the highest number of NPs with terpenoids as their 

largest group[18,25–27], bacteria exhibit the highest percentage of bioactive products in a medically 

relevant context. The relative amount is three- to seven-fold higher compared to plants or 

animals[25,26]. More than 50% of antibacterial agents which were approved by the FDA (Food 

and Drug Administration) are of bacterial origin[28]. Furthermore, bacterial NPs exhibit additional 

activities besides their use as antibacterial agents[25,29]. In particular, they are utilized as 

antineoplastic[30,31], antifungal[32,33], antiviral[34], and anti-inflammatory agents[35].  

The bacterial divisions with the highest number of (bioactive) NPs are actinobacteria (or 

actinomycetota), including Streptomyces or Mycobacterium, proteobacteria, such as 

Pseudomonas[29,36–38], and cyanobacteria (Figure I-1)[25]. The discovery of streptothricin[39] and 

streptomycin[40] in the 1940s brought special attention to the Streptomyces species and today it 

is estimated that 30 to 45% of the compounds described as originating from microorganisms 

actually derive from these species[25,29]. These include antibiotic classes such as β-lactams, 

aminoglycosides, peptides, and tetracyclines[4]. Additionally, rare actinomycetes biosynthesize 

other frequently utilized antibiotics, such as gentamicin produced by Micromonospora purpurea, 

erythromycin by Saccharopolyspora erythraea, and vancomycin by Amycolatopsis orientalis[41]. 

Besides the already mentioned divisions and species, Bacillus species also serve as a source 

of NPs, predominantly producing peptide antibiotics like lantibiotics[42–45]. 

The genes responsible for the biosynthesis, regulation, protection from, or export of NPs are 

typically arranged in close proximity to each other and are encoded in so-called biosynthetic 

gene clusters (BGC). These BGCs can vary in size from a few kilobases (kb) to over 

100 kb[46,47]. 

Regarding the structural architecture, NPs are often described as chemically intricate[48]. In 

the early 2000s, structural studies demonstrated that these compounds contain more sp3-

hybridized bridgehead atoms and multiple chiral centers compared to small molecules of 

synthetic origin[49–51]. The classification and categorization of molecular structures of these 

products provides valuable data and enables the development of sophisticated tools for NP 

research. Besides the DNP, other NP-specific databases have been created to simplify the 

study of NPs[52–56]. 
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Figure I-1: Distribution of NPs in six different kingdoms of life. 
Overview of the distribution of NPs derived from different primary metabolites (f.l.t.r., AAs, fatty acids, sugars, and 
nucleobases) into six kingdoms based on the categorization of the Dictionary of Natural Products (DNP) 
(http://dnp.chemnetbase.com) (top). For bacterial NPs, the most prominent producers are shown (middle). More than 
half are produced by Streptomyces and rare actinomycetes. However, cyanobacteria, Bacillus and Pseudomonas 
species are also known producers of bioactive NPs[25]. The most promising bioactivities of the bacterial NPs, for 
which they are frequently applied, are for example antibacterial, antifungal, or anti-inflammatory effects (bottom). 

A widely accepted NP classification, determined by their structural scaffold, their enzymatic 

biochemistry, and by the starting precursors, was introduced by Walsh and Tang, leading to six 

general groups of NPs[21]: polyketides, peptides, phenylpropanoids, isoprenoids and terpenoids, 

purines and pyrimidines, as well as alkaloids. Polyketides, peptides, and alkaloids constitute the 

largest groups in bacteria and account for over half of the bacterial NPs[25]. Alkaloids, in 
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particular, are highly intriguing due to the large number of bioactive compounds found within this 

class.  

I.2.  Alkaloids  

Alkaloids are a large group of bioactive natural products with about 40 000 compounds listed in 

the Dictionary of Alkaloids[57]. They are found in many organisms like plants, animals, and 

different microorganisms[58–62]. Most of the overall isolated alkaloids thus far are in fact from 

plants but as already mentioned above, they also occur in bacteria. 

Alkaloids are essentially natural nitrogen-containing organic compounds that often have 

complex heterocyclic structures. Due to their structural scaffold containing one or more nitrogen 

as heteroatoms, alkaloids readily form hydrogen bonds with proteins, enzymes, and 

receptors[63]. In the presence of other functional groups, this explains the extraordinary 

bioactivity of alkaloids. The broad activity spectrum comprises antimicrobial, anticancer, 

antimalaria, and anti-inflammatory properties[16,64–66]. Due to their high bioactivities, they play an 

important role in both traditional and modern medicine and are being studied intensively to 

better understand their usage and effects[16,64,67–69]. Based on the scaffold, alkaloids can be 

divided into several classes, including pyridines, pyrimidines, pyrrolidines, pyrroles, indoles, 

(iso-)quinolines, and quinolones (Figure I-2)[16]. 

 
Figure I-2: Scaffolds of different classes of alkaloids (adapted from Cushnie et al. 2014[16]). 
Eight scaffolds of heterocyclic alkaloids are exemplarily shown in black. The gray structures represent important 
subclasses of the indole alkaloids such as the indolocarbazoles. Other classes of bioactive alkaloids whose scaffolds 
are not shown here are aaptamines, acridines, imidazoles, indolizidines, 1,3,4-oxadiazoles, piperazines, piperidines, 
2-pyridones, and thiazoles. 
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I.2.1. Three representatives of the bacterial alkaloids 

Based on the structural classification outlined in the previous chapter, this section will delve into 

three classes of bacterial alkaloids in more detail which were the focus of this thesis: the pyrrole 

alkaloids, the indole alkaloids, and the quinoline alkaloids. 

 

Pyrrole alkaloids: An intriguing class, which is widespread in both terrestrial and marine 

environments, are the pyrrole alkaloids. One of the very notable members is the prodiginine 

family, which consists of tripyrrolic and bright red NPs produced by various marine and 

terrestrial bacteria[70]. The three rings of the basic structure are typically referred to as ring A, B, 

and C (Figure I-3, A). Prodiginines can be divided into two categories: one group includes 

prodiginines with alkyl chain substituents, such as prodigiosin and undecylprodigiosin[71]. The 

other category encompasses cyclized derivatives like butyl-meta-cycloheptylprodigiosin and 

cycloprodigiosin[72,73]. The latter, in contrast to the straight-chain variants, contains a hexane ring 

between the third and fourth positions of the pyrrole ring C, with a methyl group attached to this 

ring[74]. Marine species from different genera, such as Pseudoalteromonas[75–77], Vibrio[78–80], or 

Zooshikella species[81,82], produce the cyclic prodiginines usually in a mixture with the straight-

chain variant[72,80,82]. 

However, the most widely recognized compound among the prodiginine family is the straight-

chain prodigiosin (14), which possesses a pentyl chain on the pyrrole ring C. It occurs in 

Serratia species such as Serratia marcescens[83–86], in Hahella chejuensis[87,88], 

Streptomyces coelicolor, and S. griseoviridis[89–91]. The well-described S. marcescens 

prodigiosin BGC, known as the ‘pig cluster’, is comprised of 14 unidirectionally arranged genes 

(pigA to pigN) stretched over 21 kb (Figure I-3, B)[92]. The associated enzymes participate in the 

biosynthesis of the tripyrrole structure of prodigiosin (14). Specifically, the enzymes PigB, PigD, 

and PigE are responsible for the synthesis of the monopyrrole MAP (2-methyl-3-n-amylpyrrole, 

4). The enzymes PigA, PigF to PigJ, as well as PigM and PigN are responsible for the synthesis 

of MBC, also known as 4-methoxy-2,2′-bipyrrole-5-carbaldehyde (13). The final condensation 

reaction between MAP and MBC is catalyzed by the ligase PigC (Figure I-3, C)[93,94]. The 

current understanding of the functions of PigK and PigL remains vague. PigK may serve as a 

chaperon assisting in the folding of other Pig enzymes[95]. The gene pigL encodes for a 4′-

phosphopantetheinyl transferase, thus an involvement in the phosphopantetheinylation reaction 

in the MBC pathway has been suggested[94]. Based on the localization at the inner membrane, it 

has been postulated that the last biosynthetic enzymes of the precursor pathways, PigB and 

PigN/F, as well as the enzyme PigC form a membrane-associated protein complex for the 

condensation reaction[94,96,97]. 
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Figure I-3: The biosynthetic pathway of the tripyrrole prodigiosin (adapted from Williamson et al. 2005, 
2006[93,94] and N. Bitzenhofer 2018[98]). 
A: The typical red color of prodiginines is shown by a prodigiosin-producing bacterium (Pseudomonas putida 
pig21[99]). The basic structure of prodiginines is given, consisting of three pyrrole rings, labeled A, B, and C. The 
structural diversity of the prodiginine family is due to the varying substituents at the 2-(R2) and 3-(R3) positions of the 
C-ring. B: The BGC responsible for the biosynthesis of prodigiosin (14) in Serratia marcescens is displayed. This so-
called ‘pig gene cluster’ contains 14 unidirectional genes (about 21 kb). Enzymes for the MAP (4) synthesis are 
encoded by pigB, pigD and pigE, which are represented by horizontally striped arrows. The associated enzymes of 
the genes pigA, pigF to pigJ, pigM and pigN are responsible for the production of MBC (13) (genes are indicated by 
blank arrows). The vertical striped arrow indicates the pigC gene, which encodes for the ligase PigC responsible for 
the terminal reaction. C: The biosynthesis of prodigiosin is based on a bifurcated pathway utilizing 2-octenal (1) and 
proline (5) as precursors. The final condensation reaction between MAP (4) and MBC (13) ultimately results in the 
tripyrrole prodigiosin (14), which is intensively red colored. TTP: thiamin pyrophosphate; PLP: pyridoxal phosphate; 
AA: amino acids; ATP: adenosine triphosphate; FAD: flavin adenine dinucleotide; FMN: flavin mononucleotide; 
NAD(P): nicotinamide adenine dinucleotide (phosphate); SAM: S-adenosyl methionine. 

Numerous scientific studies have revealed the bioactive properties of prodigiosin and its 

derivatives, which makes them prospective drug candidates[95,100]. On the one hand, prodigiosin 

is considered to exert an anticancer effect by inducing apoptosis in specific cancer cells[101–105]. 

Prodigiosin-triggered destruction of cancer cells can be attributed to its function as an anion 

transporter that binds to biologically significant anions, causing a shift in the pH gradient and 
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leading to the acidification of the cancer cells[106,107]. On the other hand, these tripyrroles have 

been reported to be antibacterial agents. Four mechanisms of action have been proposed: as 

mitogen-activated protein kinase regulators, pH modulators, bacterial DNA cleavage agents and 

cell cycle inhibitors[108]. Several bacterial species are sensitive to the antagonistic effects of 

prodigiosin[109–112]. Notably, the cyclic derivatives appear to exhibit greater antimicrobial activity 

against certain Gram-positive and -negative bacteria compared to the straight-chain variants[82]. 

Furthermore, prodiginines demonstrated antimalaria[90,113], antiviral[114], and immunosuppressive 

activities[115]. A comparison of straight-chain and cyclic variants revealed higher antifungal 

activity for the latter[82,116]. 

Since prodigiosin and its derivatives exhibit a range of properties, which are relevant for the 

potential use as therapeutic drugs, there is great interest in gaining access to these compounds 

via high-level production as well as novel structural variants. Thus, this class is still widely 

studied in NP research. 

 

Indole alkaloids: Among the alkaloids, the indole-containing alkaloids are highly abundant in 

nature and show a range of structural and therapeutic properties, which include antimicrobial, 

anticancer and anti-inflammatory activities[117]. Two examples of this wide field are the 

bisindoles violacein and rebeccamycin. Both are biosynthesized by oxidative dimerization of two 

L-tryptophan units, and both demonstrated great potential as therapeutic agents. 

Violacein (19) and its byproduct deoxyviolacein (20), which both exhibit striking purple hues 

(Figure I-4, A), are produced by the Gram-negative bacterium Chromobacterium violaceum[118]. 

In addition, other species have been described to produce these types of compounds[119–124]. 

The biosynthesis of these bisindole alkaloids in C. violaceum involves five enzymes, VioA to 

VioE. The corresponding genes are all located within the unidirectional vioABCDE operon 

(about 7 kb) (Figure I-4, B)[125,126].  

The indolocarbazole bisindole rebeccamycin (23) or its derivatives rebeccamycin aglycon 

(21) and arcyriaflavin A (deschloro-rebeccamycin aglycon) share all an indolo[2,3-a]carbazole 

scaffold[127]. Rebeccamycin shows a yellow coloration and is naturally produced by the 

actinomycete Lentzea aerocolonigenes (formerly referred to as 

Lechevalieria aerocolonigenes)[128–130]. For the biosynthesis of the indolocarbazole several 

catalytic steps are required. The associated bidirectional gene cluster contains 11 genes (about 

26 kb), whereby eight genes encode enzymes directly involved in the biosynthesis 

(RebG,O,D,C,P,M,F,H). Two genes (rebU and rebT) seem to be involved in resistance and 

secretion of the compound as they encode for putative antibiotic transporters[131,132]. In addition, 

the reb cluster contains a regulator-encoding gene (rebR) which belongs to the LuxR family and 

might be functioning as a transcription activator similar to the regulatory mechanism of the vio 

genes[131,133,134].  
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Figure I-4: The biosynthetic pathways of the bisindoles violacein and rebeccamycin (adapted from Füller 
et al. 2016[135]). 
A: Violacein-producing bacterium (P. putida vio12[136]) with the typical purple color. B: Representation of the vio 
(purple) and reb (orange) BGCs from C. violaceum and L. aerocolonigenes, respectively. Regarding the reb cluster, 
genes essential for the synthesis of both rebeccamycin (rebGODCPMRFUHT) and its derivative arcyriaflavin A 
(rebODCP), which are indicated by horizontally striped arrows, are shown. C: The initial formation of the indole-3-
pyruvic acid (IPA) imine dimer (17a,b) is comparable for violacein and rebeccamycin catalyzed by the homologous 
enzymes VioA,B and RebO,D, respectively (gray box). Further synthesis of violacein (19) is performed by VioE, VioC, 
and VioD. In addition, the byproduct deoxyviolacein (20) can be produced without the involvement of VioD. For 
rebeccamycin (23) biosynthesis, an initial chlorination of L-tryptophan is necessary (15a  15b). The terminal steps 
are catalyzed by RebP, RebC, RebG, and RebM. FAD: flavin adenine dinucleotide; NAD(P): nicotinamide adenine 
dinucleotide (phosphate); SAM: S-adenosyl methionine; NDP: nucleoside diphosphate. 
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The syntheses of violacein and rebeccamycin are based on closely related initial enzymatic 

steps catalyzing the oxidation of an L-tryptophan unit to the indole-3-pyruvic acid (IPA) imine 

(16a,b) (Figure I-4, C)[135]. In the case of rebeccamycin biosynthesis (23), this step is preceded 

by chlorination of L-tryptophan (15a  15b). In both cases, the imine formation is followed by 

oxidative coupling of two imines to the IPA imine dimer (17a,b). At this stage, the synthesis 

pathways diverge to form the respective end products. The (deoxy-)violacein synthesis involves 

an intramolecular rearrangement by VioE, which results in the formation of protodeoxyviolaceic 

acid (18). VioD and VioC can then convert 18 to violacein (19) and deoxyviolacein (20), 

respectively[126,137]. Typically, these two compounds exist in a mixture. In contrast, for the 

biosynthesis of rebeccamycin, 17b is spontaneously converted into chlorinated chromopyrrolic 

acid (21), followed by the formation of the rebeccamycin aglycon (22), which is enzymatically 

catalyzed by RebC and RebO. RebG and RebM perform the final steps to yield rebeccamycin 

(23) which include the introduction of a D-glucose moiety by a β-glycosidic linkage and a 

methylation step[131,138]. 

Both groups of compounds exhibit several promising biological activities for therapeutical 

use. For violacein, these activities include antibacterial, antiviral, and antitumoral effects[139–141]. 

Several studies have demonstrated its impact on both pathogenic and non-pathogenic 

bacteria[142–144]. In addition, extensive research has been dedicated to examining the underlying 

mechanism regarding anti-cancer properties. These efforts have shown that violacein 

modulates important processes in cancer, such as inhibiting proliferative signaling, inducing cell 

death, and preventing metastasis and invasion[145–150]. Like violacein, rebeccamycin and its 

derivatives have also demonstrated antibacterial effects against Gram-positive bacteria[128,151]. 

However, their potential in cancer treatment is of greater interest since rebeccamycin is a DNA 

intercalating agent and functions as a topoisomerase I inhibitor[128,152]. Becatecarin, a water-

soluble variant of rebeccamycin, has even undergone phase I and II in clinical trials, e.g., for the 

treatment of lung and breast cancer[153–156]. Derivatives of the indolocarbazole, such as 

arcyriaflavin A, have further been investigated in the context of treating human cytomegalovirus 

infections and, more recently, endometriosis[157–159]. 

The diverse and highly relevant bioactivities of the violacein and rebeccamycin-type 

compounds illustrate the potential and importance of indole alkaloids. Thus, targeted 

biotechnological production of these compounds holds significant value. 
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Quinoline alkaloids: In recent years, the class of quinoline and quinolone alkaloids has 

attracted significant attention in the pharmaceutical research due to their diverse bioactivities 

ranging from antimalaria to anticancer aspects[160–164]. Although quinoline alkaloids are mostly 

abundant in plants, bacteria also represent promising sources for the discovery of such 

compounds. The Pseudomonas quinolone signal (PQS), a quorum sensing modulator in the 

Pseudomonas genus, and the aurachins, a group of farnesylated quinoline alkaloids are well-

known examples of this class[165]. 

Aurachins have been first described in the myxobacterium Stigmatella aurantiaca[166], before 

other producer species have been found including S. erecta[167] as well as actinomycetes like 

Rhodococcus and Streptomyces species[168–170]. The compounds in this class can be 

categorized into two structural types based on the position of the farnesyl chain: the C-type 

aurachins possess the farnesyl chain at the C3 position and the A-type aurachins at the C4 

position of the quinolone motif. Major aurachins which belong to these categories are aurachin 

C and D (C-type), and aurachin A and B (A-type). The BGCs for the biosynthesis of these four 

compounds is divided into three different loci in S. aurantica, referred to as gene locus I-III. 

Locus I contains the genes responsible for the formation of aurachin D and then C (Figure 

I-5, A). The genes in gene loci II and III are responsible for the formation of aurachins B and A, 

respectively[171]. For a more detailed description of the biosynthesis, a focus will be given to the 

C-type group (aurachin D and aurachin C). In S. aurantiaca, the biosynthesis of aurachin C (28) 

involves a type II polyketide synthase (PKS) in the conversion of anthranilic acid (24) to 

4-hydroxy-2-methylquinoline (26a)[172,173]. This intermediate is then farnesylated by the 

membrane-bound prenyltransferase AuaA to form aurachin D (27). In a final enzymatic step, 

N-hydroxylation occurs catalyzed by the Rieske monooxygenase [2Fe-2S] AuaF (Figure 

I-5, B)[171,174]. 

Aurachins were initially found to possess antimicrobial activity against Gram-positive bacteria 

and certain fungi[176]. The structural similarity between aurachins and the known electron 

transport inhibitor, 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO), suggested the same cellular 

targets. This was confirmed in various studies[166,177,178]. Moreover, further investigations 

revealed cytotoxic effects on different mammalian cell lines, especially for aurachin D[176,179]. 

Antiparasitic activity has been demonstrated in the malarian pathogen Plasmodium falciparum 

FcB1 and Trypanosoma brucei gambiense, causing African sleeping sickness. A direct 

comparison indicated significantly higher antiparasitic activity of aurachins B, C and E over 

aurachin D[167,176,180]. 
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Figure I-5: The biosynthetic pathway of the farnesylated quinoline aurachin C (adapted from Pistorius et 
al. 2011[171]; Sester et al. 2020[175]). 
A: Architecture of the aua gene cluster for aurachin C biosynthesis. In S. aurantiaca, genes encoding for enzymes 
responsible for the synthesis of aurachins are divided into three gene loci (I to III). Gene locus I contains the seven 
genes auaA-EII (green arrows) necessary for aurachin C production. This locus also contains genes responsible for 
aurachin transport (gray arrows) and genes with yet unknown function (white arrows). B: Aurachin C (28) is 
synthesized from anthranilic acid (24). The initial steps involve a type-II PKS (enzymes are highlighted by gray 
boxes). It results in the production of 4-hydroxy-2-methylquinoline (26a) which undergoes tautomerization into 2-
methyl-1H-quinolin-4-one (26b). AuaA is responsible for transferring the farnesyl side chain from FPP to 26b, thereby 
leading to the formation of aurachin D (27). The final catalytic step in the biosynthesis of aurachin C (28) involves the 
N-hydroxylation by AuaF. CoA: coenzyme A; ATP: adenosine triphosphate; FPP: farnesyl pyrophosphate. 

The overview of NPs, particularly the detailed review of some bacterial alkaloids, underlines the 

great potential of these compounds. However, a major challenge is obtaining the natural 

products in sufficient amounts for further characterization studies and applications. One 

approach to address this issue is to use the native producers for large-scale biosynthesis. 

However, under standard cultivation conditions, the expression of biosynthetic genes and 

product yields are often low. Therefore, one strategy can be to activate BGCs within the 

producer, for example, utilizing a library of diverse activator genes[181]. Since other aspects such 

as pathogenicity or difficult handling in the laboratory may render the native producers 

unattractive for a biotechnological application, another commonly employed strategy is therefore 
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to facilitate NP formation by the heterologous expression of the BGCs in alternative microbial 

hosts[182,183]. 

I.3. Recombinant NP biosynthesis 

Over the past 40 years, the significance of NPs has increased, with 50 to 70% of approved 

drugs being NPs, derivatives, or NP biosimilars[6,184,185]. Because of their intricacy and complex 

stereochemistry, these compounds are challenging to synthesize chemically. Extracting them 

from their natural hosts, such as plants or fungi, is often environmentally impractical and time-

consuming. Moreover, a fungal or bacterial producer may be pathogenic, not cultivable under 

laboratory conditions, or may show insufficient growth or product titers[26,186].  

Therefore, expressing a BGC heterologously in a genetically accessible, non-harmful and 

highly productive host presents a promising alternative for NP production (Figure I-6)[182,183,187–

189]. Notably, this approach also presents opportunities to incorporate novel engineering 

techniques in NP biosynthesis, leading to increased production titers or to structurally modified 

compounds. The initial step in recombinant NP production is always the identification and 

selection of known or novel BGCs. In particular, the search for novel gene clusters has been 

facilitated and expedited by bioinformatics developments in recent years, as genome mining 

can be used to screen genome sequences for the presence of new BGCs[56,190–195]. After (in 

silico) identification of suitable biosynthetic genes, recombinant host selection and its 

manipulation including stable integration of often large BGCs and, if necessary, engineering of 

metabolic fluxes need to be realized. A further challenge that should not be underestimated is 

the analytical detection, isolation, and structural elucidation of the produced compound, 

especially for novel NPs using, for instance, high-performance liquid chromatography (HPLC), 

mass spectrometry (MS), and nuclear magnetic resonance (NMR) spectroscopy. Once all 

necessary procedures are completed, NPs can be employed to investigate the biological effects 

and determine their mechanism of action[196].  
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Figure I-6: Procedure of bioactive NP production in heterologous hosts (adapted from Brötz-Oesterhelt et 
al. 2023[196]). 
Several steps are necessary for the biosynthetic NP production in recombinant hosts. These include identifying and 
cloning BGCs e.g., using bioinformatic approaches such as genome mining. Selecting a suitable organism is critical 
for enabling stable expression of biosynthetic genes and achieving high-yield production. The next step involves 
conducting bioanalytical methods (e.g., HPLC-MS measurements), isolating the compound via column 
chromatography-based techniques, and ultimately determining their structure (e.g., by NMR). Then, the effect of the 
produced NP against microbes, viruses, cancer cells, or inflammation can be investigated. 

The selection of an optimal production host certainly requires special consideration, as the 

recombinant biotransformation of bioactive NPs bears several critical points[197]. These include 

(i) ensuring effective transfer of biosynthetic genes and stable integration[182,198], (ii) coordinated 

and regulated gene expression as well as enzyme activity[182], (iii) overcoming non-optimal 

metabolic fluxes or low precursor or cofactor supply[188], and (iv) dealing with the NP bioactivities 

that can cause stress for the producer resulting in impaired strain stability and reduced growth. 

Thus, researchers have turned to various heterologous hosts over time. For terpene production, 

these include especially yeasts, such as Saccharomyces cerevisiae, as well as aerobic and 

anaerobic phototrophic bacteria[199–201]. Another common choice is the widely used host E. coli, 

and well-studied Streptomyces strains, like S. coelicolor, S. lividans, and S. albus, which are 

specifically used for expression of large BGCs[202,203]. In addition, the metabolically versatile 

bacterial strain Pseudomonas putida is useful for the production of various types of NPs[204]. 

This organism possesses several advantageous inherent properties for recombinant 

biosynthesis, which will be elaborated in the following chapter. 
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I.3.1. Pseudomonas putida as cell factory 

The Gram-negative rod-shaped soil bacterium P. putida has demonstrated biotechnological 

potential in the last decades as an appropriate cell factory[205–207]. Especially, P. putida KT2440 

is an intriguing representative for biotechnological use, due to its HV-1 (host–vector system 

safety level 1) certification[208,209]. Overall, the Pseudomonas genus is a highly heterogeneous 

bacterial group, found in various environments and niches[207,210]. P. putida can grow in a range 

of diverse and often extreme habitats. Its remarkable capacity to metabolize diverse carbon 

sources positions P. putida as a promising candidate for various biotechnological applications. 

Additionally, it exhibits the ability to grow in low-nutrient environments, which accounts for its 

widespread distribution[211].  

The central carbon metabolism of P. putida features a distinctive circular structure known as 

the EDEMP cycle. It is composed of enzymes from the Entner-Doudoroff (ED), the Embden-

Meyerhof-Parnas (EMP), and the pentose phosphate (PP) pathways. Glucose degradation 

primarily occurs through the ED pathway. The resulting triose phosphate is then partially 

recycled into hexose phosphate through a cycle involving the EMP and PP pathways[212,213]. 

Implementing cyclic glycolysis and recycling parts of the triose phosphate enable adjustment of 

NADPH synthesis to meet anabolic requirements and increase robustness to oxidative 

stress[214,215]. However, most of the triose phosphates generated by the ED pathway are 

metabolized through the tricarboxylic acid (TCA) cycle to produce reducing equivalents and 

biomass precursors[216]. Although P. putida has such a versatile metabolism, it has a rather low 

background profile of secondary metabolites, which facilitates the detection of recombinantly 

produced ones[204,217,218]. In addition, P. putida has demonstrated its ability to withstand 

xenobiotics through different adaptation strategies[219], which renders the suitability to produce 

bioactive NPs. Furthermore, its relatively high GC-content of approximately 62% suggests it for 

the recombinant biosynthesis of NPs from GC-rich species, like actinobacteria or 

myxobacteria[220–223]. 

Due to these reasons, P. putida has already successfully been applied as a recombinant 

host for producing numerous NPs such as AA-derived compounds, biosurfactants (e.g., 

rhamnolipids (RL)), terpenoids, as well as polyketides (PKs) and non-ribosomal peptides 

(NRPs)[204,211,224] (Figure I-7).  

The shikimate pathway in bacteria supplies precursor compounds for aromatic AAs which 

can all serve as the building blocks for NPs. P. putida strains have thus been developed to 

produce various compounds from these precursors, such as chorismate-derived anthranilic acid 

(24) at approximately 1.5 g L-1[225], and different carbocyclic aromatic secondary metabolites 

such as phenazines, in particular phenazine-1-carboxylic acid (PCA) (over 400 mg L-1)[226–228] 

and the resulting pyocyanin product[229]. Besides, those AA-derived compounds include the 

bisindole alkaloids deoxyviolacein (20) (up to 1.5 g L-1)[230], and violacein (19)[99,136]. 
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Figure I-7: P. putida as a cell factory for biotechnological applications (adapted from Loeschcke and 
Thies 2015, 2020[204,224]). 
In the field of recombinant biosynthesis of NPs, P. putida has emerged as a widely used heterologous host. The 
synthesis of the products is achieved by implementing corresponding BGCs and utilizing intrinsically metabolized 
building blocks from the primary metabolism. A diverse range of NP classes has been examined, including amino 
acid (AA)-derived compounds, rhamnolipids (RLs), terpenoids, as well as polyketides (PKs) and non-ribosomal 
peptides (NRPs). PCA: phenazine-1-carboxylic-acid; HAA: 3-(hydroxyalkanoyloxy)alkanoic acid. BGC: biosynthetic 
gene cluster. 

In addition to human pathogenic Pseudomonas aeruginosa, a well-studied native RLs 

producer[231], P. putida constitutes a promising alternative for industrial biosurfactant 

production[232]. Generally, RLs entail a hydrophobic unit consisting of two molecules of hydroxy 

fatty acids (FA) which form 3-(hydroxyalkanoyloxy)alkanoic acid (HAA), and one (mono-RL) or 

two  rhamnose units (di-RL) that make up the hydrophilic part[233]. Upon expressing the rhlAB(C) 

operon from P. aeruginosa, P. putida can produce mono- and di-RLs, as well as the precursor 

HAA[136,234–237]. In a fed-batch bioreactor, nearly 15 g L-1 of mono-RLs were achieved during 

recombinant production[238].  
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For heterologous terpene biosynthesis, yeasts, like S. cerevisiae, as well as aerobic and 

anaerobic bacteria such as Rhodobacter capsulatus have been described as viable hosts[199,201]. 

However, the ability to produce terpenoids from isoprenoid precursors has also been 

demonstrated in P. putida. Its tolerance towards isoprenoids makes it a promising candidate for 

production[223]. To date, P. putida has been successfully employed to synthesize different 

terpenoids encompassing carotenoids like lycopene, zeaxanthin, and β-carotene[239–242]. 

PKs and NRPs comprise the last group of recombinantly produced NPs in P. putida. These 

highly diverse compounds are formed by condensation of basic AAs or carboxylic building 

blocks[243]. The functional modification of the acyl-carrier protein (ACP) or peptidyl-carrier protein 

(PCP) domains by a phosphopantetheinyl transferase (PPTase) is critical for their performance. 

As the genes encoding a PPTase are often not located within the PKS/NRPS gene cluster, an 

effective producer of PKs and NRPs has to be additionally equipped with this gene. P. putida 

intrinsically possesses a PPTase with a broad substrate spectrum that activates both ACP and 

PCP domains[244,245] and has been successfully used to recombinantly produce PKs and NRPs 

such as flaviolin, coronatin, and serrawetin W1[246–248]. An interesting PK/NRP hybrid NP is the 

tripyrrole prodigiosin (14). P. putida is capable to produce prodigiosin in high titers compared to 

other hosts like E. coli[249]. Multiple studies have dealt with the production of prodigiosin or 

prodiginine derivatives in P. putida[99,239,250–253]. These efforts led to an optimized producer strain 

reaching over 1 g L-1 prodigiosin[254]. 

The above examples of different classes of NPs produced in P. putida species underline the 

potential this organism has for the recombinant biosynthesis of bioactive products. However, 

specific genetic and metabolic engineering strategies must be considered that enable and 

optimize production. These strategies will be discussed in the following chapters. 
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I.3.1.1. Genetic tools for Pseudomonas putida 

Since its complete sequencing in 2002[255], the repertoire of genetic tools for engineering 

P. putida KT2440 has been continuously expanded, making the bacterium a highly amenable 

host for genetic engineering. This toolbox includes elements for genome editing and genetic 

regulatory elements such as origins of replication (oriR), promoters, ribosome binding sites 

(RBS), and transcriptional terminators[256]. 

The integration of single biosynthetic genes or smaller BGCs is often accomplished by 

utilizing plasmids including standardized series such as the Standard European Vector 

Architecture (SEVA)[257–260]. Introduction of respective genes onto plasmids enables efficient 

generation of a producer strain and versatile utilization in different strains[259,261]. Exchangeable 

components like oriR, antibiotic resistance markers (AbR), as well as constitutive and inducible 

promoter elements have resulted in a range of recombinant plasmids, making customization 

easier. The oriR plays a crucial role in plasmid construction as it determines the copy number, 

thereby, affecting the protein yield[262]. Further, there are also temperature-sensitive plasmids 

that become unstable at higher temperatures, and integrative plasmids, also known as suicide 

vectors, containing an oriR unable to replicate in P. putida[246,257,263,264]. These plasmids are 

commonly used for plasmid-curing and genomic recombinant integration strategies, 

respectively. The AbR consisting of the antibiotic gene and its native promoter is important for 

maintaining plasmids. P. putida has a natural resistance to chloramphenicol and triclosan 

(irgasan)[265,266], which is frequently utilized in selective medium for the isolation of 

Pseudomonas species. Nevertheless, the toolbox for P. putida has several resistance markers 

available (e.g., kanamycin, tetracycline, gentamicin, or streptomycin/spectinomycin)[257,259].  

Promoters are essential for functional gene expression and directly impact expression levels 

through their regulation, which can be constitutive, positively, or negatively regulated. Several 

constitutive promoters, both native and synthetic, have been utilized in P. putida[260,267]. In 

contrast to constitutive promoters, inducible promoters that respond to external signals, so-

called inducers, provide a better fine-tuning of gene expression (Table I-1)[212,256,268,269]. When 

working with inducible expression systems, it is essential to consider the promoter’s leakiness, 

known as basal expression, the inducer working concentration as well as the level of induced 

expression compared to the basal expression level, which is referred to as the dynamic range. 

Other elements influencing the protein yield by affecting the secondary structure and stability 

of the messenger RNA (mRNA) include the RBS spacer, i.e., the distance between the RBS 

and the start codon, and the transcriptional terminators[270,271]. The RBS determines translation 

rates of the mRNA. Hence, the exact transcription sequence, including all elements such as the 

RBS sequence and spacer, can serve as regulatory elements to impact protein production 

levels[272]. 
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Table I-1: Widely used inducible expression systems for Pseudomonas species. 
DCPK: dicyclopropyl ketone, IPTG: isopropyl-β-D-1-thiogalactopyranoside, 3-MB: 3-menthylbenzoate, 
n.d.: not determined; 1names of the promoters are given, preceded by the regulator proteins. 

regulator/promoter 
system1 

inducer regulation 
inducer 
concentration 

leakiness references 

AlkS/PalkB 
short chain alkanes 
(e.g. DCPK) 

positive 
0.001 to 
0.05% (w/v) 

low [268,273] 

AntR/PantA anthranilate negative 0.01 to 10 mM low [274] 
AraC/PBAD L-arabinose positive 1 to 100 mM  very low [268,275] 
LacIq/Ptrc,PlacUV5 IPTG negative up to 3 mM n.d. [276,277] 

MtlR/PmtlE D-mannitol 
positive 0.1 to 1% 

(w/v) 
low [278,279] 

NagR/PnagAa salicylic acid positive 1 mM n.d. [279] 
NahR/Psal salicylic acid positive 0.001 to 5 mM low [268,280] 
RhaRS/PrhaB L-rhamnose positive 1 to 10 mM  low [268,274] 
TetR/PtetA anhydrotetracycline negative approx. 1 µM low [278] 

XylS/Pm 3-MB positive 
0.05 to 
0.5 mM 

low [268] 

 

 

Besides the introduction on a replicative plasmid, the genomic integration proves to be a 

promising approach as it leads to higher genetic stability and less burden, particularly, for the 

expression of large BGCs[256]. Here, a distinction is made between random chromosomal 

integration and site-specific integration, for example, achieved through recombineering 

strategies. 

Random integration entails incorporating genetic elements into a random location within the 

genome using transposons, such as the Tn5 transposon, to generate a strain library[239,281–283]. 

The suitable strains can be selected by identifying the particular product using visible outputs 

(e.g., for prodiginines or violacein, these products themselves can act as color-indicators) or by 

utilizing a transcriptional reporter, such as fluorescent proteins[99,247,251,284]. For larger BGCs, 

both the transfer and expression (TREX) system and the enhanced yTREX system, which 

allows for yeast recombinational cloning, serve as appropriate tools[99,239,251]. Using the (y)TREX 

system, the gene cluster, flanked by outside ends (OE), is randomly integrated into the genome, 

facilitated by the Tn5 transposase. The integrated genes can then be selectively expressed 

using either two T7 RNA polymerase (T7RP)-dependent promoters or, in the case of a gene 

cluster with unidirectional genes, using a chromosomal promoter[239]. In the first case, it is 

necessary to integrate a T7RP-encoding plasmid into P. putida. Instead relying on chromosomal 

promoters, recombinant production of prodigiosin has uncovered favored integration loci, 

particularly in the rRNA-coding operons of P. putida. This has resulted not only in high 

expression and product levels, but also in high genetic stability[251]. One benefit of utilizing Tn5 

transposition is the ability to perform multiple sequential Tn5 integrations, assuming different 

selection markers are accessible or implemented. 

However, random integration may not be advantageous for all applications and could require 

significant effort in screening the resulting strain library, depending on the detectability of the 
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biological product. Site-specific integration abolishes the necessity to examine an enormous 

library by minimizing variability and instead defining the genomic locus. For example, BGCs can 

be embedded into specific locations within the chromosome by addressing attB sequence 

motifs within the tRNA-encoding genes via IntB13 site-specific recombinase[285–287]. 

Furthermore, CRAGE (chassis-independent recombinase-assisted genome engineering) 

permits genomic integration at a previously transposon-based inserted ‘landing pad’[288]. In 

addition, Tn7 transposition can be considered[240,267,289,290]. Here, the Tn7 transposase inserts a 

gene sequence at the attTn7 site, a specific location in the genome of most bacteria that 

appears only once or twice[291,292]. In P. putida and other prokaryotes, the recognition site of the 

Tn7 proteins is in the glmS gene, which is essential, making it unlikely for this site to be lost in 

bacterial chromosomes[291]. Since insertion occurs downstream of the essential gene, 

transposition events are not lethal but lead to stable strains. Moreover, the attTn7 site is often 

located near the chromosome's replication origin. This implies that the biosynthetic genes are 

present in at least two copies throughout bacterial growth due to continuous cell division and 

DNA replication enabling efficient transcription[293,294]. As Tn7 transposition can only occur once 

in the one available attTn7 site in P. putida, genetic engineering is limited with this system. 

Transposon systems are well suited for introducing BGCs into the genome, but are less ideal 

for knockouts, as they can only disrupt genes and not delete them. To address this issue, the 

genetic toolbox provides methods that use homologous recombination, which are facilitated by 

recombinases like RecET[246,295]. An advantage of these methods is that undesired genes can 

be deleted and BGCs can be inserted simultaneously. However, the requirement for antibiotic 

selection marker could limit some applications. For this purpose, methods for scar- and marker-

less engineering have been expanded by incorporating counter-selection tools, including the 

homing endonuclease I-SceI[209,286,296], the levansucrase SacB[297–299], or CRISPR/Cas9[269,300]. 

Over the last decades, the presented tools have not only been utilized for the integration and 

expression of BGCs but also for engineering strategies to optimize NP production – for example 

via gene deletion or introduction, the implementation of sophisticated regulation, or enzyme 

engineering. 

I.3.1.2. Systems metabolic engineering for recombinant NP biosynthesis 

The recombinant NP production depends not only on integrating respective biosynthetic genes 

but also on several other factors that influence yield in biosynthesis. To overcome limitations in 

productivity, systems metabolic engineering using tools for regulatory and pathway engineering 

have been applied to NP production in P. putida, which will be outlined in the following section 

(Figure I-8)[187,301,302]. 

Regulatory elements have already been described as an important tool in the genetic toolbox 

of P. putida in chapter I.3.1.1. The engineering of regulatory elements, particularly promoters, 

has been proven to be an effective approach to enhance production. This has been 
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demonstrated for several NPs, such as prodigiosin, glidobactin A, coronatines, and 

RLs[247,254,303]. Furthermore, the utilization of alternative RBS and start codons has been shown 

to impact the titers of prodigiosin and glidobactin A[254]. In addition to these adaptations, protein 

assembly regulation and pathway control can also be attained through transcriptional, post-

transcriptional and post-translational regulation[256]. The CRISPR system has applications in 

genome-editing methods but can also be employed to regulate gene expression using a 

catalytically inactive Cas9 enzyme (dead Cas9, dCas9). This edited system can be used to 

decrease transcription by obstructing the DNA for the RNA polymerase (RNAP), known as 

CRISPR interference (CRISPRi), or to activate transcription (CRISPRa)[304,305]. The CRISPRa 

complex, in contrast, recruits and stabilizes the RNAP. While CRISPRi is already well-

established for use in metabolic engineering in P. putida[306–308], for CRISPRa only pioneering 

work has been done in P. putida so far[309]. Further widely applied and popular methods for 

metabolic engineering are small RNA (sRNA)-based strategies due to their independence from 

additional heterologous proteins[310,311]. sRNAs can up- or down-regulate target genes through 

interaction with their mRNA. In addition to the strategies that control transcription or translation 

rates, another direct approach for controlling protein assembly and enzyme activity is via post-

translational regulation. It enables a more precise control over protein levels, but it is 

energetically unfavorable as resources are invested in the production of dispensable 

proteins[312]. The addition of a hybrid Nla/SsrA proteolytic tag at the desired gene enables 

protein activation or degradation based on conditional proteolysis. This way, the use of a post-

translational system helped to reduce basal expression and to improve inducibility in 

P. putida[313]. 

In addition to engineering transcriptional and translational machineries, effective activation of 

biosynthetic pathways, especially for PK- and NRP-type compounds, is crucial. Despite 

possessing an intrinsic PPTase with the ability to activate a wide range of carrier proteins, 

studies have indicated that co-expression of an additional PPTase can result in improved 

production titers in P. putida, as recently observed for glidobactin A and docosahexaenoic 

acid[254,285,314]. 
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Figure I-8:Strategies and procedures of systems metabolic engineering for recombinant NP production 
(adapted from Ko et al. 2020[301], Fernández-Cabezón and Nikel 2020[302]). 
Engineering the carbon flux and precursor supply, removal of competing pathways as well as feedback inhibition, 
design of (non-natural) biosynthetic pathways for NP production, and engineering of pathway regulation which 
includes the change of basic expression elements, transcriptional, post-transcriptional, and post-translation 
regulation, are key strategies in metabolic engineering. RBS: ribosome binding site; sgRNA: single guiding RNA, 
RNAP: RNA polymerase, NT: non-template; T: template; MCP-SoxS: transcriptional activator; mRNA: messenger 
RNA; sRNA: small RNA. 

Systems metabolic engineering involves not only regulating biosynthetic enzyme production but 

also ensuring that sufficient metabolites are available. Optimizing precursor supply is a major 

determinant for achieving high yields. This is typically achieved by overexpressing enzymes 

which catalyze rate-limiting steps[315] or integrating new precursor pathways. For instance, the 

genes of the mevalonate (MVA) pathway from Myxococcus xanthus have been integrated in 

P. putida to enhance flux from acetyl-CoA to the isoprenoid precursor required for geranic acid 

production[223]. Besides over- and co-expression, intrinsic metabolic networks can be interrupted 

to reduce or abolish competing pathways or product degradation enzymes[225,254,316]. Feedback-

inhibition loops, which naturally protect cells from wasteful biosynthesis of compounds which 

are not needed at high levels, often interfere with productivity. Enzyme engineering strategies, 



Introduction 

22 

such as rational design, can generate feedback-inhibition-resistant mutants to further support 

NP production. The combined use of the last two strategies has led to improved titers of 

anthranilic acid and p-hydroxy benzoic acid in P. putida[225,316]. Rerouting metabolic pathways, 

for example, for the generation of alternative sugar catabolic routes or improvement of the 

carbon flux towards a desired product and rewiring pathways for the production of non-native 

products are strategies that result in optimized production or even in the generation of new-to-

nature compounds[303,317,318]. 

I.3.2. Biosynthetic concepts for NPs and derivatives 

Regarding the recombinant production of NPs, the last chapters emphasized the selection of an 

appropriate organism, genetic tools as well as engineering strategies to obtain desirable titers of 

the target compound. In the following, a summary will be given on the biosynthetic concepts 

available to reach the final product. This will shed light on how to access derivatives and non-

native products, which are of great interest in NP research. The following chapter will present 

different concepts involved in converting a precursor into a highly valuable product (Figure I-9) 

and give examples for recombinant production of bacterial alkaloids mentioned in chapter I.2.1. 

In vitro biocatalysis using isolated enzymes has gained popularity as a sustainable and 

greener manufacturing process compared to traditional chemical approaches (Figure I-9,i)[319–

321]. It also offers advantages over in vivo biotransformation, such as direct substrate availability 

for the enzymes, which may be hampered in vivo by transport limitations due to poor cellular 

uptake. Further, an easier and less expensive product recovery and downstream processing is 

expected since no cells need to be disrupted and no separation is required from a multitude of 

cellular components. In vitro conversion of chemically synthesized MAP and MBC analogs with 

the enzyme PigC and other ligating enzymes, such as TamQ and ThreaP from 

Pseudoalteromonadaceae strains, showcased the promiscuous properties of these enzymes 

and led to a variety of prodiginine derivatives including cyclic variants[252,322–324]. 

On the other hand, whole-cell biotransformation is a promising approach, especially for the 

production of complex products derived from multi-step biosynthetic cascades. So far, classic 

biosynthesis is the most frequently applied method (Figure I-9, ii) and has been used for the 

recombinant production of a multitude of NPs[204,224]. Combinatorial biosynthesis is an expanded 

form of classical biosynthesis (Figure I-9, iii). This method involves combining biosynthetic 

pathways or catalytical parts, to end up with a more efficient biosynthesis or with new and 

modified NP structures[325]. Combination of the violacein pathway with the tryptophan 

halogenase RebH and the flavin reductase RebF has resulted in chlorinated derivatives of 

violacein and deoxyviolacein[326,327]. Combinatorial biosynthesis has also been applied for the 

production of cycloprodigiosin in preliminary studies. For this, the pig gene cluster was 
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integrated in P. putida and the gene encoding for the enzyme Prub680, a cyclase from P. rubra, 

was co-expressed[327]. 

 
Figure I-9: Biosynthetic concepts to produce a diversity of NPs in heterologous hosts. 
Different biosynthetic concepts for the synthesis of NPs or their derivatives are shown. These include in vitro 
biocatalysis (i), biosynthesis (ii), combinatorial biosynthesis (iii), semisynthesis with late-stage chemical derivatization 
(iv), as well as mutational synthesis (precursor-directed biosynthesis (PDB, v) and mutasynthesis (MBS, vi)). The 
geometric shapes represent precursors, biosynthetic intermediates, and final products. Shapes of the same color 
belong to the same synthesis pathways. The capital letters denote the enzymes involved. 

Biosynthesis and combinatorial biosynthesis rely on naturally occurring pathways or catalytic 

reactions which restricts the diversity of accessible compounds. Approaches combining biology 

with classical synthetic chemistry allow access to a more diverse portfolio of xenobiotic 

compounds. Minor variations (e.g., halogenations or esterifications) are often introduced by 

chemical derivatization of a biologically produced NP. This method is referred to as 

semisynthesis (Figure I-9, iv)[328–331]. Prominent examples include the synthesis of artemisinin 

from biosynthesized artemisic acid, or the synthesis of englerin A from biosynthesized guaia-

6,10(14)diene[330]. As the semisynthetic approaches are often hampered by poor 
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stereoselectivity[332], another focus is laid on the conversion of a chemically synthesized artificial 

precursor leading to structurally modified products. The precursor-directed biosynthesis (PDB) 

and mutational biosynthesis (MBS), also known as mutasynthesis, are two methods applicable 

for this purpose. 

PDB is achieved by adding biosynthetic precursor analogs to a non-modified NP producer 

(Figure I-9, v). Thus, the biosynthetic machinery of the producer can be accessed without time-

consuming genetic manipulations. This has been successfully demonstrated for the production 

of novel aurachins by feeding halogenated anthranilic acids to S. erecta[175]. However, the yields 

of the derivatives produced via PDB are affected by the competition between natural and non-

natural precursors. Low concentrations of the desired compounds often result in difficulties 

separating them from the natural variants[333]. 

Mutasynthesis is a promising approach merging chemical synthesis with biosynthesis via 

genetically modified producer strains. By generating mutants with blocked key biosynthetic 

steps and feeding them with precursor analogs, called mutasynthons, biosynthesis of non-

natural products is possible without formation of the original product (Figure I-9, vi)[334]. A 

prerequisite for MBS is the availability of genetic and functional information on the biosynthesis 

of the targeted NP. An additional issue could arise if the biosynthetic step to be deleted provides 

an essential intermediate for the producer's growth. Nonetheless, MBS can be used to 

overcome PDB limitations, specifically those involving reactions which result in complex 

mixtures of challenging-to-separate products or limit non-natural product formation due to a 

competition with natural precursors[335]. Thus, mutasynthesis proves to be a practical and 

effective alternative to produce non-natural NPs. Besides in vitro conversion, prodigiosin 

derivatization has also been pursued using MBS. For this purpose, the gene pigD was deleted 

to block the synthesis of the monopyrrole MAP in the first catalytic step. As the precursor MBC 

is still biosynthesized, pathway manipulation allowed for the establishment of a mutasynthesis 

platform in P. putida to produce cyclic and non-cyclic prodiginines by introduction of chemically 

synthesized MAP analogs[252,322]. The production of novel compounds by PDB and MBS 

requires some knowledge concerning the NP’s biosynthetic pathway with several crucial factors 

to be considered: the cellular uptake of the artificial precursor by the producer, potential toxic 

side-effects of non-native biosynthetic intermediates, and the acceptance of artificial precursors 

as well as intermediates by the biosynthetic machinery[333]. 

The application and potential of different biosynthetic concepts have been shown in this 

chapter. However, these concepts do not have to be considered separately, as combinations of 

them enable an extended and rapid access to derivatives and NP libraries. The recently coined 

term CHEM-BIO-CHEM refers to strategies using a combination of muta- and semisynthesis, 

while implementation of MBS and combinatorial biosynthesis can be referred to as CHEM-BIO-

BIO strategies[328,329,332]. 
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I.4. Stress responses in Pseudomonas 

In biotechnological NP production, the associated substrates and biosynthetic products often 

cause severe stress to the bacterial hosts, which is why the study of stress response 

mechanisms has become relevant in this context. 

Bacteria have various strategies to alleviate stress caused by prevailing environmental 

conditions in their natural habitat. These stress response mechanisms are advantageous for 

survival and can be leveraged for efficient recombinant production by whole-cell 

biotransformation, which requires an organism that can cope with the associated stress. 

Pseudomonas species are found in different habitats all over the world, exposed to drought, 

extreme temperatures, and other factors causing environmental stress[336,337]. To survive such 

harsh conditions and to cope with the impact they have on cellular functions, Pseudomonads 

have evolved different intrinsic mechanisms against osmotic, desiccation, heat and cold, 

oxidative, as well as chemical stress (Figure I-10)[338–341]. 

The different stressors can occur as single factors, or in combination; in addition, one 

stressor can also give rise to additional stress factors. For example, while oxidative stress is 

mainly caused by exposure to UV light or hydrogen peroxide[342–344], it can also arise in 

conjunction with solvent, antibiotic, or osmotic stress[345–348]. While the Pseudomonas clade is 

perhaps most famous for a high solvent tolerance, the stress tolerance traits are in fact diverse 

and are coming into focus of biotechnological research. These diverse evolved response 

strategies can be triggered individually and more specifically in reaction to a certain stress, but 

also simultaneously, so resulting stress responses to various stressors often exhibit certain 

similarities. 
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Figure I-10: Environmental stresses and evolved response mechanisms in Pseudomonas species. 
Schematic overview of stresses caused by different harsh environments. To overcome the harmful effects of the 
environmental stresses, Pseudomonas species have evolved diverse response strategies including protection, repair, 
detoxification, as well as the prevention of intrusion or the extrusion of the stressor. NAD(P): nicotinamide adenine 
dinucleotide (phosphate); Psl: polysaccharide synthesis locus; Pel: pellicle; OMV: outer membrane vesicle. 

The mechanisms of this stress response network encompass strategies for protection and 

repair, for conversion or extrusion of the stressor, as well as strategies to keep the stressor out 

of the cell. From an energetic point of view, these strategies are highly demanding, which is why 

proteins involved in energy metabolism are typically upregulated in stress-induced cells[349–351]. 

In addition, alternative sigma factors are used for transcription initiation of genes linked to 

stress mechanisms, in order to help the cell to respond to physiological changes[338,352]. 

Compatible solutes, such as the disaccharide trehalose or glutamate and its derivatives, are 

small organic molecules protecting the cell from desiccation, due to osmotic stress, 

temperature, or oxidative stress[353,354]. They accumulate intracellularly to regulate osmotic 

pressure and maintain cellular homeostasis[355–357].  

As the stressors can cause damages to DNA, proteins, or other cellular components, repair 

mechanisms have been developed including the SOS system, chaperons, and proteases. The 

SOS system responds to DNA damage and promotes its integrity. It is tightly regulated and 

involves induction of multiple proteins, with the proteins LexA and RecA playing key roles[358]. 

Chaperons and proteases are crucial for any kind of proteotoxic stress, preventing aggregation 
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or misfolding, as well as enabling degradation of denatured proteins and proteins that are no 

longer required[359–363].  

Dealing with the stressor includes the elimination of harmful compounds, especially solvents 

or antimicrobials, by redox enzymes or the extrusion of the stressor by efflux transporters. Both 

mechanisms play crucial roles in the bacterial stress response helping to decrease the 

intracellular stressor concentration[364–366]. Pseudomonas species have a large repertoire of 

such detoxifying enzymes[367–369] and are equipped with many efflux transporters which belong 

to the RND (resistance-nodulation-division)-, the SMR (small multidrug resistance)-, and the 

MATE (multidrug and toxic compound extrusion)-family, as well as ABC-binding cassette (ABC)- 

and major facilitator superfamily (MFS) transporters[351,370–374]. 

Extreme temperatures, solvents, or hydrophobic antibiotics can also affect the bacterial 

membrane and its fluidity. Thus, altering the membrane composition is a further strategy to cope 

with the stress-induced effects on the cell envelope[338,375,376]. The integrity of the inner 

membrane (IM) can be maintained by converting cis unsaturated FAs into their trans 

configuration by the periplasmic enzyme cis-trans-isomerase (Cti)[377,378]. This response 

decreases the membrane fluidity counteracting the effect of destabilizing substances like 

solvents. In addition, it is a very fast process independent of transcriptional activation or de novo 

synthesis of FAs. 

Bacteria growing in biofilms are more resistant to different stressors[379]. The secretion of 

polysaccharides, which are major components of the biofilm matrix, facilitates its formation[380]. 

Examples include capsulate polysaccharides such as alginate and levan, as well as the 

aggregative polysaccharides Psl (polysaccharide synthesis locus) and pellicle (Pel)[381]. Besides 

the polysaccharides, the formation of so-called outer membrane vesicles (OMVs) also supports 

biofilm formation by increasing the cell surface hydrophobicity[382]. However, vesiculation is not 

exclusively involved in biofilm formation, but is a response to different stressors[383–385]. Their 

biogenesis, biological functions and the potential biotechnological exploitation of their formation 

are discussed in the next chapter. 
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I.4.1. Outer membrane vesicle formation 

OMVs are formed from the outer membrane (OM) by Gram-negative bacteria, typically 

ranging in sizes from 20 to 300 nm in diameter[386,387]. They carry membrane components, 

lipopolysaccharides (LPS), peptidoglycan (PG), proteins (membrane-bound, periplasmic, 

cytoplasmic), and nucleic acids[388]. Vesiculation occurs under different conditions including the 

exposure to antibiotics or other toxicants, as well as a lack of nutrients[389]. Thus, they play a 

crucial role in the bacterial stress response network supporting survival. In addition, vesiculation 

has also been described in context with release of hydrophobic molecules such as prodigiosin, 

violacein, or PQS in the native producers, where OMVs potentially function as a delivery vehicle 

and extracellular reservoir[390–392]. Besides these compounds, enzymes enabling the catabolism 

of otherwise unavailable polymeric substrates were described to be exported in OMVs[393]. 

The underlying mechanism of vesiculation is not completely understood. It has been 

described as a very fast process which does not involve transcriptional regulation[382,394]. 

However, over the last years, different models have been proposed and proteins affecting OMV 

formation have been described for some Gram-negative bacteria including E. coli, 

P. aeruginosa, Salmonella and Vibrio species (Figure I-11)[386,387,389,395]. The models explain the 

OMV biogenesis due to decreased linkages between the OM and the PG layer leading to 

bulging of the OM. This can be caused by a lack or decreased presence of specific outer 

membrane proteins (OMPs), such as Lpp or OmpA, or by the activity of PG degrading 

enzymes[387,396,397]. Modification of the OM structure is an additional trigger for OMV formation. 

Changes in the OM structure result, for example, from LPS modifications or accumulation of 

phospholipids in the outer leaflet of the OM due to a non-functional Mla ABC transporter 

system, which would usually maintain the asymmetry of the lipid bilayer[395,398–400]. Accumulation 

of misfolded proteins or other molecules in the periplasm leads to an increase of periplasmic 

pressure which can also induce vesicle formation in Gram-negative bacteria[401–403].  
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Figure I-11: Proposed models for OMV biogenesis in Gram-negative bacteria (adapted from Juodeikis & 
Carding 2022[395]). 
Mechanisms activating OMV formation in Gram-negative bacteria include the reduction of local connections between 
the outer membrane (OM) and the peptidoglycan (PG), the modification of the OM structure, as well as increasing 
periplasmic pressure. Examples of targets which are involved in these mechanisms are shown in the figure. The 
underlying regulation of these processes/proteins are presented by arrows. Green arrows indicate upregulation, red 
arrows indicate downregulation. IM: inner membrane; LPS: lipopolysaccharide. 

The OMV biogenesis thus relies on many different mechanisms which can be naturally affected 

by the organism, the growth phase, or the kind of exposed stress[395]. Recently, OMVs have 

gained attention as a target in strain engineering to support the production of NPs[404,405]. This 

observation is considerably promising for further research, particularly with regards to the 

suitability of different genetic targets for OMV biogenesis and the various classes of NPs. 
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I.5. Outline of this thesis 

NPs are widely distributed in nature and have a multitude of biological activities that make them 

valuable for pharmaceutical applications. Biosynthesis using heterologous microbial host strains 

is a promising approach to access large amounts of NPs in high yields. Many recombinant 

hosts suffer from low tolerance against high product concentrations, organic solvents, or 

temperature, limiting their overall titers. A suitable host organism may be engineered to facilitate 

an effective recombinant NP biosynthesis. Pseudomonads are endowed with remarkable 

stress-coping mechanisms, so the HV-1 certified strain Pseudomonas putida KT2440 

represents an attractive starting point. This thesis focused on the generation and 

characterization of a robust P. putida chassis for recombinant NP biosynthesis. 

For this purpose, a general overview about the potential of Pseudomonas species in the 

context of intrinsic stress response mechanisms and available engineering tools was given first 

(II.1). To evaluate the host capacities of P. putida, the biosynthetic pathways of different 

bacterial alkaloids like prodiginines, arcyriaflavin A and violacein were implemented as models 

and different tools were applied to harness the host’s potential: 

(i) A fully modular genetic toolbox was established allowing the stable random as well as 

site-specific integration of biosynthetic genes into the P. putida genome (II.2). 

(ii) OMV formation was identified as a responsible factor for tolerance towards 

production, supporting product yields. The targeted exploitation of this stress 

response strategy was investigated for the production of different NP classes (II.3 and 

II.4).  

(iii) Access to desired NPs and to non-natural derivatives was explored via different 

biosynthetic concepts as shown for prodiginine production in P. putida (II.5). 

 

This way, this thesis investigated different bioprocess and genetic approaches to support the 

production of a value compound of interest in P. putida and to further establish this host as a NP 

cell factory.  
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II. RESULTS 

The following chapter consists of six manuscripts that built the framework of this thesis: Five 

have already been published in peer-reviewed journals and one is about to be published in a 

peer-reviewed journal. The present work and publications are based on collaborative projects 

within the BMBF project ´NO-STRESS`, as part of the innovation lab ‘AutoBioTech’ within the 

project ”Modellregion, BioRevierPLUS: BioökonomieREVIER Innovationscluster Biotechnologie 

& Kunststofftechnik”, and the interdisciplinary PhD project ´ARcyria` (Bioeconomy Science 

Center). I would like to mention my colleagues Dr. Luzie Kruse, Dr. Robin Weihmann, and 

Dr. Sonja Kubicki (Institute of Molecular Enzyme Technology, HHU Düsseldorf), my 

collaborators from the Department of Environmental Biotechnology, Helmholtz Center for 

Environmental Research (UFZ) (Dr. Hermann Heipieper and Dr. Christian Eberlein), and from 

the Institute of Bioorganic Chemistry (HHU Düsseldorf) of Prof. Dr. Jörg Pietruszka for the great 

and fruitful cooperation. The work of my bachelor and master students, especially of Carolin 

Höfel, Anka Sieberichs and Maximilian Spindler, is also worth mentioning. Each publication or 

manuscript includes a statement of my own contributions. 
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II.1. Strategies for the generation of robust Pseudomonas chassis 

 

 

PUBLICATION I 

Towards robust Pseudomonas cell factories to harbour novel biosynthetic pathways 

 

Nora Lisa Bitzenhofer*, Luzie Kruse*, Stephan Thies, Benedikt Wynands, Thorsten Lechtenberg, Jakob 
Rönitz, Ekaterina Kozaeva, Nicolas Thilo Wirth, Christian Eberlein, Karl-Erich Jaeger, Pablo Iván Nikel, 

Hermann J. Heipieper, Nick Wierckx, Anita Loeschcke 

Essays in Biochemistry (2021) 65(2):319-336.  

The online version is available at: 10.1042/EBC20200173 

Status: published 

 

Copyrights © 2021 Bitzenhofer, Kruse et al. 

This article is distributed under the terms of the  

Creative Commons Attribution License 4.0 (CC BY).  

Own contribution:  

Writing parts of the manuscript, designing and preparing the figures. 
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II.2. A genetic toolbox for engineering P. putida 

 

 

PUBLICATION II 

The modular pYT vector series employed for chromosomal gene integration and expression to 
produce carbazoles and glycolipids in P. putida 

 

Robin Weihmann*, Sonja Kubicki*, Nora Lisa Bitzenhofer, Andreas Domröse, Isabel Bator, Lisa-Marie 
Kirschen, Franziska Kofler, Aileen Funk, Till Tiso, Lars M. Blank, Karl-Erich Jaeger, Thomas Drepper, 

Stephan Thies, Anita Loeschcke 

FEMS Microbes (2023) 4:xtac030.  

The online version is available at: 10.1093/femsmc/xtac030 

Status: published 

Supporting Information can be found in the Appendix (Chapter V.1) 

Copyright © Weihmann, Kubicki et al. 2022. Published by Oxford University Press on behalf of FEMS.  

This article is distributed under the terms of the  

CreativeCommons Attribution-NonCommercial License 4.0 (CC BY-NC).  

Own contribution:  

Planning and performing arcyriaflavin A experiments and analyzing the data, writing parts of the 

manuscript. 
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II.3. Targeted exploitation of a stress response mechanism in a 
biosynthetic context 

 

 

PUBLICATION III 

Exploring engineered vesiculation by Pseudomonas putida KT2440 for natural product 
biosynthesis 

 

Nora Lisa Bitzenhofer, Carolin Höfel, Stephan Thies, Andrea Jeanette Weiler, Christian Eberlein, 
Hermann J. Heipieper, Renu Batra-Safferling, Pia Sundermeyer, Thomas Heidler, Carsten Sachse, 
Tobias Busche, Jörn Kalinowski, Thomke Maren Belthle, Thomas Drepper, Karl-Erich Jaeger, Anita 

Loeschcke 

Microbial Biotechnology (2023) 00:1-18.  

The online version is available at: 10.1111/1751-7915.14312 

Status: published 

Supporting Information can be found in the Appendix (Chapter V.2) 

Copyright © 2023 Bitzenhofer et al. Microbial Biotechnology published by Applied Microbiology 
International and John Wiley & Sons Ltd. 

This article is distributed under the terms of the  

CreativeCommons Attribution-NonCommercial License 4.0 (CC BY-NC).  

Own contribution:  

Planning and performing the biological experiments, analyzing the data, writing the manuscript. 



Results 

70 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

71 

 

  



Results 

72 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

73 

 

  



Results 

74 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

75 

 

  



Results 

76 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

77 

 

  



Results 

78 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

79 

 

  



Results 

80 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

81 

 

  



Results 

82 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

83 

 

  



Results 

84 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

85 

 

  



Results 

86 

 

  



Targeted exploitation of a stress response mechanism in a biosynthetic context 

87 

 

  



Results 

88 

II.4. Bioprocess optimization strategies for increased arcyriaflavin A 
production 

 

 

PUBLICATION IV 

Biotransformation of L-tryptophan to produce arcyriaflavin A with Pseudomonas putida KT2440 

 

Nora Lisa Bitzenhofer, Thomas Classen, Karl-Erich Jaeger, Anita Loeschcke 

ChemBioChem (2023) 00:e202300576  

The online version is available at: 10.1002/cbic.202300576 

Status: published 

Supporting Information can be found in the Appendix (Chapter V.3) 

Copyright © 2023 Bitzenhofer et al. ChemBioChem published by Wiley-VCH GmbH.  

This article is distributed under the terms of the  

CreativeCommons Attribution-NonCommercial License 4.0 (CC BY-NC).  

Own contribution:  

Planning and performing the experiments, analyzing the data, writing the manuscript. 
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II.5.  Combining biosynthetic concepts to produce non-natural 
prodiginines 

II.5.1. Hybrid synthesis of a hydroxylated prodiginine 

 

 

PUBLICATION V 

Production of tailored hydroxylated prodiginine showing combinatorial activity with rhamnolipids 
against plant-parasitic nematodes 

 

Dorothea Fabiane Kossmann*, Mengmeng Huang*, Robin Weihmann*, Xinghzi Xiao, Florian Gätgens, 
Tim Moritz Weber, Hannah U. C. Brass, Nora Lisa Bitzenhofer, Schinya Ibrahim, Klara Bangert, Leon 

Rehling, Conrad Müller, Till Tiso, Lars M Blank, Thomas Drepper, Karl-Erich Jaeger, Florian M.W. 
Grundler, Jörg Pietruszka, A Sylvia S Schleker, Anita Loeschcke 

Frontiers in Microbiology (2023) 14:1151882.  

The online version is available at: 10.3389/fmicb.2023.1151882 

Status: published 

Supporting Information can be found in the Appendix (Chapter V.4) 

Copyright © 2023 Kossmann, Huang, Weihmann et al. 

This article is distributed under the terms of the  

Creative Commons Attribution License 4.0 (CC BY).  

Own contribution:  

Planning and supervising mutasynthesis and RT-PCR experiments, editing the manuscript. 
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II.5.2. Production of cycloprodiginines via combinatorial mutasynthesis 
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III. GENERAL DISCUSSION AND PERSPECTIVES 

Within this thesis, the potential of the Gram-negative bacterium Pseudomonas putida KT2440 

was harnessed to generate robust producer strains of different classes of NPs with emphasis on 

bacterial alkaloids. Various strategies and approaches for genetic and metabolic as well as 

physiological engineering were evaluated. Additionally, access to non-natural derivatives of the 

investigated NPs was enabled by combining biosynthetic concepts with chemical approaches. 

In the first chapter, the benefits of a robust microbial chassis for an efficient, high-level 

production of NPs have been discussed (II.1, Publication I[219]). Here, the hitherto described 

major stress resistance strategies of Pseudomonas species have been reviewed. Opportunities 

for an exploitation of such traits for producer strain development have been pointed out. 

Furthermore, approaches for the identification of new tolerance traits along with their potential 

usefulness to engineer a next-generation chassis have been highlighted. The discussion of the 

current state of research led to the conclusion that an understanding of the exact mechanisms 

underlying a tolerance is increasing but their targeted exploitation and engineering is only just 

starting. For example, genetic factors of vesiculation in Pseudomonas are for the most part not 

precisely clear and therefore, biotechnological strain development had not included this aspect 

thus far. The currently available toolbox for genetic engineering, which will help to unlock 

tolerance traits for strain engineering, has been presented within this work. Here, a range of 

different tools was available which facilitate the expression of genes, as well as strain 

engineering, e.g., via gene deletion. It appears important to utilize standardized tools to spur the 

developments in the field even more. Besides these aspects, pathway regulation has been 

identified as another central aspect for the generation of an efficient chassis, and hence, 

effective measures of pathway fine-tuning have been presented. 

In the following chapters, the identified requirements for the generation of a robust P. putida 

platform have been put into practice. Here, the basic step of biosynthetic gene expression was 

addressed first. Namely, a genetic toolbox, the so-called pYT vector series, facilitating genomic 

integration of biosynthetic genes, was constructed (II.2). It allows for customization regarding 

the integration mode (random, at attTn7, or into the 16S rRNA gene), the promoter, the 

transcription reporter, as well as the antibiotic resistance marker. The straightforward generation 

of effective P. putida-based producer strains for NPs like rhamnolipids, violacein, and 

arcyriaflavin A, showcased the suitability of this new standardized and fully modular toolbox. 

The influence of physiological engineering strategies on the production of different NPs, 

especially alkaloids, has been investigated in chapter II.3. First, a correlation of vesiculation and 

NP production in P. putida could be demonstrated for the first time for the tripyrrole prodigiosin. 

This contributes to the understanding why the bacterium appears to have a pronounced 

resistance to this compound, not only in exposure experiments but also when used as a 

production host. Following that, a range of genes was verified to be involved in vesiculation. 
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Finally, OMV formation was exploited as a tolerance strategy and engineering of vesiculation-

related gene targets resulted not only in hypervesiculation but supported the recombinant 

production of NPs. This was evaluated for prodigiosin, (deoxy-)violacein, a phenazine, as well 

as a carotenoid. 

Using a previously generated NP producer and applying the knowledge of the impact of OMV 

formation on production (from chapter II.2 and II.3), biosynthesis of the bisindole arcyriaflavin A 

was enhanced (II.4). In an integrative approach, which, besides physiological engineering, also 

considered bioprocess parameters including the cultivation in the presence of an adsorber 

material for the production, limitations in the biosynthesis of arcyriaflavin A could be overcome. 

Lastly, the engineering of new P. putida platforms has been pursued to facilitate access to 

diverse prodiginines (II.5). Combining different biosynthetic concepts with chemically prepared 

building blocks and late-stage chemical conversion (the so-called CHEM-BIO-CHEM strategy) 

helped to generate a chassis for the production of non-natural hydroxylated prodigiosin (II.5.1). 

In a CHEM-BIO-BIO approach, in which the before established mutasynthesis platform (II.5.1) 

was expanded by further biosynthetic genes, an effective cycloprodigiosin producer was 

developed for the first time in P. putida (II.5.2). Here, the desired NP was found to be almost the 

only product solving the problems previously encountered with whole-cell biosynthesis of 

cycloprodigiosin in P. putida so far[327]. 

In the following, each section will give a summary of the investigations and gained insights, a 

classification of the results in the scientific context, and further perspectives in research 

regarding the aspects discussed. Special emphasis will be put on the following three aspects 

which affect the potential of P. putida as a robust platform for the synthesis of bioactive NPs the 

most: (i) the generation of stable producer strains (III.1), (ii) the provision of access to a diverse 

portfolio of valuable compounds (III.2), (iii) the optimization of the respective bioprocess (III.3). 

Finally, the focus will be shifted towards determining whether a standardized procedure exists 

for transforming P. putida into a robust and highly efficient production platform, which may be 

applicable for any NP of interest. 
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III.1. Stable and effective strain development  

The possibility to genomically integrate a heterologous BGC in a straightforward way as well as 

to control and orchestrate its expression is decisive for the generation of stable and effective 

production platforms. This thought is not at all new in the field of recombinant NP production 

and has already resulted in the rise of a multitude of cloning and expression strategies[204,256]. 

Thus, effective tools have been developed for the genomic integration comprising random 

transposition[99,286] or site-specific integration via transposase-, integrase-, and recombination-

based strategies[240,246,289]. Building on previous developments in standardized vector 

systems[258–260], a fully modular genetic toolbox allowing for a rapid ligase-independent cloning 

has been constructed (Publication II[136]). In the following, the conceptualization, and the 

modular structure of the so-called pYT toolbox are shortly summarized and biotechnological 

applications based on this vector series are compared with each other. 

The pYT vector series was constructed to facilitate the chromosomal integration and 

expression of BGCs in Pseudomonas. In general, the pYT toolbox is differentiated from its 

predecessors, the TREX and the yTREX system[99,239], in the realization of a customizable 

series. The most significant innovation compared to other systems is the flexibility of the 

chromosomal integration mode. The first option is the random integration via transposon Tn5 

yielding strains, in which the target BGC can be integrated downstream of a chromosomal 

promoter[406]. However, identification of the clones, which actually express the integrated gene 

cluster, is required. To easily screen a multitude of clones, transcription reporters can be 

used[226,407]. Previous studies revealed the rrn operons as exceptionally suitable for high-level 

and stable gene expression in Pseudomonas[251,408]. Thus, the second option for chromosomal 

integration is the direct rrn targeting into one of the seven 16S rRNA genes[255,409] – enabled by 

preinstalled landing pads. Site-specific integration at the attTn7 site by the transposase Tn7 has 

been chosen as the last integration mode. The Tn7 transposon has already been widely used 

for the fast generation of stable recombinant strains, especially as it allows comparative studies 

(e.g., of different genes or promoters) without an effect of the genomic position[267,291,410]. These 

three integration modes define the distinct fundamental vectors of the pYT series. 

In addition, the pYT toolbox allows a facilitated and comfortable exchange of the elements of 

the integrative sequence, referred to as the YT_core, including the antibiotic resistance marker, 

the used transcription reporter, and the promoter. Regarding the cloning effort, it also enables 

easy implementation of the desired biosynthetic genes or BGCs. To ensure straightforward 

adaptability, modularity of the included elements was granted by restriction endonuclease and 

homing endonuclease recognition sequences which are flanked by randomized sequences 

(Figure III-1). This allows insertion and exchange of the elements at a designated position 

either by restriction and ligation cloning or by assembly of complementary strands. Due to their 
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unique sequence, the implementation of homing endonuclease sites allows later adaptations in 

constructs already carrying a BGC. Although this modular structure offers a wide variety of 

possible integrable elements based on the user’s need, ready-to-use vectors with different 

combinations of promoter, transcription reporters, and antibiotic markers were built and their 

functionality was validated (Publication II[136] and VI, [411,412]). The used promoters (PnagAa, Pem7) 

as well as the fluorescent (eYFP, mTagBFP2, mCherry) and enzymatic transcription reporters 

(polyester hydrolase (PE-H), β-galactosidase (LacZ), β-glucuronidase (GUS)) were chosen 

based on their applicability in previous studies[235,284,313,413–416]. For the enzymatic reporters, the 

availability of an easy screening method was considered a priority in the selection 

process[226,416–418]. Counting in all ready-to-use pYT vectors available for P. putida strain 

development, 29 vectors have been built for the chromosomal integration and expression of 

BGCs[136,235,411,412].  

Further, the pYT series was proven to be applicable for NP biosynthesis for all three 

integration modes (random, at attTn7, into the rrn operon) in several studies as well as related 

bachelor and master theses (Publication II[136], IV[419], and VI, [411,412,420]). They explored the 

development of strains for producing compounds that have already been biosynthesized using 

P. putida, such as (deoxy-)violacein[99] cycloprodigiosin[327], and RLs[234,235,237,303], as well as new-

to-P. putida NPs (arcyriaflavin A and aurachins) (Table III-1). 

 
Figure III-1: Schematic integrative YT_core sequence of the modular pYT vector series. 
The modular structure of the pYT vectors enable an easy exchange of different promoters (yellow arrow), 
transcription reporters (green circle), and antibiotic resistance markers (orange square). The integration 
site for the biosynthetic genes is located between the promoter and reporter element (blue rectangle). 
Restriction endonuclease and homing endonuclease sites allow for precise integration and exchange. 
Pre-evaluated and readily available promoters, reporters, and antibiotic markers are presented. Taking 
together all constructed pYT vectors for random integration, integration at the attTn7 site, and into the rrn 
operon, 29 ready-to-use vectors are available (random (Tn5): 11 vectors; rrn operon: 6 vectors; attTn7 
site: 10 vectors). These have been primarily generated in Publication II[136], but the vector series was 
extended in the framework of the master theses of Maximilian Spindler and Anka Sieberichs[411,412] and 
Publication VI. Examples of their application on NP production are given in Table III-1. PE-H: polyester 
hydrolase; LacZ: β-galactosidase; GUS: β-glucuronidase. 
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Table III-1: Summary of pYT-based vectors applied for NP production in P. putida KT2440. 
1parts of vioD were deleted/mutated; 2produced in mutasynthetic approaches; 3combined with different promoters, 
integrated directly before these genes; 4PnagAa promoter was used; 5genes were used for recycling of cofactors. 

integration mode 
biosynthetic genes 
(cargo) 

NP production 
applied for 

reference 

random (Tn5) 

vioABCDE (deoxy-)violacein 

Publication II[136] vioABCE1 violacein 
rebODCP arcyriaflavin A 

MVA-ispA 
β-caryophyllene, 
aurachin D2 

[412] 

rrn operon 
vioABCE1 deoxyviolacein 

Publication II[136] 
rebODCP arcyriaflavin A 
auaAF aurachin D2 [420] 

attTn7 

rhlAB3 
RLs Publication II[136] rhlABrmlBDAC4 

rhlABrmlBDACalgC4 
rebODCP arcyriaflavin A Publication II[136] and IV[419] 
auaAF aurachin D2 [412] 
folM,phhB cycloprodigiosin5 Publication VI, [411] 

 

III.1.1. Advantages of a modular toolbox 

In the age of synthetic biology, consistent and customizable vector architecture is a central 

prerequisite for molecular genetic research[421]. Around the turn of the millennium, progress has 

been made in this field and since then, further collections of vectors were constructed and 

continuously expanded[258–260,422–424]. These developments underline the value of modular 

genetic tools for strain generation. 

The design of the pYT series has several advantages. Firstly, it offers the user a flexibility in 

the integration mode - a capability previously lacking in other collections. On the one hand, it 

offers a selection of different strategies to choose from, while on the other hand, the same 

structure enables a facilitated and rapid comparison of different integration and expression 

strategies between vectors. The influence of the different modes of expression has been shown 

for arcyriaflavin A production in P. putida. Here, integration at the attTn7 site under the control 

of the inducible PnagAa promoter was found to be the most suitable (Publication II[136]). 

The implementation of homing endonuclease recognition sites (e.g., for PI-SceI, I-SceI, PI-

PspI) is also advantageous compared to other vector collections. As the homing endonucleases 

recognize longer, asymmetric sequences of 15 to 40 bp[425], the probability of a recognition site 

occurring in the chosen promoter-, reporter-, or marker sequence is low. Furthermore, it also 

allows for modification of the pYT vector after insertion of the generally larger biosynthetic 

genes, as there is a rather low probability for the occurrence of the recognition sequences in 

BGCs. Classical restriction sites can normally never be used again after this step as they 

typically occur within the BGC. Within the master theses of Maximilian Spindler and Anka 

Sieberichs, the homing endonuclease sequences could be used for exchange of the 

transcription reporter (mCherry  LacZ)[412] and the promoter (PnagAa  Pem7)[411], respectively. 
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The adaptation of the reporter provided, for example, vectors for a simultaneous application of 

two integration modes (random, at attTn7) which allows for implementation of biosynthetic 

genes and a metabolic engineering module for precursor biosynthesis, respectively. Thus, the 

modular structure of the toolbox enables an easy and rapid construction á la carte by integrating 

and exchanging elements at will or by the targeted selection of an integration mode.  

III.1.2. Is there a favored expression mode? 

The advantages of the modular pYT vector series have been described, however the question 

remains as to whether the conducted studies indicated a favorable integration mode. For 

recombinant prodigiosin production in P. putida, genomic integration into the 16S rRNA genes 

seemed to be favorable[251]. The observation was made during Tn5 usage and was one reason 

for pursuing a targeted integration system for 16S rRNA integration. This does not lead to the 

conclusion that this integration mode should be preferred for any BGC expression and 

respective NP production. Thus, all three integration modes of the pYT toolbox were applied for 

production of different NP classes (Table III-1). Random integration by transposon Tn5 as well 

as targeted integration into the 16S rRNA genes facilitated the generation of (deoxy-)violacein 

producers using the pYT vectors (Publication II[136]). Tn5 transposition resulted in comparable 

titers as previously obtained with the yTREX system (about 120 mg L-1)[99]. In one third of the 

investigated clones, unintended deletions in the vioD gene were observed. Site-specific 

integration into the rrn operons, led to unintended deletions in the vioD gene during or after 

genomic integration in all investigated clones. Thus, deoxyviolacein was the only measurable 

product (Publication II[136]). Genetic instability of recombinant violacein producers has already 

been described before which leads to the assumption that instability might be a violacein-related 

issue[99,426]. This is also confirmed by the observed high genetic stability of the rrn-integration-

based prodigiosin producing strains[251]. The high-level expression of a BGC in these loci can 

therefore not be problematic as such, as for the tripyrrole, strains are stable and productive. 

Tn5 transposition enables a rapid integration of biosynthetic genes and provides a large 

number of clones. However, the lack of information about the integration locus can lead to 

limitations making it impossible to compare strains. The site-specific integration into the 16S 

rRNA genes overcomes this restriction of the random approach. Direct rrn targeting required 

preinstallation of landing pad sequences in each 16S gene as the sequences are almost 100% 

identical[255,409]. The development of P. putida strains using integration into the 16S rRNA gene 

or by Tn5 transposition was hampered by some difficulties for arcyriaflavin A production 

compared to the related bisindole violacein. For the rrn interposon, only clones with a single 

crossover could be identified. The derived strains produced only low amounts of the desired 

product (Publication II[136]). In contrast, the integration of the biosynthetic genes at the attTn7 

site under control of an inducible promoter seemed to be a preferred strategy for arcyriaflavin A 
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biosynthetic genes since clones could be obtained without any problems (Publication II[136] and 

IV[419]). Notably, this observation cannot only be attributed to the impact of the integration site as 

the used promoter system appears to be crucial. The gene integration under the inducible PnagAa 

promoter was found to be most suitable most likely because it is not active without the 

respective inducer. This way, the host is not exposed to expression-related stress until induced. 

Moreover, the achieved titers by induced gene expression were much higher (about seventyfold 

after bioprocess optimization[419]) when this strategy was applied. The integration of the 

biosynthetic genes at the attTn7 site with a strong constitutive promoter may not have led to 

success. It is worth underlining, that only the Tn7 integration allows to make a conscious 

decision regarding the used promoter. Including a promoter for Tn5 or rrn integration can 

therefore be deemed unsuitable. 

Additionally, the site-specific integration at the attTn7 site enabled rapid strain development 

for comparative studies of expression modules without having to be concerned about the 

influence of the genomic position. This was demonstrated by applying the pYT toolbox for 

optimization of rhl expression at the attTn7 site. The strain performance with different 

expression modules as well as after module expansion for better precursor supply was 

comparatively assessable (Publication II[136]). Comparing both site-specific integration modes, 

less effort was required and less difficulties were encountered with Tn7 transposition. However, 

application of this mode in P. putida is restricted to this single site. Only a few bacterial 

genomes, e.g., of Burkholderia or Halopseudomonas species, have been found to possess 

more than one copy of the glmS gene and respective attTn7 sites [292,427]. In these species, both 

attTn7 sites could be occupied simultaneously. In addition, successful multicopy integration of 

two artificial attTn7 sites have already been conducted in Salmonella and might also be a 

promising approach for P. putida to enable several rounds of Tn7 transposition[428]. 

In summary, no clear conclusion can be drawn regarding a preferred integration or 

expression mode for NP production in P. putida. Each strategy has advantages as well as 

drawbacks and limitations. Moreover, the suitability or benefits of an expression mode 

significantly depend on the type of NP being produced. These results demonstrate the value of 

the modular pYT vector series, which facilitates rapid and straightforward experimental testing 

through integration and expression modes for individual vector design. 

III.2. Access to NPs by combining biosynthetic concepts 

The use of different biosynthetic concepts in recombinant NP production allows the construction 

of a high-yield production strain and facilitates access to a variety of derivatives. Depending on 

the applied concepts, the synthesis of complex mixtures of diverse products can be avoided. 

Such biosynthetic specificity can decrease the work required for isolation tremendously. These 

biosynthetic concepts encompass classical and combinatorial biosynthesis as well as strategies 
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combining biological and chemical approaches, such as PDB, muta- and semisynthesis (Figure 

I-9)[331]. In the last years, P. putida has been established as a versatile host for NP production. 

Most of the biosynthetic pathways investigated for recombinant production are based on 

classical biosynthesis[204,224]. Within this thesis and in related master theses of Maximilian 

Spindler and Anka Sieberichs, the production of new-to-P. putida compounds, including pyrrole, 

indole, and quinoline alkaloids, was examined in different biosynthetic approaches 

(Publications II[136], IV[419], V[429] and VI,[411,412]). 

III.2.1. The combination of biology and chemistry: valuable for recombinant 
NP production 

Approaching NP production in whole cells requires careful consideration of the planned 

biochemical or biomimetic steps to identify the most feasible option to maximize yields, purities, 

and diversification. 

First, the already well-established pathway for the synthesis of the tripyrrole prodigiosin was 

chosen. Prodigiosin was already successfully produced in P. putida in different studies using a 

variety of bio- and mutasynthetic approaches[99,239,408]. Biocatalytic production of prodigiosin 

derivatives was already conducted in vitro using the condensing enzymes PigC, TamQ, and 

ThreaP for the condensation of MAP and MBC, or analogs, in the final synthesis steps [252,322–

324]. Despite the undisputed successes of mutasynthesis, which yielded a range of new 

compounds (at titers of 0.1 to 34 mg L-1) with adapted bioactivities including autophagy 

modulation and antibiotic effects, the approach can have some restrictions in the access of 

certain compound types, as demonstrated for the production of a hydroxylated prodiginine 

(Publication V[429]). To yield the hydroxylated derivative, an alternative synthesis route using 

late-stage semisynthetic functionalization of a mutasynthesis product was established, as the 

direct conversion of a hydroxylated mutasynthon was most likely not possible due to a 

prevented uptake into the cell. The combination of the two biosynthetic concepts in a hybrid 

synthesis route resulted in a final yield of 65% in a preparative approach, supplying sufficient 

compound for bioactivity assays against the plant-parasitic nematode Heterodera schachtii. 

In addition, the recombinant production of cycloprodigiosin was recently investigated as part 

of Robin Weihmann’s doctoral thesis and was continued in the master thesis of Anka 

Sieberichs[327,411]. For the conversion of prodigiosin to its cyclic derivative, the biosynthetic 

pathway was extended with the enzyme Prub680 from P. rubra, an alkylglycerol 

monooxygenase-related cyclase [75]. In both studies, production of cycloprodigiosin was 

detectable, however, prodigiosin still accumulated as the main compound (64% and 59%, 

respectively). The concurrent production of both variants, the straight-chain and the cyclic 

derivative, has already been described for native producers[80,81,430]. Thus, for recombinant 

production in P. putida, another strategy was pursued combining the already developed 

mutasynthesis strains with combinatorial biosynthesis by implementing the cyclase Prub680 
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and also four other candidate enzymes (Publication VI)[76–78,81,82,116]. Following this approach, 

not only a better conversion to cycloprodigiosin of up to 99% was achieved with Prub680, but 

also access to seven non-natural cycloprodiginine compounds was enabled upon feeding of 

mutasynthons which differed in the alkyl chain as well as variants with a terminal double bond. 

The product titers were in the range of 1 to 4 mg L-1 depending on the scale and derivative. 

While these titers do not reflect a high-level production yet, they are currently representing the 

only way to access these products. As structural variations of prodiginines have already been 

demonstrated to expand the bioactivity spectrum[324,429], this new platform offers a promising 

approach for further research into the biological effect of different functionalization and 

derivatizations of the prodigiosin family. Physiological evaluation of these new derivatives 

against cancer cells, nematodes, pathogenic bacteria, or fungi could be conducted as done 

before[248,324,429,431]. In addition, the findings suggest the potential for testing additional enzyme 

candidates, particularly those with a previously demonstrated high conversion to 

cycloprodigiosin[80]. In general, many potential homologs could be identified via BLASTp 

analysis (Appendix, Table V-3). It could be useful to enhance the screening by introducing an 

automation process which will accelerate the procedure and expand the number of tested 

enzymes[432]. 

Arcyriaflavin A is another indole alkaloid besides (deoxy-)violacein which could be 

successfully produced with P. putida. By introducing the truncated reb cluster, containing the 

genes rebODCP, into the genome of P. putida, it became possible to biosynthetically produce 

arcyriaflavin A in this organism for the first time (Publication II[136]). Additionally, the production 

could be further optimized by bioprocess adaptations and engineering strategies yielding an 

almost ten-fold increase of the titer (4.7 mg L-1) and a seven-fold increase in comparison to 

previously mentioned titers in E. coli (rebeccamycin aglycon: 0.7 mg L-1[433]) (Publication IV[419]). 

While many efforts have already been made to diversify prodiginines through feeding of 

alternative precursors, mutational biosynthesis regarding indole alkaloids is still in its infancy[326]. 

Within the associated master thesis of Maximilian Spindler, a mutasynthesis platform for indole 

alkaloid production was built by generation of an L-tryptophan-auxotrophic strain 

(P. putida ΔtrpDC)[412]. As intrinsic tryptophan biosynthesis is essential for bacterial growth, 

L-tryptophan feeding is required at a certain level. A two-phase bioprocess was explored 

starting with an initial growth phase in L-tryptophan supplemented culture medium, followed by 

later addition of the L-tryptophan analogs in the production phase. Here, the conversion of 

added L-tryptophan to arcyriaflavin A could be detected in this new platform. In addition, 

production of the rebeccamycin aglycon (22) upon 7-chloro-L-tryptophan feeding was assumed 

based on the HPLC-PDA results [412]. However, the arcyriaflavin A titer was low compared to the 

biosynthetic production (0.2 mg L-1), the chlorinated aglycon was only produced together with 

the native product, arcyriaflavin A, and other tested substrates did not yield any other products. 
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A more successful access to indolocarbazole derivatives was achieved elsewhere by 

combinatorial biosynthesis for both arcyriaflavin and violacein compounds[137,326,434]. Based on 

these initial studies and on the knowledge about the L-AA oxygenases of the vio and reb 

cluster[135,435–437], a platform based on combinatorial biosynthesis for the production of 

chlorinated (22, 29 to 31) and hydroxylated (32 and 33) arcyriaflavin compounds might be a 

potential solution to overcome the insufficient production rates or unfeasible conversion in 

arcyriaflavin mutasynthesis (Figure III-2). 

 
Figure III-2: A combinatorial biosynthesis platform for the production of arcyriaflavin derivatives (based on 
Sanchez et al. 2005[434]). 
The biosynthesis cluster of the indolocarbazole arcyriaflavin A (28), which consists of the genes rebODCP, can 
potentially generate arcyriaflavin derivatives by integrating tryptophan halogenases and hydroxylases. Catalysis of 
L-tryptophan halogenation can be facilitated by RebH (conversion to 7-chloro-L-tryptophan) or PyrH from 
Streptomyces rugosporus (conversion to 5-chloro-L-tryptophan)[438]. Both enzymes are flavin-dependent halogenases 
requiring the flavin-reductase RebF. Thus, the production of the rebeccamycin aglycon (22) and the chlorinated 
products 29 to 31 might be possible. For hydroxylated arcyriaflavins (32 and 33), conversion of L-tryptophan to its 
5-hydroxy-derivative could be achieved by the integration of engineered aromatic AA hydroxylases (AAAHs), 
originally from Catharanthus roseus (CtAAAH) or Xanthomonas campestris (XcAAAH), which were selected and 
engineered for the conversion of L-tryptophan[439,440]. A cofactor-recycling system is also required comprising the 
genes folM (E. coli) and phhB (P. aeruginosa). As the violacein biosynthetic enzymes have already been 
demonstrated to convert substituted L-tryptophan substrates[435] and an exchange of VioAB and RebOD can still 
maintain biosynthesis[137], combinations of vio and reb genes could be evaluated for diversification of indole alkaloids. 

In comparison to the NPs mentioned above, classical biosynthetic production of aurachins could 

not be realized in P. putida[412,420]. Recently, aurachin D production and generation of its 
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derivatives was established in E. coli by whole-cell biotransformation with the genes auaA and 

auaF (Figure I-5)[180]. Based on this study, a mutasynthesis approach involving the genomic 

integration of auaAF and feeding of the precursor 4-hydroxy-2-methylquinoline was developed 

within the master thesis of Maximilian Spindler[412]. Evaluation of the P. putida mutasynthesis 

platform for aurachin production regarding the acceptance of substituted quinolone precursors 

is as of now missing and might be a good starting point for further investigations, as the 

substrate flexibility of the respective enzymes as well as the impact of structural modifications in 

this compound on its bioactivity have been demonstrated recently[175,180]. 

In summary, the used applications of recombinant NP production in P. putida have 

underlined the value of the different biosynthetic concepts further. While biosynthesis mostly 

focuses on efficient and high-yield production, the mutasynthesis route allows access to 

compounds beyond the ‘one substrate – one product’ concept currently dominating the 

biosynthesis approaches present in literature. However, mutasynthesis is also associated with 

specific challenges, as demonstrated, e.g., for the arcyriaflavin MBS platform, where the 

biosynthetic step to be deleted provides an essential intermediate for the organism's growth. 

Consequently, it is imperative to provide a variety of biosynthetic concepts and approaches, 

including (combinatorial) biosynthesis, muta-, and semisynthesis, not only to access novel NPs 

but also to overcome restrictions and challenges in the production of the respective NP 

regarding yields and purities. 

III.3. From starting chassis to robust chassis – key strategies for 
bioprocess optimization 

The recombinant production of valuable NPs using P. putida as a chassis has been proven to 

be promising in the chapters before. The developments in genetic tools as well as the 

availability of different strategies of whole-cell conversion contribute to the potential of P. putida 

as a production platform. However, conducting careful adaptations in the bioprocess for an 

optimization is inevitable for an efficient production. The stages of a bioprocess are (i) the 

upstream, (ii) the midstream, and (iii) the downstream process[302]. The engineering of the 

pathway design, the precursor supply, as well as the cell robustness are parts of the first stage. 

The potential of improving the robustness of Pseudomonas by exploiting naturally evolved 

tolerance strategies has been described in detail before (Publication I[219]). In addition, the 

latest advances in tolerance engineering on microorganisms used for industrial production has 

been recently reviewed[441]. The aspects affecting production performance including cultivation 

conditions and parameters, as well as scale-up approaches should be considered in the 

midstream (fermentation) process. Determinants for the success of the downstream process are 

the product release, -isolation and -purification, as well as, in a more industrial context, the 

formulation and packaging procedure[302]. Addressing these aspects was considered to be key 

for evolving P. putida into a more robust chassis for NP production and has therefore been 
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applied to the synthesis of different compounds within this thesis (Table III-2). For an 

evaluation, the product titer (mg product per L culture) was taken into account as a performance 

indicator and the relative increase compared to the non-engineered chassis was considered 

(indicated as x-fold increase). Besides the impact of the bioprocess strategies, which will be 

discussed in the following, this summary also provides an overview of all NP classes used for 

recombinant production in P. putida within this work and in associated publications and theses. 

While NPs that occur naturally in other Pseudomonas species, such as phenazines or 

rhamnolipids[442,443], are particularly well-suited for recombinant production, terpene production 

appears to be hampered in P. putida. This observation is not entirely unexpected, as the toxicity 

of an intermediate in carotenoid biosynthesis has been reported previously[444]. In addition, 

several alkaloids, including pyrrole, indole, and quinoline alkaloids, have been studied. 

Especially promising was the access to new-to-P. putida NPs, such as cycloprodigiosin, 

arcyriaflavin A, and aurachin D, and even to new-to-nature prodiginines. 

Table III-2: Bioprocess optimization strategies for efficient NP production in P. putida. 
1these strains were not generated with the newly developed pYT toolbox, but prior generated strains were 
used to investigate bioprocess optimization in P. putida [99,239]. 

class NP 
investigated bioprocess 
strategies 

x-fold 
increase 

final titer reference 

pyrrole 
alkaloids 

cycloprodigiosin 
(biosynthesis) 

non-natural pathway 
design, cultivation 
condition 

3.1 5.9 mg L-1 [411] 

cycloprodigiosin 
(mutasynthesis) 

non-natural pathway 
design, cultivation 
condition, product release 

2.5 2 mg L-1 
Publication 
VI 

prodigiosin 
(mutasynthesis) 

strain engineering, 
cultivation conditions 

15 34 mg L-1 
Publication 
V[429] 

prodigiosin1 

(biosynthesis) 
engineered OMV formation 1.4 65 mg L-1 

Publication 
III[445] 

indole 
alkaloids 

arcyriaflavin A 

strain engineering, 
cultivation conditions, 
engineered OMV 
formation, product release 

7.6 4.7 mg L-1 

Publication 
II[136] 
Publication 
IV[419] 

(deoxy-) 
violacein1 

engineered OMV formation 1.2 64 mg L-1 
Publication 
III[445] 

quinoline 
alkaloids 

aurachin D 
cultivation conditions, 
pathway engineering 

7.4 7.4 mg L-1 [412] 

phenazines PCA1 engineered OMV formation 1.3 184 mg L-1 
Publication 
III[445] 

rhamnolipids mono-RL 
strain engineering, 
pathway engineering 

1.5 1.5 g L-1 
Publication 
II[136] 

terpenes zeaxanthin1 engineered OMV formation 1.3 0.4 mg L-1 
Publication 
III[445] 

 

The key strategies applied in this thesis addressed the three different stages of a bioprocess 

mentioned above. In the following chapters, their effects will be discussed in more detail and 

they will be further divided into product-related (III.3.1) and product-unrelated strategies (III.3.2). 
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III.3.1. Product-related strategies 

Product-related strategies include engineering the precursor and cofactor availability, improving 

rate-limiting catalytic steps, or adapting cultivation conditions, specifically to the biosynthesis 

pathway present. 

The performance of a biosynthetic process depends on the conversion of a certain substrate 

to the respective product. Therefore, the precursor availability directly influences the yields 

achieved for the desired NP. This effect could be nicely demonstrated for the production of 

prodigiosin, as an increase in intrinsic MBC biosynthesis (up to eight-fold) in a genetically 

modified mutasynthesis chassis enhanced prodigiosin production by up to nine-fold 

(Publication V[429]). Thus, optimizing precursor supply has become a central aspect of 

metabolic engineering[446–449]. Within the master thesis of Maximilian Spinder, the mutasynthetic 

generation of the farnesylated quinoline alkaloid aurachin D was only feasible after the 

implementation of an additional biosynthetic pathway for FPP production, namely the MVA 

pathway (Figure III-3, A). Here, the synthesis of the sesquiterpene β-caryophyllene was used 

as a readout for an increased precursor level and could be transferred to the mutasynthetic 

production of aurachin D, which resulted in successful production in P. putida for the first time. 

Another pathway engineering strategy, proven successful for mRL production in P. putida, is 

the overexpression of rate-limiting enzymes (Publication II[136]). For this purpose, the rhl 

expression module at the attTn7 site was expanded with rmlBDAC and algC which are genes 

required for the supply of the precursor dTDP-L-rhamnose. The modification of the biosynthetic 

genes was facilitated by the modular structure of the pYT vector series. Overexpression of 

these integrated genes led to an increased mRL titer and simultaneously to a complete 

prevention of HAA accumulation (Figure III-3, B). As the arcyriaflavin A titer showed a 

dependence on the concentration of externally added L-tryptophan (Publication IV[419]), 

engineering the intrinsic L-tryptophan biosynthesis might be a promising approach for future 

studies. Following a strategy to increase the anthranilic acid level in P. putida, the generation of 

feedback-inhibition mutants and the deletion of competing pathways may result in an increased 

L-tryptophan level[225]. 
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Figure III-3: Pathway engineering strategies for enhancing precursor supply in P. putida. 
A: For mutasynthetic aurachin D production, FPP and 4-hydroxy-2-methylquinoline are required as precursors. While 
the quinoline is supplemented to the medium, FPP is produced intrinsically. As the integration of the biosynthetic 
genes in the P. putida KT2440 wild type (wt) did not result in aurachin D formation, the MVA pathway was 
chromosomally integrated by Tn5 transposition which resulted in two strains (3 and 4) with increased FPP levels 
(indirectly measured via β-caryophyllene production). The integration of the MVA pathway made aurachin D 
production possible in both strains. This work was conducted during the master thesis of Maximilian Spindler[412]. B: 
To enhance the production of mRLs and to decrease accumulation of the byproduct HAA, the rhl expression module 
at the attTn7 site was expanded by the genes rmlBDAC and algC, encoding for potential rate-limiting enzymes for 
precursor synthesis. This newly developed strain (SK62) showed an increased mono-RL titer (Publication II[136]). C: 
The deletion of a competing biosynthetic pathway was applied as a metabolic engineering strategy for prodiginine 
production. Deletion of the gene fabF which has previously been proven to increase malonyl-CoA availability in 
P. taiwanensis[450], did not lead to an increased production of prodigiosin. The data are means of biological triplicates 
with their corresponding standard deviation. For a detailed description of the additional experiments see V.6. 

Based on a recently published engineering strategy for increasing malonyl-CoA availability in 

P. taiwanensis, an additional experiment has been conducted within this thesis to evaluate the 

impact of precursor engineering for platforms with already high product yields. A prodigiosin-

producing strain was altered in its fatty acid metabolism by deletion of the β-ketoacyl-ACP 

synthase II (FabF, PP_1916) (V.6). Reducing the metabolic drain on malonyl-CoA may 

potentially result in higher MBC levels because the precursor may be available in higher 

amounts for the synthesis of the bipyrrole. For evaluation, the prodigiosin titer was measured 

but was not positively affected in the engineered strain (Figure III-3, C). As the formation of 

prodigiosin is based on both precursors, MAP and MBC, and MBC biosynthesis is not solely 

dependent on the malonyl-CoA supply, no clear statement about the impact of fabF deletion is 

possible. Direct measurement of the MBC titer, as done before[429], should ensure a better 

assessment of the suitability of the applied engineering strategy. The efficacy of pathway 

engineering strategies and their significant impact on production performance (resulting in a 

two- to seven-fold increase in titers) is evident from the present studies. However, the attempted 
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improvement of prodigiosin biosynthesis by adjusting fatty acid metabolism is a good example 

to show that metabolic engineering not always has an overall positive effect, but rather strongly 

depends on the NP and the underlying biosynthetic process, classifying it as a product-related 

strategy. 

Metabolic engineering allows for implementation of non-natural biosynthetic pathways as 

proposed for arcyriaflavin A derivatization (Figure III-2) and has already been applied for 

cycloprodigiosin production (Publication VI, [411]). This strategy relies on the implementation of 

natural enzymes and the combination of their biosynthetic potential. By exploring the substrate 

repertoire of the enzymes, even access to new-to-nature cycloprodiginines was facilitated. This 

approach and its potential have already been described by the concept of combinatorial 

biosynthesis (III.2). An alternative strategy for pathway design is the use of non-natural 

enzymes obtained by protein engineering, as conducted for VioA[135], or de novo enzyme 

design[302]. All these mentioned approaches are strategies for the upstream process. 

 

The determinants which influence the second stage of a bioprocess (midstream process), 

meaning the cultivation or fermentation, are the cultivation conditions, the culture medium 

formulations, and the production scale[302]. Although some of these factors are not necessarily 

directly product- but organism-dependent, they have previously been proven to be crucial 

factors in bioprocess optimization[250,254]. In the studies presented in this thesis the adjustment of 

cultivation conditions was also a key strategy to enhance NP production in P. putida 

(Publication IV[419], V[429], and VI, [411,412]). In particular, the achieved titers of the prodiginines 

and arcyriaflavin A were dependent on the cultivation medium, time and temperature. One 

similarity between both NPs was observed: in both cases, the most suitable temperature for 

production deviated from the typical cultivation temperature of P. putida (e.g., 20 °C instead of 

30 °C for cycloprodigiosin production, Publication VI). In general, the examination of cultivation 

conditions is an essential element in bioprocess engineering and often the starting point for 

optimizing the recombinant production of new-to-P. putida NPs. 

III.3.2. Product-unrelated strategies 

After the summary of some product-related strategies for developing an efficient producer 

strain, this chapter emphasizes more general key strategies that are not directly related to the 

involved biosynthetic enzymes or the metabolic pathway. These aspects could therefore be a 

promising foundation for the generation of robust microbial cell factories. A useful and feasible 

strategy, already applied for the construction of an optimal P. putida chassis in previous studies, 

is genome streamlining. The reduction of the bacterial genome boosted growth rates, 

heterologous gene expression, plasmid stability, as well as enhanced energy 

metabolism[235,342,451,452].  
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A further important aspect, which will be discussed here, is the release of the product from 

the cell to avoid intrinsic accumulation of the NP. Growth inhibition and low production titers 

may otherwise be the consequence. In addition, extracellular accumulation of the target 

compound facilitates NP isolation and purification during downstream processing. A commonly 

applied strategy is the active extrusion by efflux transporters. This aspect has already been 

discussed as an opportunity for exploiting native tolerance traits before as Pseudomonas is 

well-equipped with different transporter types (Publication I[219]). The co-expression of genes, 

which encode for putative transporters in connection with the desired product, might be a 

promising approach[453]. The idea was pursued in the integrative approach of bioprocess 

optimization for arcyriaflavin A production (Publication IV[419]). The genes encoding for the 

rebeccamycin transporter RebUT were integrated into the producer strain using two different 

constitutive promoters, however, an influence on arcyriaflavin A production in P. putida was not 

detected. The decision for RebUT was based on the desired product being a derivative of 

rebeccamycin, despite the fact that no association with transportation of arcyriaflavin A was 

previously reported. The absence of chlorination and the sugar moiety in the arcyriaflavin A 

scaffold may be hindering the transport compared to the natural substrate.  

An almost complete accumulation of the water-insoluble indolocarbazole arcyriaflavin A in 

the supernatant (>99%) could be achieved by the addition of polyurethane (PU) foam cubes to 

the medium which serve as a hydrophobic surface, capturing the product in the aqueous 

environment. Thus, the PU foam cubes are especially suited for the efficient extraction of 

hydrophobic NPs[250,454]. This approach is based on a study utilizing PU to absorb 

protochlorophyllides from an aqueous culture medium[455]. A related influence on the tripyrrolic 

compound was hypothesized due to structural similarities[456]. For prodigiosin production, the 

use of an external adsorber was very effective and the PU foam cubes were frequently applied 

for recombinant production in P. putida ([250,252], Publication V[429], Publication VI). The use of a 

two-phase-system (e.g., using 1-decanol or dodecane as a second phase) for bioproduction of 

hydrophobic and toxic compounds, which serves as a product sink, has likewise improved the 

production of different NPs[254,457]. A solid second phase has the advantage that desorption of 

the enriched product from the PU foam cubes can be achieved relatively easily, which facilitates 

optimization of the isolation process. 

The hydrophobic property of NPs such as prodiginines or arcyriaflavin A, also reflected in 

their high logP values (prodigiosin: 4.07, arcyriaflavin A: 3.65[458]), demonstrates that the 

likelihood of accumulation in water or the aqueous supernatant is low. Therefore, the observed 

presence of prodigiosin in the supernatant in the absence of an adsorber was unexpected and 

raised the question how the product is released from the cell. Based on this, a correlation of 

prodigiosin and an intrinsic stress response mechanism, the formation of OMVs, could be 

revealed for the first time in P. putida (Publication III[445]). This study did not only show 
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accumulation of prodigiosin in the vesicles, which is consistent with its hydrophobic character 

and has already been observed in the native producer[390], but it also showed an increased OMV 

formation upon recombinant production, and, even more interestingly, an increased prodigiosin 

titer in chemically triggered hypervesiculation strains. Thus, the exploitation of this stress 

response for the optimization of a bioprocess was examined. The engineering of OMV formation 

to support recombinant NP production is not completely new[404], but new to P. putida as, so far, 

potential genetic targets had not been identified. 

Within the Bachelor thesis of Carolin Höfel, the focus was laid on the identification of 

potential genetic targets for engineering vesiculation in P. putida based on already described 

strategies in other Gram-negative bacteria[459]. This provided the fundament for following 

experimental investigations. By using a plasmid-based system for the manipulation of the 

expression of these candidate genes (overexpression or CRISPRi-based down-regulation), 18 

different targets were analyzed regarding their impact on OMV formation. In fact, a number of 

genes could be verified to support both, vesiculation and recombinant production of prodigiosin, 

(deoxy-)violacein, zeaxanthin, PCA and arcyriaflavin A (Table III-2) (Publication III[445], 

Publication IV[419]).The plasmid-based tools used for the investigation of the candidates were 

suited for the screening, especially as they allowed for addressing essential genes. In a 

biotechnological process, however, a stable, genomically engineered strain without any 

plasmids is important for process stability. Hence, knockout strains were generated for two 

genes which were shown to cause vesiculation when downregulated (Publication IV[419]). This 

approach not only circumvents possible restrictions of the CRISPRi system, such as off-target 

effects or insufficient repression, but also facilitates flexibility in terms of resistance marker, 

expression system, and plasmid-use for recombinant production by using plasmid-less strains.  

Within this thesis, additional experiments were conducted to gain a better understanding of the 

capabilities as well as limitations of engineered vesiculation as an optimization strategy. Firstly, 

the effect of a combinatorial deletion of two identified target genes was investigated but no clear 

synergistic effect of the combination on OMV formation was found (Appendix, Figure V-1) and, 

further, only a small impact on the specific productivity of arcyriaflavin A could be observed 

(Figure III-4, A). A previous study on the generation of hypervesiculation mutants in E. coli 

revealed different effects of combinatorial deletions (i.e., synergistic or non-synergistic) 

depending on the addressed gene combinations[460]. Overall, the influence of different cellular 

components on the OMV formation seems to be a highly complex interaction, where the role of 

each factor as well as combinations of factors, as observed in combinatorial deletions, has to be 

investigated in depth and a potential effect on NP production needs to be verified. Simultaneous 

manipulation of different targets may generally be more likely to strongly perturb membrane 

integrity and will thus require especially careful finetuning in the producer strain. 
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Figure III-4: Applying engineered vesiculation to recombinant NP production in P. putida. 
A: Combinatorial deletion of identified genetic targets, which affect OMV formation in P. putida, was utilized for the 
recombinant production of arcyriaflavin A. The specific productivity was determined after extraction from the PU foam 
cubes for both P. putida ΔpvdQ and P. putida ΔpvdQmlaE strains carrying the genes rebODCP, which are integrated 
at the attTn7 site under control of an inducible promoter (PnagAa). B: Cycloprodigiosin production was carried out using 
the previously established mutasynthesis platform P. putida MBC18 pVLT33-pigCB-prub680 (‘-‘) (Publication VI) 
and an OMV-engineered strain (‘ΔpvdQ’). Cycloprodigiosin accumulation was analyzed in both the pellet (dark gray) 
and supernatant fraction (black). The data are means of biological triplicates with their corresponding standard 
deviation. For a detailed description of the additional experiments see V.6. 

Another question was whether the OMV approach can be applied for derivatization of NPs. 

Here, a greater probability that a derivative is extruded effectively may be assumed if the 

original molecule is already being released from the cell. Therefore, an additional experiment 

was conducted to engineer OMV formation in the previously developed cycloprodigiosin 

mutasynthesis platform (Figure III-4, C). The conversion of prodigiosin to cycloprodigiosin was 

still high (>95%) in both the pellet and supernatant fraction. The same was previously observed 

for the release of the products in PU foam cubes (Publication VI). The overall titer did not 

change significantly upon engineering, but interestingly a higher amount of cycloprodigiosin 

accumulated in the supernatant compared to the non-engineered producer. This additional 

experiment demonstrates that the ‘packaging process’ of the NP seems not to be a speed-

determining factor as the biosynthesis appears to be faster. Thus, the use of OMVs for release 

and storage of NPs to avoid their intracellular accumulation is also applicable in combinatorial 

biosynthesis and mutasynthesis. 

Considering these recent observations together with previous findings on engineered 

vesiculation[404,419,445,460], the intricate and multifaceted aspects of engineering OMVs for 

biotechnological use become clear. However, the findings demonstrate the potential of this 

strategy and offer a starting point for further exploration of opportunities related to recombinant 

NP production in P. putida. They also contribute to the rather young but versatile field of 

exploring potential applications of OMVs, which also cover the use of natural and engineered 

vesicles as carriers in cross-kingdom communication[461], as drug-delivery vehicles[462,463], for 

extracellular protein secretion[460], as well as for in vitro biocatalysis[464]. 
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In general, the product-unrelated strategies discussed here show that the release and 

adsorption of the NP can be a key factor to increase productivity and titers of whole-cell 

biotransformation by presumably avoiding the accumulation of the NP at the cell membrane. 

These approaches would be especially suited for compounds with poor solubility and high 

hydrophobicity as it has been demonstrated for the prodiginines and arcyriaflavin A 

(Publication III[445], IV[419], and VI).  
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In summary, this thesis contributes to the field of recombinant NP production and underlines the 

potential of P. putida as a production platform. Relevant aspects for the efficient production of 

NPs in P. putida as a robust chassis organism were discussed which have to be considered for 

further developments. For the successful production of valuable compounds, several involved 

determinants could be identified, including (i) the strain stability, (ii) the suitability of the host for 

diverse compounds, as well as (iii) the productivity of the bioprocess (Figure III-5). 

 
Figure III-5: Overview of the main contributors for efficient NP production in P. putida.   
Different aspects were addressed within this work which are crucial for developing a robust chassis for high-level 
recombinant NP production. They can be divided into three categories: (i) facilitating the generation of stable strains 
through various expression and integration modes, (ii) providing access to diverse products, including new-to-nature 
compounds by utilizing the capabilities of biology and chemistry in a biosynthetic context, and (iii) optimizing the 
bioprocess productivity by applying engineering strategies directly related to the biosynthetic pathway or more 
universal strategies for chassis generation. The publications which built the framework of this thesis are assigned to 
the three categories. References: Publication I[219], II[136], III[445], IV[419], and V[429]. Publication VI will be submitted 
soon. 

The here presented thesis investigated the three aspects in the form of expression and 

integration modules, biosynthesis and biotransformation aspects, as well as bioprocess-related 

factors. The work revealed that there is no standardized procedure for transforming P. putida 

into an all-round production platform, but every single NP needs individual adjustments on all 

levels to maximize production of the desired product. Thus, a thorough analysis of the 
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underlying processes from the strain generation, over biosynthesis to release of the target 

compound must be performed. This thesis identified several approaches and tools which may 

be utilized to quickly access the key modulators of NP production in P. putida, optimize the 

(bio-)synthesis as well as facilitate the release. A foundation has been laid to analyze the 

recombinant production of NPs in greater detail while significantly minimizing the required time 

and effort to modulate the respective factors using the established modular genetic toolbox. 

Future research may benefit from the gained insights, as well as the tools established within this 

thesis, the associated publications as well as the related bachelor and master theses. This 

could lead to a greater understanding of the various factors influencing such a bioprocess and 

allow for more in-depth studies regarding different NP production strategies in recombinant 

hosts. 
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V.6. Experimental procedure of additional experiments 

In the following, a description of the experiments, which have been additionally conducted within 

this thesis, is given. Table V-1 and Table V-2 summarize the used oligonucleotides, 

constructed plasmids, and generated strains. 

Table V-1: Oligonucleotides used for additional experiments in this thesis. 

# name sequence (5’  3’) 
Tm 
[°C] 

application 

1 
NBi_IF-fabF-
ko_TS1_fw 

ATAACAGGGTAATCTGAATTTTCGCGTGGTATCACCGTCA 67 

P
athw

ay 
engineering for 

prodiginine 
production 

2 
NBi_IF-fabF-
ko_TS1_rev 

CAGCTGTGCAAGTACTCTCCTTTTCTAAT 
AACAGAGTCTCTTG 

65 

3 
NBi_IF-fabF-
ko_TS2_fw 

GGAGAGTACTTGCACAGCTGGATCGACG 65 

4 
NBi_IF-fabF-
ko_TS2_rev 

TGCCTGCAGGTCGACTCTAGTTTCCAGCAACAGC 
AGGAATTTACGT 

72 

Table V-2: Plasmids and strains used for additional experiments in this thesis. 

plasmids 

name features application reference 

pSNW2 
oriT, traJ, ori(R6K), P14g(BCD2)→msfGFP; 
KmR 

cloning [296] 

pSNW2-fabF-TS1-TS2 

suicide vector with up-/down-stream 
region of fabF for deletion in P. putida 
KT2440; oriT, traJ, ori(R6K), 
P14g(BCD2)→msfGFP; KmR 

Pathway 
engineering for 
prodiginine 
production 

this thesis 

pSNW2-pvdQ 

suicide vector with up-/down-stream 
region of pvdQ for deletion in P. putida 
KT2440; oriT, traJ, ori(R6K), 
P14g(BCD2)→msfGFP; KmR 

OMV formation in 
double mutants; 
Cycloprodigiosin 
production and 
OMV formation 

[445] 

pQure6-high 
oriV(RK2), XylS/Pm→trfA, XylS/Pm→I-
SceI, P14g(BCD2)→mRFP, GmR 

knockout strains [296] 

pVLT33-pigCB-prub680 
(c.a.) 

lacIq, Ptac→pigCB, prub680 (c.a.), KmR, 
RSF1010 ori, mob, repABC 

Cycloprodigiosin 
production and 
OMV formation 

Publication 
VI 

pYTNB04K_1G7 
KmR, oriT-mob, Tn7-L, nagR-
PnagAa→rebODCP, eYFP, GmR, Tn7 
tnsA-D, Tn7-R 

OMV formation in 
double mutants 

[419] 

strains 

name features application reference 

P. putida pig21 P. putida KT2440::yTREX-pig, TcR Pathway 
engineering for 
prodiginine 
production 

[99] 

P. putida pig21 ΔfabF 
P. putida KT2440::yTREX-pig, TcR, 
seamless deletion of fabF 

this thesis 

P. putida KT2440 wild type, derivative of mt-2 
OMV formation in 
double mutants 

[255] 

P. putida ΔmlaE wild type, seamless deletion of mlaE [419] 

P. putida ΔmlaEpvdQ 
wild type, seamless deletion of mlaE and 
pvdQ 

this thesis 
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P. putida KT2440 
ΔmlaE/Tn7- 
PnagAa-rebODCP 

P. putida KT2440 with seamless deletion 
of mlaE 
nagR-PnagAa→rebODCP, eYFP, GmR, 
tnsA-D 

[419] 

P. putida KT2440 
ΔmlaEpvdQ/Tn7- 
PnagAa-rebODCP 

P. putida KT2440 with seamless deletion 
of mlaE and pvdQ 
nagR-PnagAa→rebODCP, eYFP, GmR, 
tnsA-D 

this thesis 

P. putida MBC18 P. putida KT2440::yTREX-pigA,F-N, TcR Cycloprodigiosin 
production and 
OMV formation 

[429] 

P. putida MBC18 ΔpvdQ 
P. putida KT2440::yTREX-pigA,F-N, TcR, 
seamless deletion of pvdQ 

this thesis 

 

Pathway engineering for prodiginine production: 

The knockout mutant of P. putida pig21 was generated based on the previously established 

I-SceI-based engineering system[296]. The suicide vector pSNW2 was linearized by EcoRI and 

XbaI and the PCR amplified up-stream (880 bp, primer 1 and 2) and down-stream regions 

(880 bp, primer 3 and 4) of the fabF gene were assembled into the vector by InFusion® cloning 

(InFusion® Snap Assembly, Takara Bio Europe, St Germain en Laye, France). The procedure 

for construction of the knockout strain P. putida pig21 ΔfabF was performed as previously 

described[445]. 

For prodigiosin production, 10 mL LB medium, supplemented with 50 µg mL-1 tetracycline, 

were inoculated to an optical density of OD700 nm of 0.05 and incubated at 30 °C, 120 rpm for 

24 h. For a comparative study, both strains, P. putida pig21 and P. putida pig21 ΔfabF, were 

used. Prodigiosin was extracted from the cell pellet using 1 mL of acidified ethanol (4% 1 M 

HCl) and the amount was quantified by measuring the absorption as described before[445]. 

 

OMV formation in double mutants: 

To evaluate the influence of a combinatorial deletion, the gene pvdQ was deleted in the 

hypervesiculation mutant P. putida ΔmlaE. For generation, the above-described engineering 

system was applied, and the strains were analyzed regarding OMV formation using the 

Bradford and NileRed assay as previously described (Figure V-1)[445]. 
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Figure V-1: Investigation of the effect of combinatorial deletions on the OMV formation in P. putida. 
The effect of combinatorial deletions of the genes pvdQ and mlaE on the OMV formation was determined by 
analyzing the protein content (Bradford assay, A) and the lipid content (Nile red assay, B) of the isolated vesicle 
fraction. The P. putida KT2440 wild type strain (wt) was used for comparison and the data are shown as x-fold 
increase compared to this strain. Blank bars show the signal for OMV isolation after 7 h of cultivation, horizontally 
striped bars show the signal after 24 h. The data are mean values of biological triplicates with their corresponding 
standard deviation. 

To further investigate the influence of combinatorial deletion on the recombinant production, the 

genes rebODCP are introduced at the attTn7 site of the P. putida mutants under control of the 

inducible salicylic acid promoter PnagAa using the pYT vector pYTNB04K_1G7[136]. Arcyriaflavin A 

production with PU foam cubes (50 mL culture volume), isolation, analyzation and quantification 

were performed as described before[419]. 

 

Cycloprodigiosin production and OMV formation: 

Engineered vesiculation in a cycloprodigiosin producer was explored with P. putida MBC18 

ΔpvdQ, which was generated as described above. P. putida MBC18 and the newly constructed 

mutant were freshly transformed with the plasmid pVLT33-pigCB-prub680 (h) (Publication VI). 

Cycloprodigiosin production was performed in 1 mL LB medium (supplemented with 

50 µg mL-1 tetracycline, 25 µg mL-1 kanamycin) in a FlowerPlate® (Beckman Coulter GmbH 

(formerly m2p-labs GmbH), Baesweiler, Germany). The culture was inoculated to an optical 

density of OD600 nm of 0.05 and incubated at 30 °C and 1200 rpm for 4 h. Then, 0.5 mM IPTG 

and 1 mM chemically synthesized MAP were added, and the incubation was continued for 20 h 

at 20 °C. Cycloprodigiosin was extracted from the cell pellet with 250 µL acidified ethanol 

(Publication VI). In addition, the supernatant was extracted with 2x500 µL ethyl acetate. The 

solvent was removed under reduced pressure and the cycloprodigiosin was resuspended in 

250 µL acidified ethanol. The analyzation and quantification were performed by HPLC as 

described in Publication VI. 
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Alternative sequences of cyclizing enzymes: 

In a previous study, the established mutasynthesis platform for cycloprodigiosin production was 

already expanded by selection of four further candidate enzymes, whose production led to the 

formation of cycloprodigiosin and derivatives in P putida (Publication VI). A screening of other 

putative cyclases has been supposed to be promising in the future. Besides the already 

examined candidates, 25 putative enzyme homologs, identified via BLASTp analysis, are listed 

in Table V-3. 

Table V-3: Summary of potential cyclases identified via BLASTp analysis. 
Cells filled in gray represent enzymes that have already been investigated. 

NCBI accession organism gene fragment name pers. identity 

WP_010386914.1 P. rubra  (reference sequence) 
WP_049864432.1 P. rubra 2_Prubra_harm 99.29% 

WP_239445344.1 
Pseudoalteromonas sp. 
McH1-42 

4_Prubra_harm 99.05% 

WP_125562796.1 P. rubra 5_Prubra_harm 98.82% 

WP_054015532.1 
Pseudoalteromonas sp. 
R3  

6_PR3_harm 93.84%  

WP_125722037.1 P. rubra 7_Prubra_harm 93.84% 

WP_253048581.1 
Pseudoalteromonas sp. 
XMcav2-N 

8_Prubra_harm 93.36% 

WP_052713016.1 P. rubra 9_Prubra_harm 93.84% 
WP_130245642.1 P. rubra 10_Prubra_harm 93.36% 
WP_138544838.1 P. rubra 11_Prubra_harm 93.60% 
WP_209052464.1 P. viridis 12_Pviridis_harm 93.60% 
WP_125779618.1 P. rubra 13_Prubra_harm 93.36% 

WP_235412117.1 
Pseudoalteromonas sp. 
DL2-H2.2 

14_PDL2_harm 93.60% 

WP_138553295.1 P. rubra 15_Prubra_harm 92.89% 

WP_095368148.1 
Pseudoalteromonas sp. 
NBT06-2 

16_PNBT06_harm 72.04% 

WP_091980140.1 P. denitrificans  72.04% 
WP_087478959.1 V. mangrovi 18_Vmangrov_harm 70.10% 
WP_182287486.1 V. spartinae 19_Vspartinae_harm 68.38% 
WP_072958698.1 V. gazogenes  68.38% 
WP_208843821.1 P. xiamenensis 22_Pxiam_harm 61.56% 
WP_215820965.1 Zooshikella sp. WH53 23_ZWH53_harm 54.37% 
WP_094788782.1 Z. ganghwensis 24_Zgang_harm 54.53% 
WP_212720964.1 Z. ganghwensis  54.59% 
WP_163833151.1 S. ruber  48.07% 
WP_120606176.1 C. carmarthensis 28_Ccarmar_harm 39.67% 
WP_223762583.1 Corallococcus sp. AS-1-6 29_CAS1-6_harm 38.34% 
MBL0692321.1 Comamonas sp. JC664 30_CJC664_harm 40.53% 
WP_002635586.1 M. hansupus 31_Mhansupus_harm 38.60% 
WP_223742966.1 Corallococcus sp. AS-1-12 32_CAS1-12_harm 38.34% 
WP_201423855.1 M. xanthus 35_Mxanthus_harm 40.20% 
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