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Thesis summary 

Fluorine, the most electronegative element in the periodic table, plays a pivotal role in 

the production of industrial compounds for modern agriculture and medicine, as well 

as in the manufacture of synthetic materials. The introduction of fluorine atoms into 

molecular structures substantially modifies their physicochemical properties. Never-

theless, this halogen is rarely found in biological systems, and approaches to integrate 

fluorometabolites into the biochemistry of living cells are rare. Designing cell factories 

for the biosynthesis of fluorinated molecules remains a significant challenge in the field 

of metabolic engineering, requiring not only a deep refactoring of metabolism but also 

the adoption of a bacterial platform that can host the harsh biochemistries involved. 

On this background, this thesis exploits Pseudomonas putida (P. putida) as a powerful 

cell factory for the production of novel fluorinated products. In order to access the rich 

metabolic potential of P. putida, a streamlined protocol was designed to facilitate ge-

nome engineering. Together with a comprehensive molecular toolbox, the developed 

method significantly reduces the overall workload needed for the genetic modification 

of Gram-negative bacteria and reduces the time required to introduce specific sequence 

alterations from up to several weeks down to six days. This toolkit was first put to the 

test in an applied metabolic engineering setup to establish a synthetic acetyl-coen-

zyme A auxotrophy in P. putida strain KT2440. A family of C2-auxotroph strains was 

designed to facilitate the direct selection and optimization of biochemical pathways 

through adaptive laboratory evolution. The functionality of the evolutionary engineer-

ing strategy was demonstrated by implementing an alternative, carbon-conserving 

route for sugar assimilation (i.e., the phosphoketolase shunt from bifidobacteria). 

Lastly, and building on all these efforts, the rich biochemical capacity of P. putida to 

process aromatic hydrocarbons was leveraged to produce the novel fluorinated plat-

form chemical 2-fluoro-cis,cis-muconic acid. In this case, the genome editing toolbox 

was used for a profound remodeling of the native catabolism in the host to maximize 

bioconversion yields. Hence, the tools and platform strains developed herein enable a 

significant expansion of the biocatalytic landscape of P. putida through both the imple-

mentation of synthetic metabolisms and by refactoring elements of the native biochem-

ical network.  



  III 

Dansk resumé  

Fluor, det mest elektronegative grundstof i det periodiske system, spiller en central 

rolle i produktionen af industrielle kemiske forbindelser til moderne landbrug og me-

dicin samt i fremstillingen af syntetiske materialer. Indførelsen af fluoratomer i mole-

kylære strukturer ændrer deres fysisk-kemiske egenskaber betydeligt. Ikke desto min-

dre findes dette halogen sjældent i biologiske systemer, og der er kun få anvendelser 

af fluorometabolitter i levende cellers biokemi. Konstruktion af cellefabrikker til bio-

syntese af fluorholdige molekyler er fortsat en betydelig udfordring inden for metabo-

lisk ingeniørskab, som ikke blot kræver en dybtgående refaktorisering af metabolis-

men, men også vedtagelse af en bakterieplatform, der kan være vært for de krævende 

biokemiske processer, der er involveret. På denne baggrund udnytter denne afhand-

ling Pseudomonas putida (P. putida) som en kraftfuld cellefabrik til fremstilling af nye 

fluorholdige produkter. For at få adgang til P. putida's rige metaboliske potentiale blev 

der udviklet en strømlinet protokol, der gør det lettere at lave genmanipulation. Sam-

men med et omfattende værktøj til genomredigering reducerer den udviklede metode 

betydeligt den samlede arbejdsbyrde, der er nødvendig for genetisk modifikation af 

Gram-negative bakterier. Det reducerer desuden tiden, der er nødvendig for at indføre 

specifikke sekvensændringer, fra op til flere uger ned til seks dage. Denne redskab blev 

først afprøvet i en anvendt metabolisk ingeniøropsætning for at etablere en syntetisk 

acetyl-coenzym A auxotrofi i P. putida stamme KT2440. En familie af C2-auxotrofe 

stammer blev designet for at lette den direkte optimering af biokemiske veje gennem 

adaptiv laboratorieevolution. Funktionaliteten af den evolutionære optimeringsstra-

tegi blev demonstreret ved at implementere en alternativ, kulstofbesparende rute til 

sukkermetabolisering (dvs. phosphoketolase-shuntet fra bifidobakterier). Til sidst, og 

på baggrund af alle disse bestræbelser, blev P. putida's rige biokemiske kapacitet til at 

behandle aromatiske kulbrinter udnyttet til at producere den nye fluorholdige kemiske 

platform 2-fluoro-cis,cis-muconinsyre. I dette tilfælde blev genomredigeringsværktøjet 

anvendt til en gennemgribende omformning af den oprindelige katabolisme i værten 

for at maksimere udbyttet af biokonverteringen. De værktøjer og platformstammer, 

der er udviklet heri, muliggør således en betydelig udvidelse af det biokatolystiske 

landskab hos P. putida både gennem implementering af syntetisk metabolisme og ved 

at refaktorisere elementer af det oprindelige biokemiske netværk.   
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Introduction and thesis outline  

Fluorine (F) ranks as the 13th most abundant chemical element in Earth’s crust—before 

carbon, sulfur, chlorine, and many trace elements essential to life. However, Nature 

has not found any significant biological role for this element, aside from its occurrence 

within a handful of biogenic compounds that are produced as toxins by a few bacterial 

and plant species1. One reason for the virtual absence of fluorinated hydrocarbons in 

biological systems is that F, the most electronegative of all elements in the periodic 

table, is extremely reactive and its bonding with carbon (C-F) is highly polarized and 

exceptionally strong2. Furthermore, the free fluoride ion is surrounded by a stable hy-

dration shell in aqueous environments, making it largely inaccessible for chemical re-

actions3,4. However, the physicochemical properties imparted by F on organic mole-

cules have a prominent role in many commercial products—ranging from pharma-

ceuticals to synthetic polymers. One in four of all molecules currently licensed as phar-

maceutical drugs contain F in order to tweak their pharmacological properties, to in-

crease the hydrophobicity of arenes or to modify the reactivities of target molecules5. 

The chemical reactions used to attach F to organic molecules selectively are often chal-

lenging to perform due to the high reactivity and toxicity of the reagents involved, 

thus limiting the scope of substrates and products6. Nevertheless, all current processes 

for fluorination rely on chemical synthesis.  

Biocatalysis offers more than just an alternative for the production of commodity 

chemicals and fuels. Enzymes are able to perform chemical reactions that cannot be 

accomplished through means of synthetic chemistry. Thus, biocatalysis allows the 

synthesis of unique products that create their own markets, not only in the pharma-

ceutical-medical industry7. One of the most critical advantages of enzymes is their 

ability to catalyze reactions with high specificity (i.e., avoiding by-products on a given 

substrate). At the same time, most enzymes exhibit some degree of promiscuity with 

respect to the substrates accepted for their reactions. In the context of this thesis, cata-

lytic (side-)activities on halogen-substituted chemicals are of particular interest.  

The chemical potential of enzymes is best exploited when they are used in their natu-

ral context of a whole-cell factory that provides for their constant regeneration. For the 
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production of so-called contained products (i.e., those produced in industrial fermenta-

tion or other sealed environments such as laboratories or ponds), microbes are the 

preferred hosts. Bacterial cell factories excel through fast growth, high metabolic rates, 

low nutrient requirements, and, due to the low complexity of their genomes, high 

amenability to genetic engineering. In addition, single-celled organisms grow to high 

densities, which reduces the spatial requirements of production facilities. Since they 

can be cultivated suspended in liquid media, production processes can be adapted to 

a large scale. Bacteria have been used for centuries in the food industry for the fer-

mentation of dairy, meat and fish, vegetables, beverages, and the production of or-

ganic acids8. Modern examples for biotechnological applications using bacteria in-

clude the production of industrial enzymes9, recombinant biopharmaceuticals10, trans-

portation fuels11, or polyhydroxyalkanoates (PHAs)12.  

Bacteria can be used not only for the de novo production of value-added chemicals 

from cheap feedstocks via fermentation. For chemical conversions that cannot be car-

ried out by currently available synthesis protocols (e.g., where strict stereo- and regi-

oselectivity requirements apply), whole-cell biocatalysts can fill in the gaps. For this 

purpose, microbial species have been used to perform critical biochemical steps for the 

production of steroids, vitamins, and pesticides13 via biotransformations (i.e., involving 

a single biochemical step14) and bioconversions (i.e., involving multiple steps14). The 

terms used for these three types of bioprocesses are not precisely defined in the liter-

ature and are often used interchangeably. In the context of this thesis, the functional 

definitions proposed here will be used throughout the chapters.  

Bio-based chemical conversions are often performed on complex, aromatic com-

pounds, many of which are toxic to living cells, especially at the concentrations re-

quired for an efficient biochemical process15,16. In addition, many of these compounds 

have low solubility in water, necessitating the use of organic solvents during the pro-

cess, which are themselves harmful to many organisms17. A suitable cell factory must 

therefore not only provide the required biochemical functions but also be able to tol-

erate such harsh process conditions. The characteristics that qualify a biological host 

for biotechnological applications are discussed in Chapter 1. 
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Bacteria that are found in the environment constitute ideal cell platforms when toxic 

chemicals are produced or employed in the biochemical process. Exposed to all kinds 

of chemical compounds in their natural habitat, species such as members of the Pseu-

domonas group have adapted to deal with the detrimental effects of environmental 

toxins on the cellular machinery. Due to its versatile and robust metabolic architecture, 

Pseudomonas putida (P. putida) was selected as a biotechnological host for the produc-

tion of fluorinated metabolites in this thesis. The unique properties of this species and 

past approaches to harness them for biotechnological applications are highlighted in 

Chapter 2.  

Due to the high demand for fluorinated molecules that could be used as chemical pre-

cursors and the advantages that biocatalytic production processes have over organic-

chemical synthesis, biofluorination performed with microbial cell factories harbors an 

untapped industrial potential. Fluorinase (adenosyl-fluoride synthase), present in 

some species of the Gram-positive bacterium Streptomyces, is the only natural enzyme 

known to catalyze the formation of a C-F bond. Although actinomycetes are used in 

numerous applications for the production of secondary metabolites, these species are 

difficult to cultivate and, with their filamentous phenotype, are relatively slow-grow-

ing bacteria18. Despite recent efforts, the lack of standardized, robust tools for their 

genetic manipulation further complicates exploiting their biochemical capacities for 

metabolic engineering19. On the other hand, a large variety of standardized toolsets 

has been developed for Gram-negative bacteria and, as will be discussed in Chapter 2, 

many of them have been applied to Pseudomonas species. Useful as they are, the pre-

existing tools for chromosomal modifications are rather laborious. To facilitate pro-

found restructuring of the metabolic network architecture in a time-efficient fashion, 

one of the most established genome editing methods was adopted and further refined 

in Chapter 3. By implementing fluorescent markers, each step of the protocol can be 

monitored with precision without having to resort to time-consuming screening meth-

ods. Furthermore, self-curing vectors enable a high throughput in constructing 

marker-free strains. 
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With such a highly efficient genome editing tool at hand, P. putida strain KT2440 was 

subjected to in-depth genetic manipulations that rendered it ‘auxotrophic’ for acetyl-

coenzyme A. As outlined in Chapter 4, a synthetic C2-auxotrophy enables the optimi-

zation of various biochemical pathways (for instance, the fluoroacetate-generating 

fluorination pathway) through adaptive laboratory evolution. To demonstrate the ap-

plicability of such an evolutionary engineering strategy, it was used to establish an 

alternative, carbon-saving route for sugar assimilation—the phosphoketolase shunt. 

It will be shown that even fundamental elements of central carbon metabolism can be 

remodeled to generate valuable production cell platforms with synthetic network ar-

chitectures. 

In Chapter 5, a combinatorial approach is pursued to exploit the inherent capacities 

of P. putida for the assimilation of aromatic hydrocarbons for the bioconversion of 

fluorinated precursors. Applying several iterations of the Design-Build-Test-Learn cy-

cle of metabolic engineering (introduced in the next Chapter 1), bottlenecks in the ef-

ficient conversion of 3-fluorobenzoate into 2-fluoro-cis,cis-muconate were identified 

and resolved. This novel platform chemical can be produced at maximum theoretical 

yields with the engineered strains developed herein. The thesis concludes with an out-

line of future perspectives provided by the presented work.  
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Chapter 1: Modern biotechnology as an applied engineering 
discipline 

1.1. Industry 4.0 ‒ biotechnology as a vector for the fourth industrial 
revolution 

We are on the brink of a technological revolution. The First Industrial Revolution was 

the use of water and steam to power manufacturing. Enabled by the invention of elec-

tricity, the Second Industrial Revolution was characterized by mass production. The 

advent of electronics and information technology enabled the automation of produc-

tion processes and led to the Third Industrial Revolution20.  

Where we once saw linear progress with occasional technological breakthroughs, we 

now see new technologies emerging and changing at an exponential pace21. The 

Fourth Industrial Revolution is characterized by a dissolution of barriers between the 

physical, digital, and biological spheres. In fact, the roots of artificial intelligence (AI), 

widely regarded as one of the key technologies of our time, lie in biology, as it was 

directly inspired by and partially modeled after biological neural networks22. Con-

versely, with the advent of omics technologies and the exponentially decreasing cost 

of DNA sequencing23, vast amounts of data are being generated in the biological fields. 

Bioinformatics increasingly relies on machine-learning algorithms to analyze and in-

terpret data (i.e., big data). Combined with robotics and advanced information tech-

nologies (ITs), AI accelerates the discovery of new biocatalytic functions and enables 

combinatorial approaches to build cell factories on a vast scale24.  

The new big data-driven technologies caused a shift in paradigm in the field of meta-

bolic engineering ‒ the transition from plug-and-play methodology, in which the met-

abolic capabilities of usually one of the few model host organisms [e.g., E. coli (repre-

senting Gram-negative bacteria), B. subtilis (representing Gram-positive bacteria), or 

Saccharomyces cerevisiae (representing yeasts)] were enriched by bringing in new, char-

acterized genes to a systems-driven approach applicable to a broad range of biological 

chassis25-27. The impacts of this technological revolution are reflected in an expansion 

of each step in the Design-Build-Test-Learn (DBTL) cycle that is used as a framework 

in metabolic engineering7.  
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1.2. The Design-Build-Test-Learn cycle of metabolic engineering 

Microbes provide a promising, sustainable solution for the production of chemicals 

that has led to the successful production of a growing number of natural products and 

high-value chemicals. However, scaling up bioproduction processes to industrial lev-

els requires huge resource investments and usually takes many years28. Therefore, 

great efforts are being deployed to shorten the time from the start of a project to com-

mercial viability29.  

Academic and industrial laboratories are increasingly adopting an approach based on 

the iterative application of the DBTL cycle, which has its origins in traditional engi-

neering disciplines (Figure 1.1)30. While each iteration of the cycle still requires months 

of work, technologies developed in recent years enable to significantly increase 

throughput and, more importantly, increase the likelihood of success of each individ-

ual iteration. The structure of the DBTL cycle, further discussed in the following sec-

tions, has been applied extensively in this thesis to guide the metabolic engineering 

approaches presented in Chapters 4 and 5.  

The Design phase 

After deciding on a target product with a market value, suitable strategies for its pro-

duction are explored. This involves identifying a potential biochemical route consist-

ing of enzymes that can provide the required catalytic activities. Databases such as 

Kegg or Biocyc31 have compiled a vast collection of identified metabolic routes and 

enzymes involved. Even previously unidentified reaction pathways can be designed 

de novo in a process called retrosynthesis using sophisticated algorithms based on 

known enzyme activities32,33. We are still far from predicting the exact function of a 

protein based only on its amino acid sequence. However, first success stories provide 

evidence for the feasibility of an AI-driven bottom-up approach to generate proteins 

with new, desired functions to fill gaps within a biochemical route. 
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Figure 1.1. The Design-Build-Test-Learn cycle of Metabolic Engineering. A metabolic engineering project 
starts with the search for suitable enzyme candidates that can form a biochemical route to the desired prod-
uct. Comprehensive databases have gathered enzymes based on experimentally validated properties, or 
through automatic computer-aided data mining (e.g., ExplorEnz, Expasy, BRENDA, KEGG, or MetaCyc) 
and can help to identify suitable candidates. Once a metabolic pathway has been assembled in silico, an 
appropriate biological chassis must be selected, taking into account aspects of enzyme compatibility, re-
sistance to toxic metabolites, culture conditions, and available knowledge about the system. In addition, the 
selected cell factory usually needs to be genetically modified to redirect carbon flow from substrates to the 
product. In the build phase, DNA sequences encoding the required enzymes as well as genomic manipula-
tions are implemented into the host. Subsequently, the generated strain designs are tested for their perfor-
mance. In this process, omics technologies can provide a comprehensive picture of the observed phenotypes. 
If available, high-throughput screening methods can be used to find the best performing candidates from a 
large library of strains. In the final step of the DBTL cycle, the data generated in the Test phase are integrated 
through multivariate data analysis and interpreted to inform the next iteration (adapted from Petzold et 
al.34). 
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Significant advances in DNA synthesis technologies and decreasing costs provide un-

restricted access to any type of gene and even entire gene clusters, regardless of their 

origin. Suitable enzyme candidates can be found in comprehensive databases that 

have collected proteins based on experimentally validated traits or through auto-

mated computer-assisted data mining (e.g., ExplorEnz, Expasy, BRENDA, Kegg, 

MetaCyc). Modern computer software can adjust the sequence pattern to the chosen 

biological host to facilitate the functional expression of the gene35,36. Combinatorial li-

braries of identified enzyme candidates can be directly synthesized, reducing the time 

required for the molecular cloning of constructs in the Build phase of the DBTL cycle. 

Furthermore, modular cloning methodologies can be automated through the use of 

software tools37. 

In the context of choosing suitable enzyme candidates, the right choice of a biological 

chassis is critical. Hosts are usually selected based on several characteristics: (i) their 

compatibility with the chosen enzymes (e.g., the functional production of eukaryotic 

enzymes often requires post-translational modifications that a prokaryotic host cannot 

provide); (ii) accepted feedstocks that allow for an economically feasible process; (iii) 

required process conditions (e.g., pH, solvents, or temperature); (iv) physiological pa-

rameters (e.g., growth rate, stress resistance, or tolerance to substrates and products); 

(v) their genetic amenability; and (vi) their compatibility with the downstream-pro-

cessing required to extract the product (e.g., pre-existing secretion mechanisms in the 

host). Not only since the advent of CRISPR/Cas technologies, the amount of available 

tools to genetically modify cell factories and express heterologous genes has increased 

substantially in the past decade, significantly expanding the choice of available spe-

cies38.  

A functional pathway is a fundamental prerequisite for the production of target com-

pounds. However, the provision of precursor metabolites by the cell factory is equally 

important to enable the highest possible yields. Stoichiometric models, such as ge-

nome-scale metabolic models (GSMMs) can help predict metabolic fluxes following 

genetic interventions39. A range of algorithms has been developed that, in conjunction 

with GSMMs, can predict appropriate combinations of gene deletions, insertions, and 
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overexpressions40-45. Most recently, the scope of GSMMs was expanded significantly 

by implementing regulatory constraints (i.e., resource requirements for the transcrip-

tion and translation machinery) for metabolic networks46-48. However, due to their 

complex nature, so-called genome-scale models of metabolism and macromolecular 

expression (ME-models) are so far available only for a few organisms49. 

The availability of sophisticated computational tools and an increasing amount of 

available data enables high throughput in the design phase. The efficiency of imple-

menting the formulated metabolic engineering strategy strongly depends on the se-

lection of appropriate tools for DNA assembly and genome manipulation. 

The Build phase 

With a price for the synthesis of DNA of as little as $0.07 per base pair, the manual 

assembly of DNA fragments is starting to become obsolete50. However, most labora-

tories, especially in academia, still rely on in-house molecular cloning techniques for 

DNA fragment assembly. A variety of different methods have been developed for this 

purpose (e.g. Gibson assembly51, USER assembly52, restriction digestion and ligation, 

Golden Gate Cloning53, LIC54, or SLIC55,56). All provide equal accuracy and require sim-

ilar time periods, and each has its own list of advantages and disadvantages57a. With 

the right cloning strategy, large libraries of genes can be assembled in a randomized 

fashion that can be screened at high throughput during the Test phase57b. An important 

part of such a combinatorial approach is the right choice of gene expression systems. 

Gene expression is often a major bottleneck in metabolic engineering, as we are not 

yet able to reliably model transcription, translation, and protein folding processes. In 

addition, the relative abundance levels of enzymes in a pathway often need to be bal-

anced to enable efficient performance. The inclusion of different promoters and trans-

lation initiation sequences (TISs) in a shuffled library increases the chance of con-

structing a functional pathway. 

More relevant than the choice of cloning method is how variation is generated within 

a library of enzymes for directed evolution applications. Through gene shuffling and 
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random mutagenesis, the physical and catalytic properties of enzymes can be opti-

mized by a nature-inspired twofold strategy of mutagenesis followed by selection58.  

After DNA constructs have been assembled, they are introduced into the chosen cell 

factory either into the chromosome or on autonomously replicating vectors. While 

plasmids are useful for screening large enzyme libraries or constructing proof-of-prin-

ciple strains, they tend to be unstable when used in large-scale industrial cultivations. 

An additional part of the Build phase is the rewiring of existing metabolism in host 

cells through the targeted deletion and expression modulation of genes. An overview 

of available genetic tools for P. putida is provided in the next Chapter 2. In Chapter 3, 

a streamlined method for implementing genomic modifications in this bacterial cell 

factory is presented.  

A particular application of the DBTL cycle that overcomes the limitations of rational 

engineering is adaptive laboratory evolution (ALE)59-61. By creating a suitable selection 

platform, cell factory optimization as part of the Build phase is carried out by evolu-

tion, exploiting the self-optimizing ability of all living organisms. An applied example 

of how such an evolutionary approach can be employed for pathway optimization by 

implementing synthetic metabolisms is discussed in Chapter 4. Production of specific 

recombinant proteins can be enhanced by coupling their translation to functions re-

quired for cell survival. By generating a synthetic polycistron of a gene of interest and, 

for example, an antibiotic resistance determinant, libraries of expression systems and 

codon compositions can be rapidly screened for the sequence features that ensure op-

timal protein production based on cell survival at high antibiotic concentrations62,63. 

The Test phase 

In the Test phase, the performance of constructed strains and pathways is evaluated. 

Our ability to analyze the phenotype of cell factories has improved tremendously with 

the advent of omics technologies and modern information technology. Next-genera-

tion sequencing allows the analysis of the genetic composition of large cell popula-

tions. Transcriptomics permits interrogating gene expression changes in response to 

genetic changes or cultivation conditions. Quantitative analysis of the total protein 
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content of a strain can help identify bottlenecks in the production of heterologous pro-

teins and characterize expression systems. Liquid and gas chromatography methods 

can provide a comprehensive picture of the metabolic state of cells and, if combined 

with isotope-labeled substrates, can even determine the rates of metabolic reactions in 

the network. 

However, although the speed of these technologies has increased significantly in re-

cent years, they often still represent a major bottleneck within the DBTL cycle. More 

preferable to these analytical approaches are high-throughput screening methods. By 

coupling biocatalyst performance to an optical output (e.g., fluorescence provided by 

biosensors responding to product concentrations), the best cell factories can be se-

lected from an extensive library of cells at a significant rate. The most powerful screen-

ing can be realized when production is linked to growth (e.g., by implementing syn-

thetic product dependencies), providing both a mechanism for ALE and an easily 

readable performance parameter. 

The Learn phase 

Arguably the most essential step of the DBTL cycle is the Learn phase. In this phase, 

the collected observations are put into perspective and used to conclude how modifi-

cations introduced into the cell factory impacted strain performance. Sophisticated 

data analysis tools, including machine learning algorithms, help automate the often 

arduous task of identifying useful patterns in a vast amount of data. During this pro-

cess, the interpretability of the results obtained can benefit immensely from a careful 

design of experiments employed in the Test phase64. Omics data can be integrated into 

GSM or statistical models that can be interrogated through multivariate data analy-

sis65,66. The conclusions drawn from the Learn phase inform the continued Design and 

Build process for the next iteration of the DBTL cycle. 
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Chapter 2: Pseudomonas putida as a chassis for metabolic 
engineering 

The following chapter is based on the book chapter Engineering reduced-genome 

strains of Pseudomonas putida for product valorization, published in the context of 

this thesis in Lara A., Gosset G. (eds) Minimal Cells: Design, Construction, Biotechnolog-

ical Applications (pp 69-93) by Springer. 

 

2.1. Summary 

Environmental bacteria, such as strains of the genus Pseudomonas, constitute ideal 

starting points for the design of robust cell factories. These microorganisms are pre-

endowed with a number of metabolic and stress-resistance traits that make them op-

timal for the needs of contemporary biotechnology. Significant technological advances 

in recent times opened new avenues for metabolic engineering of Pseudomonas species. 

Against this background, this chapter describes current engineering efforts aimed at 

launching the Gram-negative soil bacterium P. putida as a chassis for product valoriza-

tion and refinement. State-of-the-art synthetic biology approaches for constructing 

strain variants with improved physiological characteristics or new catalytic capacities 

are discussed. 
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2.1. The potential of Pseudomonas putida as a chassis for biotechnology 

2.1.1 A historical perspective on microbial chassis for biotechnology appli-

cations 

The microorganisms most frequently used as cell factories in microbial fermentation 

processes are species that have historically been adopted as model organisms in the 

laboratory38, such as the Gram-negative bacterium Escherichia coli or the archetypal 

baker’s yeast Saccharomyces cerevisiae ‒ together with a few other microbial species that 

had been exploited for their natural capacity to produce a defined set of compounds67. 

Examples of this sort include amino acids (e.g., Corynebacterium glutamicum68), antibi-

otics and other antimicrobials (e.g., actinomycetes69), or proteins (e.g., Bacillus sub-

tilis70) and the methylotrophic yeast Pichia pastoris71,72. Before the inception of techno-

logical advances in biological sciences (and, in particular, genetic and genome engi-

neering approaches), most of the strain engineering efforts were heavily reliant on the 

limited knowledge (i.e., physiology, genetics, and biochemistry) that had been gath-

ered laboriously over the second half of the 20th century for a modest number of or-

ganisms. Success stories of metabolic engineering have thus often focused on the over-

production of natively synthesized metabolites or molecules that are easily accessible 

from the extant metabolic network (i.e., cis-metabolism73) by the addition of simple 

biochemical pathways. 

More recently, the field of metabolic engineering has witnessed a significant increase 

in the number and nature of the potential microbial chassis that can be used for bio-

technological purposes74,75. This occurrence stems from the fact that not only has the 

knowledge on alternative microbial species expanded enormously, but also the tech-

nology bottlenecks for engineering their core properties have been (to a large degree) 

solved. Achievements within the ‘omics’ fields enabled us to gain the required 

knowledge about essentially any microbial platform on a much shorter time scale ‒ 

and synthetic biology has provided us with tools to manipulate an unprecedented 

number of living cells at will76. When organisms were previously chosen due to the 

availability of genetic engineering tools or their innate ability to produce the desired 

compound, we are now experiencing a shift in paradigm: one first tries to establish 
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the characteristics that an ideal biological platform should display for the desired ap-

plication, e.g., the production of a given target product (including adverse metabolic 

effects of genetic implants and a suitability for a specific set of production conditions). 

Then, a suitable chassis can be chosen that naturally meets the defined criteria in the 

best possible way, and is then engineered to fulfil its task. This led to an increased 

interest in species that are true generalists in their nature and that are often found as 

free-living organisms in diverse environments. Many of such environmental microor-

ganisms are found within the genus Pseudomonas and herein, particularly Pseudomonas 

putida has made a name for itself as a promising cell factory. 

2.1.2 Bacteria from the genus Pseudomonas as chassis  

Representatives of the species Pseudomonas putida are classified as Gram-negative, ob-

ligate aerobic γ-proteobacteria with one or several polar flagella that are found in most 

soil and water habitats where oxygen is available77-79. Members of these bacteria can 

grow at temperatures between 4 and 40°C (although they grow optimally between 25 

and 30°C 80), and they can form biofilms81,82 in a process coordinated by cell-to-cell-

communication systems (i.e., quorum sensing) in a cell density-dependent manner83. 

Due to the ever-changing nature of their natural habitat, P. putida is endowed with a 

versatile metabolic network that provides it with the ability to adapt to many different 

physicochemical conditions, some of which are of particular interest for industrial fer-

mentation setups (e.g., extreme pH values, temperature gradients, and high concen-

trations of toxic substances)84-86.  

In particular, one of its most remarkable physiological traits was the very reason why 

its most prominent representative, P. putida strain mt-2, was discovered in the first 

place: the ability to degrade and consume recalcitrant xenobiotic compounds, such as 

toluene and xylenes87 ‒ and this trait goes hand in hand with a remarkably high toler-

ance to organic solvents88. This outstanding trait results from the presence of, inter alia, 

very effective efflux systems, which make P. putida an ideal producer of such com-

pounds or a suitable biocatalyst for production processes in two-phase systems89-91. 



22 

The ability to tolerate high concentrations of organic solvents and aromatic com-

pounds furthermore allows for the use of complex alternative feedstocks that are not 

accessible for other bacteria73.  

An outstanding example in this sense is the wealth of substrates that can be derived 

from plant biomass, a large fraction of which is represented by lignin. Because biopro-

duction processes established thus far exploited lignocellulose predominantly as a 

source of sugars, the lignin fraction remains a largely unused waste product often 

used for the production of heat and electric energy via combustion. Pseudomonas, how-

ever, can consume a large variety of the aromatic monomers that are derived from 

lignin after hydrolysis ‒ even enabling the non-hierarchical co-utilization of these sub-

strates92. Moreover, although P. putida is not able to efficiently consume the most abun-

dant sugars present in lignocellulose besides glucose, xylose, and arabinose, it can be 

easily engineered to do so93,94. Consequently, it is now possible to utilize a large pro-

portion of the carbon stored in plant biomass for the production of value-added com-

pounds in fermentation approaches.  

Another possibility for the valorization of complex feedstocks containing arenes is to 

make direct use of the assimilatory pathways that are present within the cis-metabo-

lism of P. putida. The well-studied meta- and ortho-cleavage routes to degrade a range 

of aromatic compounds95 converge into the central metabolic intermediate catechol, 

which is subsequently converted into cis,cis-muconic acid [(2E,4E) 2,4-hexanedioic 

acid]96-99. The latter molecule has recently gained significant attention in the chemical 

industry as a platform chemical, representing a precursor for the synthesis of tereph-

thalic acid, 3-hexenedioic acid, 2-hexenedioic acid, 1,6-hexanediol, ε-caprolactam, and 

ε-caprolactone; all of which serve as building blocks for value-added commercial pol-

ymers [e.g., polyethylene terephthalate (PET) from terephthalic acid or Nylon-6,6 

from adipic acid].  

Recently, the substrate spectrum that is suitable to produce cis,cis-muconic acid from 

aromatic precursors in P. putida was further expanded by introducing heterologous 

functions that feed the catechol branch with intermediates from degradation routes 

that produce protocatechuic acid as a central metabolic intermediate. These operations 
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resulted in a complex converging metabolic network that converts a diverse mix of 

aromatic substrates into catechol and consequently cis,cis-muconic acid100. As dis-

cussed in the next section, engineering the synthesis of this type of compounds 

(among many others) in Pseudomonas species is possible largely due to a specific met-

abolic wiring characteristic of this species. Chapter 5 provides an applied example of 

how the native catabolic capacity for aromatic hydrocarbons in P. putida can be ex-

ploited to produce specialized halogenated products. 

2.1.3 Carbon metabolism in Pseudomonas putida 

Pseudomonas putida represents a striking example of a bow tie framework101, where a 

large variety of different substrates are assimilated through a catabolic funnel into a 

core metabolic network to produce activated carriers and precursor metabolites for 

the synthesis of larger building blocks that constitute biomass (Figure 2.1B). The cen-

tral carbon metabolism of P. putida exhibits a rather special architecture when it is 

exposed to the sugar substrate that is widely preferred in industry, glucose (Fig-

ure 2.1C). Fructose is the only carbohydrate known to be transported into the cyto-

plasm through a phosphoenolpyruvate-carbohydrate phosphotransferase system 

(PTS) system102. All other sugars use active non-PTS transport systems, often at the 

costs of higher energy demand. Like many other (aerobic) prokaryotes, most pseudo-

monads lack a functional 6-phosphofructo-1-kinase (Pfk), a key enzyme of the Emb-

den–Meyerhof–Parnas (EMP) glycolytic pathway, and thus rely on the Entner–Dou-

doroff (ED) route for the consumption of sugars and sugar acids103,104. The initial steps 

of glucose consumption occur through a set of three pathways that converge in 6-

phosphogluconate (6PG) as a central node and each includes substrate oxidation (gen-

erating reduced cofactors) and ATP-dependent phosphorylation steps. The activated 

intermediate 6PG is then subjected to dehydration (catalyzed by Edd) and aldol cleav-

age (catalyzed by Eda) that yield the two C3 intermediates pyruvate and glyceralde-

hyde-3-P (G3P). G3P can then be further processed to pyruvate through the lower 

block of glycolysis (yielding one ATP and one NADH) or be recycled through a cyclic 

metabolic route termed the EDEMP cycle [a metabolic architecture involving enzymes 

belonging to the ED, EMP, and pentose phosphate (PP) pathways]. This recycling of 
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metabolites enables Pseudomonas to generate additional NADPH reducing power and 

is a crucial mechanism to counter high levels of oxidative stress105. A complex regula-

tory network leads to a sequential uptake of substrates if several carbon sources are 

present, whereby glucose is taking a subordinate role in favor of some organic acids 

and amino acids106.  

The successive assimilation of substrates is coordinated by an interplay of global car-

bon catabolite control (CCR) and function-specific regulatory mechanisms107. One of 

the most important of these mechanisms is exerted by the global catabolite repression 

control protein Crc, which interacts with the protein Hfq to bind to gene transcripts 

inhibiting their translation108-113. In fact, regulation of the biochemical activities that 

constitute central carbon metabolism has been found to occur to a large extent at the 

post-transcriptional level114. Crc/Hfq inhibits translation of its target messenger RNA 

(mRNA) upon recognizing a specific sequence motif (AAnAAnAA) near the ribo-

some-binding site113. As shown experimentally for the toluene, alkane, and benzoate 

degradation pathways and proposed for several other catabolic pathways based on 

the identification of CRC/Hfq-binding motifs, CCR follows a multi-tiered repression 

strategy that allows dynamic regulation115,116. In this context, CCR influences catabolic 

activities directly via translational inhibition of enzymes that catalyze the first bio-

chemical reaction of a pathway as well as transport proteins, and indirectly by pre-

venting the production of transcriptional activators116. These regulators in turn acti-

vate the expression of pathway-specific genes encoding catabolic enzymes and trans-

porters116. The activity of Crc/Hfq is further modulated by the small regulatory RNAs 

of the CrcZ family that are produced upon depletion of preferred carbon sources and 

act as antagonists for the CCR proteins117,118. 

Because of the complexity and idiosyncrasies that characterize metabolic regulation 

in Pseudomonas species, a lack of knowledge (particularly about genotype-phenotype 

relationships) often becomes a bottleneck if one tries to predict the outcome of genetic 

interventions. As argued below, the inception of a set of dedicated tools for the engi-

neering of Pseudomonas has emerged and considerably accelerated the design of 

whole-cell biocatalysts based on this species. 
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Figure 2.1: Relevant metabolic characteristics of the Gram-negative environmental bacterium Pseu-
domonas putida as a chassis for biotechnology. (A) Strains of P. putida can be isolated in most soil and 
water habitats where oxygen is available, including wastewater reservoirs from chemical plants. (B) 
The metabolic network of P. putida KT2440 represents a striking example of a bowtie framework, where 
a large variety of different substrates are funneled through catabolic pathways into a set of central bio-
chemical reactions that produce activated energy/redox carriers and precursor metabolites (the twelve 
elemental metabolites in this network119 are highlighted in red) for the formation of biomass. (C) Bio-
chemical pathways involved in glucose catabolism in P. putida KT2440. The metabolic flux revolves 
around the EDEMP cycle (highlighted in green) that includes activities from the Entner–Doudoroff 
pathway (reactions shown in dark green), the pentose phosphate pathway (reactions are shown in or-
ange), and the Embden-Meyerhof-Parnas route (reactions shown in red)105. Reactions of the tricarbox-
ylic acid (TCA) cycle are indicated in blue. Transport reactions across the plasma membrane are shown 
with dashed lines. Note that the exact transport mechanism for 2-ketogluconate is unknown (shown 
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with a dashed arrow). Abbreviations of metabolites are as follows: G6P, glucose-6-P; 6PG, 6-phos-
phogluconate; F6P, fructose-6-P; 6PG, 6-phosphogluconate; FBP, fructose-1,6-P2; DHAP, dihydroxyace-
tone-P; KDPG, 2-keto-3-deoxy-6-phosphogluconate; Ru5P, ribulose-5-P; R5P, ribose-5-P; S7P, sedohep-
tulose-7-P; E4P, erythrose-4-P; G3P, glyceraldehyde-3-P; 3PG, glycerate-3-P; 2PG, glycerate-2-P; PEP, 
phosphoenolpyruvate; PQQ, pyrroloquinoline quinone; PQQH2, pyrroloquinoline quinol; and acetyl-
CoA, acetyl-coenzyme A. Enzymes in this scheme are abbreviated as follows: Gcd, glucose dehydro-
genase; GADH, gluconate dehydrogenase; GtsABCD, D-glucose ABC-transporter; GntT, gluconate/H+ 
symporter; KguT, putative 2-ketogluconate transporter; Glk, glucose kinase; GnuK, gluconate kinase; 
KguK, 2-ketogluconate kinase; KguD, 2K6PG reductase; Pgi, phosphohexose isomerase; Zwf, glucose-
6-P dehydrogenase; Pgl, phosphogluconolactonase; Edd, 6-phosphogluconate dehydratase; Eda, 2-de-
hydro-3-deoxy-6-phosphogluconate aldolase; Fba, fructose-1,6-P2 aldolase; Fbp, fructose-1,6-P2 phos-
phatase; Gnd, phosphogluconate dehydrogenase; Rpi, ribose-5-P isomerase; Rpe, ribulose-5-P 3-epi-
merase; Tkt, transketolase; Tal, transaldolase; Tpi, triosephosphate isomerase; Gapd, glyceraldehyde-
3-P dehydrogenase; Pgk, phosphoglycerate kinase; Pgm, phosphoglycerate mutase; Eno, enolase; Pyk, 
pyruvate kinase; PDHc, pyruvate dehydrogenase complex; GltA, citrate synthase; Acn, aconitase; Idh, 
isocitrate dehydrogenase; SucAB, 2-ketoglutarate dehydrogenase; SucCD, succinyl-CoA synthetase; 
Sdh, succinate dehydrogenase; Fum, fumarate hydratase; Mdh, malate dehydrogenase; AceA, isocitrate 
lyase; and GlcB, malate synthase. 

 

2.1.4 Domestication of Pseudomonas putida as a chassis 

Since the beginning of the 21st century, various modern techniques that were devel-

oped in the field of synthetic as well as systems biology were made available for 

P. putida and contributed to its broad acceptance as a promising and reliable biotech-

nological platform. The fully sequenced120 and extensively annotated121 genome of 

P. putida KT2440 provided a solid foundation for the integration of several systems 

biology applications and enabled the defined manipulation of phenotypical traits use-

ful for biotechnological purposes. It furthermore formed the basis for a set of genome-

scale metabolic models that were regularly used to guide metabolic engineering strat-

egies and helped to elucidate the physiologic response of P. putida to different envi-

ronments and physicochemical conditions122-125.  

Along the same lines, genetic amenability facilitated the adaptation and development 

of increasingly sophisticated synthetic biology tools developed for specific gene and 

genome manipulations126,127. A milestone for establishing a standardized toolbox of 

well-characterized molecular tools has been the creation of the Standard European Vec-

tor Architecture (SEVA) platform128,129, containing various genetic elements (e.g., pro-

moters, antibiotic resistance determinants, origins of plasmid replication, and reporter 
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functions) built in a modular and easily interchangeable fashion. The inducible pro-

moter systems within the SEVA collection were further complemented with synthetic 

libraries of constitutive promoters that allow for the predictable adjustment of the 

transcription strength of any desired gene and gene clusters130,131. However, the 

strength of a promoter alone does not determine the overall expression strength of a 

gene since translation heavily depends on the sequence context within the mRNA 

around the ribosome-binding site. This issue can be solved by exploiting the mecha-

nism of translational coupling, which uses standardized, non-coding 5′-untranslated 

regions and leader sequences that are placed in front of a gene of interest, as firstly 

established for E. coli132 and later demonstrated for P. putida as well131. Alternatively, 

the online RBS calculator 2.1, developed by the Salis laboratory at Penn State Univer-

sity133-138, allows for the in silico prediction of translation initiation rates based on a 

sequence context or the design of translation initiation sequences (TIS) with targeted 

translation rates, and was successfully applied in P. putida139-143. 

The plethora of tools and approaches for gene and genome manipulation of this spe-

cies paved the way towards the genetic domestication of P. putida as a chassis for bio-

technology. However, despite considerable progress in our ability to access genetic 

manipulations of Pseudomonas, this bacterium still shows deficits when it comes to 

high-throughput genome engineering. This state of affairs can be explained to some 

extent by present knowledge gaps compared to the microbial forerunners of synthetic 

biology. More importantly, P. putida lacks the high capacity for homologous recombi-

nation (HR) displayed by other well-established chassis, e.g., S. cerevisiae or B. sub-

tilis144, or an inventory of well-characterized bacteriophages, e.g., phages characterized 

for E. coli145 that, together, provide the molecular tools for an efficient recombineering 

system. Since the availability of such systems is instrumental for high-throughput ge-

nome engineering, several alternatives have emerged over the last years to overcome 

the technical limitations. In the next section of this chapter, state-of-the-art techniques 

for genome manipulation in Pseudomonas species are reviewed, highlighting the ad-

vantages and disadvantages of these procedures. 
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2.2.  Strategies for the genetic editing of Pseudomonas species 

Driven by the revolution of synthetic biology, different approaches have been de-

signed, attempting to provide reliable, quick, and easy ways to implement defined 

genetic modifications in P. putida. Originally, these methods exclusively relied on na-

tive HR functions mediated by RecA, enabling the allelic exchange of a plasmid-en-

coded sequence with a homologous counterpart on the bacterial chromosome. How-

ever, one disadvantage inherent to the HR-mediated mechanism is its impartiality re-

garding the result of the recombination. In some cases, this occurrence can increase 

the screening efforts to identify the desired mutant cells in a (sometimes larger) pop-

ulation of wild-type cells with increased fitness. This technical weakness could be 

overcome with the advent of CRISPR/Cas9 technologies that enable the specific coun-

terselection against the unwanted (i.e., wild-type) sequence. 

2.2.1 Genome engineering of Pseudomonas using suicide plasmids 

In the most established genome engineering methods, the template DNA sequences 

needed for HR are delivered into Pseudomonas encoded on suicide plasmids carrying 

selectable markers (e.g., antibiotic resistance determinants). These templates include 

the desired genetic changes flanked on each side by DNA segments (typically ca. 500-

1000 bp) that are homologous to the target site of the genome. In this context, a (con-

ditional) suicide vector is a plasmid carrying an origin of vegetative replication (oriV), 

which is natively not functional in its target host. The most prominent and widely 

used example of a suicide oriV in P. putida represents that of the plasmid R6K, whose 

functionality relies on the presence of its cognate replication factor π, encoded by the 

pir gene146. The advantage of such a vector is that bacterial strains harboring pir can be 

used without limitations for the cloning and propagation of the plasmid. At the same 

time, survival of Pseudomonas under selection pressure depends on integrating the an-

tibiotic resistance determinants into the chromosome. This is mediated by HR between 

the plasmid-encoded inserts and the target genomic sequence (Figure 2.3).  

The allelic exchange can be performed within a single step (double crossover), where 

the two homologous arms (HAs) flanking a mutagenesis region recombine at the same 
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time or in two consecutive steps (i.e., insertion followed by excision). Hereby, the 

whole plasmid sequence is co-integrated into the chromosome through a single cross-

over event at either of the two individual homologous arms (HA1 and HA2). A second 

HR leads to the resolution of the plasmid and can leave behind the desired genetic 

modification. For systems relying on a double-crossover mechanism, a selectable 

marker is firstly introduced between the two homology regions that can later be re-

moved using the site-specific recombination systems Flp/FRT from yeast147 or Cre/lox 

from phage P1 148,149. These systems have the inherent disadvantage of leaving behind 

scars within the chromosome at the sites of recombination, which, after repeated use 

of the system for multiple genome interventions, are prone to recombine with each 

other, potentially leading to the deletion or inversion of large genomic segments. 

One predominant problem for two-step-based genome engineering approaches was 

the low efficiency inherent to the natural HR system of Pseudomonas126. Consequently, 

different methods have been exploited to either enforce the resolution of the plasmid 

or to counter-select against cells, which did not undergo the second HR, respectively. 

One of the first counterselection strategies adapted to P. putida was based on the sacB 

gene derived from Bacillus subtilis, encoding for a levansucrase that acts on sucrose to 

produce levan polysaccharides. These products accumulate in the periplasm of Gram-

negative bacteria, where they exert a toxic effect150. Therefore, the resolution of a sui-

cide plasmid encoding sacB can be selected for by growth in a sucrose-containing me-

dium.  

A similar approach is based on the upp gene, whose natural function in P. putida is to 

phosphoribosylate uracil to yield uridine monophosphate (UMP, 5'-uridylic acid), 

which is a necessary step in the pyrimidine salvage pathway. Upp also acts on the 

antimetabolite 5-fluorouracil (5-FU) that is thereby converted into 5-fluoro-UMP. Af-

ter metabolic transformation of 5-FU into 5-fluoro-UMP, this compound acts as a sui-

cide inhibitor of the essential enzyme thymidylate synthase, resulting in cell death. 

Cells deficient in the uracil phosphoribosyltransferase function show no physiological 

response after exposure to 5-FU. After deleting the non-essential upp in P. putida, the 
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gene can be used as a counter-selectable marker for molecular tools by merely adding 

5-FU to the culture medium151.  

Equally working on the biosynthesis of pyrimidine nucleobases is a dual-selection 

system based on the deletion of the gene pyrF, combined with the antimetabolite 

5-fluoroorotidine-5’-P 152. The gene product of pyrF (orotidine-5'-P decarboxylase) is 

responsible for the formation of UMP from orotidine-5'-P (OMP), which makes it es-

sential for the de-novo biosynthesis of uracil. With a pyrF deletion, cells become auxo-

trophic for uracil and can be ‘rescued’ via the ectopic expression of pyrF from a plas-

mid (positive selection). At the same time, OMP decarboxylase acts on 5-fluoroorot-

idine-5'-P (5-FOMP) and converts it into 5-fluoro-UMP with the same toxic effect as 

described above allowing for a negative selection of genetic elements carrying pyrF. 

However, all counterselection methods have shown to display shortcomings. The ex-

ternally added compound for negative selection often does not suppress growth en-

tirely, making it difficult to identify cells that performed the second HR, especially 

when trying to eliminate (conditionally) essential functions whose deletions result in 

a growth deficiency. Furthermore, the upp/5-FU and pyrF/5-FOMP methods require 

the deletion of relevant metabolic functions in the host, which is not desired in a robust 

cell factory. Finally, all the counterselection methods based on the action of a single 

gene are prone to mutate, rendering them ineffective over repeated use of the markers 

and key genetic elements.  

In principle, all these drawbacks could be solved by establishing counterselection 

techniques based on highly specific endonucleases that are produced endogenously. 

A widely adopted method uses a suicide plasmid harboring the conditional origin of 

replication R6K, an antibiotic resistance determinant, and a polylinker region (i.e., 

multiple cloning site) flanked by two recognition sequences for the homing nuclease 

I-SceI from S. cerevisiae. Upon co-integration of the plasmid via homologous recombi-

nation, the SCEI gene is expressed from an additional helper plasmid, and the mega-

nuclease produced thereof introduces double-strand breaks (DSBs) at both target sites 

encoded on the integrative plasmid. Cells can escape this lethal cleavage within the 

chromosome if they eliminate the I-SceI recognition sites by a second crossover event 
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(Figure 2.2). The redundancies of the target sequences as well as the SCEI gene, which 

is encoded on plasmids that are maintained at multiple copy numbers, make this sys-

tem highly efficient and robust. Initially conceptualized by Martínez-García and de 

Lorenzo153, this method was further refined as part of this thesis. A hands-on protocol, 

new molecular tools complementing the strategy, and application examples for the 

improved method are presented in Chapter 3.  

A remaining disadvantage of all counterselection systems discussed in this section is 

their limited selectiveness regarding the resulting DNA sequence in the chromosome. 

To introduce a change in the genetic sequence, the modified target region is flanked 

by two homologous arms (HA1 and HA2, Figure 2.2). Either of the two crossover 

events leading first to the co-integration of the suicide plasmid and then to its resolu-

tion can be performed by each of the two HAs. Only if the site of recombination differs 

between the first and the second crossover, a mutant genotype is created (Figure 2.2). 

If both HR events involve the same HA, the wild-type sequence is restored.  
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Figure 2.2. Genome engineering of Pseudomonas using suicide plasmids. The molecular mecha-
nisms that lead to the desired chromosomal modification are shown for the deletion of gene xyz with 
the method described in detail in Chapter 3 89,154. Two homology arms (HA) that flank the target mu-
tagenesis site are cloned into the plasmid pSNW, acting as a suicide vector in P. putida. The plasmid is 
co-integrated into the chromosome through RecA-mediated homologous recombination at either of 
the two HAs, thereby conferring a selectable antibiotic resistance as well as a fluorescence signal to 
identify transformed cells. Introduction of a replicable plasmid [e.g., vector pSEVA628S, harboring the 
gene encoding the homing endonuclease I-SceI, the expression of which is inducible upon addition of 
3-methylbenzoate (3-mBz)], results in meganuclease-dependent cuts on the two I-SceI target recogni-
tion sites located within pGNW by introducing DNA double-strand breaks in the genome. To avoid 
the lethal cutting mediated by I-SceI, the cells undergo a second homologous recombination, which 
yields either the desired mutant or a revertant (i.e., wild-type) genotype, depending on which of the 
two HAs recombine. 
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2.2.2 CRISPR/Cas9 technologies and recombineering approaches for Pseu-

domonas 

Until recently, established genome engineering strategies could not discriminate be-

tween mutant and wild-type cells unless a genetic manipulation resulted in a se-

lectable phenotype. On the contrary, the introduction of new biochemical functions or 

the deletion of genes with a relevant physiological role often results in an evolutionary 

advantage for the wild-type cells in such a way that often significant screening efforts 

had to be made for selecting the mutants. This problem has been largely solved when 

customized CRISPR/Cas9 systems were made accessible after their first introduction 

in 2012 155-157. Cas9 serves as an endonuclease that can be guided to a specific DNA 

sequence through its association with a synthetic guide RNA (sgRNA) and is therefore 

suitable to select against particular genotypes. Shortly after its emergence, the new 

technology was combined with traditional molecular tools for genetic engineering to 

create new, powerful gene edition systems that further facilitated engineering ap-

proaches in several cell factories.  

Different approaches for P. putida intended to perform chromosomal modifications 

within a single step (Figure 2.3), by using CRISPR/Cas9 counterselection to stimulate 

the allelic exchange of a sequence from either a plasmid via a double-crossover158 or 

with a synthetic DNA fragment (either single or double-stranded) in a process called 

recombineering159,160. It has been established in E. coli that one can simply insert modifi-

cations into any chromosomal target site using linear, double-stranded (ds) DNA (e.g., 

PCR products) by flanking fragments with short (typically 40-50 bp) HAs and deliv-

ering them into cells that overexpress the three genes of the Red system from 

phage λ161. These genes encode (i) a 5’ → 3’ exonuclease (Exo) that digests one of the 

two strands on the DNA fragment, (ii) a dsDNA binding protein (Gam) that protects 

the introduced fragment from the attack of endogenous nucleases, and (iii) a single-

stranded (ss) DNA-binding protein (Beta) that shields the single-stranded product 

from degradation and mediates recombination (Figure 2.3). Furthermore, it has been 

shown that recombineering approaches work even more efficiently when using an 

ssDNA fragment (e.g., a synthetized oligonucleotide) ‒ thereby requiring only the 
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function of protein Beta162. This method can generate up to 6% of recombinant cells 

within a single round of treatment without any means for selection. Traditionally, 

λ Red recombineering is often used in a two-step approach, similar to strategies based 

on suicide plasmids, where an antibiotic resistance gene is first introduced at the tar-

get site together with a counter-selectable marker. With the second round of recom-

bineering, using a different DNA fragment, the inserted gene cassette is removed, 

leaving behind only the desired mutation (i.e., markerless modification). Moreover, 

λ Red recombineering can be combined with CRISPR/Cas9 counterselection, which 

enabled the introduction of any genetic change within a single step supplying only 

linear DNA fragments. This technology is particularly powerful when performed 

multi-cycled and in an automated way, e.g., with the CRMAGE method (CRISPR/Cas9 

and λ Red recombineering based Multiplex Automated Genome Engineering)163. 

Despite its many advantages, all approaches employing CRISPR/Cas9 technologies 

suffer from a lack of understanding about the characteristics that qualify an effective 

sgRNA sequence. Consequently, these methods can have only low efficiency, and ex-

tensive screening efforts are often required to identify mutant cells without the intro-

duction of counter-selectable markers. An additional bottleneck for recombineering in 

P. putida strain KT2440 has been identifying recombinase enzymes that function effi-

ciently. In contrast to E. coli, P. putida KT2440 is missing (or they are yet to be identi-

fied) active bacteriophages that could provide DNA-editing enzymes that are specifi-

cally tailored to work optimally within its host.  

Attempts to render the λ Red system functional in Pseudomonas species were re-

ported164-167, but the information available in the literature would indicate an inferior 

performance in the absence of selection compared to conventional methods. Recent 

progress was made by identifying the RecET system in Pseudomonas syringae, in which 

the genes are part of a putative prophage168. The protein pair resembles the λ Red sys-

tem in that they share homologies with the Exo and Beta components of the λ Red 

system, respectively, and thus provide the same functions.  
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Figure 2.3. Genome engineering applications in Pseudomonas species using CRISPR/Cas9 as coun-
terselection system. A plasmid-based CRISPR/Cas9 expression system is shown in the scheme with 
vector pS448∙CsR as an example, as described in Chapter 3. This plasmid encodes a streptomycin-re-
sistance gene (SmR), the cas9 gene under the control of the inducible XylS/Pm expression system as well 
as a constitutively-expressed (with the PEM7 promoter), customizable cassette including a specific syn-
thetic guide RNA (sgRNA). Autonomous replication of this vector is controlled by the ColE1 origin of 
vegetative replication [oriV(ColE1)]. The steps needed for genome engineering of Pseudomonas using 
this system are as follows: (1) upon induction of the system via addition of 3-methylbenzoate (3-mBz), 
Cas9 is produced, and the protein associates with the sgRNA to introduce a double-strand (ds) break 
in the DNA at the target locus, which is lethal for cells harboring the wild-type sequence. This counter-
selecting action of CRISPR/Cas9 can be combined with methods of recombineering (2). Thereby, a linear 
DNA fragment [e.g., dsDNA obtained via PCR (2.1) or a chemically-synthesized single-stranded (ss) 
DNA fragment, both containing homologous arms (HA) to the target locus on each end] is used to 
introduce genetic modifications (indicated with a red star) at a target site. If dsDNA is used (2.2), one 
of the two DNA strands can be digested with an exonuclease (e.g., Beta and Exo, from the λ Red system 
commonly used in E. coli), leaving a ssDNA fragment that is protected from further degradation by a 
ssDNA binding protein (e.g., Beta, SSR, or RecT). The two flanking HAs mediate the introduction of 
the mutagenic ssDNA fragment into the chromosome via homologous recombination or as an Okazaki 
fragment during the replication of the bacterial chromosome (2.3). Finally, CRISPR/Cas9 counterselec-
tion of the wild-type sequence allows for the allelic exchange of a homologous DNA fragment contain-
ing the desired modifications directly from a plasmid via a double-crossover mechanism (3). If the 
sgRNA target is changed during this mutagenesis procedure, only the cells having the allelic exchange 
can survive in the presence of both Cas9 and the expressed sgRNA. 
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The first reported attempt to employ RecET-based genome engineering in P. putida 

was reported by Choi et al.159, who used the system to enable recombineering with 

linear donor dsDNA. However, the reported efficiency of the RecET system was rela-

tively low and was by far outperformed by a suicide plasmid-based approach that the 

authors combined with the action of RecET as well.  

In another approach169, bioinformatic mining of sequences from known protein fami-

lies and experimental validation of the most promising enzymes in standardized re-

combination assays led to the discovery of two new enzymes, Ssr from P. putida strain 

DOT-T1E160,170 and Rec2 from P. putida CSV86. The ssr gene was transplanted into P. 

putida KT2440 and shown to promote recombination with linear ssDNA fragments, 

although the procedure had lower efficiencies than λ Red-mediated recombineering 

in E. coli. One additional obstacle was identified in the activity of the endogenous mis-

match repair (MMR) system, interfering with the implementation of single nucleotide 

substitutions171. To overcome these restrictions, Aparicio et al.172 developed a work-

flow that enables a more efficient recombineering in P. putida at mutation frequencies 

up to 10%, combining the thermo-inducible expression of Rec2 and MutLE36K, a mu-

tated variant of DNA mismatch repair protein173-175, transiently repressing the MMR 

system.  

If combined with the conventional two-step mutagenesis approach using suicide plas-

mids, the sequence-specific counterselection capability that CRISPR/Cas9 systems of-

fer enables the deletion of genes that before could be achieved only with significant 

efforts ‒ if at all. Directing Cas9 to the wild-type sequence that is intended to be de-

leted or modified selects for those cells, which resolve the previously co-integrated 

plasmid in a way that yields the desired mutation. A detailed protocol for this method, 

conceptualized as part of this thesis, is provided in Chapter 3.  

Our ability to inactivate targeted genes for physiological characterizations at high 

speed has recently been upgraded by the emergence of CRISPR/Cas-guided base ed-

iting systems176-178. DNA base editors accurately introduce point mutations without 

the need for DSBs or donor DNA templates and are HDR-independent. The recently 

developed tools utilize a catalytically defective Cas nuclease (with one or both of the 
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DNA-cleaving domains mutated) that is fused to an ssDNA deaminase and, in some 

applications, is combined with proteins that inhibit DNA repair mechanisms. The de-

veloped base editing systems can be categorized into two classes: cytosine base editors 

(CBEs), which catalyze the conversion of C-G base pairs to T-A, and adenine base ed-

itors (ABEs), which catalyze an A-T-to-G-C conversion178. Combined, BEs and ABEs 

can generate all four possible single-nucleotide mutations (A→G, C→T, G→A, and 

T→C). For studies on genotype-phenotype relationships, the introduction of an early 

Stop codon within a gene sequence by mutating any of the codons CGA, CAG, CAA, 

or TGG into TGA, TAG, or TAA with a CBE-system is a valuable method that has also 

been applied in Pseudomonas species179. 

One way or the other, the constellation of available tools for genome engineering of 

Pseudomonas species and, in particular, of P. putida has significantly enabled our ability 

to interrogate core functions of the cell. The genome manipulation of these species has 

paved the way to expand the fundamental knowledge on bacterial physiology ‒ and 

also enabled the design and construction of reduced-genome variants of P. putida with 

enhanced properties for biotechnological applications. Applications for such stream-

lined strains are further discussed at the end of the following Chapter 3. 
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Chapter 3: Accelerated genome engineering of Pseudomonas 
putida by I-SceI‒mediated recombination, CRISPR/Cas9 coun-
terselection, and self-curing plasmids  

This chapter is composed of material from the following publications: 

1. In Wirth et al. (2019)154, the genome engineering strategy for I-SceI-mediated coun-

terselection of chromosomally integrated suicide plasmids was refined. The 

method’s scope was extended by implementing additional antibiotic resistance de-

terminants, and the engineering process was streamlined by introducing a green-

fluorescent reporter gene into the integrative vectors. Lastly, a molecular tool for 

CRISPR/Cas9 counterselection in P. putida was developed. 

2. In Volke et al. (2020)180, a system for the easy target- and self-curing of plasmids was 

established. The replication of plasmids carrying the SCEI gene was made strictly 

dependent on the presence of the chemical inducer 3-methylbenzoate (3-mBz). By 

using these plasmids for the genome engineering strategy proposed in publica-

tion 1, the curing of auxiliary plasmids after implementing chromosomal modifica-

tions could be highly accelerated. 

3. The contents of Volke et al. (2021)181 constitute an update to the previously estab-

lished step-by-step protocol154 for genome engineering in P. putida, combining the 

toolsets developed in publications 1 and 2.  

Graphical abstract 
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3.1. Summary 

Pseudomonas species have become reliable platforms for bioproduction due to their 

capability to tolerate harsh conditions imposed by large-scale bioprocesses and their 

remarkable resistance to diverse physicochemical stresses. The last few years have 

brought forth a variety of synthetic biology tools for the genetic manipulation of pseu-

domonads, but many of them are either applicable only to obtain certain types of mu-

tations, lack efficiency, or are not easily accessible to be used in different Pseudomonas 

species (e.g., natural isolates).  

This chapter describes a versatile, robust, and user-friendly procedure that facilitates 

any genomic manipulation in Pseudomonas species within three to five days. The pro-

tocol presented here is based on DNA recombination forced by double-stranded DNA 

cuts (through the activity of the I-SceI homing meganuclease from yeast) followed by 

efficient counterselection of mutants (aided by a synthetic CRISPR/Cas9 device). The 

individual parts of the genome engineering toolbox, tailored for knocking genes in 

and out, have been standardized to enable portability and easy exchange of functional 

gene modules as needed. The method was complemented by a newly developed sys-

tem for conditional, user-controlled plasmid replication that enables the reliable and 

rapid curing of auxiliary plasmids. 

The applicability of the procedure is illustrated both by eliminating selected genomic 

regions in the platform strain P. putida KT2440 (including difficult-to-delete genes) 

and by integrating different reporter genes (comprising novel variants of fluorescent 

proteins) into a defined landing site in the target chromosome. At the end of the chap-

ter, perspectives and applications of high-throughput genome editing methods in 

P. putida are discussed. 
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3.2. Introduction 

Supported by the advances in synthetic biology and metabolic engineering made in 

the last few years, several microbes have emerged from a rather shadowy existence to 

become suitable biotechnological platforms38. Several members of the genus Pseudo-

monas, for instance, are being adopted by a steadily increasing number of laboratories 

worldwide as chassis for both fundamental and applied studies73,182. Pseudomonas spe-

cies, usually found in natural environments, distinguish themselves from other mi-

croorganisms by an unrivaled wealth of biochemical functions that are embedded in 

robust and flexible metabolisms80—allowing bacteria to adapt to a diverse range of 

stressful conditions183. A rich set of synthetic biology tools has been developed to un-

tap the metabolic potential of key representatives of the genus, e.g., P. putida, P. tai-

wanensis, and P. fluorescens126,184-186. Furthermore, considerable efforts in the scientific 

Pseudomonas community have led to the development of tools to construct clean dele-

tion mutants (Section 2.2.1). Among all these efforts, the standardized genome engi-

neering method developed by Martínez-García and de Lorenzo187, based on the chro-

mosomal integration of a suicide plasmid followed by the action of the homing nucle-

ase I-SceI from Saccharomyces cerevisiae, excels for its efficiency and robustness to me-

diate any kind of genetic modification (e.g., large deletions, point mutations, and al-

lelic exchanges)—and is thus amongst the most intensively used by the scientific Pseu-

domonas community.  

The system relies on the plasmid pEMG (Table 3.1); this vector contains the condi-

tional origin of replication R6K, which requires the cognate Rep protein π encoded by 

pir for replication. In bacterial strains that lack pir, vector pEMG behaves as a suicide 

plasmid. The vector contains a polylinker region (multiple cloning site) flanked by 

two I-SceI recognition sites cloned into the lacZα fragment, thus allowing for blue-

white screening in E. coli cells carrying the lacZΔM15 mutation. A set of auxiliary 

SEVA plasmids harbors the gene encoding I-SceI under the control of the 3-methylben-

zoate (3-mBz)-inducible XylS/Pm expression system from strain mt-2187.  

Here, we present a smooth and quick workflow for genome editing of P. putida based 

on the action of I-SceI or CRISPR/Cas9 as a counterselection strategy. The integration 
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of genes encoding fluorescent proteins (in addition to antibiotic resistance determi-

nants) into the target locus circumvents experimental steps that would be necessary 

to ensure the presence of the suicide vector. Furthermore, we propose the adoption of 

the USER assembly method188-191 to enable the quick and highly accurate assembling 

of homology arms (HAs) required for the genome engineering protocol. A new set of 

helper plasmids for providing I-SceI in trans was designed. To avoid the addition of 

chemical inducers during the genome engineering process, one set of auxiliary plas-

mids contains SCEI under constitutive transcriptional regulation. A second set of 

helper plasmids was engineered to be conditionally replicated only in the presence of 

the inducer compound 3-methylbenzoate (3-mBz)192, allowing for the quick curing of 

the plasmids. 

The resulting streamlined protocol enables the introduction of virtually any genomic 

modification in P. putida within 5 days (for a single genetic manipulation including 

the construction of all necessary plasmids) down to 3 days (time required for each 

mutagenesis round once the relevant plasmids have been constructed). The subse-

quent curing of auxiliary plasmids was reduced from several days of continuous cul-

turing down to one day. We demonstrate the potential of the technique by deleting 

both non-essential and difficult-to-knock-out metabolic genes in the platform strain 

KT2440. We furthermore show the integration of genes encoding different fluorescent 

proteins into a suitable landing pad in the P. putida chromosome and discuss their 

application as insertional reporters. The chapter concludes with a discussion of previ-

ous approaches towards streamlined, genome-reduced P. putida strains and prospects 

for their application as biotechnological chassis. 
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Table 3.1. Plasmids used in this chapter. 

Namea Relevant featuresb Source or reference 

pEMG Suicide vector used for deletions in Gram-negative bacteria; oriT, 
traJ, lacZα, ori(R6K); KmR 

Martínez-García and 
de Lorenzo187 

pRK600 Helper plasmid used for conjugation; oriV(ColE1), mob(RK2), 
tra(RK2); CmR 

Kessler et al.193 

pGNW2 Derivative of vector pEMG carrying P14g→msfGFP Wirth et al.154 
pGNW4 Derivative of vector pGNW2; SmR Wirth et al.154 
pGNW5 Derivative of vector pGNW2; TcR  
pGNW6 Derivative of vector pGNW2; GmR Wirth et al.154 
pSNW2 Derivative of vector pGNW carrying P14g(BCD2)→msfGFP Volke et al.180 
pSNW4 Derivative of vector pGNW2; SmR Volke et al.180 
pSNW5 Derivative of vector pGNW2; TcR Volke et al.180 
pSNW6 Derivative of vector pGNW2; GmR Volke et al.180 
pSNW2·ΔbenABCD Derivative of vector pSNW2 carrying HAs to delete benABCD 

(PP_3161-PP_3164) 
Volke et al.180 

pGNW2·ΔnicX Derivative of vector pGNW2 carrying HAs to delete nicX (PP_3945) 
in P. putida KT2440 

Wirth et al.154 

pGNW4·ΔnicX Derivative of vector pGNW4 carrying HAs to delete nicX (PP_3945) 
in P. putida KT2440 

Wirth et al.154 

pGNW6·ΔnicX Derivative of vector pGNW6 carrying HAs to delete nicX (PP_3945) 
in P. putida KT2440 

Wirth et al.154 

pGNW2·ΔaceEF Derivative of vector pGNW2 carrying HAs to delete aceEF 
(PP_0338-PP_0339) in P. putida KT2440 

Wirth et al.154 

pSEVA2313 Expression vector; oriV(pBBR1), PEM7; KmR Wirth et al.154 
pS2313·R Derivative of vector pSEVA2313 carrying PEM7→mRFP1 194 Wirth et al.154 
pS2313·B Derivative of vector pSEVA2313 carrying PEM7→bfp2 195 Wirth et al.154 
pS2313·O Derivative of vector pSEVA2313 carrying PEM7→mOrange2 196 Wirth et al.154 
pS2313·T Derivative of vector pSEVA2313 carrying  

PEM7→mTurquoise2 197 
Wirth et al.154 

pGNW2·LP::PEM7-mRFP Derivative of vector pGNW2 carrying PEM7→mRFP1 Wirth et al.154 
pGNW2·LPR Derivative of vector pGNW2 carrying HAs to insert P14g(BCD2)→ 

mRFP1 into a landing pad in the chromosome of P. putida KT2440 
Wirth et al.154 

pGNW2·LPG Derivative of vector pGNW2 carrying HAs to insert P14g(BCD2)→ 
msfGFP into a landing pad in the chromosome of P. putida KT2440 

Wirth et al.154 

pGNW2·LPB Derivative of vector pGNW2 carrying HAs to insert 
P14g(BCD2)→bfp2 into a landing pad in the chromosome of P. 
putida KT2440 

Wirth et al.154 

pGNW4·LPO Derivative of vector pGNW4 carrying HAs to insert P14g(BCD2)→ 
mOrange2 into a landing pad in the chromosome of P. putida 
KT2440 

Wirth et al.154 

pGNW6·LPT Derivative of vector pGNW6 carrying HAs to insert P14g(BCD2)→ 
mTurquoise2 into a landing pad in the chromosome of P. putida 
KT2440 

Wirth et al.154 

pSEVA128S Helper plasmid; oriV(RK2), xylS, Pm→I-SceI; AmpR Silva-Rocha et al.129 
pSEVA228S Helper plasmid; oriV(RK2), xylS, Pm→I-SceI; KmR Silva-Rocha et al.129 
pSEVA428S Helper plasmid; oriV(RK2), xylS, Pm→I-SceI; SmR Silva-Rocha et al.129 
pSEVA628S Helper plasmid; oriV(RK2), xylS, Pm→I-SceI; GmR Silva-Rocha et al.129 
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pSEVA1213S Helper plasmid; oriV(RK2), PEM7→I-SceI; AmpR Wirth et al.154 
pSEVA6213S Helper plasmid; oriV(RK2), PEM7→I-SceI; GmR Wirth et al.154 
pSEVA448 Cloning vector; oriV(pRO1600/ColE1), xylS, Pm; SmR Silva-Rocha et al.129 
pSEVA421-Cas9tr Cloning vector; oriV(RK2), cas9, tracrRNA; SmR Aparicio et al.198 
pS448·CsR Derivative of vector pSEVA448 used for CRISPR/Cas9 counterse-

lection; xylS (cured of BsaI-sites), Pm→cas9, PEM7→sgRNA; SmR 
Wirth et al.154 

pS448·CsR_aceEF Derivative of vector pS448·CsR carrying PEM7→aceF-specific 
sgRNA; SmR 

Wirth et al.154 

pJBSD1 Conditionally-replicating vector; oriV(RK2), XylS/Pm→trfA; AmpR Karunakaran et al.192 
pQURE1·H Conditionally-replicating vector; derivative of plasmid pJBSD1 carry-

ing XylS/Pm→I-SceI and P14g(BCD2)→mRFP; AmpR 
Volke et al.180 

pQURE2·H Conditionally-replicating vector; derivative of plasmid pJBSD1 carry-
ing XylS/Pm→I-SceI and P14g(BCD2)→mRFP; KmR 

Volke et al.180 

pQURE6·L Conditionally-replicating vector; derivative of plasmid pJBSD1 carry-
ing XylS/Pm→I-SceI and P14g→mCherry; GmR 

Volke et al.180 

pQURE6·M Conditionally-replicating vector; derivative of plasmid pJBSD1 carry-
ing XylS/Pm→I-SceI and P14g→mRFP; GmR 

Volke et al.180 

pQURE6·H Conditionally-replicating vector; derivative of plasmid pJBSD1 carry-
ing XylS/Pm→I-SceI and P14g(BCD2)→mRFP; GmR 

Volke et al.180 

a.  Plasmids can be obtained from Addgene (www.addgene.org) with the following deposit numbers: pGNW2 (122086), 
pGNW4 (122088), pGNW6 (122093), pSEVA1213S (122095), pSEVA6213S (122094), and pS448·CsR (122096). 

b. Antibiotic markers: Amp, ampicillin; Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; Tc, tetracycline; and Gm, 
gentamicin. HAs, homology arms.  
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3.3. Technical implementation  

The genome-editing procedure begins with the construction of donor DNA that is 

cloned into the suicide vectors pGNW154 or pSNW180,181 (Figure 3.2). Such donor DNA 

containing suitable HAs serves as the template for the endogenous homologous DNA 

recombination machinery. The procedure also includes the cloning of a target-specific 

synthetic guide RNA (sgRNA) into a dedicated CRISPR/Cas9 plasmid (when applica-

ble), the integration of the donor DNA into the Pseudomonas chromosome, and the 

specific cleavage of chromosomal DNA by endonucleases (i.e., I-SceI or Cas9) for the 

resolution of co-integrates. The specific steps of the procedure are detailed in the sec-

tions below. 

 
Figure 3.1. Overview of the genome engineering procedure in Pseudomonas. On the delivery date of 
the designed oligonucleotides, homology arms are amplified from the Pseudomonas genome and assem-
bled into a suicide vector (pSNW). The resulting plasmid is then delivered into E. coli DH5α λpir cells 
via chemical transformation. Furthermore (optional), a synthetic spacer, completing a synthetic guide 
RNA (sgRNA), is separately prepared and cloned into the CRISPR/Cas9 vector pS448∙CsR. On day 2, 
E. coli transformants are screened for the correct pSNW insert size (and spacer insertion in vector 
pS448∙CsR, if applicable) via colony PCR. The resulting amplicons are sent for sequencing, and the 
corresponding E. coli clones are used to inoculate liquid cultures. Day 3 includes the verification of 
sequence integrity of the insert in the pSNW vector, the purification of plasmids, and their delivery into 
Pseudomonas via either electroporation or tri-parental mating. The resulting co-integrants are enriched 
in liquid LB cultures over the course of day 4 and transformed with either an I-SceI―bearing plasmid 
or plasmid pS448∙CsR carrying an appropriate sgRNA. Finally, Pseudomonas colonies without (or red, 
if pQURE180,181 was used) fluorescence are tested on day 5 for their genotype via colony PCR. Curing of 
the auxiliary plasmid pQURE can be performed overnight via outgrowing the cells without 3-
methylbenzoate that is required for plasmid propagation. 
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3.3.1 Design and construction of plasmids 

 Construction of the suicide vector for genetic manipulations 

We equipped plasmid pEMG108 with the gene encoding the monomeric superfolder 

GFP (msfGFP199) in the backbone while screening different combinations of promoters 

and translation initiation sequences (TISs) that would give a high fluorescence output 

when the plasmid is integrated into the target chromosome. The fusion of the strong, 

constitutive P14g promoter and a variation of the TIS preceding msfGFP200 allowed for 

the direct visualization of Pseudomonas colonies harboring a single (chromosomal) 

copy of the novel vector pGNW2 (Table 3.1) by inspecting the plates on a blue-light 

transilluminator. A set of pGNW vectors was constructed by exchanging the kanamy-

cin resistance (KmR) determinant present in vector pGNW2 by the corresponding 

SEVA-based128,129,201 genes encoding streptomycin (SmR), tetracycline (TcR), and gen-

tamicin (GmR) and resistances, giving rise to vectors pGNW4, pGNW5, and pGNW6, 

respectively (Table 3.1). During the repeated use of this system, we observed a high 

locus-dependency of msfGFP fluorescence intensity when pGNW was integrated at 

different chromosomal positions (Figure 3.S1). To make the identification of co-inte-

grant cells more reliable, the standard SEVA TIS initiating msfGFP translation on 

pGNW was replaced by the bi-cistronic translational coupling sequence BCD2 132. Cells 

harboring the resulting vectors pSNW2, pSNW4, pSNW5, or pSNW6 demonstrated 

consistently high fluorescence (Figure 3.S1 and Figure 3.S2). In the following step-by-

step protocol, we refer to the set of suicide vectors as pSNW. However, the same pro-

cedure is applicable for all created variants. 

  



  59 

 

 

Figure 3.2 Workflow for the construction of suicide vectors for genome engineering. Two homology arms 
(HA1 and HA2), each spanning 500-1000 bp and located upstream and downstream of the mutagenesis region 
(MR), are amplified from genomic DNA of Pseudomonas via PCR. Modifications (i.e., insertions or substitutions)
are introduced between the HAs as overhangs in the oligonucleotides (indicated in the diagram with a red star)
or as additional DNA fragments (not shown). For gene deletions, the sequences of the HAs are designed so that
they frame the genome sequence to be deleted. HA1 and HA2 are fused and integrated into one of the linearized
pSNW vectors via USER assembly (shown here) or alternative molecular cloning techniques. The thereby as-
sembled pSNW plasmid is then introduced into E. coli DH5α λpir. Individual E. coli clones obtained after trans-
formation are examined for green fluorescence on a blue-light transilluminator and checked for the correct 
pSNW insert size via colony PCR, and the amplicon is sent for sequencing. After the sequence integrity is con-
firmed, pSNW plasmids are purified from the respective E. coli strain and used in the next step. 
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A pSNW plasmid ready for genome engineering in Pseudomonas (Figure 3.2) is com-

posed of the vector backbone with an antibiotic-resistance gene, the R6K origin of con-

ditional replication [ori(R6K)], the traJ gene, a relaxation region (oriT) required for bac-

terial conjugation, and a site-specific DNA insert. This insert is (i) homologous to the 

target locus [i.e., contains homology arms (HA) upstream and downstream to the re-

gion of interest] within the Pseudomonas genome, and (ii) contains the desired modifi-

cation. Such modifications can be as short as a single nucleotide for a point mutation 

or arbitrarily long for the insertion of whole gene clusters. The insert and the vector 

backbone are assembled using standard protocols, e.g., traditional cloning by re-

striction digest and ligation202, Gibson assembly51, or USER assembly203 that is recom-

mended and further described here. 

a. Oligonucleotide design 

One primer pair is required to amplify each fragment that constitutes the pSNW de-

rivative via PCR. Depending on the type of modification (see description below), this 

means that a minimum of three oligonucleotide pairs is required for cloning. A first 

pair of oligonucleotides (pSNW-USER_F: 5’-AGT CGA CCU GCA GGC ATG CAA 

GCT TCT-3’, and pSNW-USER_R: 5’-AGG ATC UAG AGG ATC CCC GGG TAC 

CG-3’; dU residues highlighted in red in the primer sequences) is used to reverse-

amplify the pSNW backbone. The resulting linear fragment can be used in a standard-

ized way for every cloning procedure. Two further pairs of primers are required to 

amplify the homologous regions HA1 and HA2 from the Pseudomonas genome, flank-

ing the targeted mutagenesis region (MR). If applicable: a fourth (fifth, etc.) primer pair 

is required to amplify the DNA sequence to be inserted between the two HAs. 

i) Identify the sequence of the two HA regions flanking the target gene or locus on 

the chromosome of Pseudomonas. The upstream homologous arm (HA1, see Fig-

ure 3.2) spans from 500-1000 bp upstream of the chromosomal target to the first 

base of the sequence to be deleted or edited, or the integration site. The down-

stream homologous arm (HA2, see Figure 3.2) conversely starts after the last base 

of the chromosomal target and ends 500-700 bp further downstream. The two HA 

sequences should have approximately the same size. 



  61 

Tip for gene deletions: For gene deletions to have minimum polar effects and 

avoid the potential creation of toxic, truncated polypeptides, we recommend leav-

ing the START and STOP codons of the target gene intact and deleting only the 

interjacent sequence. Upon deletion, this approach will leave, e.g., 5’-ATG TGA-

3’ in lieu of the coding sequence, where ATG and TGA are the START and the 

STOP codons, respectively. 

ii) Open the AMUSER online software. At STEP 1: Input sequences, enter the sequence 

of each fragment comprising the pSNW plasmid insert (HA1, HA2, and, if appli-

cable: integration fragment) in FASTA format (including a header preceded by”>” 

and a DNA sequence). At STEP 2: Output construct, select linear and click on Submit 

query. The primer sequences from the AMUSER report can directly be used to am-

plify the fragments. Add the motif 5’-AGA TCC U-3’ as the primer overhang to 

the forward primer of HA1, and 5’-AGG TCG ACU-3’ as overhang to the reverse 

primer of HA2. These two overhangs match the ones are used to linearize vector 

pSNW. 

iii) One standard set of primers can be used to check for the correct insert size after 

constructing the pSNW derivative in colony PCR and sequence the insert region. 

The two primers bind within the pSNW backbone immediately upstream 

(pSNW_seq_F: 5’-TGT AAA ACG ACG GCC AGT-3’) and downstream 

(pSNW_seq_R: 5’-CTT TAC ACT TTA TGC TTC CGG-3’) of the insert region, 

respectively. 

iv) Design one pair of primers for genotyping after the genome manipulation. The 

primers bind within a range of 50 bp upstream of HA1 and 50 bp downstream of 

HA2 in the genome, respectively. For small insertions or modifications that do not 

alter the total length of the sequence comprising both HAs, an additional primer 

that specifically binds within the insertion/modification is helpful to identify the 

engineered genotype. For substitutions of only a few base pairs, the mutation-

containing region must be amplified and the genotype confirmed by restriction 

analysis (if applicable) or sequencing. 
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b. Amplification and assembly of DNA fragments 

We recommend using a ‘touchdown’ temperature protocol204 for each PCR amplifica-

tion, as it circumvents the need for optimizing the annealing temperature and leads to 

higher yields and specificity205.  

i) Amplify purified vector pSNW using 5 ng of plasmid as template and primers 

pSNW-USER_F and pSNW-USER_R using the ThermoScientific™ Phusion™ U 

Hot Start DNA polymerase. Use the temperature protocol illustrated in Ta-

ble 3.2, with an elongation time of 3 min. Adopt the same temperature protocol 

to amplify each of the fragments constituting the pSNW insert, only adjusting 

the duration of the extension steps according to the amplicon lengths. Utilize 

purified genomic Pseudomonas DNA with the appropriate primer pairs to gener-

ate the HA1 and HA2 fragments. Perform, if needed, additional PCRs to generate 

the DNA fragments required for insertions. 

Tip: We recommend to gel-purify the linearized pSNW fragment using a gel and 

PCR clean-up kit according to the manufacturer’s instructions. By using the pu-

rified product as a template for further PCRs, digestion with DpnI to remove 

circular plasmids can be omitted. We further recommend generating a large 

amount of linearized pSNW vector in several parallel PCRs for repeated use in 

USER assembly. 

Table 3.2. Touchdown temperature protocol for Phusion U PCR. 

Initial 
denatura-

tion 

Touchdown phase Enrichment phase 

Hold Denatura-
tion 

Annealing Extension 
Denatura-

tion 
Annealing Extension 

98°C 98°C 
66°C 

(-1°C per cycle) 
72°C 98°C 56°C 72°C 12°C 

30 s 
10 s 15 s 20 s/kb 10 s 15 s 20 s/kb 

∞ 
10 cycles 27 cycles 
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ii) Analyze a 3- to 5-μl aliquot of each PCR by agarose gel electrophoresis [1% (w v-1) 

agarose and 1× fluorescent nucleic acid gel stain in 1× TAE buffer] to verify the 

correct amplification of the fragments. The concentrations of the fragments can be 

roughly estimated from the intensities of their bands. If agarose gel electrophore-

sis reveals the presence of non-specific by-products, the desired bands have to be 

purified from a gel prior to cloning. If the product appears clean, the PCR reaction 

can be used directly in the assembly reaction. 

iii) In a PCR tube, combine equimolar amounts of insert fragments in a volume of 7 μl 

with 3 μl of the linearized pSNW vector (~50 ng). Add 1 μl of 1 U μl-1 USER en-

zyme (New England BioLabs, Ipswich, MA, USA). Set up a thermocycler and run 

a reaction program as follows: deoxyuracil excision: 30 min at 37°C; annealing 1: 

decrease from 28°C to 18°C with -2°C per step of each 3 min; annealing 2: ≥ 10 min 

at 10°C. If a plasmid containing the same antibiotic resistance as the employed 

pSNW vector was used as template for the amplification of one of the fragments, 

add 0.5 μl of FastDigest DpnI (Thermo Fisher Scientific, Waltham, MA, USA) to 

the reaction mix before incubation at 37°C. 

iv) Transform 50 μl of chemically-competent E. coli DH5α λpir cells with 5 μl of the 

assembly reaction from the previous step. To prepare competent cells and trans-

form them with assembled plasmids, we recommend using the Mix & Go! E. coli 

Transformation Buffer Set (Zymo Research, Irvine, CA, USA) and the associated 

protocol. Plate the cells on LB medium agar supplemented with the respective 

antibiotic for pSNW.  

Tip: If a circular plasmid was used as a template in the PCR for pSNW lineariza-

tion and if the reaction was directly employed for the assembly reaction (rather 

than using a gel-purified plasmid), spread the transformed E. coli DH5α λpir cells 

on plates containing 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (XGal) at 

40 μg ml-1. The disruption of the pSNW-borne lacZα sequence then allows for the 

identification of E. coli colonies harbouring “empty” template plasmids via their 

blue colour in contrast to white colonies, carrying a pSNW with insert. 
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c. Verification of clones 

i) Inspect plate with transformed E. coli DH5α λpir on a blue-light transilluminator. 

Perform a colony PCR with primers pSNW_seq_F and pSNW_seq_R (using On-

eTaq® 2× Master Mix; New England BioLabs, Ipswich, MA, USA) on eight to ten 

colonies that show green fluorescence (and did not develop a blue color in white 

light if XGal was added to the plate). To this end, prepare 50 µl of a 1× master 

mix by mixing 25 µl of OneTaq® 2× Master Mix with 23 µl DNAse-free water and 

1 µl of each primer (scale up if necessary). Transfer 6 µl of the 1× master mix into 

PCR tubes and add a small amount of biomass from the E. coli colonies grown 

on the culture plate. Run a PCR with the following temperature protocol (Ta-

ble 3.3, adjust the elongation time according to the expected insert size). 

 

Table 3.3. Touchdown temperature protocol for OneTaq colony PCR. 

Initial 
denatura-

tion 

Touchdown phase Enrichment phase 

Hold Denatura-
tion Annealing Extension Denaturation Annealing Extension 

94°C 94°C 
62°C 

(-1°C per cycle) 68°C 94°C 52°C 68°C 12°C 

2 min 
20 s 30 s 1 min/kb 20 s 30 s 1 min/kb 

∞ 
10 cycles 27 cycles 

 

ii) Analyze a 3-μl aliquot of each PCR by agarose gel electrophoresis to verify the 

correct insert size. 

TIP: For E. coli, P. putida, and many other bacteria, small amounts of biomass from 

colonies can be directly transferred with a pipette tip or inoculation loop to the 

reaction mix (avoid transferring agar from the plate to the reaction mixture, as it 

will inhibit the amplification). For some bacteria, it might be necessary to boil bi-

omass in water and dilute before colony PCR for good amplification results. 

iii) If no band other than that of the expected size is visible in the agarose gel, the 

reaction sample can directly be sent for sequencing to verify sequence integrity. 
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For this, mix 0.5 µl of the PCR reaction with 13.5 µl of DNase-free water, 1 µl of 

DMSO, and 2 µl of the primer pSNW_seq_F or pSNW_seq_R (one sequencing 

sample for each primer and each E. coli clone) in a sequencing tube and send the 

tubes for sequencing. 

iv) Inoculate 3-5 ml LB cultures in 50-ml centrifuge tubes (add the corresponding an-

tibiotic) with three individual clones tested for a correct insert size. Incubate the 

culture at 37°C for 12-18 h in a shaking incubator at 180-250 rpm (depending on 

the type of incubator). To continue with the genome engineering procedure in 

Pseudomonas on the subsequent day (Section 3.3.2), launch a pre-culture of strain 

KT2440 as well, and incubate with shaking (180-250 rpm) at 30°C. 

v) Purify plasmid DNA from the E. coli cultures that tested positive by colony PCR, 

and send the purified plasmid DNA for sequencing in addition to (or instead of) 

step iii. Use a sequence-verified plasmid for the subsequent procedure in Pseudo-

monas. 

 Cloning of sgRNAs into vector pS448·CsR for counterselection of mu-

tants 

To adopt CRISPR/Cas9 as a counterselection tool, the vector pS448∙CsR was con-

structed by USER assembly. To this end, pSEVA448 was linearized by reverse-ampli-

fication with primers pS448_F and pS448_R (Table 3.S1) and assembled with (i) cas9, 

amplified from plasmid pSEVA421∙Cas9tr with primers Cas9_F and Cas9_R and (ii) a 

PEM7→sgRNA module (synthesized by Integrated DNA Technologies, Leuven, Bel-

gium; and amplified with primers sgRNA_F and sgRNA_R). This module contains a 

single guide RNA construct fused to a trans-activating CRISPR RNA (tracrRNA)-se-

quence and two BsaI recognition sites for the insertion of a spacer. The two BsaI recog-

nition sites are placed in inverse orientation immediately upstream of the tracrRNA 

part to enable the creation of incompatible, single-stranded overhangs during lineari-

zation by BsaI. This step allows for the insertion of a double-stranded DNA (dsDNA) 

fragment with suitable overhangs. If CRISPR/Cas9 is to be used as a counterselection 
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tool, vector pS448∙CsR must be equipped with an adequate spacer206, which targets the 

original sequence that becomes modified, as described below. 

a. Spacer design 

For the use of CRISPR/Cas9 as a counterselection tool, a spacer is inserted into vector 

pS448∙CsR to target the original sequence disrupted during genome engineering. The 

spacer represents the CRISPR RNA (crRNA)-part of the sgRNA and is defined by the 

20-nt sequence upstream of a spacer adjacent motif (PAM, 5’-NGG-3’) on either of 

both DNA strands within a target DNA region. Strand specificity is not relevant when 

CRISPR/Cas9 is employed for counterselection. The most efficiency-determining pa-

rameter of this system is the sgRNA’s specificity for its target. To choose a suitable 

spacer sequence for counterselection, we recommend using the online tool CRISPy-

web207, as indicated below. 

i) Upload a GenBank file with the complete genomic sequence of the Pseudomonas 

species used into CRISPy-web. 

ii) Specify either the gene that is to be deleted or exchanged. 

iii) Choose a suitable 20-nt spacer candidate sequence from the top entries in the list 

provided by the CRISPy-web application.  

iv) Design and order two oligonucleotides that are complementary to each other. The 

first oligonucleotide represents the 20 nt of the spacer sequence obtained in the 

previous step. The second oligonucleotide is the reverse complement of the first 

oligonucleotide. Add a 5’-GCGCG-3’ overhang to the 5’-end of the first oligonu-

cleotide. Add a 5’-AAAC-3’ overhang to the 5’-end of the second oligonucleotide 

and a single C residue to its 3’-end. For example, if aceF (PP_0338) is to be targeted, 

the sequences would be oligonucleotide 1, 5’- GCGCG CTC ATT CGC GTA CCT 

GAC AT -3’; and oligonucleotide 2, 5’- AAAC ATG TCA GGT ACG CGA ATG 

AG C -3’ (oligonucleotides aceEF_F and aceEF_R in Table 3.S1; additions are un-

derlined). For ligation into pS448∙CsR, the oligonucleotides need to be phosphor-

ylated at the 5’-OH terminus. The oligonucleotides can either be purchased with 
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terminal phosphorylation or phosphorylated in situ using T4 polynucleotide ki-

nase (PNK, see below). 

b. DNA preparation and construction of derivatives of vector pS448·CsR 

i) Digest vector pS448∙CsR with BsaI or Eco31I (Thermo Fisher Scientific) according 

to the manufacturer’s recommendations. Use agarose gel electrophoresis and gel 

purification to isolate the linearized plasmid (9.9 kb) from the non-restricted frac-

tion. 

ii) Dissolve the two spacer oligonucleotides at 100 μM. Phosphorylate and anneal the 

oligonucleotides in a thermocycler208,209. This can be performed in a single 10-μl 

reaction containing 6 μl of water, 1 μl of each oligonucleotide, 1 μl of T4 ligase 

buffer and 1 μl of T4 PNK (New England BioLabs, Ipswich, MA, USA). Use the 

following temperature protocol: 30 min at 37°C, 4 min at 95°C, followed by 70 cy-

cles consisting of 12 s each, starting at 95°C and decreasing the temperature by 

1°C in each cycle. 

iii) Dilute the annealed and phosphorylated oligonucleotides 1:200 with water, i.e., to 

a final dsDNA concentration of 50 nM. 

iv) Ligate the dsDNA encoding the sgRNA-spacer into the linearized pS448·CsR vec-

tor in a 10-μl reaction containing 3 μl of the diluted insert from the previous step, 

30 ng of BsaI-digested pS448·CsR vector, 1 μl of T4 ligase buffer, 1 μl of T4 DNA 

ligase (New England BioLabs) and water, if needed, to reach the final volume. 

v) Ligate 30 min at room temperature and transform a 50-μl aliquot of chemically-

competent E. coli DH5α cells with 5 µl of the ligation mixture. Plate on LB medium 

agar supplemented with streptomycin (100 μg ml–1). 

vi) Purify plasmid DNA from three individual E. coli transformants, and verify the 

sequence integrity by sequencing with primer SEVA-T0_F (5’-GAA CGC TCG 

GTT GCC GCC-3’). 
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c. Efficiency test for the sgRNA for counterselection  

This step is optional and is meant to provide an estimation of the efficiency of the 

sgRNA in targeting the locus targeted during the procedure (thus providing an esti-

mate of the success rate of the whole counterselection procedure). 

i) Inoculate 10 ml of LB medium with P. putida KT2440 and grow the cells over-

night at 30°C with agitation. 

ii) Prepare the cells for electroporation. To this end, we adopted the procedure by 

Choi et al.210. These steps can be performed at room temperature. In brief, distrib-

ute the cell suspension into four microcentrifuge tubes and harvest it in a micro-

centrifuge at 11,000 g for 1 min. Wash the cells twice with 1 ml of 300 mM sucrose 

(filter-sterilized) for each pellet and finally resuspend and combine them in a total 

of 400 μl 300 mM sucrose in a single tube. Transfer 100 µl of cells suspended in 

sucrose into an electroporation cuvette with 2 mm gap width. 

iii) Individually electroporate 100-μl cell aliquots with 100 ng of the empty pS448∙CsR 

and 100 ng of the sgRNA-harboring with a voltage of 2.5 kV, 25 μF capacitance, 

and 200 Ω resistance (e.g., in a Gene Pulser Xcell™ Electroporation System, Bio-

Rad Laboratories, Hercules, California, USA).  

iv) Let the cells recover for 2 h at 30°C and plate them onto the LB medium agar sup-

plemented with streptomycin (100 μg ml–1). Incubate the plates for overnight at 

30°C. 

v) Inspect the plates. Those with cells harboring pS448∙CsR with a specific sgRNA 

should have considerably fewer colonies (if any). We typically see a number of 

CRISPR/Cas9 escapers in the low double-digit range (i.e. 10–20 colonies) while P. 

putida transformed with an empty pS448∙CsR vector will form several hundred 

colonies within 16 h. 
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3.3.2 Genome editing in Pseudomonas putida 

To introduce mutations into the P. putida genome, the suicide plasmid pSNW (con-

structed in the previous section) is integrated into the chromosome at the target loca-

tion employing the native homologous recombination mechanism (Figure 3.3). After 

selecting for pSNW co-integration, the meganuclease I-SceI or the CRISPR/Cas9 sys-

tem is delivered into the cells on a replicative plasmid. The expression of the DNA 

modifying enzymes—and thus restriction of pSNW within the chromosome—en-

forces second homologous recombination that can yield either the mutant genotype 

or a revertant genotype (i.e., wild-type sequence). 

 

Figure 3.3. Workflow for targeted genomic manipulations in Pseudomonas. Pseudomonas cells are 
transformed with pSNW via electroporation or tri-parental mating. One to five individual green fluo-
rescent colonies are combined and enriched in liquid LB medium cultures. The cells are transformed 
either with a pQURE plasmid, pSEVAX213S, or a derivative of vector pS448∙CsR carrying an appropri-
ate sgRNA. Expression of the gene encoding the I-SceI meganuclease or Cas9 mediates resolving of the 
pSNW sequence from the chromosome. Strains that resolved pSNW show either only red fluorescence 
(with pQURE) or no fluorescence (with pS448∙CsR or pSEVAX213S) under blue-light exposure. These 
clones are tested via colony PCR and sequencing for a revertant (i.e., wild-type) or mutant genotype. 
Asterisks indicate the relevant genotypes and the molecular events happening in the Pseudomonas chro-
mosome (A) during the corresponding steps of the genome engineering protocol (B). 
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 Integration of pSNW derivatives into the chromosome  

The suicide vector pSNW carrying appropriate HAs has to be delivered into the cells 

to enable its chromosomal integration via HR. This step can be achieved either by 

electroporation or by tri-parental mating. The latter procedure is recommended if 

working with significantly growth-restricted strains. Furthermore, the co-integration 

efficiency is strongly dependent on the targeted chromosomal locus. If no clones are 

obtained after electroporation, the much more efficient plasmid delivery achieved by 

tri-parental mating provides a fallback method to achieve co-integration.  

d. Plasmid delivery by electroporation 

i) Grow an overnight culture of P. putida KT2440 in 5-10 ml of LB medium. The Pseu-

domonas culture can be started at the same time that the overnight cultures of E. 

coli DH5α λpir with pSNW are initiated (page 65). 

ii) Prepare the culture for electroporation as described (page 68).  

iii) Add 500-1000 ng of pSNW to a 100-µl cell aliquot in a an electroporation cuvette. 

Thereby, the volume of pSNW should not exceed 10 µl. Perform electroporation 

as described (page 68). 

iv) Transfer the cell suspension into a sterile test or centrifuge tube (5-50 ml) and re-

cover the cells with shaking at 30°C for 2 h. 

v) Harvest the cells by centrifugation (11,000 g; 1 min) at room temperature, and 

plate the whole suspension onto LB medium agar supplemented with the respec-

tive antibiotic for the pSNW vector used (50 μg ml–1 Km for pSNW2, 100 μg ml–1 

Sm for pSNW4, 10 μg ml–1 Tc for pSNW5, or 10 μg ml–1 Gm for pSNW6). Incubate 

the cells overnight at 30°C. 

vi) Inspect the plate on a blue-light transilluminator. Transformants should show 

green fluorescence (usually all colonies). 
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e. Plasmid delivery by tri-parental mating 

i) Grow overnight cultures of Pseudomonas, E. coli DH5α λpir/pSNW, and E. coli 

HB101/pRK600 in at least 1 ml of LB medium (supplemented with the appropri-

ate antibiotic) each. Incubate at 30°C for Pseudomonas or 37°C for E. coli, respec-

tively. 

ii) Dry an LB medium agar plate without added antibiotics by placing it opened on 

a clean bench for 1 h. 

iii) Combine 100 μl of each pre-culture into a reaction tube and pellet the cells in a 

microcentrifuge at 10,000 g for 1 min at room temperature. Wash the cells with 

1 ml of fresh LB medium and finally resuspend them in 20-30 μl of LB medium. 

Pipette the whole suspension onto the pre-dried LB medium agar plate. For bac-

terial conjugation to work, the cells have to be brought into close proximity within 

a non-planktonic state. A dried agar plate will absorb a small volume of media, 

allowing the bacterial cells to form a biofilm-like structure on the agar surface. 

iv) Incubate the cells at 30°C for 3-5 h. 

v) Use an inoculation loop to take the biomass up from the agar surface and resus-

pend it in 1 ml of LB medium. Spread 100 μl of this suspension directly onto a 

cetrimide agar plate supplemented with the antibiotic to select for the used pSNW 

vector, as well as 50 μg ml–1 ampicillin. Concentrate the remaining cells to about 

100 μl by centrifugation. Resuspend and spread them onto a second plate. The 

chosen concentration of Amp was found not to affect the growth of P. putida 

KT2440 that is naturally resistant to β-lactam antibiotics, while completely sup-

pressing the growth of most E. coli strains, which may show some residual growth 

in the presence of cetrimide.  

vi) Incubate the plates at 30°C for 16-24 h until colonies have formed that show green 

fluorescence under blue-light exposure. 
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 Introduction of endonucleases 

In the context of the publications forming the basis of this chapter154,180,181, three new 

molecular tools to resolve co-integrated suicide plasmids were developed (Fig-

ure 3.3B). The first set of vectors, comprising pSEVA1213S and pSEVA6213S, harbors 

I-SceI under the transcriptional control of the constitutive PEM7 promoter, enabling 

highly efficient selection against co-integrants without the addition of inducer com-

pounds154. The second set of auxiliary plasmids belong to the pQURE toolset180, in 

which the oriV(RK2)-replication initiator protein TrfA was set under the control of the 

XylS/Pm promoter system192. Consequently, plasmid replication is dependent on the 

induction by 3-mBz. Simultaneously, the addition of the inducer triggers the expres-

sion of the Pm-controlled SCEI. Furthermore, pQURE plasmids harbor a constitutively 

expressed, red fluorescent reporter construct of varying intensity (Table 3.1), allowing 

for an easy identification of cells harboring the vectors. Lastly, CRISPR/Cas9 coun-

terselection is enabled by using the designed pS448∙CsR vector154. 

i) Combine 1-5 individual Pseudomonas colonies with a co-integrated pSNW vector 

into 5-10 ml of LB medium (supplemented with antibiotic to select for pSNW) in 

a test or centrifuge tube (5-50 ml) and incubate with shaking at 30°C for at least 

5 h (see next step). Using several individual colonies increases the chances of hav-

ing cells with both the two possible genetic configurations after pSNW co-integra-

tion (Figure 3.5), and reduces the impact of unspecific insertion of the suicide plas-

mid at untargeted chromosomal sites. Furthermore, the more biomass is used to 

inoculate the LB medium culture, the quicker the cell density required for the next 

step is reached so that the protocol can be continued on the same day. 

ii) After the cells have reached an optical density at 600 nm (OD600 nm) of at least 0.3, 

use 20-100 ng of an I-SceI-bearing plasmid (i.e., pSEVAX213S or pQURE, see Ta-

ble 3.1) or 100-200 ng of plasmid pS448∙CsR to transform Pseudomonas by electro-

poration as described (Section 3.3.1.B.c; page 68). Transfer the cell suspension into 

a sterile test or centrifuge tube and recover the cells shaking at 30°C for 1 h. If a 

plasmid containing the XylS/Pm expression system (i.e., pQURE or pS448∙CsR) is 



  73 

used, add 3-mBz to a final concentration of 3 mM to the LB medium used for cell 

recovery. 

TIP: The co-transformation of both an I-SceI harboring plasmids and pS448∙CsR 

can significantly reduce the occurrence of cells escaping CRISPR/Cas9 counterse-

lection. In this case, both plasmids should be employed in the electroporation at 

concentrations of 250 ng. 

iii) Plate 70 μl of cell suspension on LB medium agar supplemented with the respec-

tive antibiotic to select for pQURE, pSEVAX213S, or pS448∙CsR selection. Incubate 

the cells overnight at 30°C. If a plasmid containing the XylS/Pm expression system 

(i.e., pQURE or pS448∙CsR) is used, add 3-mBz to a final concentration of 1 mM to 

the LB medium plates to ensure proper induction of the system. 

iv) Inspect the plate on a blue-light table. Pseudomonas clones that have lost vector 

pSNW through homologous recombination will show no green fluorescence. 

v) Test ≥ 8 individual colonies without green fluorescence via colony PCR using the 

genotyping primers to distinguish mutant from revertant genotypes. The fraction 

of clones that have maintained fluorescence after counterselection is expected to 

be significantly higher when using CRISPR/Cas9 as compared to I-SceI, due to a 

higher probability of escaping restriction by mutating the sgRNA recognition se-

quence. 

TIP: When using an I-SceI-mediated counterselection, it is common to find a fairly 

even distribution of revertant and mutant genotypes. However, the proportions 

can also be strongly skewed towards one of the two outcomes, depending on the 

targeted chromosomal locus. If no mutants are identified in the first colony PCR, 

the screening can be extended to several dozen clones to find clones with the de-

sired genotype. 
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3.3.3 Curing of auxiliary plasmids 

Once the mutation has been confirmed, the last step in the procedure is to cure the 

mutant cells from the plasmid(s) used during genome editing (Figure 3.4). 

i) Use a single colony of mutant Pseudomonas to inoculate 3-10 ml of LB medium in 

a test or centrifuge tube. 

ii) Culture the cells shaking at 30°C.  

iii) For pSEVAX213S or pS448·CsR: Every 4-16 h, transfer 1 μl of the culture into 3-10 

ml of fresh LB medium (without any additives). Continue the culturing process 

for 2-3 days, and pass the cells into fresh medium even if the formation of biomass 

in the tubes cannot be seen. This procedure ensures that the cells are kept in a state 

of maximum division rate. If the mutant cells have severe growth deficiencies due 

to the deletion of important genes or the introduction of DNA that could impair 

growth, the curing of a plasmid can require continuous cultivation for an ex-

tended period. For pQURE: One overnight culture is usually sufficient to get plas-

mid-free clones.  

iv) Dilution-streak the culture on an LB medium agar plate without added antibiotics 

or 3-mBz. 

v) For pSEVAX213S or pS448·CsR: Test individual colonies for the loss of the plasmid 

by re-streaking on LB medium agar with the respective antibiotic. For pQURE: 

Inspect the plate on a blue-light transilluminator. Plasmid-free clones can be dis-

tinguished from pQURE-harboring cells via the absence of fluorescence (Fig-

ure 3.4).  

TIP: After incubating the plates at 30°C until colonies have formed, the extended 

incubation at 4°C for several days allows the RFP produced from pQURE to mat-

urate and significantly enhances the red fluorescence of plasmid-harboring cells. 
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Figure 3.4. Plasmid curing after successful genome engineering of Pseudomonas. The biomass from 
a single mutant Pseudomonas colony is used to inoculate 5–10 ml of LB medium, and the suspension is 
incubated at 30°C with shaking. To cure pSEVAX213S or pS448∙CsR: Two to three times per day, a small 
volume of this culture is transferred into fresh LB medium. After 2–3 days (i.e., at least six passages), 
the cells are isolated on LB medium agar plates and tested for the loss of plasmids based on their anti-
biotic resistance profile. To cure pQURE: after one overnight culture in LB medium (without the addi-
tion of 3-mBz), the cells are isolated on LB medium agar plates. Plasmid-free cells (white arrows) can 
be identified by the absence of red fluorescence, in contrast to colonies that still carry pQURE (red 
arrows).  
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3.4. Application examples 

3.4.1 Deletion of nicX in Pseudomonas putida KT2440 

P. putida KT2440 can grow on nicotinic acid as the sole carbon source121. The degrada-
tion pathway, encoded in the nic gene cluster, involves the hydroxylation of nicotinate 
to 6-hydroxynicotinate, its further reduction to 2,5-dihydroxypyridine (Figure 3.5A), 
and the deoxygenation to N-formylmaleamic acid, which can be further converted 
into fumarate211. An interruption of the metabolic route at the level of 2,5-dihydroxy-
pyridine via the deletion of nicX (encoding a 2,5-dihydroxypyridine 5,6-dioxygenase) 
leads to the formation of a dark-green colored compound with green fluorescence that 
is accumulated inside the cells and secreted into the medium212. After autoxidation, 
the metabolite forms brown polymers. Since it allows for the direct identification of 
mutant clones with the addition of nicotinic acid to the culture medium, deletion of 
nicX in strain KT2440 was chosen to optimize the genome engineering protocol. 

The primer pairs nicX_HA1_F/nicX_HA1_R and nicX_HA2_F/nicX_HA2_R (Ta-
ble 3.S1) were used to amplify the two homology regions that flank nicX. The PCR 
products were assembled into vectors pGNW2, pGNW4, and pGNW6 via USER as-
sembly, yielding pGNW2∙ΔnicX, pGNW4∙ΔnicX, and pGNW6∙ΔnicX, respectively 
(Figure 3.5B). After their purification from E. coli DH5α λpir, the suicide plasmids 
were integrated into the chromosome of strain KT2440 by electroporation. The co-in-
tegrant clones were transformed with either plasmid pSEVA6213S (in clones where 
either vector pGNW2∙ΔnicX or pGNW4∙ΔnicX was used for the integration) or plas-
mid pSEVA1213S (in clones where vector pGNW6∙ΔnicX was used for the integration 
step). The cells were plated on LB medium agar containing Gm or Amp. Figure 3.5C 
shows a photograph of an LB medium agar plate supplemented with Gm and 5 mM 
nicotinic acid, taken one day after transforming P. putida KT2440∙/pGNW2∙ΔnicX with 
plasmid pSEVA6213S. 

Thirty randomly picked colonies from the plates obtained after each deletion proce-

dure were tested for their genotype via colony PCR using primers nicX_g-

check_F/nicX-g-check_R (Table 3.S1). The different colorations of mutant and re-

vertant colonies (matching the results obtained by PCR) allowed for their direct iden-

tification. With all three plasmid combinations, the fraction of mutant colonies was 

close to 50% (53%, 46%, and 48%, respectively). However, this equal distribution of
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Figure 3.5. Deletion of nicX in P. putida KT2440. (A) Proposed degradation pathway of nicotinic acid
in P. putida. The key metabolic intermediate accumulating upon elimination of nicX (encoding 2,5-di-
hydroxypyridine-5,6-dioxygenase) is highlighted in green. The targeted, in-frame deletion of nicX is 
indicated by a red cross. (B) Schematic representation of the molecular mechanism for the integration
of the suicide plasmid pGNW∙ΔnicX in the chromosome of strain KT2440 as well as the second recom-
bination leading to either a revertant or a mutant genotype. (C) Representative picture of a section of
an LB medium agar plate (containing 10 µg mL-1 Gm and 5 mM nicotinic acid) seeded with an isolate
of strain KT2440 that was previously co-integrated with the suicide plasmid pGNW2∙ΔnicX and trans-
formed with the helper plasmid pSEVA6213S. The accumulation of 2,5-dihydroxypyridine (green-to-
brown pigmented colonies) can be easily detected by visual inspection of the plates. The picture was
taken after incubation for 16 h at 30°C followed by 24 h at 4°C. The black arrows indicate colonies
formed by P. putida ΔnicX cells; the white arrows identify colonies displaying a revertant (i.e., wild-
type) genotype. 
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mutant and revertant genotypes is not always the norm. Depending on the chromo-
somal locus, almost exclusively clones carrying the intended gene deletion can be 
found in some cases. In other cases, increased screening effort is required to find mu-
tants within a majority of revertants. The outcome of the second crossover event is not 
necessarily related to phenotypic effects but can likely be caused by molecular effects 
at the involved sequence region (e.g., occupancy of the involved segments by DNA-
binding proteins). 

 

3.4.2 Deletion of aceEF in Pseudomonas putida KT2440 using CRISPR/Cas9 

counterselection 

As an obligate aerobic bacterium, P. putida strongly relies on an active tricarboxylic 

acid cycle for the generation of reducing equivalents that are used, inter alia, to gen-

erate ATP through oxidative phosphorylation213. The pyruvate dehydrogenase com-

plex (PDHc), which catalyzes the entry reaction to the tricarboxylic acid cycle, plays a 

vital role in the central carbon metabolism of Pseudomonas101,105. The PDHc is a multi-

meric system composed of three different proteins, AceE, AceF, and Lpd214,215. In 

P. putida, the genes encoding AceE (PP_0339) and AceF (PP_0338) form an operon121. 

The deletion of the PDHc played a critical role in this thesis for creating a synthetic 

C2-auxotroph platform for evolutionary engineering (Chapter 4). However, consider-

ing its central contribution to sugar catabolism, genes encoding the PDHc were found 

to be a difficult knock-out to achieve if relying on an untargeted selection strategy. 

The resulting mutant would become bradytroph (or auxotroph, depending on the car-

bon source) for C2 units as the reaction converting pyruvate into acetyl-coenzyme A 

is blocked.  

Thus, we have used CRISPR/Cas9 for the counterselection of the correct mutants. The 

homology arms to delete aceE and aceF were amplified from chromosomal DNA of 

P. putida KT2440 using the primers aceEF_HA1_F/ aceEF_HA1_R and 

aceEF_HA2_F/aceEF_HA2_R (Table 3.S1) and cloned into vector pGNW2. Pseudomo-

nas co-integrants were then transformed with 200 ng of plasmid pS448∙CsR_aceF (Ta-

ble 3.S1) and selected on LB medium agar supplemented with Sm, 3-mBz, and 10 mM 
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acetate to enhance the growth of bradytrophic mutant cells. After 2 days, 10 out of 39 

colonies of standard size and a majority (29 out of 39) of very small colonies could be 

identified on the plate (Figure 3.S3).  

Inspection under blue-light exposure revealed that all larger colonies had kept green 

fluorescence and thus had escaped CRISPR/Cas9-mediated restriction. All non-fluo-

rescent colonies were tested by colony PCR with primers aceEF_g-check_F/aceEF_g-

check_R (Table 3.S1) and were found to have aceEF deleted. In a separate experiment, 

co-integrant cells were transformed with both pSEVA6213S and pS448∙CsR_aceF 

(250 ng of each plasmid). Selection on LB medium agar plates containing Gm, Sm, 

3-mBz, and acetate (as a direct source of acetyl-coenzyme A) led to the formation of 

only three colonies, all of which had aceEF deleted.  

3.4.3 Integration of fluorescent protein-encoding genes into a landing pad in 

Pseudomonas putida KT2440 

To evaluate the system’s suitability for the insertion of DNA at a defined position, a 

landing pad was chosen within the intergenic region between PP_0013 (gyrB) and 

PP_5421, close to the chromosomal origin of replication of P. putida KT2440120,121,216. 

First, plasmid pGNW2∙LP::PEM7-mRFP was assembled from four fragments in a USER 

assembly reaction. To this end, vector pGNW2 was amplified with pGNW-USER_F 

and pGNW-USER_R (Table 3.S1). The two HAs framing the landing pad were ampli-

fied from genomic DNA with the primer pairs LP_HA1_F/LP_HA1_R and 

LP_HA2_F/LP_HA2_R (Table 3.S1). A fourth fragment containing the gene encoding 

the monomeric red fluorescent protein mRFP1 194 and the rrnB-T1 terminator element 

was amplified with RFP4LP_F and RFP4LP_R (Table 3.S1) from vector pS2313∙R. The 

primers RFP4LP_F and LP_HA1_R furthermore contained extended overhangs to in-

troduce the constitutive PEM7 promoter upstream of the mRFP1 coding sequence. How-

ever, this promoter was found to give a too low expression for visualization (data not 

shown). Thus, its sequence was exchanged with the P14g promoter200 and the transla-

tional coupler BCD2 217 by amplifying pGNW2∙LP::PEM7-mRFP with oligonucleotides 

[P14g(BCD2)_F]/[P14g(BCD2)_R] and a BCD2-fragment from a gBlock containing this 
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regulatory element (purchased from Integrated DNA Technologies, Leuven, Belgium) 

with [BCD2-P14g_F]/[BCD2-P14g_R]. The resulting plasmid was termed pGNW2∙LPR 

(Table 3.1). 

To exchange mRFP1 in the landing pad with different fluorescent proteins and transfer 

the landing pad to vectors pGNW4 or pGNW6, two- or four-fragment USER reactions 

were performed with interchangeable modules. These modules were amplified and 

assembled as indicated in Table 3.S2. The msfGFP gene was amplified from vector 

pGNW4. The genes encoding the other fluorescent proteins were amplified from the 

plasmids pS2313∙B, pS2313∙O, and pS2313∙T that had been constructed as follows: The 

sequences of the genes bfp2, mOrange2, and mTurquoise2 were extracted from their 

original publications (Table 3.1), cured of protein tags and restriction sites to make 

them SEVA-compatible and purchased as custom genes (Integrated DNA Technolo-

gies, Leuven, Belgium). The synthetic DNA fragments were then cloned into the ex-

pression vector pSEVA2313 via USER assembly, using the primer pairs 

pS2313_F/pS2313_R (for pSEVA2313), pS_BFP2_F/pS_BFP2_R (for bfp2), and 

pS_Ora_Tq _F/pS_Ora_Tq _F (for mOrange2 and mTurquoise2; Table 3.S1), yielding 

plasmids pS2313∙B, pS2313∙O, and pS2313∙T, respectively.  

The resulting plasmids pGNW2∙LPR, pGNW2∙LPG, pGNW2∙LPB, pGNW4∙LPO, and 

pGNW6∙LPT (Table 3.1) were individually integrated into the chromosome of 

P. putida KT2440 as indicated in the protocol. The backbones were removed from the 

co-integrants by the delivery and induction of plasmid pSEVA128S (for pGNW2∙LPR), 

pSEVA628S (for pGNW2∙LPG and pGNW2∙LPB), pSEVA228S (for pGNW4∙LPO), and 

pSEVA428S (for pGNW6∙LPT), respectively (Figure 3.6A). On the following day, the 

plates with the resulting strains (P. putida KT∙LPR, KT∙LPG, KT∙LPB, and KT∙LPO, Ta-

ble 3.4) were placed at 4°C to let the fluorescent proteins maturate since none of them 

showed any visible coloration under blue-light exposure. After 7 days, photographs 

of the plates were taken on a blue-light transilluminator (Figure 3.6B). Pseudomonas 

colonies with integrated mBFP2 (strain KT∙LPB) showed not visible fluorescence even 

after further prolonged incubation (data not shown). To determine the kinetics of the 
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fluorescent proteins in P. putida KT2440, at least three biological replicates of the mu-

tant strains (verified by colony PCR with primers Seq-LP_F and Seq-LP_R, Table 3.S1) 

and the wild-type strain were grown at 30°C in 96-well plates (Greiner CELLSTARTM; 

Sigma-Aldrich, St. Louis, MO, USA; polystyrene, round bottom) with 200 µl of de Bont 

minimal medium218 per well, supplemented with 30 mM citrate, and covered with a 

sealing membrane (Diversified Biotech Breathe-Easy™; VWR, Radnor, PA, USA). The 

kinetics of bacterial growth and fluorescence were acquired by measuring the OD630 

as well as the excitation/emission values of mRFP1 at 582 nm/609 nm, mBFP2 at 385 

nm/450 nm, mOrange2 at 541 nm/567 nm, and mTurquoise2 at 451 nm/477 nm (Fig-

ure 3.7). Although under the transcriptional control of the same regulatory elements, 

the five fluorescent proteins differed in both the intensity of their signal as well as 

their expression pattern. The fluorescence intensity of only msfGFP increased steadily 

for the whole cultivation time of 50 h; the signal of the remaining four reporter pro-

teins reached stagnation after 15 h (mOrange2), 8 h (mRFP1 and mBFP2) and 25 h 

(mTurquoise2). Since all cultured strains continued to grow until the end of the exper-

iment, the biomass-specific fluorescence (not shown) decreased continuously. The 

prolonged growth of P. putida can be attributed to a limited oxygen transfer through 

the sealing membrane used to cover the microtiter plates. 
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Figure 3.6. Integration of different fluorescent proteins into a chromosomal landing pad of Pseudo-
monas putida KT2440. (A) Genes encoding the fluorescent proteins mRFP1, mOrange2, mTurquoise2,
msfGFP, and mBFP2 [placed under transcriptional control of a P14g(BCD2) regulatory element], were 
integrated into a chosen landing site in the chromosome of P. putida KT2440 using the insertional vec-
tors pGNW2, pGNW4, or pGNW6. After the selection of co-integrants, the second homologous recom-
bination was mediated by the inducible expression of the gene encoding the I-SceI meganuclease from 
pSEVAX28S vectors. (B) Images of the plates were taken after incubation for 16 h at 30°C followed by
7 days at 4°C to allow for proper fluorescent protein maturation. mBFP2-integrated colonies showed 
no visible fluorescence under blue-light exposure (not shown). The blue arrows indicate colonies of
mutated strains displaying different integrated fluorescent proteins; white arrows identify colonies of
cells displaying a revertant genotype (i.e., wild-type) without fluorescence. 
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Figure 3.7 Kinetics of the accumulation of fluorescent proteins measured in P. putida KT2440. Mutant and 
wild-type cells were grown in 96-well plates, covered with sealing membranes, in DBM medium sup-
plemented with 30 mM citrate as the sole carbon source. Growth and fluorescence kinetics were ac-
quired by measuring the culture optical density at 630 nm (OD630 nm) as well as the excitation/emission 
values of fluorescent proteins as follows: msfGFP at 485 nm/528 nm, mRFP1 at 582 nm/609 nm, mBFP2 
at 385 nm/450 nm, mOrange2 at 541 nm/567 nm, and mTurquoise2 at 451 nm/477 nm. Error bars indi-
cate standard deviations from three biological replicates.  
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3.4.4 Elimination of the ben catabolic activities of Pseudomonas 

putida KT2440 

P. putida strain mt-2 carries the catabolic plasmid pWW0, which allows the cells to 

assimilate toluene, xylene, and ethylbenzene via the TOL degradation pathway219. The 

involved biochemical reactions can be divided into two functional segments, the upper 

TOL pathway and the meta-cleavage route, and the respective enzymes are encoded 

in two separate gene clusters220. Through the action of the upper pathway enzymes, the 

methyl group attached to the aromatic substrates is sequentially oxidized to yield the 

respective carboxylic acid. These metabolites are further processed into the corre-

sponding catechol, which is then cleaved in the meta position to yield a semialde-

hyde221. The aldehyde can be further assimilated into the central carbon metabolites 

pyruvate and acetyl coenzyme A. The mt-2 strain as well as its descendant KT2440 

also harbor an ortho-cleavage pathway for the degradation of benzoate(s), chromoso-

mally encoded in the ben gene cluster86. While specialized on its native substrate ben-

zoate (discussed in detail in Chapter 5), the Ben enzymes also show some activity on 

the methyl-substituted derivative 3-mBz222, leading to 3-methylcatechol (Figure 3.8A). 

The spontaneous oxidation and polymerization of 3-methylcatechol results in the for-

mation of brown-colored polymers223, which interfere with colorimetric and fluorimet-

ric determinations (e.g., bacterial growth assessed by optical density measurements). 

This interference is a common nuisance when utilizing the XylS/Pm expression system 

induced by 3-mBz in P. putida. 

We set out to eliminate the ben gene cluster of P. putida KT2440 using the described 

genome engineering procedure with self-curing auxiliary vectors. To this end, we 

equipped the suicide plasmid pSNW2 with HAs to remove a chromosomal 3.8-kb 

DNA fragment comprising benA, benB, benC, and benD (Figure 3.8B). The resulting 

vector pSNW2∙ΔbenABCD was integrated into the chromosome. Resolving of the sui-

cide plasmid was induced by the self-curing vector pQURE6∙H. Three successive cul-

tivation steps (firstly, selecting for msfGFP–positive cells after pSNW2∙ΔbenABCD co-

integration; secondly, selecting for msfGFP-negative/mRFP-positive colonies after 

transformation with pQURE6∙H; thirdly, picking clones that have lost all fluorescent 
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markers) sufficed to generate plasmid-free P. putida ΔbenABCD clones in < 3.5 days. 

Colonies grown on LB medium plates supplemented with 3-mBz did not show any 

pigmentation, providing evidence for the Ben- phenotype (Figure 3.8).  

 

 

 

Figure 3.8. Elimination of the Ben catabolic activities of P. putida through quick genome engineering 
using self-curing pQURE vectors. (A) The Ben activities mediate the conversion of 3-methylbenzoate 
(3-mBz) into 3-methylcatechol, which undergoes spontaneous oxidation and polymerization into brown-col-
oured aggregates. (B) Genomic structure of the ben locus in P. putida KT2440. The individual genes within 
the cluster encode BenA, subunit α of benzoate 1,2-dioxygenase; BenB, subunit β of benzoate 1,2-dioxygen-
ase; BenC, electron transfer component of benzoate 1,2-dioxygenase; and BenD, 1,2-dihydroxybenzoate de-
hydrogenase. The Δ symbol identifies the genomic region targeted for deletion. (C) Overview of the engi-
neering process to delete benABCD in P. putida KT2440. Co-integration of the suicide plasmid 
pSNW∙ΔbenABCD (Table 3.1) into the chromosome can be screened for by selecting clones that display a 
KmR and msfGFP+ phenotype. After confirming the genotype of the co-integrants by colony PCR, they were 
transformed with vector pQURE6∙H (XylS/Pm→trfA, GmR). This strain was grown for 5 h in the presence of 
3 mM 3-mBz and plated onto solid LB medium (with 1 mM 3-mBz) to recover msfGFP– and mRFP+ colonies. 
The very few colonies still displaying msfGFP fluorescence (indicated with black arrows) were discarded. 
The deletion of benABCD results in a Ben– phenotype, characterized by the absence of brown pigmentation 
of ΔbenABCD-colonies in the presence of 3-mBz. To assess this phenotype, colonies were plated onto solid 
LB medium containing 2 mM 3-mBz and incubated at 30°C for 24 h. The Ben+ (black arrows) or Ben– (white 
arrows) phenotypes were clearly spotted after storing the plates at 4°C for one additional day. The final step 
of the procedure was the self-curing of vector pQURE6∙H, accomplished by streaking a Ben– colony onto a 
non-selective medium plate (i.e., neither 3-mBz nor any antibiotic are added). After a 24-h incubation at 30°C, 
msfGFP– and mRFP– colonies were easily spotted (white arrows) and could be distinguished from mRFP+ 
clones (still retaining vector pQURE6∙H, black arrow) even in white light. Relevant genotypes were con-
firmed by PCR amplification of the corresponding genomic regions with specific oligonucleotides and DNA 
sequencing. 
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3.5. Discussion 

The present genome engineering protocol reduces the hands-on work of the original 
procedure by Martínez-García and de Lorenzo187. We further streamlined the protocol 
with (i) the adoption of the USER assembly method that enables a standardized work-
flow191, (ii) a reporter function (i.e., fluorescence) for the donor plasmid that allows for 
its direct visualization within host cells224, (iii) additional antibiotic resistances to 
broaden the host spectrum, and (iv) CRISPR/Cas9 counterselection, particularly rele-
vant for the construction of difficult knock-outs. The protocol described herein yields 
reliable results for targeted mutagenesis in Pseudomonas species within a standard 
workweek.  

The plasmid-curing step during genome engineering typically consumed several days 
during the routine loss-by-dilution protocol. With the use of the self-curing auxiliary 
plasmids, this procedure has been brought down to a mere overnight cultivation in a 
simple culture medium (omitting 3-mBz in its formulation). Owing to the presence of 
red fluorescent markers in pQURE vectors (the output level of which can be selected 
according to the application), laborious sensitivity screenings are entirely circum-
vented. Furthermore, for applications where achieving a vector loss efficiency of 100% 
is crucial, plasmid-free bacteria can be isolated by fluorescence-activated cell sorting. 
The self-curing vectors are of particular value for curing plasmid DNA from cells that 
are severely impaired in growth (as some of the strains discussed in Chapter 4) and 
are thus less prone to lose plasmids during proliferation.  

We have illustrated the flexibility of this system by combining different molecular el-
ements of the toolbox to delete genomic regions in P. putida KT2440 and demonstrated 
the functionality of four new fluorescent proteins (mRFP1, BFP2, mOrange2, and 
mTurquoise2) in this host via their targeted integration into a landing site in the chro-
mosome. While the synthetic biology toolbox for Pseudomonas is subjected to continu-
ous improvement, the protocol discussed herein represents the fastest extant proce-
dure for genome editing of P. putida and related species.  

Because of the ease with which it can be used to achieve gene deletions and insertions, 
this protocol formed the basis for realizing the various strain designs discussed in the 
following chapters of this thesis (Chapter 4 and 5). Furthermore, the method is cur-
rently being employed for continued genome-reduction efforts in P. putida KT2440 180. 
In the following section, previous efforts to generate genome-reduced strains and their 
potential for biotechnological applications are discussed.  
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3.6. Biotechnological applications of reduced-genome variants of 
Pseudomonas putida 

With efficient molecular tools at hand that are compatible with P. putida, very exten-

sive chromosome editing projects are possible. Since the genetic engineering process 

itself constitutes no longer a significant bottleneck, scientists can take up the search 

for functions within the genome that are of no use or even undesired for a robust mi-

crobial cell factory. A wide variety of experimental approaches has been used within 

the last decade to identify and study essential genes, e.g., in E. coli, Bacillus subtilis, or 

Pseudomonas aeruginosa. These methods comprise targeted gene deletions, the genera-

tion of conditional knockout mutants, genome-wide RNA interference screens, and 

libraries acquired through saturation transposon mutagenesis225-231.  

In E. coli, the list of genes considered essential consists of 300 open reading frames 

(ORFs) out of a number of 4288 230. These ORFs encode functions required for protein 

synthesis and quality control, cell wall biosynthesis, cell division, DNA replication 

and chromosome maintenance, RNA synthesis, and degradation, as well as core met-

abolic functions231. However, while we understand more and more about the genes 

that allow a biological cell to survive and sustain growth, we still lack knowledge 

about functions that become essential in conditions different from those defined to 

study gene essentiality. Moreover, within the category of genes considered non-essen-

tial, there can be found some that ensure cell robustness and resistance to different 

types of stress, and many genes still encode for functions that thus far have not been 

identified232,233. Because of these deficits in our understanding of complex biological 

systems, the idea of designing a “minimal cell” from its roots is currently less auspi-

cious than identifying a suitable biological chassis that already displays desired char-

acteristics and remove unnecessary and unwanted properties—while adding others. 

Being a ubiquitous bacterium that can be found in a large variety of different habitats, 

P. putida is adapted to survive and thrive under very diverse conditions and using a 

wealth of different substrates. Therefore, it has acquired many functions that are not 

essential for survival under the controlled conditions of a bio-fermentation setup. Alt-

hough a set of “essential” genes depends on the given application, one can identify 
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certain gene sets that encode functions generally classified as having adverse effects. 

First, these functions can be related to metabolic regulations and biochemical pro-

cesses that affect the consumption of a chosen substrate and its conversion into a de-

sired product73. When adopting synthetic devices or systems to produce heterologous 

enzymes in order to access new metabolic routes or to produce such proteins them-

selves, the accompanying biochemical functions should not interfere with the extant 

metabolism. Consequently, they should be largely metabolically inert or entirely de-

coupled from the host biochemistry234. Molecular devices should furthermore not in-

terfere with the native regulation patterns—which in some cases are poorly under-

stood.  

A suitable approach to designing a microbial platform for the production of certain 

aromatic compounds could be to first remove the comprehensive collection of func-

tions related to their metabolism and implement completely orthogonal systems for 

their production235. When adopting the widely used XylS/Pm regulator/promoter sys-

tem for the inducible expression of genes236, for instance, the native regulation system 

in P. putida was shown to respond by activating a range of different metabolic and 

regulatory genes upon exposure to one of the system’s diverse effectors (benzoic acid 

and derivatives thereof)237,238. In addition, a well-known nuisance when using P. putida 

for the production of biofuels (and structurally related molecules) is its remarkable 

capacity to degrade the final products and intermediate metabolites by the action of 

many different and promiscuous oxidoreductases and other catabolic activities239. 

Thus, getting rid of such metabolic activities while at the same time taking advantage 

of the other metabolic and stress endurance traits that the chassis provides is a key step 

toward creating an ideal whole-cell biocatalyst. 

A variety of cellular processes affect the internal supply of metabolic currencies that 

are needed within a myriad of biochemical processes [e.g., NAD(P)H and ATP, re-

flected in the energy charge and redox ratios] without providing a benefit in a pro-

duction setup. Besides being used to facilitate biochemical reactions that would oth-

erwise be unfavorable, ATP is required in large quantities to ensure the proper folding 

of polypeptides, mediated by the essential chaperon complex GroEL/ES. In fact, 
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GroEL/ES is one of the cellular processes with the highest demand for ATP, especially 

when the proteome is compromised by physical and chemical stresses240. Thus, it 

seems evident that one limiting factor for the quantitative production of foreign pro-

teins is the supply of ATP.  

One example of an energy-wasting process is the flagellar motion that many bacteria 

use to move from a location of nutrient scarcity to one that provides substrates that 

are needed for growth as well as oxygen—a process that appears redundant in a 

stirred fermentation tank. In 2014, Martínez-García et al.241 reported the removal of a 

large stretch of DNA (~70 kb, corresponding to ~1.1% of the genome) from the chro-

mosome of P. putida KT2440, including 69 relevant structural and regulatory genes for 

the assembly and export of flagella as well as several chemotaxis functions. This op-

eration resulted in a diverse set of physiological changes in the reduced-genome 

strain. Most obviously, a complete absence of cell motility was observed, resulting in 

higher sedimentation rates. The loss of the outer membrane-associated flagella fur-

thermore decreased surface hydrophobicity, a property that is of advantage for mixed 

planktonic culture systems because it reduces the formation of biofilms that compli-

cate purification processes and impairs fermentation equipment. Indeed, non-flagel-

lated cells demonstrated substantially decreased biofilm formation in an early phase 

of the cultivation. However, after 24 h of prolonged cultivation, the formation of bio-

films was increased compared to the wild-type strain due to an elevated production 

of exopolysaccharides, possibly triggered by incipient nutrient starvation and oxygen 

limitation. It will have to be determined which effect is dominant in a large-scale pro-

duction setup or if the long-term response can be countered by further strain engi-

neering.  

Most significant were, however, the changes that could be observed within the mutant 

metabolism. The lag phase after exposure to various carbon sources was reduced, and 

the maximum growth rate was significantly altered (i.e., decreased for growth in com-

plex medium and in minimal medium with glucose and succinate as sole carbon 

sources, increased for growth on fructose). This was accompanied by a change in the 

ATP/ADP ratio (i.e., the energy charge of the cell) by a factor of ~1.3. Concurrently, 
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the non-flagellated mutant had a 1.2-fold higher NADPH/NADP+ ratio than the wild-

type strain while the catabolic charge (i.e., the NADH/NAD+ ratio) remained essen-

tially constant. An increased availability of NADPH does not only enhance the ana-

bolic capacity of the cell for biosynthesis but also increases its tolerance toward oxida-

tive stress and UV exposure242,243—a trait that is useful for most industrially relevant 

fermentation and biotransformation applications. 

An essential property of a cell factory in large-scale production scenarios is its genetic 

stability244. Unless countered via the implementation of some sort of product-addic-

tion mechanism that ensures that cells maintain a producing phenotype, genetically 

modified cell factories tend to escape the metabolic burden that was imposed on them 

through evolutionary mechanisms. These processes result in mutations that lead to a 

loss of function within the overexpressed genes or pathways. Genetic diversity within 

a population of bacterial cells is favorable in a natural context because it enables the 

adaptation of the organism to changing environments, but it is detrimental for a ro-

bust cell factory245.  

In nature, mutations in the genome can be caused through errors made by DNA pol-

ymerases during replication, by error-prone DNA repair mechanisms, or because of 

external stress factors, e.g., UV irradiation or mutagenic chemicals. Yet another source 

of genetic instability lies dormant within the chromosome of many bacteria in the form 

of viral DNA and transposing elements, where these elements can constitute up to 

20% of the chromosome246. Lysogenic phages can be found within the genomic se-

quence of many bacteria. They usually become inactive until cells encounter certain 

stresses such as DNA damage or nutrient starvation or because of stochastic events 

that trigger their excision and resumption of a lytic cycle246,247. Although subject to con-

tinuous decay while resting within the bacterial chromosome, they often retain some 

of their gene functions if they provide a benefit for the host. For example, prophages 

can express immunity and exclusion systems that provide a barrier for the superinfec-

tion with a related phage. The prophage could have introduced fitness-enhancing 

genes that it had acquired horizontally from different sources (e.g., antibiotic or stress 

resistance determinants248,249). Another function that is regularly retained is that of 
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transposition within the genome. While mobile genetic elements might contain bene-

ficial functions under certain (selective) conditions, thus being selected for in a posi-

tive way, they also represent a disruptive mutagenic force by randomly inserting into 

gene clusters that are crucial for a producing phenotype. 

In P. putida KT2440, 2.6% of the genome was found to encode phage-related functions, 

distributed about four prophage elements, each containing up to 72 ORFs241. Intensive 

studies on their functionality revealed that none of the prophages was able to re-initi-

ate a lytic cycle despite having the ability to be excised under specific environmental 

conditions. However, deletion of all prophage regions led to enhanced tolerance to a 

diverse set of stress factors. Prophage-less P. putida showed increased survival in sta-

tionary phase and lower sensitivity to UV-irradiation and to various types of chemical 

mutagens. Moreover, the removal of the proviral load led to an increase in fitness in a 

set of different culture media compositions241.  

Extensive analysis of the annotated genome of P. putida KT2440 further revealed the 

presence of 54 transposable elements, one of which (Tn4652) has been reported to be-

come particularly active in vivo under carbon starvation247. As will be discussed in 

Chapter 4, the excision of a chromosomal segment of 95 kb located 1 kb downstream 

of Tn4652 could have contributed to restoring prototrophy on glucose for a synthetic 

C2-auxotroph P. putida in this thesis. In a study published in 2014, Martínez-García et 

al.241 removed all of these mobile genetic elements together with the previously estab-

lished targets for genome reduction in P. putida (i.e., the flagellar system and proviral 

elements) as well as dsDNA-degrading systems that are likely to interfere with the 

introduction of foreign DNA during genetic engineering efforts. The deleted regions 

comprised a total number of 299 genes corresponding to ~4.3% of the genome in P. 

putida KT2440 and resulted in the cell-factory strain P. putida EM42. This strain was 

subjected to extensive physiological and genetic characterization.  

As already described for a flagella-less strain, lag phases were consistently decreased 

on various carbon sources, likely due to an increased NADPH/NADP+ ratio that ena-

bled the cells to overcome oxidative stress during starvation242,243. The growth perfor-

mance of such a genome-reduced variant in complex medium was slightly decreased, 
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while growth in defined media was not affected for any of the various carbon sources 

tested. However, the genome-reduced strain was able to form significantly more bio-

mass from the same amount of substrate, suggesting that the multiple deletions re-

duced the maintenance requirements during the cultivation. This experimental obser-

vation is in line with an elevated energy charge in strain EM42 (likely due to the ab-

sence of flagella, as described above), as well to as an increased intracellular concen-

tration of the central metabolite acetyl-CoA—thereby indicating a better availability 

of resources for the synthesis of biomass components. The altered maintenance re-

quirements of genome-reduced P. putida strains were later confirmed quantitatively250. 

Because of the ATP-dependency that is inherent to the expression of heterologous pro-

teins, an increased energy availability resulted in a more efficient production of for-

eign polypeptides by P. putida EM42, as shown within the same study as well as in 

further experiments242,250. Finally, the surplus of ATP allows strain EM42 to survive 

and even grow at elevated temperatures (42°C) that are usually lethal for wild-type 

strain P. putida KT2440 251.  

Recently, strain EM42 was subjected to further genome reductions removing functions 

that can be disadvantageous in a laboratory setting180. Specifically, we sought to re-

move key chromosomal elements encoding functions that might (i) confer resistance 

to β-lactam antibiotics, (ii) interfere with the use of fluorescent markers, and (iii) in-

terfere with the use of 3-mBz as an inducer of the XylS/Pm expression system. Exami-

nation of the genome of strain EM42 identified ten chromosomal targets to achieve 

these goals: eight β-lactamase and β-lactamase-like genes, the siderophore gene pvdD, 

and the benABCD gene cluster.  

P. putida exhibits naturally high resistance to ampicillin (Amp), limiting the use of β-

lactams for selection purposes. Both efflux pumps and β-lactamases are responsible 

for this resistance. Removal of the efflux pumps in strain KT2440 increased suscepti-

bility to these antibiotics but simultaneously undermined solvent resistance252. There-

fore, the deletions were restricted to the eight genes putatively encoding for β-lac-

tamases or metallo-β-lactamase family proteins to reduce resistance to Amp without 

affecting solvent tolerance. In addition, pvdD was deleted, encoding for a large non-
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ribosomal peptide synthase involved in siderophore formation253. Siderophores are 

high-affinity iron-chelating molecules essential for capturing metal from the environ-

ment254. Not only is the energy- and resource-intensive biosynthesis of these second-

ary metabolites unnecessary in the presence of sufficient iron (as under laboratory 

conditions), but siderophores also exhibit fluorescent properties255,256 that can interfere 

with the measurement of introduced reporter functions. Finally, the catabolic activi-

ties of the ortho-cleavage pathway were targeted to facilitate the use of the XylS/Pm 

expression system (Section 3.4.4). The genes encoding these functions are distributed 

throughout the bacterial chromosome.  

The deletion of all genes resulted in a reduction of approximately 23 kb in the genome 

of strain EM42, resulting in the streamlined P. putida strain SEM10. This strain showed 

increased sensitivity to β-lactam antibiotics, allowing ampicillin resistance determi-

nants (AmpR) to be used as selection markers at similar antibiotic concentrations as for 

E. coli180. In P. putida SEM10 cultures grown in the presence of 3-mBz, the removal of 

benABCD prevented the development of 3-methylcatechol-derived pigments (Sec-

tion 3.4.4). The removal of pvdD significantly reduced the autofluorescence of the ge-

nome-reduced strain. On the other hand, no change in the strain's growth phenotype 

was observed in a complete medium or defined medium with citrate as a carbon 

source compared to P. putida EM42, suggesting that the introduced deletions are irrel-

evant for the cells’ fitness under controlled laboratory conditions180.  

Further genome reduction of strain SEM10 towards a reference chassis is currently un-

derway in our laboratory—an overarching objective that profits from the rapid ge-

nome engineering strategies presented here. These tools furthermore facilitated the 

intricate metabolic engineering projects presented in the following two chapters.  



94 

Table 3.4. Bacterial strains used in this chapter. 

Strain Relevant characteristicsa Reference or source 

Escherichia coli 

DH5α Cloning host; F– λ– endA1 glnX44(AS) thiE1 recA1 relA1 
spoT1 gyrA96(NalR) rfbC1 deoR nupG Φ80(lacZΔM15) 
Δ(argF-lac)U169 hsdR17(rK– mK+) 

Hanahan and Meselson257 

DH5α λpir Cloning host; same as DH5α but λpir lysogen Platt et al.258 

HB101 Helper strain used for triparental mating; F– thi-1 hsdS20(rB–, 
mB–) supE44 recA13 ara-14 leuB6 proA2 lacY1 galK2 
rpsL20(SmR) xyl-5 mtl-1 

Boyer and Roulland-
Dussoix259 

Pseudomonas putida 

KT2440 Wild-type strain, derived from P. putida mt-2 260 cured of the 
TOL plasmid pWW0  

Bagdasarian et al.261 

KT2440 ΔaceEF Same as KT2440, but with an in-frame deletion of the aceEF 
genes (PP_0038-PP_0339) 

This work 

KT2440 ΔnicX Same as KT2440, but with an in-frame deletion of the nicX 
gene (PP_0395) 

This work 

KT2440 ΔbenABCD Same as KT2440, but with an in-frame deletion of the ben 
gene cluster (PP_3161-PP_3164) 

 

KT·LPR Same as KT2440, but carrying a P14g(BCD2)→mRFP1 ele-
ment integrated between PP_0013 (gyrB) and PP_5421 

This work 

KT·LPG Same as KT2440, but carrying a P14g(BCD2)→msfGFP ele-
ment integrated between PP_0013 (gyrB) and PP_5421 

This work 

KT·LPB Same as KT2440, but carrying a P14g(BCD2)→bfp2 element 
integrated between PP_0013 (gyrB) and PP_5421 

This work 

KT·LPO Same as KT2440, but carrying a P14g(BCD2)→mOrange2 el-
ement integrated between PP_0013 (gyrB) and PP_5421 

This work 

KT·LPT Same as KT2440, but carrying a P14g(BCD2)→mTurquoise2 
element integrated between PP_0013 (gyrB) and PP_5421 

This work 

a.     Antibiotic markers: Nal, nalidixic acid; and Sm, streptomycin. 
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3.7. Supplementary material 

Table 3.S1. Oligonucleotides used in this chapter. 

Name Sequence (5’→3’) Tm (°C) a 

pSNW-USER_F  AGTCGACCUGCAGGCATGCAAGCTTCT  71.8  
pSNW- USER _R  AGGATCUAGAGGATCCCCGGGTACCG  66.1  
Seq-pSNW_F  TGTAAAACGACGGCCAGT  54.2  
Seq-pSNW_R  ATGACCATGATTACGCCGG  55.2  
SEVA-T0_F  GAACGCTCGGTTGCCGCC  64.4  
nicX_HA1_F  AGATCCUCATGCGGCGGAAGATTTTC  59.1  
nicX _HA1_R  ACCCCTACAUCGGGGTTCTCCTGGG  62.7  
nicX _HA2_F  ATGTAGGGGUTATACTGGCCGG  59.9  
nicX _HA2_R  AGGTCGACUGCAGCAGGTACAAAATGGC  59.1  
nicX _g-check_F  GCCTGACGATTTAGAGCG  53.7  
nicX _g-check_R  AAGAAGCAGGCCAGAGATG  54.9  
LP_HA1_F  AGATCCUTCATCGAAAGTAACGCGC  58.9  
LP_HA1_R  ATGCCGAUATACTATGCCGATGATTAATTGTCAACAGAT 

CAGGTCTGAAGCTCTCG  
58.9  

LP_HA2_F  ACCAAAUTGCTCCAGCGATCAC  59.1  
LP_HA2_R  AGGTCGACUGAACACGTTCCTCACTGGG  59.6  
pS448_F  AGTCGGUGCAATTCGAGCTCGGTACCCG  57.4  
pS448_R  ATATGTUTTTCCTCCTAACCGCGGC  58.3  
Cas9_F  AACATAUGGATAAGAAATACTCAATAGGCT  52.2  
Cas9_R  AGATCAGUCACCTCCTAGCTGACTCA  55.1  
sgRNA_F  ACTGATCUAGAGTCGACCTGCAGGCA  57.7  
sgRNA_R  ACCGACUCGGTGCCACTTTTTCAAGTTG  57.3  
pS2313_F  ACTAGTCTUGGACTCCTGTTGATAGAT  56.0  
pS2313_R  ATGTTTUTCCTCCTAAGCTTGCATG  55.8  
pS_BFP2_F  ACATATGGUGTCTAAGGGCGAAGAGCTGAT  58.3  
pS_BFP2_R  AGTTTAAUTAAGTTTGTGCCCCAGTTTGCT  59.0  
pS_Ora_Tq _F  AAAACAUATGGTGAGCAAGGGCGA  57.8  
pS_Ora_Tq_R  AAGACTAGUTTACTTGTACAGCTCGTCCAT  58.9  
RFP4LP_F  ATCGGCAUAGTATAATACGACAAGGTGAGGAACTAAACC 

ACTGAGCACTACTAGAGAAAG  
55.6  

RFP4LP_R  ATTTGGUAGAGAGCGTTCACCGAC  59.5  
P14g(BCD2)_F  AATGGCTUCCTCCGAAGACG  61.2  
P14g(BCD2)_R  AGAGCCUTGTCAATGGGCGATCAGGTCTGAAGCTCTCG  58.9  
BCD2-P14g_F  AGGCTCUCGCGGCCAGGTATAATTGCACGAGGGCCCAA 

GTTCACTTAAAAAG  
60.9  

BCD2-P14g_R  AAGCCATUAGAAAACCTCCTTAGCATGA  58.1  
BCD2_R  AGAAAACCUCCTTAGCATGATTAAG  58.4  
pGNW_LP_F  AAGTAAUAACGCTGATAGTGCTAGTG  57.8  
BFP2_F  AGGTTTTCUAATGGTGTCTAAGGGCGAAGAG  61.1  
BFP2_R  ATTACTUAATTAAGTTTGTGCCCCAGTTTGC  62.3  
GFP_F  AGGTTTTCUAATGCGTAAAGGTGAAGAACTGTTC  60.9  
GFP_R  ATTACTUATTTGTAGAGTTCATCCATGCCG  64.0  
Ora_Tq _F  AGGTTTTCUAATGGTGAGCAAGGGCGAG  61.7  
Ora_Tq_R  ATTACTUGTACAGCTCGTCCATGC  62.1  
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aceEF_HA1_F  AGATCCUCGAAGACTCGCTTGAAGAGG  59.7  
aceEF_HA1_R  AGCCATGUAAGCCAGCACACTGC  55.9  
aceEF_HA2_F  ACATGGCUTGCTCCAGGG  58.3  
aceEF_HA2_R  AGGTCGACUCGATGAACTGCTGGTTGCG  59.6  
Seq-LP_F  ACCAACTTTTCCGCTTTGCAC  57.2  
Seq-LP_R  CGAAAGACTGGGCCTTTCGT  58.4  
aceEF_g-check_F  GTTTGGCTGGAGATTTTGGG  54.8  
aceEF_g-check_R  CCTTGATCGGCGTGAAATAG  53.8  
aceEF_F  GCGCGCTCATTCGCGTACCTGACAT  N.A.  
aceEF_R  AAACATGTCAGGTACGCGAATGAGC  N.A.  
benABCD_HA1_F  AGATCCUGGTTTATTTACCAAGCGATGGGGA 66.0 
benABCD _HA1_R  ATGGCCAGGGUCTCCCTTGTTATTGTTTAG 69.0 
benABCD _HA2_F  ACCCTGGCCAUGTGAACCGCAACCTCAAGGCAAA 69.0 
benABCD _HA2_R  AGGTCGACUCGTTCATCAGTGCCACGGC 66.8 

a.  The melting temperatures (Tm) were calculated using the online Tm calculator by Thermo Fisher Scientific (only the an-
nealing parts of the primers were included in the analysis). For primers used for PCR amplification with Phusion U poly-
merase, ‘Phusion DNA polymerase’ was chosen as the setting, with a primer concentration of 0.5 µM. For primers used 
for colony PCR, ‘Taq-based DNA polymerase’ was chosen as the setting, with a primer concentration of 0.2 µM. N.A., not 
applicable (i.e., not used in PCR).  
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Table 3.S2 Assembly of pGNW plasmids with genes encoding fluorescent proteins within a chro-
mosomal landing pad. Listed are the respective plasmid backbones used for each fluorescent protein, 
as well as the primers used to amplify these plasmids and the additional fragments to assemble the 
corresponding DNA fragments. The sequences of the primers are presented in Table 3.S1. 

Fluorescent 
protein 

Plasmid backbone 
(oligonucleotide) 

Primers for 
HA1 

Primers for 
gene insert 

Primers for HA2 

msfGFP  
pGNW2 

(pGNW_LP_F/ 
BCD2_R) 

– 
GFP_F/ 
GFP_R – 

mBFP2  
pGNW2 

(pGNW_LP_F/ 
BCD2_R) 

– 
BFP2_F/ 
BFP2_R – 

mOrange2  
pGNW4  

(pGNW-USER_F/ 
pGNW-USER_R) 

LP_HA1_F/ 
BCD2_R 

Ora_Tq_F/ 
Ora_Tq_R 

pGNW_LP_F/ 
LP_HA2_R 

mTurquoise2  
pGNW6  

(pGNW-USER_F/ 
pGNW-USER_R) 

LP_HA1_F/ 
BCD2_R 

Ora_Tq_F/ 
Ora_Tq_R 

pGNW_LP_F/ 
LP_HA2_R 
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Figure 3.S1. Locus dependency of msfGFP fluorescence expressed from co-integrated suicide vec-
tors. The plasmids pGNW (carrying homology arms for the deletion of PP_0013, PP_3590, or PP_3713) 
or pSNW (carrying homology arms for the deletion of PP_1919, PP_3167, or PP_3945) were co-inte-
grated into P. putida KT2440. The only difference between plasmids of the same type is the insertion 
locus. (A) An individual colony of each co-integrate was streaked onto an LB medium plate containing 
Km, and incubated overnight (18 h) at 30°C. The plates were photographed under blue-light exposure. 
(B) Normalized green fluorescence (fluorescence intensity divided by the optical density at 600 nm) in 
P. putida KT2440 carrying the vectors co-integrated in the chromosome. Cells were cultured in minimal 
de Bont medium supplemented with 30 mM glucose in microtiter plates. Data represent the mean value 
of each parameter ± standard deviation of three biological replicates. 
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Figure 3.S2 Genetic upgrading of suicide vector pGNW into pSNW. (A) The fluorescence brought 
about by msfGFP in the insertional suicide vector pGNW was enhanced by addition of a bicistronic 
translational coupler (BCD2) in front of the gene. Bacterial growth (B) and green fluorescence levels 
normalized to the optical density measured at 600 nm (OD600 nm) (C) in P. putida KT2440 carrying either 
pGNW2∙ΔbenABCD or pSNW2∙ΔbenABCD (which only differ in the genetic architecture of the fluores-
cent marker added to the backbone) integrated as a single copy into the target chromosomal locus. Cells 
were grown in LB medium. Error bars indicate standard deviations from at five biological replicates.  
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Figure 3.S3 Deletion of aceEF in 
P. putida KT2440 using a syn-
thetic CRISPR/Cas9 device for
counterselection. Green circles 
indicate fluorescent colonies
that escaped restriction by
Cas9; white arrows indicate ex-
amples of identified colonies 
arising from P. putida ΔaceEF
cells. 
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Chapter 4: Establishing a synthetic C2 auxotrophy in Pseudo-
monas putida for evolutionary engineering of alternative cata-
bolic routes 

Summary 

Acetyl-coenzyme A (Ac-CoA) is a metabolic hub in the central carbon metabolism of 

all living cells. Besides connecting glycolytic routes to the tricarboxylic acid (TCA) cy-

cle, Ac-CoA is a key precursor of essential biomass components, e.g., amino acids, 

lipids, and building blocks of the bacterial cell wall. Conversely, the thioester acts as 

a metabolic sink for catabolic pathways of a large variety of molecules, thereby feeding 

the central biochemical network. This dual role of Ac-CoA as an essential precursor 

metabolite, on the one hand, and as the end-degradation product of many industrially 

relevant compounds, on the other, allows production to be tightly coupled to cell 

growth. To this end, a synthetic “auxotrophy” for two-carbon compounds (SCA) was 

established in Pseudomonas putida following an in silico-guided metabolic engineering 

approach. The applicability of the evolutionary engineering strategy driven by Ac-

CoA demand was demonstrated by implementing an alternative route for sugar as-

similation‒the phosphoketolase (PK) shunt from bifidobacteria, representing a direct 

link of sugar-phosphates to Ac-CoA without CO2 release. Such synthetic metabolism 

would enable the conservation of substrate-derived carbon, resulting in increased 

maximum product yields on sugar feedstocks. During adaptive laboratory evolution, 

the engineered SCA strain integrated the PK shunt into the metabolic network to re-

store C2 prototrophy. Changes in the protein translation process due to the mutation 

of tilS, encoding a rare isoleucine-tRNA synthetase, were identified as a possible 

mechanism for adjusting the network-wide proteome profile resulting in an improved 

growth phenotype. The co-occurrence of the Entner-Doudoroff (ED) and the PK path-

ways resulted in significant pyruvate and 2-ketogluconate secretion as overflow me-

tabolites. The results presented in this chapter demonstrate that the central metabo-

lism of P. putida can be radically rewired to incorporate heterologous Ac-CoA-produc-

ing pathways and novel metabolic connectivities. Approaches to address the observed 

metabolic imbalances through continued strain engineering are discussed. 
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 Introduction 

4.1.1. The central role of acetyl-coenzyme A in cellular metabolism  

The progress made in synthetic biology and metabolic engineering is driving ever-

accelerating technological developments in bioproduction. Sophisticated computa-

tional methods facilitate the discovery of new enzymes and provide increasingly reli-

able roadmaps to produce relevant compounds from inexpensive feedstocks in bio-

logical systems. Simultaneously, a steadily increasing set of molecular tools allows for 

the transfer and functional implementation of biochemical functions in any desired 

host organism. Once a suitable pathway has been functionally implemented, one com-

monly encountered obstacle for the efficient production of the desired compound is a 

sufficient supply of precursor metabolites. Every biochemical pathway starts with me-

tabolites from central carbon metabolism. However, biological systems have evolved 

to efficiently utilize growth substrates by balancing biochemical fluxes to avoid me-

tabolite accumulation262.  

Acetyl-coenzyme A (Ac-CoA) is a central metabolite, identified as a key node in the 

metabolism of all living organisms263,264. This thioester represents a metabolite hub and 

the entry point to the tricarboxylic acid (TCA) cycle, in which essential biomass pre-

cursors and most of the energy-generating reducing equivalents for respiring organ-

isms are produced. Ac-CoA also plays a central role as (co-)substrate in biochemical 

pathways leading to essential biomass constituents like amino acids, cell wall compo-

nents (acetylated amino sugars), and fatty acids. Moreover, many secondary metabo-

lites of industrial interest (polyketides, isoprenoids, sterols, alcohols, and polyhydrox-

yalkanoates) can be produced through biochemical pathways with Ac-CoA as the pre-

cursor. Conversely, various catabolic pathways for a broad spectrum of compounds 

form a catabolic ‘funnel’ converging in Ac-CoA (Figure 4.1A). Importantly, and due 

to its central role as a biomass precursor, Ac-CoA can serve as a pivotal node for cre-

ating metabolic networks where the production and simultaneous degradation of a 

product is tightly coupled to growth, provided that this product is the organism’s only 

source of Ac-CoA (Figure 4.1B).  
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When faced with the choice of a suitable microbiological chassis, a diverse list of prop-

erties needs to be considered. In typical laboratory microorganisms such as Escherichia 

coli, new metabolic pathways can be easily implemented or existing ones redirected. 

However, some applications can profit from a more robust metabolic architecture dis-

Figure 4.1. Key role of Ac-CoA in central carbon metabolism. (A) A large fraction of cellular metabo-
lism can be illustrated as a bowtie structure in which various carbon compounds are funneled through
a multitude of catabolic pathways with Ac-CoA as the end- or side-product. Conversely, Ac-CoA 
serves as the starting point (or co-substrate) for the biosynthesis of many essential biomass constituents
or secondary metabolites of industrial interest. (B) Schematic representation of an evolutionary engi-
neering selection scheme in which native sources of Ac-CoA (green circles with dashed contours) are
deleted (red lines). Cell growth becomes only possible in the presence of externally supplied acetate or
via the use of a new metabolic route, which couples the production of a compound of interest to the
formation of the essential Ac-CoA.  
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played by many environmental organisms. Exposed to ever-changing habitat condi-

tions, including alternating availability of various substrates, exposure to toxic chem-

icals, as well as chemical and physical stressors, soil generalists like Pseudomo-

nas putida can excel under harsh biofermentation conditions or when toxic compounds 

are being produced. An overview of the metabolic architecture of P. putida is provided 

in Section 2.1.3. Having adapted to frequent periods of starvation (e.g., in soil envi-

ronments), the metabolism of P. putida is optimized for the utilization of a wide variety 

of substrates without the production of overflow metabolites to ensure high carbon 

efficiencies265,266. In addition, P. putida has low energy demands for cell mainte-

nance265,267. Rather than reacting to changing metabolic conditions by adjusting the ex-

pression of genes in central metabolism, P. putida exerts control on biochemical activ-

ities predominantly through post-transcriptional mechanisms or metabolic regula-

tion114. One prerequisite for a metabolite-based regulation is that compound concen-

trations are accurately controlled to allow for a dynamic response changing condi-

tions.  

The intracellular Ac-CoA concentration and its relative levels compared to nonesteri-

fied CoA is maintained at low values in P. putida regardless of the metabolic status, in 

contrast to facultatively anaerobic bacteria268. Despite lacking an acetate kinase for the 

activation of acetate (hence, Ac-CoA synthetase is used for acetate assimilation), 

P. putida harbors a functional phosphate acetyltransferase (Pta)269. Like in E. coli, acetyl 

phosphate (Ac-P) was shown to be involved in the post-translational modification of 

proteins (e.g., the transcriptional activator NtrC activated under nitrogen-limited con-

ditions) to control their activity270,271.  

In the two most prevalent glycolytic routes in bacteria, the Embden-Meyerhof-Parnas 

(EMP) pathway, and the Entner-Doudoroff (ED) pathway, Ac-CoA is almost exclu-

sively formed through pyruvate oxidation. This reaction, catalyzed by the pyruvate 

dehydrogenase complex (PDHc), involves the substrate's decarboxylation, leading to 

a loss of carbon within the metabolite pool. An alternative glycolytic route that can 

provide Ac-CoA without releasing CO2, the phosphoketolase pathway272, was first de-

scribed in heterolactic fermentative bacteria. 
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4.1.2. The phosphoketolase reactions shunt the upstream glycolysis to the 

direct formation of Ac-CoA, bypassing pyruvate decarboxylation 

Phosphoketolases (PKs) form a unique class of enzymes closely related to the enzyme 

transketolase (EC 2.2.1.1) that is part of the pentose phosphate pathway. They require 

thiamine diphosphate (ThDP) and a divalent metal ion as essential cofactors and cat-

alyze the cleavage of xylulose 5-phosphate (Xu5P) or fructose 6-phosphate (F6P) to 

Ac-P and glyceraldehyde 3-phosphate (G3P) or erythrose 4-phosphate (E4P), respec-

tively. The enzymatic reaction involves ketol cleavage, dehydration, and phosphorol-

ysis in a single biochemical step273. PKs are naturally found in obligate anaerobic and 

heterofermentative bacteria, some fungal species, cyanobacteria, and microalgae as 

part of an alternative route for the degradation of sugars274. Depending on their sub-

strate specificity, one can distinguish two subfamilies: members of the EC 4.1.2.9 

(XPK) group act only on Xu5P, while PKs belonging to EC 4.1.2.22 (XFPK) accept both 

Xu5P and F6P as substrates275, with varying preferences in different organisms276. The 

produced Ac-P can be converted into Ac-CoA via Pta, thereby allowing direct conver-

sion of sugar phosphates into Ac-CoA without the loss of carbon accompanying the 

oxidative decarboxylation performed by the PDHc. Streamlining sugar utilization 

through the use of this carbon-conserving pathway has the potential of increasing 

maximum theoretical yields for Ac-CoA-derived products in biotechnological appli-

cations277. The introduction of PKs into microbial model organisms has been success-

fully used in the past to enhance titers for acetate278,279, poly(3-hydroxybutyrate)280, 

fatty acid ethyl esters281, and 3-hydroxypropionic acid282. In a recent application, 

Corynebacterium glutamicum was used in an evolutionary engineering approach to im-

prove the specific PK activity via disruption of the host’s linear glycolysis, thereby 

boosting the production of L-glutamate283.  
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4.1.3. Evolutionary engineering leverages the vast potential of Darwinian 

adaptation for the optimization of cell factories 

Microbial organisms play an essential role in the sustainable production of a wide 

range of industrial products, including biofuels284, food additives, pharmaceuticals, 

surfactants285, and polymers286,287. Despite an increasing body of knowledge about the 

biochemistry of microbes and the rules that govern their regulation, and a rapid ac-

celeration of technologies available in bioengineering, the inherent complexity of bio-

logical systems still poses an obstacle when deliberately trying to alter certain traits. 

Traditional engineering approaches are often hampered by a lack of comprehensive 

understanding of the host organism and the inability to predict the system’s response 

reliably, especially after introducing several genetic changes at once.  

This barrier notwithstanding, nature itself offers the possibility of refactoring even the 

most complex structures: the process of evolution. Since the middle of the 19th century, 

adaptive laboratory evolution (ALE) has been increasingly used to gain insights into 

evolutionary mechanisms and improve beneficial traits under specified selection con-

ditions59,288,289 (Figure 4.2). Classically used to enhance general host properties like the 

resistance to chemicals, growth characteristics under industrially relevant conditions, 

or the ability to utilize alternative feedstocks, ALE can also be employed to improve 

the performance of a whole-cell biocatalyst for specific biochemical tasks290. The only 

prerequisite for such an evolutionary engineering approach is that the desired trait 

can be subject to a selection pressure that couples an improved catalytic performance 

to a fitness gain. This can be achieved via the creation of interdependencies within the 

host metabolism (e.g., product addictions), through the right choice of selection con-

ditions (e.g., by using antimetabolites), or by a combination of both288,291.  
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Figure 4.2. Adaptive laboratory evolution for cell factory optimization. A suitable selection strain is 
subjected to repeated cultivation under restrictive conditions (e.g., toxic compounds, limited substrate 
availability, or antimetabolites). During extended exposure to the stressor, the individual cells in the 
population acquire mutations that promote and enhanced growth physiology. Through Darwinian 
mechanisms, beneficial mutations are established within the population. Once the phenotype has im-
proved, the respective clones can be analyzed regarding the acquired mutations. Beneficial mutations 
can be retro-engineered in a production host, or the cells can be used directly to exploit the optimized 
phenotype. The ALE process can be accelerated if the genetic variability in the population is artificially 
enhanced (i.e., by mutagenesis methods, genome shuffling, or implementation of libraries for gene var-
iants and expression systems) before selection. 

In this study, in silico modeling was used to identify pathways consuming and pro-

ducing Ac-CoA in Pseudomonas putida KT2440. Building on these results, a synthetic 

C2 auxotrophy was introduced by eliminating all Ac-CoA–producing reactions. Next, 

the resulting strains were used to implement the carbon-conserving phosphoketolase 

pathway to demonstrate the utility of the C2-based selection scheme. By limiting the 

essential Ac-CoA supply exclusively to the introduced biochemical shunt in synthetic 

C2-auxotroph (SCA) strains, we show that heterologous pathways yielding Ac-CoA 

can be optimized through evolutionary engineering. 
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 Results 

4.2.1. Design of a synthetic C2-auxotroph strain design informed by ge-

nome-scale metabolic modeling and analysis of the potential of a 

phosphoketolase-based glucose utilization pathway 

The pyruvate dehydrogenase complex (PDHc) serves as the link between glycolysis 

and the TCA cycle in P. putida and represents the primary source of Ac-CoA for most 

heterotrophs. To generate a robust C2 auxotroph platform strain on glucose for evo-

lutionary engineering applications, we employed an in silico-guided approach to 

identify native pathways that could supply acetyl-CoA in the absence of PDHc under 

stringent selection conditions. To this end, we performed flux-balance analyses (FBA) 

using the genome-scale P. putida KT2440 model iJN1411 with glucose as the carbon 

source (Figure 4.3). The identified reactions, their corresponding genes, and the asso-

ciated catabolic pathways are listed in Table 4.1. Furthermore, the flux towards the 

compound that contributes to biomass formation and represents the start of the cata-

bolic pathway was computed for each reaction identified via FBA. The reactions were 

ranked according to their absolute flux value. With these reactions ‘knocked-out’ in 

iJN1411, the two possible PK reactions on fructose 6-phosphate (FPK) and xylulose 5-

phosphate (XPK) were introduced into the synthetic C2-auxotroph (SCA) model.  

The flux distribution after optimizing for the biomass reaction on glucose is shown in 

Figure 4.4. Provided that the model does not consider thermodynamic constraints, the 

maximum growth rate achievable with an alternative, PK-based upper central metab-

olism (0.61 h-1) is close to that of the wildtype model (0.62 h-1, Figure 4.3). The ED path-

way (flux through Edd and Eda) is completely inactive. Therefore, the PK pathway 

constitutes a feasible alternative to the ED pathway in the obligate aerobic organism. 

All metabolic flux is channeled into the pentose phosphate pathway (PPP), with a 

7-fold increased phosphogluconate dehydrogenase (Gnd) activity compared to wild-

type model iJN1411. The ribulose 5-phosphate 3-epimerase (Rpe) reaction is also 

greatly enhanced (69-fold) to provide F6P and Xu5P for the PK reactions.  
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Table 4.1. Reactions predicted to contribute to the formation of Ac-CoA on glucose when serially 
knocked out in iJN1411. Genes in bold were deleted in strain SCA3. Genes in parentheses were not 
removed, as being part of a multi-enzyme complex in which at least one protein was deleted. The indi-
cated fluxes represent the predicted rate of the first reaction leading into the respective pathway in 
wild-type iJN1411. 

Gene iJN1411 reaction ID Associated pathway 
Flux towards path-

way precursor  
(mmol gCDW-1 h-1) 

ace, aceF, (lpdA) PDH Pyruvate dehydrogenase 
complex 5.76 

PDHbr 

bkdAA, (bkdAB, 
bkdB, lpdV) 

OIVD2 
Branched chain keto acid 
dehydrogenase 

0.63 
OIVD3 0.15 
OIVD1r 0.39 

ltaE THRAr, THRA2r L-threonine aldolase 0.31 

pcaB , pcaC, pcaD 
MUCCY_kt, 4CMLCL_kt,  
OXOAEL 

3-Dehydroshikimate  
degradation 

0.25 

paaK PACCOAL L-Phe degradation 0.12 

davB LYSMO L-Lys degradation 0.11 

gabT APTNAT, ABTA L-Lys degradation 0.11 

hmgA, hmgB, 
hmgC 

HGNTOR, FUMAC, 
MACACI L-Tyr degradation 0.084 

eutB, eutC ETHAAL Ethanolamine degradation 0.05 *1 

mmsA-I MMSAD3 β-Alanine metabolism 0.0004 

glcB MALS Malate synthase*2 - 

acoA, acoB, acoC  
Acetoin dehydrogenase 
complex*3 

0 

*1   The calculated flux towards ethanolamine was only 0.047 mmol gCDW-1 h-1. However, phosphatidylethanolamine 
was shown to be the most abundant membrane component in P. putida KT2440, constituting about two-thirds 
of the total glycerophospholipid fraction292. The relatively high abundance of ethanolamine made its degradation 
appear a plausible potential source of Ac-CoA. 

*2   According to calculated flux distributions, the glyoxylate shunt should be inactive to allow for optimal growth 
with the alternative PK-glycolysis (preventing the use of C2 units as energy source).  

*3   The acetoin cleavage system (acetoin dehydrogenase complex) was shown to be functional in P. putida, pro-
ducing acetyl-CoA with a mechanism analogous to that of the PDHc293. 



  121  

Figure 4.3. In silico flux distribution calculated in wild-type P. putida KT2440 with glucose as carbon
source. The thickness of reaction arrows are drawn in scale reflecting their flux value (from 0.01 to 6.30 mmol
gCDW h-1). Colors also encode the flux values from blue (0.01 mmol gCDW-1 h-1) to red (6.30  mmol gCDW-1 h-1). 
Reactions with no flux are drawn as grey, dashed lines. Only organic cofactors, CO2 and phosphate (P) are 
shown as co-substrates. Abbreviations for metabolites: 2K6PG, 2-keto-gluconate-6-P; 2PG, glycerate-2-P; 
3PG, glycerate-3-P; 6PG, 6-phosphogluconate; 2KG, 2-ketogluconate; Ac-P, acetyl-P; CoA, coenzyme A; 
DHAP, dihydroxyacetone-P; E4P, erythrose-4-P; F6P, fructose-6-P; FBP, fructose-1; G3P, glyceraldehyde-3-P; 
G6P, glucose-6-P; Glc, glucose; Gnt, gluconate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; PEP, phosphoe-
nolpyruvate; R5P, ribose-5-P; Ru5P, ribulose-5-P; S7P, sedoheptulose-7-P; 2-OG, 2-oxogluconate; acon, aco-
nitate; Ac-P, acetyl-P; Cit, citrate; Fum, fumarate; Glx, glyoxylate; Icit, isocitrate; Mal, malate; Oaa, oxaloace-
tate; Pi, phosphate; Pyr, pyruvate; Succ, succinate; Suc-Coa, succinyl-CoA; Xu5P, xylulose-5-P; Abbreviations 
for enzymes: AceA, isocitrate lyase; Acn, aconitase; Eda, 2-dehydro-3-deoxy-phosphogluconate aldolase; 
Edd, phosphogluconate dehydratase; Eno, enolase; Fba, fructose-1; FPK, fructose-6-P phosphoketolase; Fbp, 
Fructose-1; Fum, fumarate hydratase; GADH, gluconate dehydrogenase; Gap, glyceraldehyde-3-P dehydro-
genase; Gcd, glucose dehydrogenase; GlcB, malate synthase.; Glk, glucose kinase; GltA, citrate synthase;
Gnd, phosphogluconate dehydrogenase; GntT, gluconate/H+ symporter; GnuK, gluconate kinase; GtsABCD,
D-glucose ABC-transporter; MaeB, malic enzyme; Idh, isocitrate dehydrogenase; KguD, 2K6PG reductase;
KguK, 2‑ketogluconate kinase; KguT, putative 2-ketogluconate transporter; Mdh, malate dehydrogenase;
PEPC, PEP carboxylase; PC, pyruvate carboxylase; PDHc, pyruvate dehydrogenase complex; Pgi, phos-
phohexose-isomerase; Pgk, phosphoglycerate kinase; Pgl, phosphogluconolactonase; Pgm, phosphoglycer-
ate mutase; Pta, phosphotransacetylase; Pyk, pyruvate kinase; Rpe, ribulose-5-P 3-epimerase; Rpi, ribose-5-P
isomerase; Sdh, succinate dehydrogenase; SucAB, 2-oxoglutarate dehydrogenase; SucCD, succinyl-CoA syn-
thetase; Tal, transaldolase; Tkt, transketolase; Tpi, triosephosphate isomerase; XPK, xylulose-5-P phospho-
ketolase; Zwf, glucose-6-P dehydrogenase. Reactions catalyzed by multiple isoenzymes, some with different
cosubstrate specificities (e.g., Pgi, Zwf, or Gapd), were lumped together for the sake of simplicity. 
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The flux distribution shown in Figure 4.4 represents only one possible FBA solution 

in which the PK acts exclusively on F6P. However, there is an infinite number of pos-

sible flux distributions in which the total flux of 5.46 is distributed between FPK and 

XPK, providing equal amounts of Ac-P and G3P. PPP metabolite levels are balanced 

in each solution by the transaldolase (TalA) and transketolase (Tkt) reactions. In both 

distributions, glucose is exclusively fed into central metabolism through the 6-phos-

phogluconate (6PG) route, contrasting with experimentally determined metabolic flux 

distributions, in which only 78% of the consumed glucose enters the cells in the form 

of gluconate, 10% as glucose, and 12% as 2-ketogluconate (2KG, Nikel et al.294). The 

equilibrating effect of the PPP enzymes potentially allows for a balanced flux through 

the PK pathway and downstream glycolysis. Hence, no significant increase of anaple-

rotic reactions is observed. 

Figure 4.4. Flux distribution calculated with iJN1411 after deleting Ac-CoA-producing pathways and 
introducing the Xfpk reactions. The reactions and enzymes of the heterologous PK pathway are high-
lighted by a green shading. Note that the enzyme can use either F6P or Xu5P as the substrate. A de-
scription of color schemes and abbreviations is given in Figure 4.4. 
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4.2.2. Experimental validation of acetate auxotrophy and phenotypical char-

acterization of acetate requirements in synthetic C2-auxotroph strains 

Informed by the in silico prediction with iJN1411, a whole family of synthetic C2-aux-

otroph (SCA) strains was created with an increasing number of deletions of genes in-

volved in the potential formation of Ac-CoA (Table 4.4). The auxotrophy was con-

firmed by testing their growth in synthetic de Bont minimal (DBM) medium with var-

ious carbon sources. All strains deficient in PDHc (strains SCA1, SCA3, SCA9, SCA15, 

and SCA18) could not grow within 120 h after inoculation with glucose as the carbon 

source (Figure 4.5) as well as on fructose and gluconate (data not shown). Strains with 

an intact PDHc (strains SCA8PD and SCA14PD) demonstrated growth comparable to 

wild-type strain KT2440. Thus, the deletion of aceE and aceF suffices to establish aux-

otrophy for C2-carbon compounds on glycolytic substrates in wild-type P. putida. 

Cells that had only the PDHc inactivated were not impaired in their ability to utilize 

acetate as the only carbon source (Figure 4.S1, Table 4.2). The 14 implemented gene 

deletions did not affect the phenotype of SCA14 when grown glycolytic substrates or 

the TCA cycle metabolite citrate. However, the removal of several genes involved in 

the assimilation of amino acids (Table 4.4), among other targets, resulted in decreased 

biomass yields and more pronounced diauxic shifts (Figure 4.S2) when grown in a 

rich medium (LB). 
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Glucose (C6) and acetate (C2) are co-consumed in P. putida KT2440 (Figure 4.S3). 

Thereby, glucose is used as an energy source as long as acetate is assimilated. After 

the depletion of acetate, the carbon skeleton of glucose is utilized for the formation of 

biomass. With their co-utilization, it seemed possible to restore growth in SCA strains 

via the co-feeding of acetate in addition to glucose. To gain insights into the require-

ments for acetate as co-substrate, SCA3 and SCA15 were cultured in minimal medium 

with 30 mM glucose as well as varying concentrations of potassium acetate (K-Ac; 

Figure 4.6). There was a linear dependency of the maximum biomass concentration 

reached by the strains and acetate when supplied up to 1.8 g L-1 (30 mM). At higher 

cell concentrations, oxygen limitation becomes a limiting factor in microtiter plates 

Figure 4.5. Growth of wild-type P. putida 
KT2440 and synthetic C2-auxotroph strains 
in a minimal medium. The strains KT2440, 
SCA1, SCA3, SCA8 and SCA9 were cultured 
in microtiter plates (96-well). Left panel: DBM 
medium supplemented with 30 mM glucose 
as the sole source of carbon. Right panel: 
DBM medium supplemented with 30 mM cit-
rate as the sole source of carbon. The medium 
with glucose contained an additional 5 g L-1 
MOPS to buffer the acidifying effect of Gnt 
and 2KG production. Error bars, representing 
the standard deviation from three biological 
replicates, are indicated by filled areas 
around the curves. 
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due to low oxygen transfer rates, leading to a disproportional rise in cell densities at 

increasing substrate concentrations. The maximum specific growth rate (µmax) of SCA3 

was equal to that of wild-type P. putida on glucose and acetate (Table 4.2). However, 

the cumulative effects of twelve additional deletions in SCA15 led to a µmax reduction 

by about one-half while lowering the acetate-specific biomass yield (YXS) by about one-

fourth.  

The reduced µmax and YXS in SCA15 were likely the result of inactivation of the glyox-

ylate shunt via deletion of glcB, causing all carbon introduced into the TCA cycle by 

acetate-derived Ac-CoA to be converted into CO2. Thus, essential TCA cycle interme-

diates need to be replenished from glycolytic end-metabolites (pyruvate and PEP) ex-

clusively. However, the required anaplerotic reactions might not be active under the 

given regulatory regime with both glucose and acetate as substrates. The inactivation 

of the glyoxylate shunt also prevented the utilization of acetate as the only carbon 

source for SCA15 (Figure 4.S1).  

All SCA strains, including SCA15, were still able to grow on citrate as the sole source 

of carbon (Figure 4.5). To rule out any side-activity of the citrate synthase in the re-

verse direction (further addressed in Discussion), its encoding gene gltA was deleted 

alongside genes involved in carbon catabolite repression. However, the resulting 

strain, SCA18, was still able to grow on citrate as the sole carbon source, with no ap-

parent growth deficiencies compared to SCA15 (Figure 4.5). 
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Figure 4.6. Acetate-dependent growth of the synthetic C2-auxotroph strains SCA3 and SCA15. The 
experiments were performed in microtiter plates (96-well). Left panels: growth in minimal medium 
with 30 mM glucose and varying concentrations of acetate. Error bars, representing the standard devia-
tion from three biological replicates, are indicated by filled areas around the curves. Right panels: linear 
correlation of biomass yield and supplied acetate concentration. The slope and intersection values in 
the equation displayed in the right panels represent the average values from three independent correla-
tions performed on biological replicates. The slope values obtained via linear regression for each strain 
had a standard deviation of < 3.3%. 
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Table 4.2. Quantitative physiology parameters of engineered strains in minimal medium with glu-
cose and acetate. Maximum exponential growth rates (µmax) were determined via Gaussian Process 
regression for growth experiments in microtiter plates. Biomass yields YXS in gram cell dry weight 
(gCDW) per gram of substrate (gS) were calculated for each indicated substrate (S). Given are the average 
values ± standard deviation from at least three biological replicates. 

Strain Carbon sources 
µmax 
[h-1] 

Biomass yield 
YXS [gCDW gS-1] 

KT2440 30 mM glucose 0.78 ± 0.07 0.37 ± 0.02    (S: glucose) 

KT2440 30 mM glucose 
40 mM acetate 

0.98 ± 0.05  -  

KT2440 5-20 mM acetate 0.77 ± 0.14 0.33 ± 0.01    (S: acetate) 

SCA3 30 mM glucose  -   -  

SCA3 30 mM glucose 
5 mM acetate 

0.66 ± 0.00 0.65 ± 0.02    (S: acetate) 

SCA3 30 mM glucose 
10-20 mM acetate 

0.95 ± 0.02 0.71 ± 0.01    (S: acetate) 

SCA3 5-20 mM acetate 0.61 ± 0.07 0.34 ± 0.06    (S: acetate) 

SCA15 30 mM glucose  -   -            (S: acetate) 

SCA15 30 mM glucose 
5 mM acetate 

0.56 ± 0.02 0.71 ± 0.06    (S: acetate) 

SCA15 30 mM glucose 
10-20 mM acetate 

0.53 ± 0.03 0.60 ± 0.08    (S: acetate) 

SCA15 5-20 mM acetate  -   -            (S: acetate) 
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4.2.3. Quantitative proteome analysis exposes the dependency of synthetic 

C2 auxotrophs on acetate and highlights bottlenecks for a functional 

phosphoketolase pathway 

To uncover the effects of removing intracellular Ac-CoA sources, the protein content 

of the exponentially growing strains SCA3 and KT2440 was analyzed via mass spec-

trometry. Cells were grown in minimal medium supplemented with 30 mM glucose 

and 30 mM K-Ac, whereby a total of 110 proteins were significantly differently [false 

discovery rate (FDR) of ≤ 5%] expressed with an absolute log2(fold change) of ≥ 1 (Fig-

ure 4.7). Among these, 45 were identified to have metabolic functions (Table 4.S2). 

 
Figure 4.7. Volcano plot of mass spectrometry results showing differentially expressed proteins in 
strain SCA3 compared to P. putida KT2440. Both strains (with three biological replicates) were grown 
in DBM medium supplemented with 30 mM glucose and 30 mM K-Ac and harvested in the mid-expo-
nential phase to measure the entire protein content of biomass. Each point in the plot represents an 
individual protein. The horizontal intersection is set at a q-value (FDR) of ≤ 0.05; the vertical intersec-
tions are placed for an absolute fold-change of ≥ 2.  
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Within central carbon metabolism, a down-regulation of gluconokinase (GnuK), glu-

cose 6-phosphate 1-dehydrogenase (ZwfA295), and 6-phosphogluconolactonase (Pgl) 

was observed together with an up-regulation of 2-keto-gluconate-6-P (2K6PG) reduc-

tase (KguD) (Figure 4.8). This pattern suggests a shift from the preferred glucose uti-

lization route (i.e., glucose oxidation and gluconate uptake105) towards further oxida-

tion to 2KG and utilization thereof. We had observed before that engineered P. putida 

strains convert supplied glucose into 2KG at significant rates if implemented genetic 

modifications hampered their growth296,297. The resulting accumulation of 2KG is the 

consequence of a missing regulatory mechanism that couples the cells’ substrate up-

take rate to the activities of the periplasmic dehydrogenases under glucose excess.  

Strain SCA3 showed a diverging pattern in the expression of enzymes involved in the 

anaplerotic reactions connecting the downstream EMP route with the TCA cycle. 

Compared to wild-type strain KT2440, the oxaloacetate (Oaa)-producing pyruvate 

carboxykinase (PycA and PycB) was down-regulated by 70%. On the other hand, the 

Oaa-consuming oxaloacetate decarboxylase (OadC, PP_1389) was up-regulated by a 

factor of 6.4. Simultaneously, the two enzymes constituting the glyoxylate shunt, iso-

citrate lyase (AceA) and malate synthase (GlcB), were 3.5- and 2.0-fold more abundant 

in SCA3. Furthermore, two enzymes associated with fatty acid degradation (and con-

versely, acetyl-CoA formation), acetyl-CoA acetyltransferase (YqeF, 3.5-fold) and β-

ketoadipyl-CoA thiolase subunit β (FadA, 1.6-fold)] were elevated. (3R)-3-Hydroxy-

decanoyl-ACP dehydratase (FabA), associated with fatty acid biosynthesis, was 

down-regulated 0.6-fold. These enzyme concentration changes suggest a more sub-

stantial utilization of acetate as carbon substrate for central metabolism as opposed to 

energy conservation. The abundance of fatty acid metabolism enzymes implies a re-

cruitment of lipid pools to replenish Ac-CoA. The activity of the glyoxylate shunt is 

essential for utilizing acetate as a carbon source since it bypasses the two decarboxy-

lation steps of the TCA cycle. The thereby conserved carbon could be further fed into 

the gluconeogenic route, as indicated by OadC overexpression.  
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Figure 4.8. Changes in protein expression within central carbon metabolism for strain SCA3 com-
pared to P. putida KT2440. The two strains were grown in DBM medium supplemented with 30 mM 
glucose and 30 mM acetate. Shown are the log2(fold change) values for significantly differentially ex-
pressed proteins (q-value of 0.05). The reactions are categorized into the ED pathway (green), the PP 
(orange), the EMP route (red), the TCA cycle (blue), the glyoxylate shunt (pink), and the anaplerotic 
reactions (brown). A list of abbreviations is given in Figure 4.3. Additional abbreviations: Aac-CoA, 
acetoacetyl-coenzyme A; YqeF, acetyl-CoA acetyltransferase; OadC, oxaloacetate decarboxylase. 

Next, the P. putida proteome was analyzed regarding the abundance of enzymes car-

rying a higher in silico flux in the designed phosphoketolase shunt-utilizing strain 

(Section 4.2.1) compared to the wild-type model iJN1411. Edd and Eda were included 

in the analysis as an indication of ED pathway activity. These two reactions were pre-

dicted to be absent under ideal flux distributions. Wild-type strain KT2440 was grown 

in minimal medium supplemented with 30 mM glucose (± 30 mM acetate), and bio-

mass was sampled in the mid-exponential phase. For an easier comparison of expres-

sion levels, the quantile-normalized protein abundances were normalized to the 
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housekeeping protein RNA polymerase sigma factor RpoD. Figure 4.9 shows a com-

parison of the relative protein abundances for KT2440 grown on glucose as well as the 

cells grown on glucose and K-Ac. Most enzymes within the upstream glycolysis were 

produced at statistically significantly lower rates in the presence of acetate as co-sub-

strate. However, none of the abundances was changed by more than 50%. Only Pta 

was expressed 7.8-fold higher in the presence of glucose and acetate compared with 

glucose as the sole carbon source. While its functionality in the conversion of Ac-P to 

Ac-CoA was experimentally demonstrated269, the low Pta abundance in glucose-

grown P. putida suggests a potential bottleneck for a functional PK pathway.  

 

The flux through the PPP is low in P. putida KT2440 and optimized for the precise 

supply of biomass precursors, as exposed both by in silico analysis and confirmed 

experimentally in glucose-grown cells105. Therefore, it was not surprising that the pro-

tein levels of all PPP enzymes were low in all test conditions except for transketolase 

(Tkt) and transaldolase (Tal). These two enzymes catalyze the interconversion of PPP 

Figure 4.9. Protein abundance of 
selected central carbon metabo-
lism genes in P. putida KT2440 
grown on glucose and glucose + 
acetate. The strain was cultures in 
minimal medium supplemented 
with 30 mM glucose ± 30 mM K-Ac. 
Quantile-normalized values were 
normalized to the abundance of 
RpoD in each sample. Error bars in-
dicate the standard deviation of 
three biological replicates.  
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metabolites and act simultaneously on two substrates. Flux control over these reac-

tions is likely exerted on a metabolite level. Despite high catalyst concentrations, the 

reactions can only occur if the remaining PPP reactions provide the substrates in-

volved. High basal levels of Tkt and Tal allow for a quicker response to changes in the 

flux distribution within the EDEMP network (Section 2.1.3). 

4.2.4. Implementing the phosphoketolase pathway in a synthetic C2 auxo-

troph restores prototrophy on glucose  

After confirming that the synthetic C2-auxotrophic designs could not utilize glucose 

as the sole carbon substrate, the PK pathway was implemented. To this end, the orig-

inal gene sequence encoding the bifunctional phosphoketolase XfpkBA from Bifidobac-

terium adolescentis E194 was amplified via PCR and introduced into a landing pad in 

the intergenic region between PP_0013 (gyrB) and PP_5421 in the chromosome of 

SCA3 (Section 3.4.3), yielding strain SCA3PK (Table 4.4). Additionally, the strain was 

transformed with plasmid pS438∙ptaEC. This plasmid served two functions in SCA3PK: 

the abundance of the native Pta in P. putida was found to be low in glucose-grown 

wild-type KT2440 and SCA3 (see Section 4.2.3). Consequently, overexpression of pta 

from E. coli (ptaEC) should complement the essential phosphate acetyltransferase activ-

ity for the Ac-P produced by XfpkBA. The XylS/Pm expression system was used to this 

end. In this setup, the plasmid-borne XylS should also initiate transcription from the 

Pm promoter controlling the expression of xfpkBA in the chromosome.  

The production and functionality of XfpkBA were tested in vitro with cell lysates via 

indirect chemical detection through the hydroxamate method (Figure 4.10). To this 

end, the soluble fraction of cell-free extracts obtained from strains SCA3/pS438∙ptaEC 

and SCA3PK/pS438∙ptaEC were adjusted to a final total protein concentration of 

5.9 mg mL-1, and Ac-P formation from F6P was monitored over time. 
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Figure 4.10. In vitro assay for the determination of phosphoketolase activity. Cell lysates were pre-
pared from cultures grown in LB medium supplemented with 0.5 mM 3-mBz. Total protein concentra-
tions of 5.9 mg mL-1 were used for the conversion of F6P to Ac-P. The concentration of the latter was 
determined using the hydroxamate method. (A) Reaction scheme of the PK assay via the hydroxamate 
method. (B) Photo of reaction samples with enzymatic conversion for 1 h followed by the chemical 
conversion of Ac-P to ferric hydroxamate. The red color for strain SCA3PK/pS438∙ptaEC indicates the 
formation of Ac-P by the cell extract. (C) Calibration curve made to quantify produced Ac-P from ab-
sorbance measurements at 505 nm (Abs 505 nm). The calibration was performed with three serial dilutions 
of Ac-P. (D) Results of the hydroxamate assay for the strains SCA3/pS438∙ptaEC and SCA3PK/pS438∙ptaEC. 
Each strain was tested with two biological replicates, and each clone was screened with three technical 
replicates. Only one of two biological replicates is shown for strain SCA3/pS438∙ptaEC. Error bars repre-
sent the standard deviation obtained from technical replicates.  
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No formation of Ac-P was observed for the strain without xfpkBA (SCA3/pS438∙ptaEC). 

Cell lysates of strain SCA3PK/pS438∙ptaEC converted 51.3 mM F6P into 2.95 mM Ac-P in 

1 h with a specific activity of 0.083 mM Ac-P mg protein-1 min-1. The hexose isomerase 

(Pgi-I) that was shown to be produced at low concentrations (Figure 4.9) could have 

caused additional depletion of F6P in the reaction mixtures. Regardless, the results of 

the hydroxamate assay indicated that XfpkBA was produced and was active in P. putida 

at 30°C. Two other Xfpk variants, chromosomally introduced in SCA3 as codon-opti-

mized sequences of the xfpk genes from Pseudomonas fluorescens F113 and Bifidobacte-

rium mongoliense YIT 10443, were tested under the same conditions but showed no 

significant formation of Ac-P (data not shown). 

To test whether XfpkBA could restore growth of a synthetic C2 auxotroph, strains 

SCA3PK/pS438∙ptaEC and SCA3/pS438∙ptaEC were cultured in minimal medium supple-

mented with 10 mM glucose as well as 0.5 mM 3-mBz, with and without an additional 

5 mM K-Ac. The expression of both xfbaBA and ptaEC enabled growth of 

SCA3PK/pS438∙ptaEC, with an YXS of 0.02 gCDW gglc-1 and a µmax of 0.06 h-1 (Figure 4.11A). 

The expression of only ptaEC had no effect on growth.  

The two reactions performed by 6-phosphogluconate dehydrogenase (Gnd) and ribu-

lose 5-phosphate 3-epimerase (Rpe) were highly elevated in the optimal flux predic-

tion obtained with iJN1411 for a C2-auxotrophic design compared to the wild-type 

model (Section 4.2.1). However, analysis of the whole proteome of P. putida KT2440 

and SCA3 showed no significant alteration in the low protein abundances of Gnd and 

Rpe (Section 4.2.3). Therefore, the expression of gntZ and rpe was artificially enhanced 

via the chromosomal integration of a Tn7-encoded, synthetic gntZ-rpe operon on plas-

mid pTn7∙P14g(BCD10)→gntZ-rpe (Table 4.5). The expression of gntZ was controlled 

by the strong, constitutive P14g promoter298 and the bi-cistronic translational coupling 

sequence BCD10299. The two genes within the operon were translationally coupled by 

overlapping the Stop codon (in bold) of gntZ and the Start codon of rpe (underlined): 

ATGA. The chromosomal integration was achieved by cloning the synthetic operon 

into a mini-Tn7 transposon on the plasmid pTn7. Overexpression of gntZ and rpe led 

to an increased µmax by a factor of two and improved the biomass yield by two-thirds 

for the resulting strain SCA3PK-Tn/pS438∙ptaEC compared to SCA3PK/pS438∙ptaEC (Fig-

ure 4.11B). 
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As predicted by FBA simulations, the implementation of a phosphoketolase combined 

with increasing Gnd, Rpe, and Pta production proved to be a successful strategy to 

restore growth in a C2-auxotroph strain. The growth rate and biomass yield observed 

for strain SCA3PK/pS438∙ptaEC was deemed sufficient to support adaptive evolution on 

the new metabolic network architecture. 

  

Figure 4.11 The expression of xfpkBA restores growth of a synthetic C2 auxotroph on glucose. The 
strains were cultured in microtiter plates (96-well) in DBM medium supplemented with 10 mM glucose 
and 0.5 mM 3-mBz ± 5 mM K-Ac. (A) Comparison of SCA3 harboring plasmid pS438∙ptaEC with and 
without chromosomally integrated xfpkBA. (B) Effect of gntZ and rpe overexpression on the growth of 
SCA3PK. The lag times varied considerably between three replicates performed for each strain and con-
dition. Thus, only one of three replicates is shown. The OD600 nm increase for strain SCA3PK could be 
attributed to the formation of colored compounds produced from 3-mBz via oxidation. Maximum ob-
served growth rates and biomass yields are summarized in Table 4.2. 
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4.2.5. Adaptive laboratory evolution enabled the integration of the phos-

phoketolase pathway into the metabolic network of P. putida 

To optimize the flux through the implemented pathway, strain SCA3PK-Tn/pS438∙ptaEC, 

as well as SCA3, SCA3/pS438∙ptaEC, and SCA3Tn/pS438∙ptaEC were subject to ALE. Evo-

lution was performed in 24-well deep-well plates filled with 2 mL DBM medium sup-

plemented with 30 mM glucose and 0.5 mM 3-mBz. A volume of 50 µl (after glucose 

cultures) or 20 µl (after culture steps with glucose and acetate) of each culture was 

passed into fresh medium every other day. For every second passage, the medium 

contained an additional 20 mM of K-Ac to recover biomass at higher concentrations. 

After 1 month of continued cultivation, ALE was continued using DBM medium sup-

plemented with only glucose.  

After an estimated number of 140 generations (ca. 2 months), no significant difference 

in growth was observed for the strains SCA3, SCA3/pS438∙ptaEC, and 

SCA3Tn/pS438∙ptaEC (results not shown). However, the YXS of SCA3PK-Tn/pS438∙ptaEC in-

creased to 0.09 gCDW gglc-1 and µmax to 0.28 h-1, representing an increase from the pre-

evolved strain by factors of 3 and 2, respectively (Figure 4.12 and Table 4.3). The 

evolved strain grew at one-third the maximum rate of the wild-type P. putida KT2440. 

The enhanced growth observed for the evolved strain on glucose was stable even after 

five sub-culturing steps in a rich medium (LB). Hence, evolution rather than adapta-

tion appeared to be responsible for the improved phenotype.  

When grown on gluconate instead of glucose, the growth rate was not significantly 

altered. However, evolved SCA3PK-Tn/pS438∙ptaEC reached only 36% cell density com-

pared to growth on glucose. This suggested a stoichiometric bottleneck in the produc-

tion of energy or reducing equivalents on gluconate. During growth on glucose, 26% 

of membrane-bound ubiquinol in the electron transport chain is predicted to be pro-

duced by direct glucose oxidation (FBA with iJN1411), acting as an implicit ATP 

source. Alternatively, P. putida can produce NAD(P)H via the oxidation of glucose 6-

phosphate, contributing to the intracellular pool of reducing equivalents.  
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Table 4.3. Quantitative physiology parameters of glucose-grown PK-shunt strains. Maximum expo-
nential growth rates (µmax) were determined via Gaussian Process regression for growth experiments 
in microtiter plates. Biomass yields YXS in gram cell dry weight (gCDW) per gram of substrate (gS) were 
calculated for each indicated substrate (S). Given are the average values ± standard deviation from 
at least three biological replicates. 

Strain 
Carbon 
sources 

µmax 
[h-1] 

Biomass yield 
YXS [gCDW gS

-1] 

SCA3PK/pS438·ptaEC (pre-
evolved / evolved) 

10 or 30 mM 
glucose 

0.06 ± 0.03 0.02 ± 0.01    (S: glucose) 

SCA3PK-Tn/pS438·ptaEC 
(pre-evolved) 

10 or 30 mM 
glucose 

0.13 ± 0.01 0.03 ± 0.01    (S: glucose) 

SCA3PK-Tn/pS438·ptaEC 
(evolved) 

5-30 mM glu-
cose 

0.28 ± 0.03 0.09 ± 0.01    (S: glucose) 

SCA3PK-Tn/pS438·ptaEC 
(evolved) 

5-30 mM glu-
conate 

0.23 ± 0.03 0.03 ± 0.01    (S: glucose) 

 

 
 

Figure 4.12. Effect of evolution on the growth 
physiology of strain SCA3PK-Tn/pS438·ptaEC. (A) 
24-well plate cultivation of pre-evolved and 
evolved SCA3PK-Tn/pS438∙ptaEC in DBM medium 
supplemented with 30 mM glucose and 0.5 mM 3-
mBz. (B)  96-well cultivation of evolved SCA3PK-
Tn/pS438∙ptaEC in synthetic minimal medium sup-
plemented with varying glucose concentrations 
and 0.5 mM 3-mBz. (C) Linear correlation of bio-
mass produced by evolved SCA3PK-Tn/pS438∙ptaEC 
on glucose and gluconate. The slope and intersec-
tion values in the equations displayed represent 
the average values from three independent corre-
lations performed on biological replicates. Maxi-
mum observed growth rates and biomass yields 
are summarized in Table 4.3. 
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Comparative proteome analysis of glucose-grown SCA3PK-Tn/pS438∙ptaEC performed 

on cultures before and after evolution did not reveal any significant changes in the 

production of proteins that could explain the improved growth. However, the pre-

evolved clones displayed a greatly increased variation in protein content, reflected in 

large Euclidean distances between each strains’ dataset (Figure 4.13A). This high fluc-

tuation in protein abundance prevented the identification of significant differences 

between the two groups and could have masked relevant changes.  

Figure 4.13. Omics approaches to identify the effects of evolution on SCA3PK-Tn/pS438·ptaEC.
(A)  Whole-proteome heat map of the evolved and pre-evolved strain with four biological replicates.
The protein abundance values were quantile normalized, log2-transformed and plotted based on their
Euclidean distance. (B) Absence of a DNA segment in the chromosome of evolved SCA3PK-Tn/pS438∙ptaEC

during whole-genome sequencing. The sequenced reads (raw reads) were cleared from adapter se-
quences, low-quality reads, and reads with N > 10% (N represents the base cannot be determined).
Then, the filtered reads were aligned to the constructed chromosomal sequence of
SCA3PK-Tn/pS438∙ptaEC. In two out of four sequences clones, a chromosomal segment comprising 94,691
bp was almost fully absent, with a maximum local coverage of 7. 
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Four evolved SCA3PK-Tn/pS438∙ptaEC clones with enhanced growth on glucose, and four 

pre-evolved clones were subjected to whole-genome sequencing. Polymorphisms that 

were identified in both pre-evolved and evolved clones were discarded. No mutations 

were found in plasmid pS438∙ptaEC. In the chromosomal sequence, a segment of 94,691 

bp was almost entirely absent in the read coverage of two out of four evolved 

SCA3PK-Tn/pS438∙ptaEC clones (Figure 4.12B). This chromosomal region stretches from 

PP_2985 to PP_3089, and harbors the previously identified prophage 2 with a length 

of 35.6-kb (PP_3026-PP_3066)241,300. The loss of this prophage has not been reported so 

far in P. putida KT2440. The excised segment is furthermore located 1,111 bp down-

stream of the transposon Tn4652, which was shown to be activated under carbon star-

vation247,301. 

A full list of genes located within the absent region is given in Table 4.S3. Apart from 

many unknown proteins, an array of functions contributing to the production of 

pyocins are encoded within this region, as well as proteins with predicted regulatory 

and enzymatic roles. Among the potential regulatory proteins are FlaR (DNA topol-

ogy modulation kinase), PP_3006 (ECF family RNA polymerase sigma-70 factor), 

PP_3002 (AraC family transcriptional regulator), ClpP (ATP-dependent protease), 

PP_5558 (Xre family transcriptional regulator), PP_3086 (RNA polymerase sigma-70 

factor), PP_3075 (putative transcriptional regulator), and PP_3087 (excinuclease ABC 

subunit A). While the exact functions of these proteins have not been characterized, 

particularly the loss of flaR, PP_3006, clpP, PP_3086, and PP_3086 could have caused 

systemic effects on DNA topology, DNA transcription, or protein degradation. Within 

the set of enzymes encoded in the missing chromosomal region, PP_3071, encoding 

an acetoacetyl-CoA synthetase, could have a direct effect on the intracellular Ac-CoA 

concentrations. The absence of the 94.7-kb chromosomal sequence was confirmed in 

the respective two clones via PCR-amplification of the region (Figure 4.S4). 

Only one location within the chromosome was found to be mutated consistently in 

every evolved clone. In all four sequenced genomes, guanine in position 437 of the 

PP_1608 coding sequence (CDS) was mutated to adenine, causing a Gly146→Asp sub-
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stitution in the tRNAIle-lysidine(34) synthetase TilS. This enzyme was found to be es-

sential for the majority of all known eubacteria, with one of the few exceptions being 

B. adolescentis302. TilS is involved in the maturation of the isoleucine tRNA recognizing 

AUA codons in the mRNA (tRNAIle2, Figure 4.14A). Thereby, lysine is attached to cyt-

idine in the wobble position of the anticodon within the tRNA precursor, creating 2-

lysyl-cytidine (lysidine, L). This changes the base-pairing specificity at this position 

(tRNA nucleotide number 34) from guanine to adenine. Consequently, tRNAIle2 rec-

ognizes AUA instead of AUG. At the same time, the methionine attached to the pre-

cursor (CAU is a positive determinant for methionyl-tRNA synthetase303) is replaced 

by isoleucine. Without the action of TilS, the LAU-tRNAIle2 precursor acts as CAU-

tRNAMet, and AUA codons in mRNA molecules cannot be translated correctly302.  

We next wanted to shed light on the potential effects caused by the Gly146→Asp sub-

stitution in TilS. To this end, we employed the SWISS-MODEL software in Alignment 

mode to create homology models of P. putida TilS based on the solved crystal struc-

tures of Geobacillus kaustophilus TilS (TilSGK) in complex with tRNA (PDB id: 3A2K; 

27.34% identity)304 as well as E. coli MesJ (MesJEC) without bound ligands (PDB id: 

1NI5; 42.11% identity)305. The two models shared a high degree of structural similarity, 

particularly in their N-termini, harboring the catalytic center. Using PyMOL (ver-

sion 1.1), the homology model created with 1NI5 was aligned to the 3A2K-based 

model as a proxy for the binding position of the tRNA in the active center. The result-

ing homology model of P. putida TilS with 1NI5, aligned to the tRNA in 3A2K, is 

shown in Figure 4.14B. A close-up view of the enzyme’s substrate-binding pocket har-

boring the CAU anticodon of the tRNAIle2 precursor is provided in Figure 4.14C. Res-

idues that were found to be essential for recognizing the anticodon loop, Asp116, Glu119, 

Arg127, Arg141, Arg184, Gln263, and Leu266 are highly conserved and were found in the 

same positions as described in the crystal structure of TilSGK 304. The mutated Gly146 

residue is positioned close to the three anticodon nucleotides (Figure 4.14D). Granted 

that the exact 3D structure of P. putida TilS is not known, the proximity of Gly146 to the 

catalytic center and its substitution’s high prevalence in the evolved strain population 

suggests an altering effect on the enzyme’s catalytic performance by the mutation. 
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Figure 4.14. The effect of mutated TilS in strain SCA3PK-Tn/pS438·ptaEC. (A) Reaction performed by TilS. 
Energized by ATP hydrolysis, L-lysine is attached to cytosine in position 34 of the tRNAMet precursor mole-
cule302. The base-pairing specificity changes from G to A. Consequently, L-methionine (Met) loaded onto the 
precursor tRNA is replaced by L-isoleucine (Ile). (B) 3D structure of a homology model (violet) obtained for 
P. putida TilS using E. coli MesJ (PDB is: 1NI5) as the structural framework and the similarity to G. kaustophilus 
TilS (PDB id: 3A2K) to position the tRNAMet precursor (beige) within the structure. C34 is highlighted in ma-
genta. (C) Conservation of amino acids involved in recognizing the precursor tRNA. Residues that were 
shown to interact with nucleotides304 are highlighted in green. The Gly146→Asp mutation is drawn in red. (D) 
Position of the mutated residue relative to the anticodon of the tRNA substrate. 
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The codon ATA is present at an overall frequency of 0.21% in P. putida KT2440306. 

Compared to the other two triplets, ATT (21%) and ATC (74%), ATA encodes 4.5% of 

isoleucines within all CDSs. A modified catalytic efficiency of TilS could affect the 

intracellular tRNAIle2 pools, causing system-wide alterations in the translation effi-

ciency of proteins harboring an ATA codon in their encoding gene sequence.  

4.2.6. The PK pathway enables the conservation of carbon during growth on 

glucose 

To characterize the physiology of the evolved PK-utilizing SCA3PK-Tn/pS438∙ptaEC com-

pared to wild-type strain KT2440 under controlled conditions, aerobic batch fermen-

tations were performed in bioreactors. Glucose was used as the only carbon substrate 

at a concentration of 30 mM. Figure 4.15A shows the time-resolved measurements for 

the dissolved oxygen concentration (DO), biomass as OD600 nm, differential CO2 pro-

duction rates, and corresponding metabolite concentrations. The list of compounds 

measured via HPLC comprised glucose, Gnt, 2KG, pyruvate, succinate, and acetate.  

Wild-type strain KT2440 reached its maximum cell density at an OD600 nm of 5.4 within 

11 h. The growth rate throughout the exponential phase (µ) was 0.54 h-1, with a maxi-

mum value of 0.65 h-1 (Figure 4.15B). Concomitant with a temporary secretion of Gnt 

(≤ 2.4 mM) and 2KG (≤ 3.2 mM), all six-carbon variants were consumed entirely with 

a combined consumption rate (qS) of 1.70 gC6 gCDW-1 h-1 (9.34 mmolC6 gCDW-1 h-1). The 

biomass yield on the substrate (YXS) was 0.33 gCDW gC6-1 (0.06 gCDW mmolC6-1). No me-

tabolites other than the three six-carbon moieties were detected in the medium. 

P. putida KT2440 generated 1.74 mol of CO2 per C-mol of produced biomass (Fig-

ure 4.15C), at a production rate of 1.76 ± 0.62 mmol gCDW-1 h-1 over the growth phase. 

Maintenance requirements were not considered for the calculation of any physiologi-

cal parameter. 
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Figure 4.15 Bioreactor fermentations of P. putida KT2440 and SCA3PK-Tn/pS438·ptaEC. The cells were grown 
in lab-scale bioreactors in batch mode. The culture medium was DBM medium supplemented with 30 mM 
glucose and, for SCA3PK-Tn/pS438∙ptaEC, 0.5 mM 3-mBz. (A) Selected process parameters and concentrations of 
measured metabolite and biomass over time. The CO2 production rate was calculated as the difference in 
CO2 flux (mmol min-1) in the gas phase flowing into vs. outside of the bioreactors. No pyruvate could be 
detected in the medium of wild-type strain KT2440. (B) Determination of growth rates (µ) via linear regres-
sion of Ln-transformed OD600 nm (upper panels) or maximum growth rates (µmax) via Gaussian process corre-
lation. Blue lines represent growth curves simulated by Gaussian process regression. The sections high-
lighted in red illustrate the maximum observed growth rates. Green-highlighted sections indicate the time 
window for the determination of µ via linear regression. (C) Correlation of the cumulative CO2 produced (C-
mol) with the produced biomass (C-mol) at sampling time points. 
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Strain SCA3PK-Tn/pS438∙ptaEC grew with a µ of 0.14 h-1 (µmax: 0.27 h-1) to a maximum 

OD600 nm of 1.5 within 18 h. The growth profile thereby closely resembled that previ-

ously observed during physiological characterizations in 24-well plates (Figure 4.12). 

Glucose and its two oxidized products were consumed with a combined qs of 

0.35 gC6 gCDW-1 h-1 (2.50 mmolC6 gCDW-1 h-1). The PK strain formed biomass with a YXS of 

0.40 gCDW gC6-1 (0.06 gCDW mmolC6-1). While the per-mole biomass yield was equal to that 

of the wild-type strain, SCA3PK-Tn/pS438∙ptaEC additionally secreted significant 

amounts of pyruvate (14.6 mM) into the medium with a specific rate of 

3.76 mmol gCDW-1 h-1. The pyruvate yield on the six-carbon substrates was 1.50 mol mol-

1. Pyruvate production occurred in parallel to the consumption of the three substrate 

moieties, and no re-consumption occurred after the cells had reached the stationary 

phase. The accumulation of pyruvate indicates a strong activity of the ED pathway, 

involving the splitting of 2KDPG into pyruvate and G3P. When exposed to glycolytic 

substrates or pyruvate, the cells' regulatory status could prevent the utilization of the 

produced pyruvate through gluconeogenic routes or anaplerotic reactions. With 50% 

of six-carbon substrates ending up in pyruvate (C3) after cleavage by Eda, and 1.5 mol 

pyruvate being produced per mol of consumed glucose, it can be estimated that at 

least three-fourth of the substrate entering the cells was processed through the ED 

pathway. This fraction was found to be 90 to 100% in wild-type strain KT2440 105,307,308.  
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The PK-supplemented glycolysis reduced the amount of CO2 per C-mol of biomass by 

43% (0.99 mol C-mol-1) compared to the pure ED pathway in the wild type. The bio-

mass-specific CO2 production rate was 0.35 ± 0.03 mmol gCDW-1 h-1. However, the lack 

of NADH production that would accompany pyruvate decarboxylation caused a bot-

tleneck in energy production. This resulted in the oxidation of two-thirds of the sup-

plied glucose to 2KG, which was secreted into the medium. Transport of 2KG across 

the cytoplasmic membrane has not been thoroughly studied in P. putida. It is assumed 

that the uptake is mediated by the major facilitator superfamily (MFS) transporter 

KguT309 and was shown to occur against a concentration gradient310, likely enabled via 

the symport of H+. Once inside the cytoplasm, 2KG is activated via phosphorylation 

by KguK to yield 2K6PG. The utilization of 2KG further requires the NADPH-depend-

ent reduction of 2K6PG to 6PG105. However, the electrons initially removed in the 

periplasmic oxidation of Gnt are directly transferred onto elements of the electron 

transport chain in the membrane and are not available to replenish the pool of soluble 

reducing equivalents. After inactivation of PDHc and with the predominant use of the 

ED pathway, the intracellular electron carriers can only be recharged in central me-

tabolism via the oxidation of G3P, after funneling pyruvate into the TCA cycle through 

anaplerotic reactions, or by recycling G3P in the EDEMP cycle. With pyruvate as a 

dead-end metabolite, insufficient amounts of NAD(P)H are being produced to utilize 

Figure 4.16 Carbon balance for biore-
actor batch fermentations. Shown are 
all carbon-containing entities meas-
ured at the end of the growth phases 
for each strain. The carbon fractions 
represent the relative value of each en-
tity compared to the overall amount of 
C-mol at the beginning of the fermen-
tations. The amount of CO2 was deter-
mined via the integration of measured 
CO2 production rates over the whole 
time period. 
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2KG as source of carbon and energy. With a significant fraction of glucose being ex-

clusively used as energy source, the per-gram biomass yield on the combined pool of 

all three six-carbon moieties was higher compared to wild-type strain KT2440. 

Figure 4.16 shows the carbon balance, including all measured carbon-containing enti-

ties, at the end of the growth phase for strain KT2440 (11 h) and SCA3PK-Tn/pS438∙ptaEC 

(18 h). A residual amount of carbon could not be attributed to any of the measured 

components, likely due to inaccuracies in the measurement of metabolite and biomass 

concentrations or the volume left in the bioreactor. Both strains had fully consumed 

all supplied glucose by the end of the growth phase. The only carbon species identified 

for KT2440 were biomass (one-third) and CO2 (two-thirds). On the other hand, strain 

SCA3PK-Tn/pS438∙ptaEC converted 80% of the supplied carbon into 2KG and pyruvate.  

4.2.7. FBA-guided reconstruction of metabolic fluxes in strain 

SCA3PK-Tn/pS438·ptaEC 

The co-utilization of the ED pathway and the PK shunt resulted in the pronounced 

overflow of 2KG and pyruvate. The metabolic quandary faced by P. putida due to the 

resulting imbalances is illustrated by an optimized flux distribution based on the ob-

served phenotype (Figure 4.17). We again performed FBA using the created C2-auxo-

troph variant of model iJN1411 with the implemented PK reactions. This time, we 

fixed specific flux rates determined for the strain SCA3PK-Tn/pS438∙ptaEC during biore-

actor fermentation. The glucose uptake rate was set to the experimentally determined 

consumption rate of 9.72 mmol gCDW-1 h-1. Since 62% of glucose-derived carbon was 

found in secreted 2KG, its export reaction was set to a value of 6.0 mmol gCDW-1 h-1. 

Based on the pyruvate yield, three-fourth of the carbon entering the cells was esti-

mated to be processed through the ED pathway. Thus, the activity of Edd was fixed 

at 7.30 mmol gCDW-1 h-1. Lastly, the flux through the PK pathway was estimated from 

the measured in vitro Fpk activity. Assuming that the quantified soluble protein frac-

tion constitutes 45% (w/w) of biomass, the measured activity was calculated as 

1.20 mmol gCDW-1 h-1. 
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Figure 4.17. Flux distribution predicted by iJN1411 for strain SCA3PK-Tn/pS438·ptaEC. Experimentally 
determined rates were set as fixed parameters (flux values in green), and the flux distribution was op-
timized for biomass production via FBA. A list of abbreviations is given in Figure 4.3. Additional ab-
breviations: Pps, phosphoenolpyruvate synthase; SthA, soluble pyridine nucleotide transhydrogenase 

With the imposed constraints, the model predicted a growth rate of 0.21 h-1 and pro-

vided a potential flux distribution for SCA3PK-Tn/pS438∙ptaEC. The carbon skeleton of 

glucose is assimilated exclusively through the 6PG node via the import of Gnt. All of 

the 2KG produced from glucose is secreted. Pyruvate produced from the ED pathway 

is secreted at a fraction of 52% and replenishes the TCA cycle with 8%. Another 32% 

is directed back into biomass precursors and the EDEMP cycle through gluconeogen-

esis. Within the cycle, 69% of the carbon initially processed through the ED pathway 

is recycled to generate NADPH. This carbon recycling is responsible for producing 

the majority of this electron carrier (66%), in addition to a 19% contribution by Gnd 

and 8% by Idh. A highly active pyridine nucleotide transhydrogenase (SthA) reaction 

converts a large portion of NADPH to NADH for energy generation, accounting for 

70% of the NADH production in the flux distribution.  
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Concomitant with the low flux of pyruvate to oxaloacetate, the PK pathway provides 

40% of the carbon to replenish the TCA cycle. Consequently, only half of the Ac-CoA 

produced is available for biomass production. However, the estimated flux through 

the PK pathway based on in-vitro experiments could vary significantly from the actual 

reaction rate in vivo. The specific activity of Xfpk on Xu5P has not been determined, 

and the fluxes depend strongly on the reactant concentrations in the cytoplasm, which 

are not known. Under the given flux distribution, the model suggests a CO2 produc-

tion rate of 2.79 mmol gCDW-1 h-1, which is significantly higher than the experimentally 

determined rate for SCA3PK-Tn/pS438∙ptaEC.  
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 Discussion 

4.3.1. A synthetic C2 auxotroph of P. putida provides a tight selection re-

gime for Ac-CoA producing pathways and reveals unknown meta-

bolic connectivities 

In this study, we employed a genome-scale model-guided approach to design syn-

thetic C2-auxotroph selection platforms based on P. putida. The auxotrophy of the cre-

ated strains was experimentally confirmed and shown to be reversible by the external 

addition of acetate. Thus, the SCA strains can be easily propagated by supplying ace-

tate or by cultivation in complex media. The strong dependency of biomass formation 

on acetate provides access to a large evolutionary space in which gradual improve-

ments in the Ac-CoA supply should stimulate fitness gains up to a great extent. 

The deletion of aceEF proved to be sufficient to disrupt growth on glycolytic sub-

strates. For strain SCA3, which aceEF deletion was combined with ΔbkdAA and ΔltaE, 

no effect of evolution on restoring prototrophy on glucose was observed. However, 

the additional deletions identified might be a prerequisite for the selection strategy to 

work with carbon substrates other than (acidic) sugars. This was illustrated by the 

ability of all SCA strains to use citrate as the sole carbon source. In SCA15, all genes 

identified to provide a source of Ac-CoA, Ac-P, acetate, or acetaldehyde were deleted, 

and the strain was unable to form biomass in FBA simulations. However, the strain 

still demonstrated growth on citrate. Consequently, the additional deletion of glcB, 

gltA, and prpC was performed to rule out reversibility of the three putative irreversible 

reactions malate synthase311, citrate synthase312,313, and 2-methyl citrate synthase314,315 

under restrictive conditions.  

The elimination of GlcB, GltA and PrpC did not affect growth on citrate in SCA18. 

Hence, there appear to be unknown enzymatic functions in P. putida that establish a 

biochemical route from citrate to Ac-CoA. However, removing the three Ac-CoA-con-

suming reactions associated with the TCA cycle and most Ac-CoA forming reactions 

could be beneficial for the strain’s use in certain applications: A complete decoupling 

of C2 metabolism from the physiological metabolic network could enable the targeted 
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incorporation of functionalized acetate derivatives into products. For example, fluoro-

acetate (F-Ac) has been shown to be toxic to cells through inhibition of the aconitase 

after entering the TCA cycle316. However, the wide product range accessible through 

Ac-CoA makes F-Ac an attractive substrate for the in vivo production of fluorinated 

compounds. One can devise strategies to utilize a ΔaceEF ΔgltA ΔglcB strain for bi-

oproduction with resting cells. The whole-cell biocatalyst could first be propagated by 

supplying a tailored combination of an (acidic) sugar, acetate, and an organic acid to 

feed the TCA cycle. Once the substrates are depleted, F-Ac and other required (co-)re-

actants can be fed to quiescent cells or cell lysates to carry out the formation of fluori-

nated products without the interference of Ac-CoA. 

4.3.2. The integration of the phosphoketolase pathway into the metabolic 

network occurred via stabilization of the total protein content 

The predictions obtained by FBA informed our proof-of-concept strategy to imple-

ment an alternative phosphoketolase-based glycolysis in a synthetic C2-auxotroph 

strain background. Chromosomal integration of B. adolescentis Xfpk and plasmid-

based expression of E. coli pta provided sufficient flux through the PK-pathway to es-

tablish bradytrophic growth on glucose. In response to the low abundances of GntZ 

and Rpe observed in whole-proteome analyses, the production of both enzymes was 

artificially increased, further enhancing growth on glucose. 

Adaptive evolution enabled strain SCA3PK-Tn/pS438∙ptaEC to make another leap to-

wards restoring its growth ability on glucose. To identify the mechanisms responsible 

for the improved growth rate and biomass yield, we analyzed changes in the prote-

ome that had occurred during evolution. However, the only observation was a signif-

icantly reduced variability in the protein abundance profiles of the evolved strain. Ra-

ther than causing gain-of-function by up- or down-regulating specific proteins, the 

effects of evolution may have had a stabilizing effect for an advantageous proteome 

profile. This notion is supported by the potential effects proposed for the only muta-

tion found consistently in the mutated strain, the substitution of Gly146 in TilS by as-

partate. Acting on the fundamental level of protein translation, the altered supply rate 
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for a specific tRNA could have genome-wide implications for the production of pro-

teins.  

Rare codons can arrest translation of a polypeptide due to the rarity of their cognate 

tRNAs317,318. The precise position of rare codons within a coding sequence can be es-

sential for the correct folding of proteins and contribute to their catalytic function319,320. 

However, in addition to modulating the translation rate and folding of proteins, rare 

codons may also play a strategic role in the global regulation of gene expression. In E. 

coli, the gene lacZ encoding β-galactosidase has 5 rare AGG codons encoding L-argi-

nine (L-arg) within the first 25 codons. Replacing these codons with more abundant 

variants uncoupled LacZ production from regulatory mechanisms that naturally pre-

vent its translation in stationary phase321. In addition, artificially increasing the supply 

of rare L-arg tRNAs (translating AGG and AGA codons) increased the abundance of 

a variety of proteins during stationary phase significantly. One of these proteins was 

the product of hns, which encodes a nucleoid-associated protein involved in global 

transcriptional repression (silencing)322-325. A single AGA codon at position 19 was 

found to be responsible for stationary phase repression321. These results highlighted 

the presence of global regulatory mechanisms based on the availability of rare tRNAs. 

Early rare ATA codons are found in the P. putida genome within many genes. The 

most notable among these are the global regulators crp, encoding the cAMP receptor 

protein326,327, PP_0994, encoding a putative RNA polymerase σ-factor, and spoT, en-

coding a bifunctional (p)ppGpp synthase/hydrolase involved in stringent response328,329. 

Due to their role in central metabolism, other genes worth mentioning are  PP_0652 

(gluconate transporter), cyoA and cyoB (cytochrome bo terminal oxidase subunits), 

and pgl (6-phosphogluconolactonase). With ATA codons being involved in the trans-

lation rate of these proteins, changes in the abundance of tRNAIle2 could serve as a 

global regulatory mechanism similar to ones observed for AGG/AGA codons in E. coli. 
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4.3.3. Sequence analysis of potential TilS substrates proposes new func-

tions for previously identified tRNA sequences 

Curiously, we could not identify any tRNAIle with CAU or AAU anticodons annotated 

in the chromosomal sequence of KT2440 (Accession: PRJNA267). One can find three 

genes assigned with a tRNAIle function: PP_t05, PP_t35, and PP_t50. The nucleotide 

sequence of these genes is identical, and all three encode for a tRNAIle recognizing the 

most frequent AUC codon (Figure 4.18A). However, the alternative Ile-encoding co-

dons are found at relative frequencies of 21% (AUU) and 4.5% (AUA), respectively306. 

Using the tRNA screening tool ARAGORN330, we analyzed the whole genome se-

quence of P. putida KT2440 for unidentified tRNA genes. Five so far undiscovered se-

quences were predicted to encode for tRNATrp, tRNAThr, tRNACys, and 2x tRNAAla (Ta-

ble 4.S4). However, secondary structure predictions for those supposed tRNA se-

quences using the algorithm developed by M. Andronescu et al.331 in Geneious (ver-

sion 2021.1.1) showed no similarity to the canonical tRNA fold structure (not shown). 

No new sequence could be identified to provide for the missing tRNAIle functions. 

We then analyzed the sequences of annotated tRNAMet variants for patterns that might 

indicate cryptic tRNAIle functions since they share the same anticodon with AUA-

tRNAIle2 precursors. P. putida harbors six annotated Met-tRNAs (Figure 4.18B). Three 

of them, PP_t65, PP_t66, and PP_t67 are identical, and PP_t49 deviates from that se-

quence by only 5 nucleotides (out of 77). The two remaining Met-tRNAs, PP_t70 and 

PP_t71, share a 78% sequence identity and are both 56% identical with the first four 

genes. The online tool tRNAscan-SE332 was used to identify the function of all six var-

iants. Based on their sequence homology to computationally characterized tRNAs in 

the GtRNAdb database, PP_t65, PP_t66, PP_t67, and PP_t49 were assigned the role of 

an N-formylmethionine tRNA (tRNAfMet), while PP_t70 is a supposed elongator me-

thionine tRNA (tRNAMet), and PP_t49 functions as tRNAIle2. However, a closer look at 

the sequence features of the tRNAs at stake paints a different picture. 
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Figure 4.18. Analysis of potential tRNA substrates for TilS. (A) Sequence and secondary structure 
prediction for the three identical Ile-tRNAs (green), four nearly identical Met-tRNAs (black and or-
ange), and two putative UAU-tRNAIle2 precursors (blue) annotated in the genome of P. putida 
KT2440. (B) Alignment of genes annotated as Met-tRNA. Identical nucleotides in all six sequences 
are drawn in grey, positions deviant in at least one  variant are drawn in black. Green bars in the 
Identity row indicate conserved nucleotides. Anticodons are highlighted in red. Sequence features 
within the tRNAIle2 precursors that were shown to guide the interactions with TilS and TmcA in E. 
coli are highlighted with blue boxes. 
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The enzymes responsible for the post-transcriptional modification of tRNAMet and 

tRNAIle2 have been studied in detail by Y. Ikeuchi et al.333. Similar to the modification 

of the wobble base in the CAU anticodon by TilS, tRNAMet cytidine acetyltransferase 

(TmcA) attaches an acetyl group to cytosine in position 34 to ensure the precise recog-

nition of the mRNA-AUG codon. TmcA was shown to recognize specific sequence 

features in mainly the anticodon stem of tRNAMet. Conversely, TilS was suggested to 

interact strongly with two consecutive C-G base pairs in the amino acid acceptor stem 

of tRNAIle2. Furthermore, a G28∙U46 wobble base pair at the top of the anticodon loop 

was shown to inhibit the incorrect interaction of tRNAIle2 with TmcA. PP_t71 and 

PP_t70 exhibit the same sequence features that were found to be essential for the dif-

ferential recognition of tRNAIle2 by TilS and TmcA (Figure 4.18A). Based on this se-

quence analysis, we propose a tRNAIle2 function for these two genes.  

None of the annotated tRNAMet genes in P. putida carry the features considered rele-

vant for TmcA recognition. Moreover, the genome of strain KT2440 does not harbor 

any gene with an assigned tRNAMet cytidine acetyltransferase function, and no amino 

acid sequence with significant homology to E. coli TmcA could be found for any mem-

ber of the P. putida group (using the BLASTP search engine). Thus, the mechanisms 

for how initiator tRNAMet is distinguished from elongator tRNAMet in these species is 

unclear. Lastly, our analysis could not reveal any gene encoding for AAU-tRNAIle, 

despite a considerable amount of Ile-encoding ATT codons in P. putida’s genome. 

4.3.4. A flux split between the ED and PK pathways creates a metabolic im-

balance in synthetic C2 auxotrophs  

During batch fermentation on glucose, the evolved PK-utilizing strain 

SCA3PK-Tn/pS438∙ptaEC secreted significant amounts of pyruvate and 2KG. Dispropor-

tionate production of 2KG can occur in P. putida in two scenarios. (i) Genetic manipu-

lations (e.g., by introducing bottlenecks in the supply of biomass constituents) or toxic 

effects from medium components may impede the typically rapid growth. As a result, 

the periplasmic dehydrogenases convert glucose into its acid forms faster than they 

can be utilized for biomass formation. However, if central metabolism is intact, 2KG 
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is fully assimilated by the cells after glucose and Gnt are depleted. This behavior bears 

a striking resemblance to the phenomenon of acetate overflow production in glucose-

grown E. coli334.  

(ii) Disrupting the supply of NAD(P)H or high levels of oxidative stress (increasing 

NADPH demands) can cause shortages within the pool of soluble electron carriers used 

to feed anabolic reactions and fuel the electron transport chain for energy production. 

To maintain a high and homeostatic energy charge ([ATP] + 0.5 [ADP])/([ATP] + 

[ADP] + [AMP]), required to drive biosynthetic reactions335-337, glucose can be utilized 

as energy source without degrading its carbon skeleton. The electrons removed from 

glucose or gluconate during periplasmic oxidation are transferred to ubiquinones in 

the cytoplasmic membrane, fueling the electron transfer chain338,339. Consequently, 

they cannot contribute to replenishing the intracellular pool of reducing equivalents.  

In wild-type P. putida KT2440 growing on glucose, NADH is produced predominantly 

by PDHc, 2-oxoglutarate dehydrogenase (SucAB), and malate dehydrogenase (MDH). 

The primary reactions producing NADPH are, in order of their contribution, isocitrate 

dehydrogenase (Icd), malic enzyme (MaeB), G3P dehydrogenase (Gap), Glucose-6-P 

1-dehydrogenase (Zwf), and 6-phosphogluconate dehydrogenase Gnd105. In strain 

SCA3PK-Tn/pS438∙ptaEC, a significant substrate fraction is processed via the ED pathway, 

indicated by the accumulation of pyruvate. This route yields 2 moles of NAD(P)H per 

mol of glucose. However, if glucose is oxidized to 2KG in the periplasm, 1 mol of 

NADPH is required to reduce 2K6PG to 6PG before entering the ED pathway. Thus, 

the net yield of intracellular reducing equivalents sums up to zero. The lack of re-

consumption of pyruvate suggests a low carbon flux from glycolysis into the TCA 

cycle. Consequently, only little NAD(P)H is provided by the reactions catalyzed by 

SucAB, MDH, Icd, and MaeB.  

We used the quantitative phenotypical parameters observed during the bioreactor fer-

mentation with strain SCA3PK-Tn/pS438∙ptaEC to approximate the flux distribution via 

in silico modeling. Even if the FBA results obtained do not reflect the exact metabolite 

fluxes in the engineered strain, they enabled drawing relevant conclusions to inform 

further engineering strategies. One such case is that glycolytic metabolites appear to 
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be poorly connected to the TCA cycle. This imbalance could be resolved by overex-

pressing anaplerotic enzymes. It is noteworthy that pckA (encoding phosphoenolpy-

ruvate carboxykinase) contains a frameshift and therefore the open reading frame is 

classified as a pseudogene340. With an increased flux to the TCA cycle, a smaller frac-

tion of carbon would need to be recycled in the EDEMP cycle. In addition, increased 

NADPH production would allow the use of 2KG as a carbon source, which further 

increases the biomass yield on glucose. 

In the ideal flux distribution obtained with iJN1411 (Section 4.2.1) for a PK-based gly-

colysis, the ED pathway and the oxidative glucose utilization route through 2KG were 

completely inactive. Pyr was produced via the lower glycolysis from G3P provided 

by activities within the PPP. While the production of PPP enzymes may need to be 

further increased to support a high metabolite turnover, the gad operon and edd/eda 

present themselves as targets for additional genome reductions. 
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 Outlook 

The functionality of a heterologously implemented phosphoketolase pathway was 

demonstrated here in an obligate aerobic species. P. putida KT2440 was engineered to 

be fully dependent on the new glycolytic route to supply essential Ac-CoA. During 

adaptive laboratory evolution on the new metabolic network architecture, a single 

point mutation was identified with potential system-wide effects on the proteome 

composition. To investigate the consequences of the Gly146→Asp substitution, the 

G437→A mutation in tilS will be retro-engineered into both the pre-evolved strain 

SCA3PK-Tn/pS438∙ptaEC and the wild-type strain KT2440. The mutants harboring 

TilSGly146Asp will be analyzed for changes in their protein content as well as physiology. 

Mutations in E. coli that have been shown to enhance growth on glucose often had 

positive pleiotropic effects on other carbon sources341. Hence, it will be interesting to 

investigate how the tilS mutation affects the growth of P. putida under alternative cul-

ture conditions. Likewise, the effects which resulted from excision of the 95-kb chro-

mosomal segment in some clones during evolution will be subjected to closer scrutiny. 

A single point mutation seems to have mediated increased growth performance on 

glucose in strains engineered with the PK-dependent route. However, detailed phys-

iological characterization revealed far-from-ideal utilization of the substrate under the 

new metabolic regime. Thus, the strain will be subjected to continued evolution to 

reveal additional mechanisms to improve PK pathway performance that might not be 

obvious from the predicted flux distributions. If the PK pathway can be efficiently 

implemented, it can be utilized to produce Ac-CoA-derived products. To fully exploit 

the carbon-conserving nature of this metabolic route, it can be combined with a com-

plete decoupling of C2 metabolism from the TCA cycle, as implemented in strain 

SCA18. The resulting strains could be used for growth-decoupled fermentation strat-

egies to maximize the conversion of glycolytic substrates into value-added products. 

The mode of glucose assimilation in the currently evolved SCA3PK-Tn/pS438∙ptaEC 

points to obvious targets for further strain engineering. The ED pathway and periplas-

mic gluconate oxidation should be removed to reduce the production of the overflow 
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metabolites 2KG and pyruvate. Additional deletion of glucose dehydrogenase, com-

bined with alternative, more efficient glucose import systems, could provide a more 

energy-efficient way of transport into the cells. Relocating all glucose oxidation steps 

to the cytoplasmic compartment would allow cells to better distribute the reducing 

power by taking advantage of the multiple equilibration systems that distinguish 

Pseudomonas species. Removal of the ED pathway could force all flux through the pen-

tose phosphate pathway, with a concomitant high NADPH formation rate that could 

be exploited in various bioproduction pathways. 

The flux analysis performed via in silico modeling can only serve as a proxy for the 

real in vivo flux distribution. An experimental approach to determine the contribution 

of each biochemical reaction will help identify metabolic bottlenecks and confirm the 

obtained results. Glucose labeled with 13C in carbon positions 3 and 4 was identified 

as a suitable substrate to decipher all fluxes in central carbon metabolism, including 

the two reactions performed by Xfpk. 

Notwithstanding the hitherto moderate performance of the PK pathway, the imple-

mented genetic modifications created a strain that accumulates substantial amounts 

of pyruvate. If 2KG secretion can be prevented, a PK-ED pathway hybrid could pro-

vide ample substrate amounts for production pathways that use pyruvate as an entry 

metabolite. 

Recently, a rather exotic application that could make use of the presented C2-selection 

platform has gained traction in our laboratory: the biological production of fluori-

nated chemicals enabled by in vivo fluorination342. Using the universal methyl-donor 

S-adenosyl-L-methionine (SAM) as substrate, the fluorinase enzyme (5′-fluoro-5′-de-

oxyadenosine synthase) attaches inorganic fluoride (F–) by releasing an L-methionine 

residue, yielding 5′-fluoro-5′-deoxyadenosine. This fluorinated compound can further 

be processed in a cascade of enzymatic reactions, eventually yielding fluoroacetate (F-

Ac, Figure 4.19). The fluorinase is the only enzyme found in nature that can catalyze 

F-C bond formation, and F-Ac is one of the two end-products produced by Streptomy-

ces cattleya343, the native host of the route. Using a suitable dehalogenase, fluorine can 

again be released, yielding acetate, which can be assimilated to Ac-CoA by, e.g., Ac-
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CoA synthetase. If the outlined fluorination pathway can be established with an effi-

ciency that provides Ac-CoA at growth-supporting rates, a synthetic C2-auxotroph 

selection platform could help to improve the pathway through evolutionary mecha-

nisms.  

 

 
Figure 4.19 Reaction scheme for a biofluorination pathway amenable to evolutionary engineering 
via a synthetic C2-auxotrophy. The reactions from S-Adenosyl-L-methionine to fluoro-acetate are na-
tively present in S. cattleya. Two subsequent reactions tie the biofluorination pathway to central carbon 
metabolism to restore prototrophy in SCA strains. 
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 Materials and Methods 

Table 4.4. Bacterial strains used in this chapter. 

Strain Relevant characteristics Reference or source 

Escherichia coli 

DH5α λpir Cloning host; F– λ– endA1 glnX44(AS) thiE1 recA1 relA1 
spoT1 gyrA96(NalR) rfbC1 deoR nupG Φ80(lacZΔM15) 
Δ(argF-lac)U169 hsdR17(rK– mK+), λpir lysogen 

Platt et al.258 

Pseudomonas putida 

KT2440 Wild-type strain, derived from P. putida mt-2 260 cured of the 
TOL plasmid pWW0  Bagdasarian et al.261 

SCA1 KT2440 ΔaceEF This work 

SCA3 KT2440 ΔbkdAA ΔltaE ΔaceEF This work 

SCA8PD KT2440 ΔbkdAA ΔpcaBDC ΔpaaEDCBA ΔdavBA ΔgabT 
ΔglcB ΔhmgABCa ΔmmsA2 This work 

SCA9 KT2440 ΔbkdAA ΔpcaBDC ΔpaaEDCBA ΔdavBA ΔgabT 
ΔglcB ΔhmgABCa ΔmmsA2 ΔaceEF This work 

SCA14PD KT2440 ΔbkdAA ΔltaE ΔpcaBDC ΔpaaEDCBA ΔdavBA 
ΔgabT ΔglcB ΔhmgABCa ΔeutBC ΔmmsA2 ΔmmsA1 
ΔacoABC ΔprpC ΔbenABCDb 

This work 

SCA15 KT2440 ΔbkdAA ΔltaE ΔpcaBDC ΔpaaEDCBA ΔdavBA 
ΔgabT ΔglcB ΔhmgABCa ΔeutBC ΔmmsA2 ΔmmsA1 
ΔacoABC ΔprpC ΔbenABCDb ΔaceEF 

This work 

SCA18 KT2440 ΔbkdAA ΔltaE ΔpcaBDC ΔpaaEDCBA ΔdavBA 
ΔgabT ΔglcB ΔhmgABCa ΔeutBC ΔmmsA2 ΔmmsA1 
ΔacoABC ΔprpC ΔbenABCDb ΔaceEF ΔglpR ΔgltA Δcrc 

This work 

SCA3PK KT2440 ΔbkdAA ΔltaE ΔaceEF LP::xfpkBA 
SCA3 with B. adolescentis xfpk chromosomally integrated into 
a “landing pad” between PP_0013 and PP_5421. 

This work 

SCA3PK-Tn KT2440 ΔbkdAA ΔltaE ΔaceEF LP::xfpkBA attTn7::gntZ-rpe 
SCA3PK with the translationally coupled genes gntZ and rpe 
chromosomally integrated at site attTn7. 

This work 

a  The deletion of hmgABC causes the formation of a brown pigment when cells are grown in LB medium, indi-
cating the accumulation of 2,5-OH-PhAc that, after oxidation to a quinoid derivative, polymerizes spontaneously 
and generates melanic compounds344. 

b The benABCD operon was removed to avoid the degradation of the inducer 3-methylbenzoate and the asso-
ciated browning of culture media (see Chapter 3). 
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Table 4.5. Plasmids used in this chapter. 

Plasmid name Relevant characteristics a Source or refer-
ence 

pGNW2 Suicide vector used for genetic manipulations in Gram-nega-
tive bacteria; oriT, traJ, lacZα, ori(R6K), 
P14g(BCD2)→msfGFP; KmR 

See Chapter 3 

pSNW2 Derivative of vector pGNW2 with the translation initiation se-
quence of msfGFP replaced by the very strong translational 
coupling sequence BCD2 

See Chapter 3 

pQURE6·H Conditionally-replicating vector; derivative of vector pJBSD1 
carrying XylS/Pm→I-SceI and P14g(BCD2)→mRFP; GmR 

See Chapter 3 

pSNW2·ΔaceEF Derivative of pGNW2 carrying HAs to delete aceEF in P. 
putida KT2440 

This study 

pSNW2·ΔgltA Derivative of pGNW2 carrying HAs to delete gltA in P. putida 
KT2440 

This study 

pSNW2·ΔacoABC Derivative of pGNW2 carrying HAs to delete acoABC in 
P. putida KT2440 

This study 

pSNW2·ΔamaC-
dpkA 

Derivative of pGNW2 carrying HAs to delete amaC-dpkA in 
P. putida KT2440 

This study 

pSNW2·ΔbkdAA Derivative of pGNW2 carrying HAs to delete bkdAA in P. 
putida KT2440 

This study 

pSNW2·Δcrc Derivative of pGNW2 carrying HAs to delete crc in P. putida 
KT2440 

This study 

pSNW2·ΔdavBA Derivative of pGNW2 carrying HAs to delete davBA in P. 
putida KT2440 

This study 

pSNW2·ΔeutBC Derivative of pGNW2 carrying HAs to delete eutBC in P. 
putida KT2440 

This study 

pSNW2·ΔgabT Derivative of pGNW2 carrying HAs to delete gabT in P. 
putida KT2440 

This study 

pSNW2·ΔglcB Derivative of pGNW2 carrying HAs to delete glcB in P. putida 
KT2440 

This study 

pSNW2·ΔhmgABC Derivative of pGNW2 carrying HAs to delete hmgABC in 
P. putida KT2440 

This study 

pSNW2·ΔltaE Derivative of pGNW2 carrying HAs to delete ltaE in P. putida 
KT2440 

This study 

pSNW2·ΔmmsA1 Derivative of pGNW2 carrying HAs to delete mmsA1 in 
P. putida KT2440 

This study 

pSNW2·ΔmmsA2 Derivative of pGNW2 carrying HAs to delete mmsA2 in 
P. putida KT2440 

This study 
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pSNW2·ΔpaaEDCBA Derivative of pGNW2 carrying HAs to delete paaEDCBA in P. 
putida KT2440 

This study 

pSNW2·ΔpcaBDC Derivative of pGNW2 carrying HAs to delete pcaBDC in P. 
putida KT2440 

This study 

pSNW2·ΔprpC Derivative of pGNW2 carrying HAs to delete prpC in P. putida 
KT2440 

This study 

pTn7-M Tn7 integration vector; oriV(R6K); KmR, GmR Choi et al.345 

pTn7·P14g(BCD10)→ 

gntZ-rpe 

Derivative of pTn7-M used for chromosomal integration of a 
synthetic gntZ-rpe operon under the control of P14g(BCD10) 

This study 

pTNS2 Helper plasmid constitutively expressing the tnsABCD genes 
encoding the Tn7 transposase; oriV(R6K); AmpR 

Choi et al.345 

pS438·ptaEC Expression vector; oriV(pBBR1), StrepR; XylS/Pm→ptaEC This work 

a  Antibiotic markers: Km, kanamycin; Nal, nalidixic acid; and Rif, rifampicin. 

Bacterial strains and culture conditions 

The bacterial strains employed in this study are listed in Table 4.4. E. coli and P. putida 

were incubated at 37°C and 30°C, respectively. For cell propagation and storage, rou-

tine cloning procedures, and during genome engineering manipulations, cells were 

grown in lysogeny broth (LB) medium (10 g L-1 tryptone, 5 g L-1 yeast extract, and 

10 g L-1 NaCl). Liquid cultures were performed using either 50-ml centrifuge tubes 

with a medium volume of 5-10 mL, or in 500-mL Erlenmeyer flasks covered with cel-

lulose plugs (Carl Roth, Karlsruhe, Germany) and with a medium volume of 50 mL. 

All liquid cultures were agitated at 250 rpm (MaxQ™8000 incubator; ThermoFisher 

Scientific, Waltham, MA, USA). Solid culture media contained an additional 15 g L-1 

agar. Selection of plasmid-harboring cells was achieved by adding kanamycin (Km), 

gentamicin (Gm), or streptomycin (Sm) when required at 50 µg mL-1, 10 µg mL-1, and 

50 µg mL-1, respectively.  

For phenotypic characterizations in microtiter plates as well as fermentations in 

shaken flasks, the experiments were performed in synthetic Hartman’s de Bont mini-

mal (DBM) medium346 additionally buffered with 5 g L-1 3-(N-morpholino)propane 

sulfonic acid (MOPS) at pH 7.0 and supplemented with different carbon compounds 
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as explained in the text. Before the plate reader experiments with SCA strains in Sec-

tion 4.2.2, the cells were pre-grown in LB medium. For all other experiments, the pre-

culture media were identical to those used for the experiment. The precultures were 

harvested by centrifugation at 8,000 g for 2 min, washed with DBM medium without 

the addition of any carbon substrate, and resuspended in the final media of the exper-

iment at the desired start-optical density at 600 nm (OD600 nm). Cell growth was moni-

tored by measuring the absorbance at 630 nm (Abs630 nm; for 96-well plate reader ex-

periments with ELx808, BioTek Instruments; Winooski, VT, USA) or 600 nm (for 

shaken flask experiments, bioreactor fermentations, and 24-well plate reader experi-

ments with Synergy H1, BioTek Instruments; Winooski, VT, USA). The OD600 nm was 

estimated from plate reader Abs630 nm values via multiplying the values by correlation 

factors previously determined for the employed microtiter plate-readers and spectro-

photometers. Adaptive laboratory evolution (ALE) of strains was performed in 24-

well deep-well plates covered with a Sandwich Cover (PreSens Precision Sensing, Re-

gensburg, Germany) and filled with 2 mL DBM medium per well. The ALE procedure 

is described in the Results text. 

Cloning procedures and plasmid construction 

All plasmids used in this work are listed in Table 5.5. Oligonucleotides used for the 

PCR-amplification of fragments and genotyping via colony PCR are listed in Ta-

ble 4.S1. Uracil-excision (USER) cloning203 was used for the construction of all plas-

mids. The AMUSER tool was employed for the design of oligonucleotides347. All ge-

netic manipulations followed the protocol described in Chapter 3. DNA fragments 

employed in assembly reactions were amplified using the Phusion™ U high-fidelity 

DNA polymerase (Thermo Fisher Scientific, Waltham, Massachusetts, USA) accord-

ing to the manufacturer’s specifications. The identity and correctness of all plasmids 

and DNA constructs were confirmed by sequencing. For genotyping experiments af-

ter cloning procedures and genome manipulations, colony PCRs were performed us-

ing the commercial OneTaq™ master mix (New England BioLabs; Ipswich, MA, USA) 

according to the manufacturer’s instructions. E. coli DH5α λpir was employed for all 

cloning purposes. Chemically competent E.coli cells were prepared and transformed 



164 

with plasmids according to well-established protocols348. P. putida was rendered elec-

tro-competent following the protocol of Choi, Kumar et al.349 (Chapter 3). 

GSMM simulations 

The most recent genome-scale metabolic network reconstruction (genome-scale met-

abolic model, GSMM) for P. putida, iJN1411 350, was subjected to Flux Balance Analysis 

(FBA351) within the COBRApy toolbox352 to predict optimal flux distributions and to 

identify reactions contributing to a supply of Ac-CoA. The growth-limiting determi-

nants, the glucose-uptake rate, and ATP maintenance requirement were fixed at rates 

of 6.3 mmol gCDW h-1 and 0.92 mmol gCDW h-1, respectively [experimentally determined 

by del Castillo et al.353 and Ebert et al.337, respectively]. After an initial deletion of reac-

tions performed by the PDHc, the following analytic steps were iterated several times 

to identify potential alternative sources of Ac-CoA (reaction loops were not permit-

ted): 

1. Optimization of flux distribution for biomass formation 

2. Identification of the Ac-CoA-forming reaction with the highest flux under the 

current distribution 

3. Tracing of the fluxes leading to Ac-CoA formation to identify the metabolic 

pathway involved 

4. Removal of the initial entry reaction of the pathway, simultaneously avoiding 

the creation of auxotrophies 

The identified pathways were then analyzed regarding the flux towards the first bio-

mass constituent in the Ac-CoA-producing pathway and ranked according to their 

value within the flux distribution of the ‘wildtype’ model. This ranking was used to 

inform a hierarchy of gene deletions to be established in P. putida to create a robust 

acetate auxotroph.  
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Targeted proteomics by mass spectrometry (MS) 

The P. putida strains were pre-cultured overnight in DBM medium supplemented with 

30 mM glucose or 30 mM glucose and 30 mM acetate. Then, experimental cultures 

with the identical medium were inoculated at an initial OD600 nm of 0.05. Samples were 

taken in the mid-exponential phase, and the cells were harvested by centrifugation at 

17,000 g for 2 minutes at 4°C. After removal of the supernatant, the cell pellets were 

frozen. Frozen cells were kept at −80°C until the processing of samples. Thawing of 

the cells was done on ice, and any remaining supernatant was removed after centrif-

ugation at 15,000 g for 10 min. While kept on ice, two 3-mm zirconium oxide beads 

(Glen Mills, NJ, USA) were added to the samples. Immediately after removing the 

samples from ice, 100 µl of 95°C 6 M Guanidinium hydrochloride (GuHCl), 5 mM 

tris(2-carboxyethyl)phosphine (TCEP), 10 mM chloroacetamide (CAA), and 100 mM 

Tris–HCl pH 8.5) was added to the samples. The cells were disrupted in a Mixer Mill 

(MM 400 Retsch, Haan, Germany) set at 25 Hz for 5 min at room temperature, fol-

lowed by 10 min in a thermal mixer at 95°C and 2000 rpm. Any cell debris was re-

moved by centrifugation at 15,000 g for 10 min, after which 50 µl of supernatant was 

collected and diluted with 50 µl of 50 mM ammonium bicarbonate. Based on protein 

concentration quantification (via the Bradford method with BSA concentration stand-

ards354), 100 µg of protein was used for tryptic digestion. Tryptic digestion was carried 

out at constant shaking (400 rpm) for 8 h, after which 10 µl of 10% trifluoroacetic acid 

(TFA) was added, and samples were ready for StageTipping, using C18 as resin (Em-

pore, 3M, USA). 

For sample analysis, a CapLC system (Thermo Scientific) coupled to an Orbitrap Q ex-

active HF-X mass spectrometer (Thermo Scientific) was used. First, samples were cap-

tured at a flow rate of 10 µl/min on a pre-column (µ-precolumn C18 PepMap 100, 

5 µm, 100Å). Subsequently, the peptides were separated on an 15 cm C18 easy spray 

column (PepMap RSLC C18 2µm, 100Å, 150 µmx15cm) at a flow rate of 1.2 µl/min, 

with an applied gradient from 4% (v/v) acetonitrile in water to 76% (v/v) over a total 

of 60 minutes. While spraying the samples into the mass spectrometer, the instrument 

operated in data-dependent mode using the following settings: MS-level scans were 
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performed with Orbitrap resolution set to 60,000; AGC Target 3.0e6; maximum injec-

tion time 50 ms; intensity threshold 5.0e3; dynamic exclusion 25 s. Data-dependent 

MS2 selection was performed in Top 20 Speed mode with HCD collision energy set to 

28% (AGC target 1.0e4, maximum injection time 22 ms, Isolation window 1.2 m/z ).  

For analysis of the thermo raw files, Proteome discoverer 2.4 was used with the fol-

lowing settings: 

Fixed modifications: Carbamidomethyl (C); Variable modifications: oxidation of me-

thionine residues; First search mass tolerance: 20 ppm; MS/MS tolerance: 20 ppm; 

Trypsin as enzyme, allowing one missing cleavage; the false-discovery rate (FDR) was 

set at 0.1%;  the match-between-runs window was set to 0.7 min. Only unique peptides 

were considered for quantification. Protein abundances were normalization based on 

the total peptide amount. To assign the detected peptides to their functions, a protein 

database consisting of the Pseudomonas putida reference proteome (UP000000556) was 

used, supplemented with heterologously expressed proteins.  

Statistical analysis of proteomics data 

Proteomics data, acquired as described above, were analyzed using a customized R 

script in RStudio (version 1.3.1093), developed as part of this thesis. Only proteins that 

were detected in all samples within an analysis were considered. The abundance val-

ues were normalized via quantile normalization using the R-package qsmooth. Next, 

the Student’s t-test was performed with the build-in dt() function. Based on the indi-

vidual p-values and their total distribution, the false-discovery rate (FDR) for each 

protein was calculated via the qvalue package. The q-value threshold for significant 

observations was set at a value of 0.05. Fold-change comparison between groups was 

performed on log2-transformed data. Volcano plots were generated with the ggplot 

package. The pheatmap package was used to create heatmaps of protein abundances 

within all samples. Proteins showing an abundance change of ≥1.4 fold (log2-fold 

change of 0.49) and a q-value of ≤ 0.05 were considered differentially expressed. 
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Bioreactor fermentations 

The batch fermentations were performed in BIOSTAT® Qplus 1-L bioreactors (Sarto-

rius, Göttingen, Germany) with a working culture volume of 800 mL. Precultures 

were grown overnight in 500-mL Erlenmeyer flasks filled with 10% (v/v) DBM me-

dium supplemented with 5 g L-1 MOPS and 30 mM glucose. The same medium was 

used in the bioreactors. The precultures were harvested by centrifugation at 4,000 g 

for 10 min and resuspended in culture medium to inoculate the bioreactors. Aeration 

of the vessels was achieved via horseshoe-shaped spargers with ambient air at a flow 

rate of 0.824 L min-1. The dissolved oxygen concentration (DO) was measured online 

using an oxygen electrode and kept above 40% of saturation by increasing the stirring 

speed from 500 to 1000 min-1. The lower stirring speed threshold was reduced to 

250 min-1 after 5.5 h to reduce the shear stress on the cells and biofilm formation. 

Sigma-Aldrich Antifoam 204 reagent (MilliporeSigma, St. Louis, Missouri, USA) was 

added to reduce foaming by adding single droplets when required (only for strain 

KT2440). The cultures were maintained at 30°C and pH 7.0 by online measurements 

with standard thermometers and pH electrodes and the addition of 7 M NaOH. The 

composition of the off-gas was analyzed online with a Prima BT Bench Top Process 

mass spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

Physiological parameters for the strains KT2440 and SCA3PK-Tn/pS438∙ECpta were 

quantified as follows: The growth was followed via OD600 nm measurements and, for 

strain KT2440, cell-dry-weight (CDW) determination with a Moisture analyzer WBA-

110M (witeg Labortechnik Wertheim, Germany). CDW values were derived from 

OD600 nm measurements by applying a correlation factor obtained from standard curves 

with the absorbance and CDW determinations for KT2440. Growth rates µ were de-

termined from linear correlations of Ln-transformed OD600 nm values or Gaussian Pro-

cess regression as described in the Results. Biomass yields on glucose YXS (or the sum 

of all six-carbon moieties) were obtained as the slope of linear correlations of biomass 

(gCDW L-1)-over-substrate (gS L-1) plots. Pyruvate yields on the six-carbon substrates 

(YPS) were obtained via the same procedure. Substrate consumption rates qS were cal-

culated via the following equation: 
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q = µY    . 
Pyruvate and 2-ketogluconate production rates qP were calculated by employing the 

equation q = Y ∙ q    . 
The CO2 production was calculated from the different CO2 contents of the in-gas and 

the off-gas. Dissolved inorganic carbon species (carbonate and dissolved CO2) were 

neglected. The amount of C-mol in biomass was derived from the cell dry weight and 

a previously published elemental biomass composition of P. putida KT2440355. 

Metabolite analyses via HPLC 

Sugars and organic acids were analyzed using a Dionex Ultimate 3000 HPLC with an 

Aminex® HPX-87X Ion Exclusion (300 x 7.8 mm) column (BioRad, Hercules, CA) as 

well as RI-150 refractive index and UV (260, 277, 304 and 210 nm) detectors. For anal-

ysis, the column was maintained at 65°C and a 5 mM H2SO4 solution was used as 

mobile phase at a flowrate of 0.5 mL min-1. HPLC data were processed using the Chro-

meleon 7.1.3 software (Thermo Fisher Scientific), and compound concentrations were 

calculated from peak areas using calibration curves with five different standard con-

centrations. 

Determination of in vitro phosphoketolase activity 

PK activity was determined in cell lysates according to the hydroxamate method 

adapted from Lipmann and Tuttle356,357. This assay utilizes the reaction of enzymati-

cally produced Ac-P with hydroxylamine to form hydroxamate and inorganic phos-

phate. The hydroxamate is converted into a ferric hydroxamate complex via the addi-

tion of FeCl3 (Figure 4.10A). The complex exhibits an orange-brown to purplish-

brown color, depending on the concentration, and can be measured spectrophotomet-

rically between 480 at 540 nm. The yellow FeCl3 shows no absorption at these wave-

lengths. 

P. putida strains were cultured overnight in 50 ml LB medium supplemented with 

0.5 mM 3-mBz to induce xfpk expression. All following steps were performed on ice 
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and with pre-chilled solutions. The cells were collected by centrifugation at 5,000 g for 

10 minutes at 4°C, washed twice with phosphate buffer (0.05 M phosphate buffer, 0.5 

g L-1 L-cysteine, and 1 mM MgCl2; pH 6.5) and suspended in 3 ml. The suspensions 

were split into 1-mL aliquots in 2-mL cryotubes, and 0.3 g of acid-washed glass beads 

were added. The cells were lysed using a bead-beater homogenizer (BioSpec Products, 

Bartlesville, USA) at 6000 rpm for two times 20 s. Clear lysates were obtained by cen-

trifugation at 17,000 g for 2 min at 4°C. The protein concentration was determined via 

the Bradford assay354 and all lysates were adjusted to the lowest concentration meas-

ured by adding phosphate buffer. 

The enzyme assay was performed in 1.5-mL micro reaction tubes. Therefore, 600 µl of 

lysate was added to 150 µL of halogen solution (6 mg mL-1 NaF and 10 mg mL-1 iodo-

acetic acid) and 150 µL of 80 mg mL-1 D-fructose-6-phosphate. The reaction mixtures 

were incubated at 30°C, and 75-µL samples were taken 10-min intervals. The samples 

were added into wells of a 96-well plate pre-filled with 75 µL 2 M hydroxylamine 

(freshly adjusted to pH 7 with 1 M HCl) and incubated for 10 min at room tempera-

ture. Subsequently, 50 µL 150 mg mL-1 trichloroacetic acid, 50 µL 4 M HCl, and 50 µL 

50 g L-1 FeCl3 in 0.1 M HCl were added. After the last sample was processed, the ab-

sorption at 505 nm was measured for all samples in a Synergy H1 plate reader (BioTek 

Instruments; Winooski, VT, USA). A calibration curve with Ac-P lithium salt was cre-

ated by subjecting solutions of different concentrations to the same assay procedure. 

Whole-genome sequencing 

The sequencing of chromosomal (and plasmid) DNA to analyze effects of evolution 

was performed by Novogene (Cambridge, UK). The DNA content of strains was pu-

rified using the PureLink™ Genomic DNA Mini Kit (Invitrogen, California, USA). The 

raw data was processed in Geneious Prime 2021.1.1 (Biomatters Ltd.) by read pairing, 

trimming (BBDuk plugin) and mapping to the reference genome sequence. Sequence 

polymorphisms were identified by using the build-in Annotate and Predict functions. 

Single-nucleotide polymorphisms (SNPs) found in both pre-evolved and evolved 

clones were discarded. 
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Data and statistical analyses 

All experiments, except for bioreactor fermentations, were performed with at least 

three biological replicates, and the mean values ± standard deviation are presented. 

Statistical significances were determined by calculating p-values with the T.Test func-

tion in Microsoft Excel 2016. Maximum exponential growth rates (µmax) were deter-

mined by Gaussian process regression using the Python-based tool deODorizer358. Av-

erage specific growth rates over the exponential phase (µ) were determined by fitting 

Ln-transformed OD600 nm data versus time to linear regressions. All linear regressions 

as well as the visualization of data was performed in OriginPro 2021 (OriginLab Cor-

poration). Figures and Illustrations were created in OriginPro 2021 and Adobe Illus-

trator 2020. Geneious Prime 2021.1.1 (Biomatters Ltd.) served as a database for any 

kind of DNA sequences, design plasmids and constructs, and analyze Sanger sequenc-

ing results. 
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 Supplementary Material 

Table 4.S1. Oligonucleotides used in this chapter. Sequences used for the construction of the same plas-
mid via USER cloning are shaded in the same tone. 

Name Sequence (5’→3’) Application 

pSNW-USER_F  AGTCGACCUGCAGGCATGCAAGCTTCT  Linearization of suicide vector pSNW for 
HA insertion 

pSNW- USER _R  AGGATCUAGAGGATCCCCGGGTACCG  Linearization of suicide vector pSNW for HA 
insertion 

Seq-pSNW_F  TGTAAAACGACGGCCAGT  Amplification and sequencing of the insert 
region on pSNW 

Seq-pSNW_R  ATGACCATGATTACGCCGG  Amplification and sequencing of the insert 
region on pSNW 

aceEF_HA1_F  AGATCCUCGAAGACTCGCTTGAAGAGG  Amplification of HA1 for the deletion of 
aceEF 

aceEF_HA1_R  AGCCATGUAAGCCAGCACACTGC  Amplification of HA1 for the deletion of 
aceEF 

aceEF_HA2_F  ACATGGCUTGCTCCAGGG  Amplification of HA2 for the deletion of 
aceEF 

aceEF_HA2_R  AGGTCGACUCGATGAACTGCTGGTTGCG  Amplification of HA2 for the deletion of 
aceEF 

aceEF_g-check_F  GTTTGGCTGGAGATTTTGGG  Genotyping for the chromosomal aceEF re-
gion via colony PCR 

aceEF_g-check_R  CCTTGATCGGCGTGAAATAG  Genotyping for the chromosomal aceEF re-
gion via colony PCR 

aceEF_F  GCGCGCTCATTCGCGTACCTGACAT  sgRNA for aceEF deletion 
aceEF_R  AAACATGTCAGGTACGCGAATGAGC  sgRNA for aceEF deletion 
Seq-LP_F  ACCAACTTTTCCGCTTTGCAC  Amplification and sequencing of the chro-

mosomal landing pad 
Seq-LP_R  CGAAAGACTGGGCCTTTCGT  Amplification and sequencing of the chro-

mosomal landing pad 
gltA_HA1_F  AGATCCUCTAGCATAAAGCATGATGGC Amplification of HA1 for the deletion of gltA 
gltA_HA1_R  ACATAGCUTACATGTGGCCTCCTATT Amplification of HA1 for the deletion of gltA 
gltA_HA2_F  AGCTATGUAAGCTGCAGTAGCCGAAC Amplification of HA2 for the deletion of gltA 
gltA_HA2_R  AGGTCGACUGTTGGCGGAGGTTCTCAAG Amplification of HA2 for the deletion of gltA 
gltA_g-check_F  TCCCTCTATAGTGGTGCGGG Genotyping for the chromosomal gltA region 

via colony PCR 
gltA_g-check_R  TACCTGCCGGAAGAGAAGGG Genotyping for the chromosomal gltA region 

via colony PCR 
acoABC_HA1_F  AGATCCUGTGCCTGAACAACAGCTGG Amplification of HA1 for the deletion of aco-

ABC 
acoABC_HA1_R  ACATCTUGTTGTTCTCCGGGG Amplification of HA1 for the deletion of aco-

ABC 
acoABC_HA2_F  AAGATGUAAGCCCTTTTCGTGAGCCT Amplification of HA2 for the deletion of aco-

ABC 
acoABC_HA2_R  AGGTCGACUCCACTACAACGGTTTGCCC Amplification of HA2 for the deletion of aco-

ABC 
acoABC_g-check_F  CGAATTTGCCGAGCATGACA Genotyping for the chromosomal acoABC 

region via colony PCR 
acoABC_g-check_R  CACCAGTCCACCTTGATCTG Genotyping for the chromosomal acoABC 

region via colony PCR 
amaC-dpkA_HA1_F  AGATCCUATCGGCAGGAACAGTGTCC Amplification of HA1 for the deletion of 

amaC-dpkA 
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amaC-dpkA_HA1_R  ACCGTTGTGUAACTCGCCAACGGGCCAAC Amplification of HA1 for the deletion of 
amaC-dpkA 

amaC-dpkA_HA2_F  ACACAACGGUGCTGGTGGAAG Amplification of HA2 for the deletion of 
amaC-dpkA 

amaC-dpkA_HA2_R  AGGTCGACUTCTGGCGGTATTCGTGTACG Amplification of HA2 for the deletion of 
amaC-dpkA 

amaC-dpkA_g-
check_F  

CACGGAAAGGTTGCACTTGC Genotyping for the chromosomal amaC-
dpkA region via colony PCR 

amaC-dpkA_g-
check_R  

GATCAGTTGGCTCATGCTGC Genotyping for the chromosomal amaC-
dpkA region via colony PCR 

bkdAA_HA1_F  AGATCCUGGTCATCAGGTAGCACTCC  Amplification of HA1 for the deletion of 
bkdAA 

bkdAA_HA1_R  ATCTCACAUCATGCTTTTTACGCTCGCTCGG Amplification of HA1 for the deletion of 
bkdAA 

bkdAA_HA2_F  ATGTGAGAUGAACGACCACAACAACAG Amplification of HA2 for the deletion of 
bkdAA 

bkdAA_HA2_R  AGGTCGACTCCAGGAAGATTACCGGGTCG Amplification of HA2 for the deletion of 
bkdAA 

bkdAA_g-check_F  CCTGCTCAGCAAAGGCAATC Genotyping for the chromosomal bkdAA re-
gion via colony PCR 

bkdAA_g-check_R  ATGGTCATGGTAGTGGTGGC Genotyping for the chromosomal bkdAA re-
gion via colony PCR 

crc_HA1_F  ACCTCCAGUGATGATCTGCATGACCTCACGAATGG Amplification of HA1 for the deletion of crc 
crc_HA1_R  ACATAAAUGGCCCCATAAATCTCGTG Amplification of HA1 for the deletion of crc 
crc_HA2_F  ATTTATGUAAAAGGCCATTGGGGCTGCAT Amplification of HA2 for the deletion of crc 
crc_HA2_R  AGCTCTTGAUAACGCCATGCTCGCTTTGGC Amplification of HA2 for the deletion of crc 
crc_g-check_F  ACAGCACATCGAACGGGATC Genotyping for the chromosomal crc region 

via colony PCR 
crc_g-check_R  TGCTATGGCACCTCAAGCG Genotyping for the chromosomal crc region 

via colony PCR 
davBA_HA1_F  AGATCCUCTGGGCCAGAGTGTGATAGG Amplification of HA1 for the deletion of 

davBA 
davBA_HA1_R  ACATGAAAUGACCTTGCCAGAGAG Amplification of HA1 for the deletion of 

davBA 
davBA_HA2_F  ATTTCATGUGACAGGGGCCGCTATGC Amplification of HA2 for the deletion of 

davBA 
davBA_HA2_R  AGGTCGACUTGGATCACTTCGCGTTCACG Amplification of HA2 for the deletion of 

davBA 
davBA_g-check_F  AGCGTATGTCGGGATCAAGG Genotyping for the chromosomal davBA re-

gion via colony PCR 
davBA_g-check_R  GGGTACCGAGGAAGAACAGG Genotyping for the chromosomal davBA re-

gion via colony PCR 
eutBC_HA1_F  AGATCCUAGATCTTCGCCCTGTCCC Amplification of HA1 for the deletion of 

eutBC 
eutBC_HA1_R  ATTTTTTACAUACAGAATCTCCAGAGCC Amplification of HA1 for the deletion of 

eutBC 
eutBC_HA2_F  ATGTAAAAAAUCTGTCACGGAAGGC Amplification of HA2 for the deletion of 

eutBC 
eutBC_HA2_R  AGGTCGACUACCCGATGGATTCGTAAGTC Amplification of HA2 for the deletion of 

eutBC 
eutBC_g-check_F  CTACCCTGTCTTACGTGCTG Genotyping for the chromosomal eutBC re-

gion via colony PCR 
eutBC_g-check_R  TAAATCACCGATTCGTCCCG Genotyping for the chromosomal eutBC re-

gion via colony PCR 
gabT_HA1_F  AGATCCUCAAGGTAGGCTGACAGG Amplification of HA1 for the deletion of gabT 
gabT_HA1_R  ATGTGAUGTGACGCGCTTCAGAA Amplification of HA1 for the deletion of gabT 
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gabT_HA2_F  ATCACAUAATGCCCTCATTGCGCC Amplification of HA2 for the deletion of gabT 
gabT_HA2_R  AGGTCGACUGTCCAGGAACACATCGAGG Amplification of HA2 for the deletion of gabT 
gabT_g-check_F  CTCATCGCCAACTACTCCTG Genotyping for the chromosomal gabT re-

gion via colony PCR 
gabT_g-check_R  CCTGATCTCCAACGAAGTGG Genotyping for the chromosomal gabT re-

gion via colony PCR 
glcB_HA1_F  AGATCCUACTGGGCAATACGTTCGACC Amplification of HA1 for the deletion of glcB 
glcB_HA1_R  ACATTGCUTGCCTCACTCTGC Amplification of HA1 for the deletion of glcB 
glcB_HA2_F  AGCAATGUAAGCAGCATCTGCTGCCAG Amplification of HA2 for the deletion of glcB 
glcB_HA2_R  AGGTCGACUGCGGTCCTAATGCTGAAGC Amplification of HA2 for the deletion of glcB 
glcB_g-check_F  GTTTGGATGTCTGCCAAGGC Genotyping for the chromosomal glcB re-

gion via colony PCR 
glcB_g-check_R  TCCTGTACCTGAAAAGCCGG Genotyping for the chromosomal glcB re-

gion via colony PCR 
hmgABC_HA1_F  AGATCCUAACCGATCTGGGTCACCAC Amplification of HA1 for the deletion of 

hmgABC 
hmgABC_HA1_R  AGCCATCGAUGCCTCCGGATTTTG Amplification of HA1 for the deletion of 

hmgABC 
hmgABC_HA2_F  ATCGATGGCUCAGTGAAGTGAACGGTTC Amplification of HA2 for the deletion of 

hmgABC 
hmgABC_HA2_R  AGGTCGACUGGCCATCCTCGCTTTG Amplification of HA2 for the deletion of 

hmgABC 
hmgABC_g-check_F  ATCCTGTTCGGCAAAACCAC Genotyping for the chromosomal hmgABC 

region via colony PCR 
hmgABC_g-check_R  GGTGAGCGACTACATGACTC Genotyping for the chromosomal hmgABC 

region via colony PCR 
ltaE_HA1_F  AGATCCUACCTTGTCTACGTGCTCG Amplification of HA1 for the deletion of ltaE 
ltaE_HA1_R  ATGGCACGGUCCTGTGAAC Amplification of HA1 for the deletion of ltaE 
ltaE_HA2_F  ACCGTGCCAUGTGAGCGAGAGCCGGGGCC Amplification of HA2 for the deletion of ltaE 
ltaE_HA2_R  AGGTCGACUCGGTCGATGAAGTGCTC Amplification of HA2 for the deletion of ltaE 
ltaE_g-check_F  TGGCGATGTTATGACTGGTG Genotyping for the chromosomal ltaE region 

via colony PCR 
ltaE_g-check_R  TAGAGCACATCAGCGACATG Genotyping for the chromosomal ltaE region 

via colony PCR 
mmsA1_HA1_F  AGATCCUAGACCTTCATGAACCAGCCG Amplification of HA1 for the deletion of 

mmsA1 
mmsA1_HA1_R  ACTTCCCTUACATGCAAAACTCCAGATAAACAAAGG Amplification of HA1 for the deletion of 

mmsA1 
mmsA1_HA2_F  AAGGGAAGUAGATGAAGCGGG Amplification of HA2 for the deletion of 

mmsA1 
mmsA1_HA2_R  AGGTCGACUTCCTCAGAGCCTGTCAAGC Amplification of HA2 for the deletion of 

mmsA1 
mmsA1_g-check_F  CTGTTGGCGAAACCCTGAAC Genotyping for the chromosomal mmsA1 

region via colony PCR 
mmsA1_g-check_R  GCTTCAAACACTTGGCTCGC Genotyping for the chromosomal mmsA1 

region via colony PCR 
mmsA2_HA1_F  AGATCCUCAGGATGTCCACCGAAATTGC Amplification of HA1 for the deletion of 

mmsA2 
mmsA2_HA1_R  ACTCCTTACAUCTGCGTTCTCCTTGGAATTG Amplification of HA1 for the deletion of 

mmsA2 
mmsA2_HA2_F  ATGTAAGGAGUACGTCATGCGTATCG Amplification of HA2 for the deletion of 

mmsA2 
mmsA2_HA2_R  AGGTCGACUGCAGGTTGTTGCAGATCTTGG Amplification of HA2 for the deletion of 

mmsA2 
mmsA2_g-check_F  GACAGGCTGATGAAATGCGG Genotyping for the chromosomal mmsA2 

region via colony PCR 
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mmsA2_g-check_R  TCAGGTCGAACAGGTTCAGC Genotyping for the chromosomal mmsA2 
region via colony PCR 

paaEDCBA_HA1_F  AGATCCUGTGAATGACGGCGCTTGC Amplification of HA1 for the deletion of 
paaEDCBA 

paaEDCBA_HA1_R  ACATGGCUTCACTCGAATTGTTC Amplification of HA1 for the deletion of 
paaEDCBA 

paaEDCBA_HA2_F  AGCCATGUAGACCGAGTCGGCTGCTTC Amplification of HA2 for the deletion of 
paaEDCBA 

paaEDCBA_HA2_R  AGGTCGACUCCAGCAGGGTGAAGCAGAC Amplification of HA2 for the deletion of 
paaEDCBA 

paaEDCBA_g-check_F  GTTACCGAACTGAACGCAGC Genotyping for the chromosomal 
paaEDCBA region via colony PCR 

paaEDCBA_g-
check_R  

GCTTGACCTTGTCGTTGAGC Genotyping for the chromosomal 
paaEDCBA region via colony PCR 

pcaBDC_HA1_F  AGATCCUATGCAGAAGTACCTGGTCAAC Amplification of HA1 for the deletion of 
pcaBDC 

pcaBDC_HA1_R  ACGGTTTACAUGCAGCGTCCTTAATCATC Amplification of HA1 for the deletion of 
pcaBDC 

pcaBDC_HA2_F  ATGTAAACCGUGATCACGGGCAG Amplification of HA2 for the deletion of 
pcaBDC 

pcaBDC_HA2_R  AGGTCGACUGAGCCAATACGCCAACTACC Amplification of HA2 for the deletion of 
pcaBDC 

pcaBDC_g-check_F  AAACCCTGGGGATGGAAAAC Genotyping for the chromosomal pcaBDC 
region via colony PCR 

pcaBDC_g-check_R  TCTGTGTGGTTCTACTTGCG Genotyping for the chromosomal pcaBDC 
region via colony PCR 

prpC_HA1_F  AGATCCUCCGTATCAAAGCTGCCGTC Amplification of HA1 for the deletion of prpC 
prpC_HA1_R  ATTCACAUGGTGTTTCTCCTTTCTTGAA Amplification of HA1 for the deletion of prpC 
prpC_HA2_F  ATGTGAAUAGCTATAGAGAGGCAACC Amplification of HA2 for the deletion of prpC 
prpC_HA2_R  AGGTCGACUGTGGTCGACGATCAGTTGC Amplification of HA2 for the deletion of prpC 
prpC_g-check_F  ACGTGTCGTTGGTGCTGTAC Genotyping for the chromosomal prpC re-

gion via colony PCR 
prpC_g-check_R  GTATGGCAAGCCGTCGTAGG Genotyping for the chromosomal prpC re-

gion via colony PCR 
xfpk _F  ATGACGAGUCCTGTTATTGGCA Amplification of xfpk for integration into 

pGNW2·LPR 
xfpk _R  ATCTCACUCGTTATCGCCAGCG Amplification of xfpk for integration into 

pGNW2·LPR 
pGNW2·LP_F AGTGAGAUAGTGCTAGTGTAGATCGC Linearization of pGNW2·LPR to replace rfp 

with xfpk 
pGNW2·LP_R ACTCGTCAUTAGAAAACCTCCTTAGCATGATTA Linearization of pGNW2·LPR to replace rfp 

with xfpk 
ptaEC_F  ATCGTTTCUAATGATTATTGAACGTTGTCGTGAA Amplification of pta from the chromosome of 

E. coli DH5α  
ptaEC_R AGTCATUGGGACCGTTCATTCAACC Amplification of pta from the chromosome of 

E. coli DH5α 
pS438·BCD10_F  AATGACUGGGAAAACCCTGGC Linearization of pS438·BCD10 for the inte-

gration of ptaEC 
pS438·BCD10_R  AGAAACGAUCCTCCGCATGATTAA 

GATGTTTCAGTACG 
Linearization of pS438·BCD10 for the inte-
gration of ptaEC 

gntZ_F  AATGCAACUGGGAATCATCGG Amplification of gntZ from the chromosome 
of P. putida KT2440 

gntZ_R AGGGGTTCAUTCGCCTTTCTTCTCGAC Amplification of gntZ from the chromosome 
of P. putida KT2440 

rpe_F ATGAACCCCUACGCTATTGCCCC Amplification of rpe from the chromosome of 
P. putida KT2440 



  175 

rpe_R ACGTTCGUAATCATGGGCGGGCCAGGGC Amplification of rpe from the chromosome of 
P. putida KT2440 

P14g(BCD10)_F ACAAGGCUCTCGCGGCCA Amplification of P14g(BCD10) from 
pS628(BCD10)→msfGFP (Chapter 5) 

P14g(BCD10)_R  AGTTGCATUAGAAACGATCCTCCGCATG Amplification of P14g(BCD10) from 
pS628(BCD10)→msfGFP (Chapter 5) 

pTn7·xylS_F  ACGAACGUAGTGTCCTAGGCCGCGGCCGC Linearization of pTn7·xylS 238 for the integra-
tion of P14g(BCD10), gntZ, and rpe 

pTn7·xylS_R  AGCCTTGUAGGACACTGCACTTTATGCTGGTTATGC Linearization of pTn7· xylS 238 for the inte-
gration of P14g(BCD10), gntZ, and rpe 

seq_attTn7_F CGAGCTGGTCGTGTTCGC Genotyping of the attTn7 region 
seq_attTn7_R GCACCAACTTGTTAAAGCCG Genotyping of the attTn7 region 
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Figure 4.S1. Growth of P. putida KT2440, SCA3, and SCA15 in minimal medium supplemented with 
acetate. The strains were cultured in 96-well plates filled with 200 µl LB medium per well. Error bars, 
representing the standard deviation from three biological replicates, are indicated by filled areas 
around the curves. 
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Figure 4.S2. Growth of P. putida KT2440 and engineered SCA strains in LB medium. The strains were 
cultured in 96-well plates filled with 200 µl LB medium per well. Error bars, representing the standard 
deviation from three biological replicates, are indicated by filled areas around the curves. 
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Figure 4.S3. Co-consumption of glucose and acetate in P. putida KT2440. The strain was grown in 
DBM medium supplemented with 5 g L-1 (28 mM) glucose and 2 g L-1 (34 mM) acetate. To distinguish 
the utilization of glucose as energy source as opposed to the assimilation of its carbon skeleton, the 
three six-carbon (C6) moieties glucose (Glc), gluconate (Gnt), and 2-ketogluconate (2KG) were com-
bined into the Sum of C6. During acetate consumption, glucose is only used as an energy source (via the 
oxidation to Gnt and 2KG). The assimilation of glucose-derived carbon is initiated after acetate has been 
depleted (indicated by a dashed line). Error bars represent the standard deviation from three biological 
replicates. 
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Figure 4.S4. Verification of DNA excision during the evolution of strain SCA3PK-Tn/pS438·ptaEC. To 
verify the absence of a 94,691-bp stretch of DNA in the chromosome of 2 out of 4 evolved 
SCA3PK-Tn/pS438∙ptaEC clones, the respective region was amplified via PCR. (A) Re-arrangement of the 
chromosomal sequences during the excision. The binding regions of the primers used for PCR amplifi-
cation are indicated in red. (B) Results of agarose gel electrophoresis with the amplified PCR fragments. 
The purified chromosomal DNA samples that had been analyzed by next-generation sequencing were 
used as the templates. A 1525-bp amplicon provides additional evidence for the absence of the DNA 
sequence identified as missing in the genome analyses. 
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Table 4.S2. Changes in protein expression for strain SCA3 compared to P. putida KT2440. Both 
strains were cultured in minimal medium supplemented with 30 mM glucose and 30 mM K-Ac. Genes 
with symbol names in bold were deleted in SCA3. The listed table entries represent significant changes 
with a q-value threshold of 0.05, filtered for proteins with an identified enzymatic function according 
to the KEGG database (https://www.genome.jp/kegg-bin/show_pathway?ppu01100). Abundance 
changes with a log2(fold change) of ≥ 2 are highlighted with bold numbers. 

Ensembl 
Gene ID 

Enzyme Gene Symbol 
fold-

change 

PP_5270 D-amino acid:quinone oxidoreductase dadA-2; dadA-II 8.90 
PP_1389 oxaloacetate decarboxylase   6.44 
PP_0542 ethanolamine ammonia-lyase subunit β eutC 6.04 
PP_2679 quinoprotein ethanol dehydrogenase qedH-II 4.50 
PP_4636 acetyl-CoA acetyltransferase yqeF 3.50 
PP_4116 isocitrate lyase aceA 3.49 
PP_3148 glutamine synthetase   3.47 
PP_5132 dihydrofolate reductase folA 2.84 
PP_0596 ω-amino acid–pyruvate aminotransferase   2.73 
PP_3376 phosphonate dehydrogenase kguD; ptxD 2.72 
PP_2341 6-carboxytetrahydropterin synthase QueD queD 2.25 
PP_1347 glutathione S-transferase family protein   2.12 
PP_0372 acetylornithine aminotransferase aruC 2.05 
PP_0356 malate synthase G glcB 2.03 
PP_0751 malate:quinone oxidoreductase mqo-1; mqo-I 1.94 
PP_5332 hypothetical protein   1.93 
PP_2151 pyridine nucleotide transhydrogenase sthA 1.91 
PP_2913 5-aminolevulinate dehydratase hemB-1; hemB 1.81 
PP_1261 2-ketoaldonate reductase/hydroxypyruvate/glyoxylate 

reductase 
ghrB 

1.71 
PP_1832 oxidase   1.67 
PP_0762 glycerate dehydrogenase hprA 1.60 
PP_2137 β-ketoadipyl-CoA thiolase subunit β fadA; pcaF-II 1.55 
PP_4577 hypothetical protein   1.53 
PP_0840 serine acetyltransferase cysE 1.51 
PP_4012 isocitrate dehydrogenase idh 1.50 
PP_1332 UDP-N-acetylmuramoyl-L-alanyl-D-glutamate–2,6-dia-

minopimelate ligase 
murE 

1.45 
PP_5183 glutamylpolyamine synthetase spuB 1.45 
PP_0392 dihydroneopterin aldolase folB 1.44 
PP_1989 aspartate-semialdehyde dehydrogenase asd 1.44 
PP_1346 glutamate N-acetyltransferase/amino acid acetyltransfe-

rase 
argJ 

1.39 
PP_1031 IMP dehydrogenase and single strand DNA binding fac-

tor 
guaB 

1.36 
PP_1823 GTP cyclohydrolase I folE; folEA-I 1.34 
PP_0722 ribose-phosphate pyrophosphokinase prsA; prs 1.32 
PP_2536 glutathione S-transferase family protein   1.29 
PP_1657 modified nucleoside triphosphate pyrophosphohydro-

lase 
mazG 

1.25 
PP_0517 6,7-dimethyl-8-ribityllumazine synthase ribH; 

PSEEN_RS02765 1.17 
PP_1338 UDP-N-acetylmuramate-L-alanine ligase murC 1.15 
PP_1530 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-succinyl-

transferase 
dapD 

1.10 
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PP_0967 histidinol-phosphate aminotransferase hisC 0.81 
PP_0516 bifunctional 3,4-dihydroxy-2-butanone 4-phosphate syn-

thase/GTP cyclohydrolase II 
ribBA-1; ribAB-I 

0.80 
PP_1403 β-D-glucoside glucohydrolase bglX 0.78 
PP_1616 glutathione-dependent formaldehyde dehydrogenase frmA 0.78 
PP_1611 2-dehydro-3-deoxyphosphooctonate aldolase kdsA-1; kdsA-I 0.77 
PP_0292 phosphoribosylformimino-5-aminoimidazole carboxa-

mide ribonucleotide isomerase 
hisA 

0.76 
PP_0560 type II 3-dehydroquinate dehydratase aroQ-1; aroQ-I 0.76 
PP_0842 cysteine desulfurase iscS; iscS-I 0.75 
PP_1470 homoserine dehydrogenase hom 0.75 
PP_5285 bifunctional 4'-phosphopantothenoylcysteine decarbox-

ylase/phosphopantothenoylcysteine synthetase 
coaBC; dfp 

0.75 
PP_1807 2-dehydro-3-deoxyphosphooctonate aldolase kdsA-2; kdsA-II 0.73 
PP_3219 alkansulfonate monooxygenase   0.72 
PP_0366 dethiobiotin synthetase bioD 0.72 
PP_1593 uridylate kinase pyrH 0.71 
PP_4122 NADH-quinone oxidoreductasesubunit E nuoE 0.71 
PP_1617 S-formylglutathione hydrolase/S-lactoylglutathione hy-

drolase 
frmC 

0.71 
PP_1231 quinolinate synthase iron-sulfur cluster subunit nadA 0.70 
PP_0328 formaldehyde dehydrogenase fdhA 0.69 
PP_0421 anthranilate phosphoribosyltransferase trpD 0.68 
PP_2371 sulfite reductase hemoprotein subunit β cysI 0.67 
PP_4123 NADH-quinone oxidoreductase subunit F nuoF 0.67 
PP_5149 threonine deaminase ilvA-2; ilvA-II 0.66 
PP_1677 adenosyl-cobyric acid synthase cobQ 0.65 
PP_0581 3-oxoacyl-ACP reductase fabG;  0.65 
PP_3540 hydroxymethylglutaryl-CoA lyase mvaB 0.64 
PP_4126 NADH-quinone oxidoreductase subunit I nuoI 0.63 
PP_4186 bifunctional succinyl-CoA synthetase subunit β/glutaryl-

CoA synthetase subunit β 
sucC 

0.63 
PP_1610 CTP synthase pyrG 0.63 
PP_4174 3R-3-hydroxydecanoyl-ACP dehydratase fabA 0.61 
PP_4185 succinyl-CoA synthetase subunit α sucD 0.61 
PP_0083 tryptophan synthase subunit β trpB 0.61 
PP_2339 aconitate hydratase B acnB 0.60 
PP_4042 Glucose 6-phosphate 1-dehydrogenase zwfA 0.59 
PP_4679 acetolactate synthase small subunit ilvH 0.57 
PP_5075 glutamate synthase subunit β gltD 0.57 
PP_2017 aminopeptidase N pepN 0.56 
PP_0582 thiolase family protein   0.55 
PP_0794 1-phosphofructokinase monomer fruK 0.55 
PP_1481 medium chain aldehyde dehydrogenase patD 0.54 
PP_0989 glycine cleavage system protein H gcvH; gcvH-I 0.54 
PP_4065 methylcrotonyl-CoA carboxylase biotin-containing subu-

nit β 
mccB 0.52 

PP_0988 glycine dehydrogenase gcvP-1; gcvP-I 0.50 
PP_0417 anthranilate synthase component 1 trpE 0.49 
PP_4479 arginine N-succinyltransferase subunit β aruG; astA-I 0.49 
PP_3410 precorrin-4 C(11)-methyltransferase cobM 0.48 
PP_0323 sarcosine oxidase subunit β soxB 0.48 
PP_4922 phosphomethylpyrimidine synthase thiC 0.47 
PP_5186 acetylornithine deacetylase argE 0.46 
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PP_4124 NADH-quinone oxidoreductase subunit G nuoG 0.46 
PP_0073 coproporphyrinogen-III oxidase hemF 0.44 
PP_2338 2-methylcitrate dehydratase prpD 0.43 
PP_3189 cytosine deaminase/isoguanine deaminase codA 0.42 
PP_5346 pyruvate carboxylase subunit B oadA; pycB 0.42 
PP_1023 6-phosphogluconolactonase pgl 0.41 
PP_2149 glyceraldehyde-3-phosphate dehydrogenase gap-2; gapB 0.41 
PP_0986 aminomethyltransferase gcvT-1; gcvT-I 0.41 
PP_1874 hydroperoxy fatty acid reductase Gpx1 gpx 0.39 
PP_5128 dihydroxy-acid dehydratase ilvD 0.38 
PP_0365 malonyl-ACP O-methyltransferase bioC 0.38 
PP_0363 8-amino-7-oxononanoate synthase bioF 0.37 
PP_0293 imidazole glycerol phosphate synthase subunit HisF hisF 0.37 
PP_3416 D-gluconate kinase gnuK 0.36 
PP_0339 pyruvate dehydrogenase E1 component aceE 0.30 
PP_5033 urocanate hydratase hutU 0.30 
PP_0362 biotin synthase bioB 0.29 
PP_5347 pyruvate carboxylase subunit A accC-2; pycA 0.29 
PP_5184 glutamylpolyamine synthetase spuI 0.25 
PP_4977 5,10-methylenetetrahydrofolate reductase metF 0.21 
PP_3790 diaminopimelate epimerase dapF;  0.20 
PP_4967 methionine adenosyltransferase metK 0.17 
PP_0321 Low specificity L-threonine aldolase ltaE 0.03 
PP_0338 AceF-S-acetyldihydrolipoate aceF 0.01 
PP_4401 2-oxoisovalerate dehydrogenase subunit α bkdAA n.d. 
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Table 4.S3. Genes located within the chromosomal region deleted in two out of four evolved 
SCA3PK-Tn/pS438·ptaEC.  

Ensembl 
Gene ID 

Enzyme Gene Symbol 

PP_2985 hypothetical protein  
PP_5548 hypothetical protein  
PP_2986 oxidoreductase  
PP_2987 hypothetical protein  
PP_2988 alcohol dehydrogenase  
PP_2989 short-chain dehydrogenase/reductase family oxidoreductase  
PP_2990 MerR family transcriptional regulator  
PP_2991 hypothetical protein  
PP_2992 hypothetical protein  
PP_2994 FMN-binding oxidoreductase  
PP_2995 DNA topology modulation kinase FlaR  
PP_2996 hypothetical protein  
PP_2997 protein CnmA  
PP_2998 2-dehydropantoate 2-reductase  
PP_2999 glyoxalase family protein  
PP_3000 MaoC domain-containing protein  
PP_3001 CAIB/BAIF family protein  
PP_3002 shikimate dehydrogenase-like protein  
PP_3003 3-dehydroquinate dehydratase aroQ-III 
PP_3004 hypothetical protein  
PP_3005 hypothetical protein 
PP_3006 ECF family RNA polymerase sigma-70 factor 
PP_3007 hypothetical protein 
PP_3008 hypothetical protein  
PP_3009 hypothetical protein  
PP_3010 hypothetical protein  
PP_3011 hypothetical protein  
PP_3012 hypothetical protein  
PP_3013 hypothetical protein  
PP_3014 hypothetical protein  
PP_5549 hypothetical protein  
PP_3015 medium-chain acyl-CoA ligase domain-containing protein  
PP_3016 lipopolysaccharide core biosynthesis protein  
PP_3017 O6-methylguanine-DNA methyltransferase ogt 
PP_3018 hypothetical protein  
PP_3019 carbon-nitrogen hydrolase family protein  
PP_3020 serine/threonine protein phosphatase  
PP_3021 LysE family transporter  
PP_3022 AraC family transcriptional regulator  
PP_3024 hypothetical protein  
PP_5550 hypothetical protein  
PP_5551 hypothetical protein  
PP_3025 LysE family transporter  
PP_3026 recombinase  
PP_3027 hypothetical protein  
PP_3028 hypothetical protein  
PP_3029 DNA cytosine methyltransferase family protein  
PP_3030 hypothetical protein  
PP_3031 Pyocin activator protein PrtN prtN 
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PP_3032 DNA-binding protein Roi-like protein  
PP_5552 hypothetical protein  
PP_5553 hypothetical protein  
PP_3033 CI/C2 family transcriptional regulator  
PP_3034 hypothetical protein  
PP_3035 hypothetical protein  
PP_5554 hypothetical protein  
PP_3036 hypothetical protein  
PP_5555 hypothetical protein  
PP_3037 DksA/TraR family C4-type zinc finger protein  
PP_3038 TraC domain-containing protein  
PP_3039 hypothetical protein  
PP_3040 holin  
PP_3041 hypothetical protein  
PP_3042 terminase large subunit  
PP_3043 hypothetical protein  
PP_3044 lambda family portal protein  
PP_3045 ATP-dependent protease ClpP  
PP_3046 hypothetical protein  
PP_3047 hypothetical protein  
PP_3048 hypothetical protein  
PP_3049 hypothetical protein  
PP_3050 hypothetical protein  
PP_3051 pyocin R2_PP gpV 
PP_3052 hypothetical protein  
PP_3053 pyocin R2_PP baseplate protein gpW 
PP_3054 pyocin R2_PP baseplate/tail fiber protein gpJ 
PP_3055 pyocin R2_PP tail formation protein gpI 
PP_3056 tail fiber protein  
PP_3057 pectinesterase  
PP_3058 hypothetical protein  
PP_3059 tail sheath protein  
PP_3060 tail sheath protein  
PP_3061 hypothetical protein  
PP_3062 tail length determination protein  
PP_3063 pyocin R2_PP tail formation protein gpU 
PP_3064 pyocin R2_PP tail component gpX 
PP_3065 pyocin R2_PP tail formation protein gpD 
PP_3066 lytic enzyme  
PP_5556 bacteriophage lysis protein  
PP_5557 hypothetical protein  
PP_3067 hypothetical protein  
PP_5558 Xre family transcriptional regulator  
PP_3069 outer membrane autotransporter  
PP_3070 PpiC-type peptidyl-prolyl cis-trans isomerase ppiC-I 
PP_3071 acetoacetyl-CoA synthetase aacs 
PP_3072 ecotin eco 
PP_3073 3-hydroxybutyrate dehydrogenase hbdH 
PP_3074 citrate transporter bhbP 
PP_3075 transcriptional regulator  
PP_3076 ABC transporter permease  
PP_3077 ABC transporter permease  
PP_3078 ABC transporter substrate-binding protein  
PP_3079 peptidyl-prolyl cis-trans isomerase ppiC-II 
PP_3080 phospho-2-dehydro-3-deoxyheptonate aldolase aroF-II 
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PP_5559 hypothetical protein  
PP_3081 hypothetical protein  
PP_5560 hypothetical protein  
PP_3082 membrane protein  
PP_3083 membrane protein  
PP_3084 ferric siderophore receptor  
PP_3085 transmembrane sensor  
PP_3086 RNA polymerase sigma-70 factor  
PP_3087 excinuclease ABC subunit A  
PP_3088 hypothetical protein  
PP_3089 hypothetical protein  

 

Table 4.S4. Not annotated tRNA sequences in the chromosomal sequence of P. putida KT2440 den-
tified with ARAGORN.  

tRNA 
type 

Genomic location sequence 

tRNAAla Inside the CDS of 
malate dehydrogen-
ase PP_0654 (same 
strand) 

5’-GGTGAGCTGGCGCAGGGCAAGGCGCTGGACGTTTGG-
CAGGCGGCTGTGGATTCAGGTTCCGA-
TACCCATGTTCACGGC-3’ 

tRNAAla Inside the CDS of 
quiP (PP_1108, 
oppo-site strand) 

5’-GCCAGCTTCTGGCTGGCAGCCGCCAGGGCTGG-
CAGCCCCGGCAACTGGCTGGCCAGGTTCAGGCCCTT-
GAGCTTGTCC-3’ 

tRNACys Inside the CDS of 
acetyltransferase 
PP_2957 (same 
strand) 

5’-CCACCATCTTCATGACGGCAGGGCACGGCGGTT-
GCAGCCCGCAGGGGCTTGCAC-
TGGCGGCCTGGCGCCGCGGGTT-
CGAGGTGTGCATGGTGGTC-3’ 

tRNATrp Inside the CDS of 
sad-II (PP_3151, op-
posite strand) 

5’-ACTGGCGGTAGCCAACCTTGGCGCGTT-
GCAGCGCCGCTTCCAGTGCGGCGTCGGTGTCGAACGGGT-
AGGTGCCGATCTGCTCGCCGCTG -3’ 

tRNAThr Between PP_3550 
and PP_3551 (over-
lap on same strand) 

5’-ACCGCCCTTACGCAGGCCCTGGCAGGGGCGGCCTT-
GTGTGTCGCGATGGGCCGCAGGGCGCGCCTGCGGG-
GGCGGTG-3’ 
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Chapter 5: Combinatorial pathway balancing enables the pro-
duction of the novel fluorinated building block 2-fluoro-
muconate in engineered P. putida KT2440 

Summary 

Muconic acid (MA) is a high value-added platform chemical that finds applications in 

the production of various products such as engineering polymers, carpets, textiles, 

and lubricants. The global market, valued at US$ 90.1 in 2020, is expected to grow 

further owing to the increasing demand for MA-derived materials. Since its cis,cis iso-

mer is a natural intermediate in microbial catabolic pathways for the degradation of 

aromatic hydrocarbons, great efforts are being deployed to establish biotechnological 

processes for MA production from sustainable resources. Despite the widespread use 

of products accessible through the platform chemical, the benefits of introducing hal-

ogen atoms into their molecular structure have not yet been explored. The incorpora-

tion of fluorine into polymers can significantly enhance properties like high resistance 

to solvents, acids, and bases. Previous reports suggested that the enzymatic machinery 

of some pseudomonads is capable of converting fluorinated arenes to fluoromuconic 

acid via the canonical β-ketoadipate pathway. P. putida is a natural degrader of aro-

matic compounds and assimilates benzoic acid via this ortho-cleavage pathway. There-

fore, we sought to investigate whether the biochemical functions encoded in the ben 

and cat gene clusters in P. putida are also capable of metabolizing fluorobenzoic acids. 

While the native enzymes were able to convert 3-fluorobenzoate (3-FBz) to 2-fluoro-

cis,cis-muconic acid (2-FMA), the biochemical reactions were highly imbalanced, re-

sulting in significant accumulation of the toxic intermediate 3-fluorocatechol and in-

complete substrate conversion. A rigorous analysis of the expression systems orches-

trating ben and cat expression revealed strikingly different responses to the fluorinated 

analogs of their natural inducers. To balance the catalytic activities for a complete bi-

oconversion, a combinatorial approach was pursued to orthogonalize gene expression 

of key enzymatic steps. The final strains were able to convert 3-FBz to 2-FMA at the 

maximum theoretical yield. Upscaling of the established bioconversion process could 

establish 2-FMA as a novel platform chemical for the production of new fluorinated 

materials. 
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5.1. Introduction 

5.1.1. Halogenated cis,cis-muconates ‒ promising platform compounds for 

industrial applications 

Cis,cis-muconate (ccMA) is a high value-added product with conjugated double bonds 

and two reactive dicarboxylic groups, which facilitate its use in a large variety of re-

actions as a building block or intermediate to produce commodity and specialty chem-

icals359-366. The unique configuration of functional groups makes ccMA particularly 

suitable for polymerization reactions that yield synthetic resins and biodegradable 

polymers359,362. The list of compounds accessible through ccMA (summarized in Fig-

ure 5.1) includes many commercially important commodity chemicals such as adipic 

acid (listed among the top 50 bulk chemicals367), terephthalic acid, caprolactam, and 

trimellitic acid. These molecules have a wide variety of uses in the manufacture of 

nylon-6,6, polytrimethylene terephthalate, polyethylene terephthalate, dimethyl ter-

ephthalate, trimellitic anhydride, industrial plastics, resins, polyester polyols, food in-

gredients, pharmaceuticals, plasticizers, cosmetics, and engineering polymers363.  

Over the past few decades, numerous efforts have been put into replacing the estab-

lished oil-based processes for the production of ccMA and products thereof with bio-

technological processes364,366-377. The thereby employed approaches can be categorized 

into two strategies: (i) de novo production of aromatic precursor compounds from 

sugars or glycerol via the shikimate pathway, followed by conversion to catechol and 

ring-cleavage to yield ccMA or (ii) direct conversion of aromatic carbon feedstocks to 

ccMA. Strategy (i) was primarily employed in the so-called ‘classical’ model organ-

isms like Escherichia coli (E. coli), Saccharomyces cerevisiae (S. cerevisiae), or Corynebacte-

rium glutamicum (C. glutamicum). For strategy (ii), the inherent biochemical capabilities 

and stress resistance properties of natural degraders of aromatic hydrocarbons (e.g., 

P. putida, Arthrobacter sp.) were exploited378. Although ccMA production methods are 

widely available (both using traditional chemical synthesis and bio-based ap-

proaches), this molecule's structural scope remains somewhat restricted to post-pro-

duction modifications. The potential of a biotechnological source of ccMA can be mul-

tiplied by introducing halogen atoms (X) into the product and its derivatives, giving 
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access to products that can hardly be synthesized chemically. Replacing a hydrogen 

atom with fluorine or chlorine in a pharmaceutical compound structure has become 

an essential structural manipulation in modern pharmaceuticals. Even a single halo-

gen atom can significantly enhance the chemical properties of drugs and chemical 

building blocks379-382. 

For this reason, about half of the most successful drugs (blockbuster molecules) con-

tain fluorine383. Amongst all drugs approved by the FDA within the last three decades, 

18% contain fluorine384, and 15% have at least one chlorine atom in their structure385,386. 

Furthermore, fluorine plays a vital role in the modern agrochemical industry, with 

16% of all licensed products constituting fluorochemicals384. Since the targeted intro-

duction of halogens (especially fluorine) into a complex organic structure is very dif-

ficult to achieve through chemical synthesis, there is a demand for emergent strategies 

towards the synthesis of halogenated building blocks387. 

The effect of fluorination on ccMA-derived products is of particular interest for poly-

mer applications. As a general trend, the introduction of fluorine into a polymer struc-

ture brings about different degrees of inertness to acids, bases, solvents, and oils, a 

low dielectric constant, low refractive indexes, high resistance to aging and oxidation, 

and low surface tension388. Bio-based solutions for the production of such halogenated 

building-blocks are urgently needed since the traditional approaches to fluorination 

involve highly-reactive, often unspecific reagents. On this background, this study 

aims at developing an efficient process to produce halogenated cis,cis-muconate via 

whole-cell bioconversion using engineered P. putida KT2440. 
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Figure 5.1: Chemical compounds derived from cis,cis-muconate (A), and the market share of ccMA-
derived products (B). 
[adapted from https://www.greencarcongress.com/2011/11/amyris-20111101.html and Khalil et al.361] 
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5.1.2. The discovery of a chlorobenzoate-degrading bacterium paved the 

way for the valorization of halogenated aromatics 

With a rapidly rising importance of halogen-substituted aromatic compounds as 

structural constituents in pesticides and pharmaceutical agents, microbiologists in the 

second half of the 19th century set out to study the microbial degradation of halogen-

ated hydrocarbons and their ecological impact389-393. In the course of these endeavors, 

a number of bacterial species were identified that demonstrated biological activity on 

mono-fluorinated and -chlorinated derivatives of benzoate. Several species belonged 

to the bacterial Pseudomonas group. In particular, Pseudomonas knackmussii (formerly 

known as Pseudomonas strain B13) was amongst the earliest discovered and most ex-

tensively studied species391,394-396. Isolated from a sewage plant by incubating the sam-

ples with 3-chlorobenzoate as the sole carbon source, the degradation of 2-, 3-, and 4-

chlorobenzoate (2-, 3-, 4-CBz) as well as 2-, 3-, and 4-fluorobenzoate (2-, 3-, 4-FBz) was 

found to proceed in this bacterium through three initial steps of an enzymatic cascade 

(Figure 5.2 B). This route includes (i) a 1,2-dioxygenase that converts the benzoate (Bz) 

substrate into its 1,2-dihydro-1,2-dihydroxybenzoate (DHB) form, (ii) a 1,2-DHB de-

hydrogenase that releases a CO2 moiety and restores the aromatic character of the six-

carbon ring structure, yielding a catechol, and (iii) a second 1,2-dioxygenase that cat-

alyzes the ortho-cleavage of the ring structure, resulting in (X-)ccMA.  

The position of the halogen-substitution on the aromatic ring determines the biodeg-

radability of the corresponding compound via this pathway [Schreiber et al.395 and 

Figure 5.2 B]. When acting on 4-X-benzoate, steps (i) and (ii) will yield 4-X-catechol 

and subsequently 3-X-cis,cis-muconate (3-XMA). This metabolite can be further de-

graded into TCA cycle metabolites with concomitant dehalogenation. The action of 

benzoate-1,2-dioxygenase (i) on 3-X-benzoate can result in either 3- or 4-X-catechol, 

further leading to 2-X-cis,cis-muconate (2-XMA) and 3-XMA, respectively. Dioxygen-

ase attack on 2-X-benzoate with hydroxylation at the C1 and C2 positions of the aro-

matic ring can mediate the release of the halogen atom by either spontaneous elimi-

nation of fluoride or 1,2-DHB dehydrogenase activity, resulting in dechlorination397. If 

the hydroxylation is performed at the C1 and C6 positions (1,6-hydroxylation), it will 
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ultimately lead to the production of 3-X-catechol, and consequently, 2-XMA. 2-fluoro-

cis,cis-muconate (2-FMA) was proposed to be a potent inhibitor of the enzyme cata-

lyzing its further conversion, muconate cycloisomerase, thus acting as a dead-end me-

tabolite. On the other hand, 2-chloro-cis,cis-muconate can be utilized by muconate cy-

cloisomerase culminating in the release of chloride398.  

Fluorobenzoate metabolization by P. knackmussii reportedly requires pre-incubation 

with 3-chlorobenzoate (3-CBz) due to the fluoro-analogs' inability to induce the ex-

pression of genes encoding the required catechol-1,2-dioxygenase395. Furthermore, 

two distinct catechol-1,2-dioxygenases were found in 3-CBz-grown P. knackmussii that 

displayed significantly different activities towards non-substituted catechol and hal-

ogenated catechols and that were differentially expressed in cells exposed to benzoate 

and 3-CBz399. The first enzymatic step (benzoate-1,2-dioxygenase), whose regioselec-

tivity determines the eventual biochemical route and the consequently formed mu-

conate derivative, has a strong bias for one of the two possible substrate orientations 

in its catalytic center, dependent on which halogenated substrate is used400,401. The 

dearth of DNA technologies at the time of these studies precluded an in-depth char-

acterization of mutants, and methods employed for the biochemical studies of 

P. knackmussii did not identify the genes encoding the characterized enzymes. The full 

genome of P. knackmussii was sequenced and published by Miyazaki et al.402 only in 

2015, which allows for a detailed functional genomic analysis of the enzymatic com-

plement of this bacterium (further discussed in Section 5.2.1). 
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Figure 5.2. (Halo-)benzoate degradation in Pseudomonas. (A) Chromosomal organization of genes in-
volved in the ortho-cleavage pathway. (B) Scheme of the biochemical activities acting on benzoate, as 
well as its halogen (X)-substituted derivatives 2-XBz, 3XBz, and 4-XBz. Positive transcriptional regula-
tion by BenR and CatR in P. putida is indicated by a ‘+’ symbol. Abbreviations: benABC, benzoate 1,2-
dioxygenase; benD, 1,2-DHB dehydrogenase; catA, catechol 1,2-dioxygenase; catB, muconate cycloiso-
merase; catC, muconolactone delta-isomerase; BenR, transcriptional regulator (XylS homolog); CatR, 
LysR family transcriptional regulator; 1,2-DHB, 1,2-dihydroxybenzoate; 2-X-1,2-DHB, 2-X-1,2-dihy-
droxybenzoate; 3-X-1,2-DHB, 3-X-1,2-dihydroxybenzoate; 4-X-1,2-DHB, 4-X-1,2-dihydroxybenzoate; 5-
X-DHB, 5-X-1,2-dihydroxybenzoate; 6-X-DHB, 6-X-1,2-dihydroxybenzoate; 2-XMA, 2-X-cis,cis-mu-
conate; 3-XMA, 3-X-cis,cis-muconate. 
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5.2. Results 

5.2.1. Similarities and differences in the enzymatic repertoire of P. putida 

and P. knackmussii revealed by comparative genome analysis  

The metabolic pathway leading from XBz to XMA in P. knackmussii conspicuously re-

sembles the ortho-cleavage route characterized in P. putida for Bz assimilation. P. putida 

strain mt-2 and its TOL plasmid-free variant KT2440 have been extensively studied 

due to their native ability to degrade and consume recalcitrant xenobiotic compounds 

such as toluene and xylenes87. Both strains (and engineered variants) are now used in 

several applications for the valorization of lignocellulolytic feedstocks, particularly for 

the production of ccMA97,98,377,403. We thus wondered if P. putida KT2440 was able to 

perform the necessary reactions to convert XBz into XMA and performed analyses on 

the genomic sequence of both P. putida and P. knackmussii to identify the genes relevant 

for the bioconversion (Figure 5.2 A).  

Enzymes involved in the ortho-cleavage pathway (also called β-ketoadipate pathway) 

in P. putida are encoded in genes located in two distinct clusters at distant locations on 

the chromosome. One cluster, controlled by the Bz-binding activator protein BenR and 

its associated promoter Pben, involves genes encoding benzoate-1,2-dioxygenase (benA, 

benB, and benC), 1,2-dihydro-1,2-dihydroxybenzoate (DHB) dehydrogenase (benD), 

several putative transporters predicted to assist in the uptake of benzoate derivatives 

(benK, benE-II, and nicP-I), as well as one of two catechol-1,2-dioxygenases (catA-II). A 

second catechol-1,2-dioxygenase (catA), sharing 77% amino acid sequence homology 

with CatA-II, is located within a second gene cluster, further containing genes encod-

ing the two enzymes that process ccMA, muconate cycloisomerase (catB) and muco-

nolactone δ-isomerase (catC). These genes are transcriptionally controlled by the acti-

vator CatR that responds to the intracellular concentrations of ccMA.  

Homology comparisons of the P. putida amino acid sequences with P. knackmussii's 

genome revealed the presence of four separated loci that harbor genes potentially rel-

evant for the conversion of FBz. All genes identified in P. knackmussii, P. putida KT2440, 

and the TOL plasmid pWW0 of strain mt-2 are listed in Table 5.1. In P. putida KT2440, 
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the catalytic activities of the benzoate ortho-cleavage pathway are distributed between 

two clusters [(1.) benA, benB, benC, benD, and catA-II, and (2.) catB, catC, and catA]. 

Orthologs of these genes, all displaying ≥ 75% homology to their P. putida equivalents, 

are located within a single locus (PKB_2100 - PKB_2107) in the chromosome of P. 

knackmussii. As in P. putida (catA and catA-II), two highly homologous catechol-1,2-

dioxygenase genes are present, one being part of the ortho-cleavage pathway cluster 

(PKB_2107) and the other (PKB_1739) in proximity to several putative genes involved 

in phenol degradation (PKB_1742 - PKB_ 1746), the respective enzymes of which con-

vert phenol into catechol. Additional orthologs to catA and catB, displaying signifi-

cantly lower homologies to their P. putida counterparts (about 30%), are found in iden-

tical copies (PKB_3273/PKB_3622 and PKB_3274/PKB_3623) as the result of an exten-

sive genomic duplication that comprises a stretch of around 102,850 bp (Figure 5.2). 

This DNA segment, termed clc, residing in two locations with 99% sequence identity 

in P. knackmussii's chromosome, was identified as a self-transferable element and was 

found to be the primary genetic determinant involved in the success of several molec-

ular breeding applications that resulted in recipient strains capable of degrading spe-

cific chloroaromatics, hitherto thought to be non-biodegradable404-407. For example, the 

genetic transfer of a clc copy enabled growth on 3-chlorobenzoate in a Pseudomonas 

aeruginosa PAO1 transconjugant408. The identified roles for genes involved in the ortho-

cleavage pathway, with sequences located within clc predominantly responsible for 

chlorobenzoate degradation, disagree with the initially assigned functions in the pub-

lication of P. knackmussii's genome402. 
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Table 5.1. Genes encoding enzymes involved in the biodegradation of fluorinated benzoates in 
P. knackmussii and their homologs in P. putida KT2440 (or in the catabolic pWW0 TOL plasmid of 
strain mt-2). Table rows are shaded to indicate the respective genes' location within separate clusters 
in the chromosome of P. knackmussii. Homology values are based on the amino acid sequences of pro-
teins encoded by the listed genes. 

P. knackmussii 
gene 

P. putida KT2440 protein 
with highest homology │ 
% identical 

pWW0 protein 
with highest ho-
mology │ % iden-
tical  

Encoded function 

PKB_1739 CatA-II (PP_3166) │ 78.3% 
CatA (PP_3713) │ 74.1% 

none catechol 1,2-dioxygenase 

PKB_2098 BenR (PP_3159) │ 72.6%  XylS │ 58.7% Transcriptional regulator (XylS 
homolog) 

PKB_2100 BenA (PP_3161) │ 86.7%  XylX │ 71.7% benzoate 1,2-dioxygenase 
subunit alpha 

PKB_2101 BenB (PP_3162) │ 83.9%  XylY │ 77.2% benzoate 1,2-dioxygenase 
subunit beta 

PKB_2102 BenC (PP_3163) │ 84.8%  XylZ │ 85.2% benzoate 1,2-dioxygenase 
electron transfer component 

PKB_2103 BenD (PP_3164) │ 79.7%  XylL │ 77.0% 1,2-dihydroxybenzoate dehy-
drogenase 

PKB_2104 CatR (PP_3716) │ 81.5% none HTH-type transcriptional regu-
lator 

PKB_2105 CatB (PP_3715) │ 85% none muconate cycloisomerase 

PKB_2106 CatC (PP_3714) │ 92.7% none muconolactone delta-isomer-
ase 

PKB_2107 CatA-II (PP_3166) │ 80.5% 

CatA (PP_3713) │ 75.2% 
none catechol 1,2-dioxygenase 

PKB_3272 YnfL (PP_5071) │ 32.6% 

CatR (PP_3716) │ 33.0% 
none LysR family transcriptional 

regulator 

PKB_3273 CatA (PP_3713) │ 31.3% 
CatA-II (PP_3166) │ 29.1% 

none catechol 1,2-dioxygenase 

PKB_3274 CatB (PP_3715) │ 42.0% none muconate cycloisomerase 

PKB_3621 
(identical to 
PKB_3272) 

YnfL (PP_5071) │ 32.6% 
CatR (PP_3716) │ 33.0% 

none LysR family transcriptional 
regulator 

PKB_3622 
(identical to 
PKB_3273) 

CatA (PP_3713) │ 31.3% 
CatA-II (PP_3166) │ 29.1% 

none catechol 1,2-dioxygenase 

PKB_3623 
(identical to 
PKB_3274) 

CatB (PP_3715) │ 42.0% none muconate and cycloisomerase 
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5.2.2. An incompatibility of P. putida catechol 1,2-dioxygenases with 

chlorocatechols prevents the utilization of chlorobenzoates 

P. knackmussii was initially isolated from sewage samples based on its ability to utilize 

3-CBz as the sole source of carbon and energy, while 4-CBz reportedly did support its 

growth only after transformation with the TOL plasmid pWW0409,410, which harbors a 

toluate dioxygenase with a high substrate promiscuity411. 3-CBz-grown cells did fur-

thermore show no dioxygenation activity on 2-CBz and 4-CBz in whole-cell biocatal-

ysis studies412.  

We were interested in how this strain and P. putida KT2440 respond to cultivation with 

each of the chlorinated benzoates with glucose as co-substrate. To this end, both 

strains were cultured in synthetic de Bont minimal (DBM) medium supplemented 

with 30 mM glucose and 10 mM of either 2-, 3-, or 4-CBz (Figure 5.3). Throughout the 

cultivation (32 h), neither of the strains consumed any of the supplied 2- and 4-CBz. 

As expected, P. knackmussii was able to completely consume all 3-CBz within 11 to 23 

h with an overall specific consumption rate of 1.59 mmol gCDW-1 h-1. P. putida, on the 

other hand, did not show any activity on 3-CBz. No other products of the ortho-cleav-

age pathway could be detected at significant concentrations by means of liquid chro-

matography.  

The only chlorinated substrate previously studied with P. putida KT2440 benzoate 1,2-

dioxygenase (BenABC) was 3-CBz, with an in vitro activity of 47% relative to the ac-

tivity with Bz222. In Pseudomonas putida (arvilla) C-1, benzoate 1,2-dioxygenase was 

shown to have activities of 11%, 71%, and 1% on 2-CBz, 3-CBz, and 4-CBz compared 

to benzoate, respectively. These results suggest that at least for 3-CBz, the biochemical 

capabilities of P. putida are not the only reason for the lack of substrate consumption. 

Therefore, a set of reporter plasmids was constructed to explore the transcriptional 

activity of the different catabolic promoters that could play a role in the processing of 

XBz. Vector pSEVA627M was adopted as the backbone413. Besides the low-copy-num-

ber origin of vegetative replication oriV(RK2) and a gentamicin resistance determi-

nant, each plasmid harbored the msfGFP reporter gene under the control of the bi-

cistronic translational coupling sequence BCD10414. Transcriptional control was 
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exerted by the promoters Pm, Pben, or Pcat, as well as their respective cognate activator 

protein XylS, BenR, or CatR. 

 

Figure 5.3. Utilization of chlorobenzoates by P. putida KT2440 and P. knackmussii with glucose as 
co-substrate. Cells were cultured in Erlenmeyer flasks filled with 10% (v/v) DBM medium supple-
mented with 30 mM glucose and 10 mM of 2-ClBz, 3-ClBz, or 4-ClBz. CDW, cell dry weight. 
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The reporter plasmids were delivered into P. putida KT2440, and the strains were cul-

tured in microtiter plates with DBM medium containing 30 mM glucose as well as 10 

mM of 2-, 3-, or 4-CBz to measure the kinetics of msfGFP fluorescence and growth. An 

additional P. putida strain, harboring a reporter plasmid with msfGFP under the tran-

scriptional control of the constitutive Ptac promoter, was used as a standard for expres-

sion strength normalization. The observed expression rates, determined as the slopes 

of fluorescence-over-OD600 nm plots, are displayed in Figure 5.4. In contrast to what had 

been previously reported for XylS/Pm in E. coli, the only chloro-substituted benzoate 

that induced this system was 3-CBz, with an expression strength comparable to that 

provided by 3-methylbenzoate (3-mBz, further discussed in Section 5.2.5). The 

BenR/Pben system responded strongly to 2-CBz and 3-CBz, with a much higher expres-

sion strength than with benzoate (see Section 5.2.5). 4-CBz caused only a slight induc-

tion of msfGFP expression by BenR/Pben. The CatR/Pcat system showed no induction by 

any of the CBz variants. Instead, the observed fluorescence was significantly lower 

than the one provided by the system without any inducer compounds. 

 

 

Figure 5.4. Inducibility of or-
tho-cleavage pathway expres-
sion systems by chloro-benzo-
ates. The inducible promoter 
systems XylS/Pm, BenR/Pben, 
and CatR/Pcat were cloned into 
pSEVA627M upstream of the 
msfGFP gene and delivered into 
P. putida KT2440. The strains 
were cultured in microtiter 
plates in minimal medium sup-
plemented with 30 mM glucose 
as well as 10 mM of 2-, 3-, or 4-
ClBz. The given expression 
strengths were normalized to 
the obtained rate of Ptac. Error 
bars represent the standard de-
viation from three biological 
replicates.  no ind.: no addition 
of inducer compound; const.: 
constitutive promoter. 
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The growth of reporter plasmid-harboring P. putida under the screening conditions is 

shown in Figure 5.5. Only mild toxic effects could be observed for any of the chlorin-

ated benzoates in strains harboring pS628(BCD10)→msfGFP or pS62Pcat(BCD10)→ 

msfGFP. However, the strain transformed with pS62Pben(BCD10)→msfGFP exhibited 

increased sensitivity to 2-CBz and especially 3-CBz, which suppressed growth almost 

entirely. The amplified expression of ben genes in response to increased concentrations 

of BenR appears to promote CBz toxicity by either an enhanced uptake or a faster 

conversion of CBz. Intriguingly, this strong toxic effect of 3-CBz cannot be seen in cells 

harboring natural concentrations of BenR. The catabolite repression control system 

may sufficiently suppress BenR/Pben not to cause overexpression of the ben genes. 

 

 

 

 

 

Figure 5.5. Growth of P. putida KT2440 harbor-
ing reporter plasmids in the presence of ClBz. 
The strains were cultured in microtiter plates in 
minimal medium supplemented with 30 mM glu-
cose as well as 10 mM of 2-, 3-, or 4-ClBz. Maxi-
mum exponential growth rates (µmax) observed 
were determined via Gaussian process regres-
sion. Error bars indicate the standard deviations 
from three biological replicates. 
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The results obtained with the reporter plasmids indicate that monochlorinated benzo-

ates can enter the P. putida cells and cause induction of the ben genes. The complete 

lack of expression by the CatR/Pcat system in response to CBz suggests that either the 

substrates are not getting converted into chloromuconates efficiently or that the com-

pounds cannot recruit CatR to bind to its cognate promoter. 2- and 3-chloro-muconate 

may exert an inhibiting effect on the binding of CatR to Pcat, as proposed by the de-

creased msfGFP expression in the presence of CBz. The fact that the CBz concentra-

tions remained stable throughout the bioconversion experiment (Figure 5.3), as well 

as the increased toxic effects of CBz for cells with higher BenR concentrations, support 

the notion of a bottleneck within the ortho-cleavage pathway. This phenomenon, prob-

ably linked to the step of catechol 1,2-dioxygenation, would cause the accumulation 

of chlorinated catechols. Indeed, both CatA orthologs in P. putida were shown to have 

only very little activity on 4-chlorocatechol223. Due to the inability of P. putida to pro-

duce chlorinated ccMA, we focused our attention on the production of fluoro-cis,cis-

muconate. A biotechnological source for the fluorinated platform chemical suggests it-

self as the more impactful endeavor given the eminent effects of fluorination for syn-

thetic polymers and the difficulties associated with precise chemical fluorination. 

5.2.3. P. putida KT2440 outcompetes P. knackmussii as a whole-cell biocata-

lyst for conversion of fluoro-substituted benzoates into fluoro-

muconate  

To examine the suitability of the two Pseudomonas species at stake for the bioconver-

sion of 2- or 3-FBz to 2-FMA, both P. knackmussii and P. putida KT2440 were cultured 

in microtiter plates in DBM medium supplemented with 30 mM glucose (or 30 mM 

potassium benzoate) and varying concentrations of metabolites involved in the bio-

conversion process (Figure 5.6). During bioconversion studies with 4-FBz, we ob-

served that 3-fluoro-cis,cis-muconate (3-FMA) is highly unstable under acidic pH (data 

not shown). This phenomenon is due to a cycloisomerization reaction that causes the 

fluorine atom to be released, as reported by Schmidt et al.415. The instability of 3-FMA 

disqualified it as a target product and made 4-FBz an unsuitable substrate for the pro-

duction of fluorinated ccMA.  



 

  213 

The maximum exponential growth rates (µmax) observed in this experiment are listed 

in Table 5.2. Within the course of 50 h, no growth was detectable for P. knackmussii on 

benzoate as the sole source of carbon, while P. putida grew with a µmax of 0.73 ± 0.20 h-1. 

These results contradict those in previous publications on P. knackmussii, in which the 

species was shown to grow on benzoate410. The bacterium might require an increased 

adaptation time to benzoate as the growth substrate. With glucose as the primary 

source of carbon and energy, P. putida grew 2.5 times faster than P. knackmussii. 2-FBz 

exerted only mild toxic effects on P. putida, which grew with 57% of the maximum rate 

on glucose and without any noticeable effect on the duration of the lag phase even in 

the presence of 20 mM 2-FBz. P. knackmussii, on the other hand, was unable to grow 

within the course of the experiment (50 h) at this highest concentration and showed 

significantly increased lag phases as well as reduced growth rates at 10 mM and 

15 mM of 2-FBz. The detrimental impact of the second bioconversion substrate (3-FBz) 

on the growth of both species was more severe than 2-FBz. P. putida could grow with 

3-FBz up to 10 mM but with a substantially reduced µmax. P. knackmussii was almost 

entirely inhibited at 5 mM 3-FBz no growth was noticeable at concentrations of 

≥ 10 mM.  

Depending on the fluoro-substitution's position on benzoate, the three 1,2-dihy-

droxybenzenes, catechol, 3-FC, and 4-FC, are produced as intermediary metabolites. 

No significant toxic effect was observed in the presence of up to 2 mM catechol on 

both P. putida and P. knackmussii. The physiological response to the two fluorinated 

catechol derivatives was more pronounced. While 3-FC had a more substantial effect 

on both strains' growth rate, the presence of 4-FC had a more noticeable impact on the 

duration of lag phases. However, in both cases, P. putida demonstrated higher re-

sistance to the toxic effects of both 3-FC and 4-FC than P. knackmussii. Neither of the 

two strains could grow with 2-FBz or 3-FBz as the sole source of carbon (Table 5.2). 
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Table 5.2. Growth rates of selected strains used in this chapter. The experiment was performed in 96-
well microtiter plates with each well containing 200 µl DBM medium with 5 g L-1 MOPS and varying 
concentrations of carbon sources and metabolites involved in the bioconversion process. Maximum 
growth rates were determined by Gaussian process regression. Each experiment was performed with 
three biological replicates. Growth rates are given as average values ± standard deviation. 

Strain / media additives 
Maximum growth rate µmax (h-1) 

P. putida 
KT2440 

P. knack-
mussii 

PMP1021 
pSEVA228 

PMP1043 

30 mM glucose 0.98 ± 0.20 0.40 ± 0.08 0.76 ± 0.16 0.91 ± 0.12 
30 mM Bz  
(+ 0.5 mM 3-mBz) 

0.73 ± 0.14 no growth 0.16 ± 0.09  0.39 ± 0.03 

30 mM 2-FBz no growth n.d. n.d. no growth 

30 mM 3-FBz no growth n.d. n.d. no growth 

30 mM 4-FBz no growth n.d. n.d. no growth 

30 mM glucose, 1 mM catechol 0.83 ± 0.17 0.36 ± 0.06 0.83 ± 0.13 n.d. 

30 mM glucose, 2 mM catechol 0.78 ± 0.14 0.32 ± 0.01 0.89 ± 0.11 n.d. 

30 mM glucose, 1 mM 3-FC 0.63 ± 0.10 0.22 ± 0.05 0.49 ± 0.03 n.d. 

30 mM glucose, 2 mM 3-FC 0.37 ± 0.01 0.12 ± 0.02 0.22 ± 0.02 no growth 

30 mM glucose, 5 mM 3-FC no growth no growth no growth no growth 

30 mM glucose, 1 mM 4-FC 0.60 ± 0.11 0.24 ± 0.03 0.63 ± 0.19 n.d. 

30 mM glucose, 2 mM 4-FC 0.76 ± 0.08 0.30 ± 0.01 0.50 ± 0.05 0.76 ± 0.13 

30 mM glucose, 5 mM 4-FC no growth no growth no growth no growth 

30 mM glucose, 10 mM 2-FBz 0.65 ± 0.13 0.26 ± 0.02 n.d. n.d. 

30 mM glucose, 15 mM 2-FBz 0.61 ± 0.12 0.22 ± 0.03 n.d. n.d. 

30 mM glucose, 20 mM 2-FBz 0.56 ± 0.14 no growth n.d. n.d. 

30 mM glucose, 5 mM 3-FBz 0.39 ± 0.19 0.05 ± 0.01 0.39 ± 0.06 n.d. 

30 mM glucose, 10 mM 3-FBz 0.14 ± 0.08 no growth 0.38 ± 0.08 0.45 ± 0.02 

30 mM glucose, 15 mM 3-FBz no growth no growth 0.36 ± 0.07 0.45 ± 0.03 

30 mM glucose, 20 mM 3-FBz no growth no growth 0.35 ± 0.08 0.46 ± 0.02 

30 mM glucose, 30 mM 3-FBz no growth no growth n.d. 0.24 ± 0.04 

30 mM glucose, 40 mM 3-FBz no growth no growth n.d. 0.23 ± 0.05 

30 mM glucose, 50 mM 3-FBz no growth no growth n.d. 0.20 ± 0.04 

30 mM glucose, 10 mM 2-FMA 1.04 ± 0.09 n.d. n.d. 0.98 ± 0.15 

30 mM glucose, 15 mM 2-FMA 0.66 ± 0.04 n.d. n.d. 0.51 ± 0.05 

30 mM glucose, 20 mM 2-FMA 0.24 ± 0.05 n.d. n.d. 0.22 ± 0.02 

30 mM glucose, 20 mM 2-FMA no growth n.d. n.d. no growth 

n.d., not determined 
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Figure 5.6. Physiological response to fluorinated and nonfluorinated ortho-cleavage pathway me-
tabolites. P. knackmussii and P. putida KT2440 were cultured in microtiter plates with 200 µl DBM me-
dium supplemented with 30 mM glucose or potassium benzoate (K-Bz) as the source of carbon and 
energy, as well as varying concentrations of metabolites involved in the bioconversion process. 
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After establishing the physiological response of P. knackmussii and P. putida to the me-

tabolites involved in the bioconversion of FBz to 2-FMA, the two species were sub-

jected to a fermentation experiment in shaken flasks containing DBM medium sup-

plemented with 30 mM glucose as well as 10 mM of 2-FBz or 3-FBz. The growth was 

monitored via OD600 nm measurements. To calculate biomass-specific conversion rates, 

the absorbance values were converted to cell dry weight concentrations (gCDW L-1). 

Culture supernatants obtained during the fermentation were analyzed via 19F Nuclear 

Magnetic Resonance (NMR) Spectroscopy (Figure 5.7). Based on the chemical shifts 

reported in previous work416, The signals at -107.5, -113.0, -113.9, -118.9, 

and -136.2 ppm were identified as 2-FMA, 3-F-DHB, 3-FBz, 5-F-DHB, and 3-FC, re-

spectively. The identities of these compounds were further confirmed by utilizing 1H, 
1H-13C heteronuclear single quantum coherence spectroscopy (HSQC; 1-bond 1H-13C 

correlations) and 1H-13C heteronuclear multiple bond correlation (HMBC, 2-4 bonds 
1H-13C correlations) NMR experiments (spectra not shown). The observed multiplet 

splittings due to 19F-1H couplings for the 19F signals were used to identify which 1H 

signals originated from the same molecule as the corresponding 19F signal. The 1H 

NMR signals were then further matched with 13C NMR signals using the HSQC and 

HMBC NMR experiments. From these observations, it was possible to identify the 

compounds reliably. Free fluoride (F-) is observed at around -120 ppm. However, the 

exact chemical shift depends on the sample properties (pH, temperature, concentra-

tion). As expected, the F- signal does not show any multiplet splitting.  

The concentrations of 3-FBz, catechol, 3-FC, 4-FC, and ccMA were quantified in the 

samples via high-performance liquid chromatography (HPLC) with commercial 

standards. Using HPLC-quantified 3-FBz, 3-FC, and 4-FC as internal standards, the 

remaining fluorinated metabolites could be quantified based on their 19F NMR signals. 

The results obtained for the NMR experiments furthermore allowed the identification 

of all fluorometabolites in the HPLC spectra (Figure 5.8 C). 
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Figure 5.7. Coupled 19F NMR spectrum of the culture supernatant of P. putida KT2440 during the 
conversion of 3-FBz. The shown data represents the sample taken after 20 h of cultivation. 2-FMA, 
2-fluoro-cis,cis-muconate; 3-F-1,2-DHB, 3-fluoro-1,2-dihydroxybenzoate; 3-FBz, 3-fluorobenzoate, 
5-F-1,2-DHB, 5-fluoro-1,2-dihydroxybenzoate; 3-FC, 3-fluorocatechol; F-, free fluoride. 

P. putida completely consumed 2-FBz within 20 h with a substrate uptake rate (qS) of 

1.07 mmol gCDW-1 h-1 (Figure 5.8). 2-FMA was the only compound detectable after sub-

strate depletion, at a concentration of 1.34 mM and produced at a product formation 

rate qP of 0.12 mmol gCDW-1 h-1. Neither 3-FC nor 4-FC were detected at any point in 

time. After an initial consumption of 2-FBz with a qS of 0.81 mmol gCDW-1 h-1 for about 

20 h, P. knackmussii stopped converting any further substrate (final concentration: 3.2 

mM). Out of the 6 mM substrate consumed, about 1 mM 2-FMA was produced at a 

product formation rate qP of 0.06 mmol gCDW-1 h-1. Furthermore, ccMA could be de-

tected in the culture supernatant at a maximum concentration of 1.55 mM after 30 h, 

which continued to be consumed slowly (but not completely) until the end of the fer-

mentation (50 h). For both species, the amount of 2-FMA produced represented 14% 

of the 3-FBz consumed (product yield coefficient YSP = 0.14 mol mol-1).  
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With 3-FBz, P. putida consumed the substrate until a time between 7 and 20 h with a 

qS of 0.98 mmol gCDW-1 h-1, after which the 3-FBz concentration remained constant. 

Within the first 7 h, all 3-FBz consumed was converted into 3-FC until it reached a 

concentration of 1 mM. In the course of the next 13 h, 40% of 3-FC in the supernatant 

was converted into 2-FMA, combined with a fraction of additionally consumed 3-FBz 

at a combined product formation rate qP of 0.06 mmol gCDW-1 h-1. At the end of the fer-

mentation, 3.48 mM 3-FBz had been converted into 1.38 mM 2-FMA, corresponding 

to a product yield YSP of 0.41 mol mol-1, as well as 0.52 mM 3-FC. The combined me-

tabolite concentrations (2-FMA and 3-FC) summed up to 1.90 mM, representing 55% 

of the consumed 3-FBz. Considering the previously established toxicity of 3-FC, its 

accumulation was identified as a significant bottleneck for an efficient and prolonged 

bioconversion process in P. putida.  

Also, with P. knackmussii, 3-FBz consumption occurred only within the first 7-20 h of 

the fermentation, with a qS of 1.01 mmol gCDW-1 h-1. After an initial increase of 3-FC up 

to 0.94 mM in the culture supernatant, the catechol derivative was completely re-con-

sumed until 20 h. From a total concentration of 2.93 mM consumed 3-FBz, 

P. knackmussii produced 1.64 mM 2-FMA [corresponding to 56% of the substrate (YSP: 

0.56 mol mol-1)] with a rate qP of 0.09 mM gCDW-1 h-1. In none of the conditions tested, 

significant amounts of 4-FC could be detected in the culture supernatants. Thus, the 

enzymes performing the di-oxygenation on fluorinated catechol derivatives that both 

species are equipped with seem to have a higher efficiency on 4-FC than 3-FC. This 

explains the reduced growth-inhibiting effect of 4-FC after a prolonged lag phase, as 

described before. 

The asymmetrical use of the non-productive 1,2-dioxygenation route with 2-FBz 

causes fluorine to be lost by about 85%, in contrast to 50% with 3-FBz. The 3-F-substi-

tuted benzoate consequently represents the most suitable precursor compound to pro-

duce 2-FMA. A faster growth rate, higher biomass yield on glucose, and higher re-

sistance to toxic effects of pathway intermediates make P. putida stand out as the bac-

terial platform better suited as a whole-cell biocatalyst for the bioconversion of fluoro-

benzoate into 2-FMA. 
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Figure 5.8. Utilization of fluorobenzoates by P. putida KT2440 and P. knackmussii. Cells were cul-
tured in Erlenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 30 mM glucose and 
10 mM of the respective fluoro-benzoate. (A-B) Time course of extracellular metabolite concentrations 
(mM) and biomass (gCDW L-1). (C) HPLC chromatogram of a calibration standard containing 1 mM of 
each compound with UV absorption measured at 280 nm.  
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5.2.4. Engineering strategies to increase 3-fluorobenzoate bioconversion 

performance in P. putida KT2440 

Analysis of the metabolites in the supernatant during fermentation experiments with 

P. putida and 3-FBz revealed a bottleneck in the last biochemical step of the upper 

ortho-cleavage pathway (i.e., the conversion of 3-FC into 2-FMA). Following an ap-

proach commonly employed in microbial strain engineering, a first set of genome ma-

nipulations was performed in P. putida KT2440. The aim of this procedure was to in-

crease the enzyme availability of different steps of the bioconversion pathway by im-

plementing constitutive promoters. Thereby, special attention was given to the two 

catechol 1,2-dioxygenases.  

All strains constructed are listed in Table 5.4; the nomenclature employed for the en-

gineered strains is illustrated in Figure 5.9. The modifications comprised the replace-

ment of the native Pben promoter upstream of benA with the constitutive Ptac promoter, 

the insertion of Ptac upstream of 28 bp 5' UTR of benD, and the insertion of the PEM7 

promoter sequence upstream of 29 bp 5' UTR of catA. Approaches to insert a regula-

tory element comprising Ptac and a translational coupling sequence (bi-cistronic de-

signs – BCD2 or BCD10 414) upstream of catA or catA-II failed due to the consistent 

emergence of mutations within the -35 region of Ptac in the cloning host E. coli harbor-

ing the respective genome editing plasmid. This suggested a toxic effect of strong and 

constitutive catechol 1,2-dioxygenase gene overexpression.  

As an alternative strategy to increase catechol 1,2-dioxygenase activity, the three catA 

homologs from P. knackmussii were cloned into vector pSEVA634, controlled by the 

IPTG-inducible LacIq/Ptrc system, and inserted into P. putida KT2440. Following a sim-

ilar strategy as employed by Kohlstedt et al.373 for ccMA, further P. putida KT2440 

strains were constructed with in-frame deletions of the two genes catB and catC to 

avoid (3-F-)cis,cis-muconate degradation. In additional strain variants, the catBC gene 

sequences were replaced by additional copies of catA or catA-II, putting them under 

the control of the native CatR/Pcat regulatory system (with predicted translation rates 

of 1934 for catA and 503 for catA-II).  
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Figure 5.9. Schematic represen-
tation of the nomenclature em-
ployed in this study for engi-
neered 2-F-muconate-producing 
Pseudomonas putida (PMP) 
strains. 

All first-generation strains (Table 5.4) were subjected to a bioconversion experiment in 

Erlenmeyer flasks filled to 10% with DBM medium supplemented with 30 mM glu-

cose and 10 mM 3-FBz, and with an initial biomass concentration of 0.175 g L-1. Within 

24 h, all cultures reached a terminal state in which no further 3-FBz was consumed, 

and all extracellular metabolites measured remained at constant concentrations in the 

culture supernatants (Figure 5.10). A comparison of these final states of the fermenta-

tions allowed conclusions to be drawn about the balance of biochemical activities in-

volved in converting 3-FBz into 2-FMA. The pathway in wild-type P. putida is not op-

timized to process halogenated benzoate derivatives, which became apparent in the 

accumulation of fluorinated catechol intermediates. This accumulation is slightly de-

creased by replacing the Pben promoter with the Ptac promoter. The insertion of Ptac up-

stream of benD increased 3-FBz consumption significantly and led to a 3-FC formation 

to an about five-fold higher concentration than with wild-type P. putida. The promoter 

integration could have also caused elevated expression levels for genes downstream 

of benD. The high flux towards 3-FC indicates a significant, rate-limiting role of either 

BenD or the benzoate H+ symporter BenK. However, such an increased flux within the 
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pathway's upper reactions without increased catechol detoxification was detrimental 

to cell viability and bioconversion efficiency.  

This apparent bottleneck was addressed via the overexpression of catA, which was 

shown to be the ortholog predominantly involved in benzoate metabolism223, by the 

PEM7 promoter (strain PMP0010). However, besides increasing 3-FBz consumption, the 

constitutive overexpression of catA had detrimental effects on catechol 1,2-dioxygen-

ase activity, resulting in a near-complete accumulation of all 3-FBz having entered the 

1,2-dioxygenation pathway in 3-FC. The deletion of catBC also caused a higher accu-

mulation of 3-FC in all respective strains (PMP0000a and PMP0100a). Additional ex-

pression of benABC or benD by Ptac brought about comparable effects in a ΔcatBC back-

ground as with catBC intact (PMP1000a and PMP0100a vs. PMP1000 and PMP0100).  

Also, the implementation of additional copies of catA or catA-II under Pcat control in 

place of catBC did not show any positive effect on the conversion of 3-FC into 2-FMA 

(strains PMP0000b, PMP0000c, PMP0100b, and PMP0100c). In addition to > 2 mM 3-

FC and < 0.9 mM 2-FMA, each of the seven ΔcatBC strains accumulated a new, un-

quantified by-product eluting at 4.0 min with an absorption maximum at 277.5 nm 

and with a molecular weight of 299.06 g mol-1 (as determined by LC-MS). The molec-

ular weight and fragmentation pattern were compatible with either of the two 

C12H13NO8 compounds 3-[bis(carboxymethyl)amino]methyl-2,4-dihydroxy-benzoic 

acid or 3- [bis(carboxymethyl)amino]methyl-4,5-dihydroxybenzoic acid (data not 

shown). Potential biochemical routes leading to these two compounds' production 

could not be identified, and a post-hoc chemical modification (e.g., reaction with me-

dium components) cannot be ruled out. The most significant detriment to the biocon-

version performance was caused by the three P. knackmussii catA orthologs' expression 

from a medium-copy-number plasmid. While 3-FBz uptake was greatly enhanced, 

with nearly all substrate being consumed within 24 h, almost 50% of the initial 3-FBz 

was converted to 3-FC, with final concentrations of about 5 mM. 
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Only Ptac→benABC had a balancing effect on the pathway's enzyme activities of the 

manipulations tested. Efforts to increase the enzyme abundance of catechol 1,2-diox-

ygenase appeared to reduce the rate at which its reaction was performed while at the 

same time enhancing 3-FBz consumption. 

 

Figure 5.10. Bioconversion performance of first-generation strains in shaken flask fermentations. 
The strains were cultured in Erlenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 
30 mM glucose and 10 mM 3-FBz. Shown are the extracellular metabolite concentrations measured after 
24 h of cultivation.  
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5.2.5. Characterization of expression devices to balance bioconversion of 

3-fluorobenzoate to 2-fluoro-cis,cis-muconate 

To get a better understanding of the effects caused by the defined genomic manipula-

tions within first-generation strains, all regulatory sequences involved in the strain en-

gineering process were subjected to a quantitative analysis. To this end, the previously 

deployed reporter plasmids (Section 5.2.2) were used to characterize the response of 

expression systems involved in fluoro-benzoate utilization. The plasmids harboring 

XylS/Pm, BenR/Pben, and CatR/Pcat were complemented with a set of constitutive pro-

moters with different strengths and variants of the XylS/Pm system with a reported 

divergent response compared to the natural sequence. A complete list of reporter con-

structs tested is summarized in Table 5.5. P. putida KT2440 harboring each of the re-

porter plasmids was cultured in DBM medium supplemented with 30 mM glucose, 10 

µg mL-1 gentamicin, and, if applicable, varying concentrations of inducer compounds.  

A comparison of the effects brought about by different bi-cistronic translational cou-

pling sequences (BCD) as translation initiation sequences (TIS) is shown in Fig-

ure 5.11 A. The five chosen BCD variants showed the same effect on translation initi-

ation as published for E. coli by Mutalik et al.414, with relative rates as follows: BCD2 > 

BCD1 > BCD7 > BCD10 > BCD20. With the set of translational coupling sequences 

tested, the expression of target genes can be tuned within an about 2.3-fold range. 

Since the BCD sequences qualitatively behaved comparable to the data originally pub-

lished for E. coli414, it is expected that any of the other published variants can be chosen 

to provide translation initiation at even lower rates.  
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Figure 5.11. Quantitative comparison for expression systems used in this study. The different induc-
ible (XylS/Pm, BenR/Pben, CatR/Pcat) and constitutive (Ptac, PEM7, P14g, PJ23108, PJ23114, PJ23119) promoters, as 
well as different BCD sequences, were cloned upstream of the msfGFP gene in pSEVA627M and deliv-
ered into P. putida KT2440. The strains were cultured in microtiter plates in DBM medium supple-
mented with 30 mM glucose and varying concentrations of different inducer compounds. (A) Efficiency 
of BCD sequences in initiating mRNA translation. (B) Relative transcriptional strengths of promoter 
systems used during strain engineering under bioconversion conditions with BCD10 as TIS. (C) Induci-
bility of the promoter systems controlling the expression of ortho-cleavage pathway genes, as well as 
XylS/Pm, with the translation initiation sequence BCD10. The given expression strengths were normal-
ized to the obtained expression strength of Ptac. Error bars represent the standard deviation from three 
biological replicates. no ind.: no inducer compound. 
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Figure 5.11 C shows a comparison of the transcription strength provided by the native 

CatR/Pcat and BenR/Pben systems, as well as the XylS/Pm system and its variant 

XylS/Pm(ML1-17), reported to provide a higher expression strength than wild-type Pm417. 

The induction strengths in the presence of the native XylS/Pm inducer 3-methyl ben-

zoate (3-mBz), the native substrate of the ortho-cleavage pathway benzoate, the bio-

conversion substrate 3-FBz, and, for CatR/Pcat, its co-inducer compounds ccMA and 2-

FMA were systematically compared in these experiments.  

With both 3-mBz and 3-FBz as inducers, msfGFP expression under Pm(ML1-17) control 

amounted to only 70-80% of the expression provided by wild-type Pm. The XylS/Pm 

system was induced to 94% by 1 mM of 3-mBz compared with 5 mM of the inducer 

and only to about 50% with 0.1 mM 3-mBz during the first 6 h of cultivation, with 

maximum fluorescence values measured being only 9% of those of the fully induced 

system (not shown). In contrast, with Bz and 3-FBz there was a nearly linear depend-

ency between inducer concentration and msfGFP production in the range between 1 

and 5 mM. However, even at 5 mM inducer concentration, the msfGFP expression 

from Pm was only 20% and 9% of that elicited by 1 mM 3-mBz for Bz and 3-FBz, re-

spectively. The system was not induced with 1 mM 3-FBz. These results are in contrast 

to previously reported results with Pm→lacZ fusion constructs, where XylS/Pm was 

shown to respond to 1 mM 3-FBz with an induction strength of approximately 50% 

compared to 1 mM 3-mBz418. However, those studies had been conducted in E. coli, 

whose different metabolic capacity and regulation might have affected the transport 

of the inducer compounds and the XylS/Pm system regulation.  

The CatR/Pcat system had the highest expression strength and was almost entirely in-

duced with as little as 0.5 mM 3-FBz. The addition of 1 mM 3-mBz elicited no response, 

and only 32% of fluorescence was observed with 5 mM Bz as compared to induction 

by 3-FBz. Furthermore, the system responded 6.7-fold more strongly to 1 mM 2-FMA 

than to 1 mM ccMA, which did not cause any significant induction. The expression 

with CatR/Pcat was 2.7-fold higher with 3-FBz than with 2-FMA, indicating a more ef-

ficient uptake of 3-FBz, which is converted intracellularly to 2-FMA. The more vigor-

ous response to 3-FBz and 2-FMA compared with Bz and ccMA could be caused either 
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by a stronger interaction of CatR with the fluoro-substituted muconate or a more sub-

stantial intracellular accumulation of 2-FMA, because ccMA can be further consumed 

by the CatR/Pcat-regulated muconate lactonizing enzyme.  

 
Figure 5.12. Characterization of expression systems used in this study. P. putida KT2440 harboring 
pSEVA627M plasmid derivatives with BCD10 and different promoters controlling the expression of 
msfgfp were cultured in microtiter plates in minimal medium supplemented with 30 mM glucose as 
growth substrate. (A) Growth of bacteria as measured by the change in OD600 nm over time. (B) msfGFP 
fluorescence over OD600 nm for each strain. 

The BenR/Pben system displayed a high basal expression without the addition of any 

inducer, and only a slight increase in msfGFP formation could be observed with 1 mM 

3-mBz and 2 mM Bz. With 5 mM of Bz, the induction was increased by 81% compared 

to the non-induced system. With 3-FBz supplied in the medium, BenR/Pben showed 

almost no induction at an inducer concentration of 1 mM. However, supplementing 

3-FBz at 5 mM caused a strong msfGFP signal, which was twice as high as with 5 mM 

Bz and comparable to Ptac. As with XylS, it has been shown that overproduction of 

BenR can cause activation from its associated promoter in the absence of an inducer 

compound49,213-215, likely through the spontaneous formation of active dimeric forms. 
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At very high concentrations, the BenR/Pben system was shown to be fully induced and 

not to respond further to the presence of benzoate419. By increasing the benR copy num-

bers via its expression from a plasmid, the resulting enhanced BenR concentration 

could be responsible for the system's high basal expression.  

The translation of BenR mRNA in P. putida KT2440 is inhibited by the catabolite re-

pression control protein Crc which could have caused an attenuated response of the 

BenR/Pben system. This notion is supported by the course of msfGFP expression in flu-

orescence-over-OD600 nm plots of BenR/Pben in every condition, even without any in-

ducer compound (Figure 5.12). While there is a linear increase of fluorescence in the 

early exponential phase of the growth curve, it rises exponentially within the mid-to-

late growth phase and continues to rise in the early stationary phase. This behavior 

could be explained by a decreased inhibition by Crc once glucose is depleted to a con-

centration at which it becomes growth-limiting, causing a de-repression of genes in-

volved in the assimilation of alternative carbon sources. The presence of glucose in the 

medium had been shown to cause a down-regulation of the two small RNAs crcZ and 

crcY, which are known to inhibit Crc420.  

An alternative explanation for the differential behavior of BenR/Pben is the recruitment 

of different σ-factors by the Pben promoter at different growth stages. Pm was shown 

to recruit σ32-, and σ38-dependent RNA polymerases421, with σ32 being active predomi-

nantly within the exponential growth phase and σ38 activating transcription in the sta-

tionary phase422. Considering the high homology of XylS/Pm and BenR/Pben, it seems 

plausible that similar interactions govern the transcriptional control from Pben, as well.  

The inducible promoter systems BenR/Pben, CatR/Pcat, and XylS/Pm (plus its single sub-

stitution variants XylSThr45 and XylSVal288) were compared to the constitutive promoters 

Ptac, PEM7, P14g, PJ23108, PJ23114, and PJ23119 under 2-FMA production conditions with 5 mM 

3-FBz (Figure 5.11B). Both XylS variants XylSThr45 and XylSVal288 had been described to 

respond more strongly to 3-substituted Bz derivatives423. The observed transcription 

initiation rates ranked as follows: CatR/Pcat (3.17) > P14g (2.51) > PJ23119 (1.33) > Ptac (1.00) 

= BenR/Pben (0.99) > XylSThr45/Pm (0.57) > PEM7 (0.26) > PJ23114 (0.18) = PJ23108 (0.16) = XylS/Pm 

(0.17)= XylSVal288/Pm (0.16) > XylS/Pm(ML1-17) (0.12).  
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The expression strengths of the promoter systems employed in the first round of strain 

engineering in the presence of 5 mM 3-FBz provide explanations for the phenotypes 

observed in the respective strains. At high 3-FBz concentrations, the BenR/Pben system 

provided an expression level comparable to Ptac. The slightly increased consumption 

observed in strain PMP1000 compared to wild-type strain KT2440 (Figure 5.10) may 

be attributed to the full induction of the ben operon by Ptac from the start of the fermen-

tation, whereas BenR/Pben is induced only upon exposure to the substrate. The intro-

duction of Ptac upstream of benD had a substantial effect on the 3-FBz consumption 

and 3-FC formation rate. Analysis of transcriptome data published for P. putida 

KT2440 under various conditions420,424,425 showed varying transcript levels for genes at 

different locations within the ben cluster (Figure 5.13). Artificially increasing the ben 

gene cluster's downstream portion appeared to have caused a higher flux of 3-FBz into 

the ortho-cleavage pathway. Thus, 1,2-DHB dehydrogenase BenD or the benzoate 

transport-associated proteins BenK, BenE-II, and BenF appear to rate-limiting roles in 

3-FBz assimilation.  

 
Figure 5.13. Transcriptome analysis of genes forming the ben and cat genes clusters. Accessible tran-
scriptomics data published420,424,425 under various experimental conditions was pooled and mapped to the 
chromosome sequence of P. putida KT2440 (NCBI-RefSeq: NC_002947). The grey columns represent the read 
coverage for every nucleotide position. Orange triangles indicate identified Hfq recognition sequences. Black 
arrows highlight potential transcription start positions inferred from the course of coverage. The genes are 
drawn with colors indicating their joint expression as a transcription unit based on computational predic-
tions on biocyc.org31. 
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A more complicated picture is drawn by the manipulations of catA(-II) expression by 

various expression modules. The native CatR/Pcat system, which controls the transcrip-

tion of catA, was the strongest expression system observed in P. putida exposed to 

3-FBz. On the other hand, catA-II is probably expressed as part of a polycistron with 

benK with incompletely characterized regulation (Figure 5.13). This operon is pre-

sumably subject to catabolite repression control, indicated by the presence of a recog-

nition motif for Hfq, which was suggested to promote the binding of Crc to its tar-

gets113, upstream of benK.  

Any effort to further increase the expression of catA or catA-II resulted in the increased 

accumulation of 3-FC, suggesting a decrease in the catalytic catechol 1,2-dioxygenase 

activity as a consequence. This effect was particularly pronounced with the plasmid-

based expression of P. knackmussii catA orthologs controlled by LacIq/Ptrc, whose ex-

pression strength with the addition of the inducer IPTG is expected to be higher than 

that of the constitutive Ptac promoter as a single copy in the chromosome. In the cloning 

host E. coli DH5α λpir, the P. putida catA transcript levels provided by the chosen con-

stitutive promoters on pGNW2 plasmids (not replicated in P. putida) are expected to 

be particularly high since the plasmids are maintained at copy numbers of ~10-15 426. 

Additionally, CatA concentrations are further increased by the BCD sequences, which 

are predicted to increase the translation initiation rate by a factor of 15 (BCD2) or 10 

(BCD10) compared to the native catA translation initiation sequence (see Table 5.4). In 

E. coli, these high expression levels of catA appear to be toxic, thus providing a selec-

tion pressure to mutate the promoter sequences, while in P. putida, high CatA(-II) lev-

els disrupted catechol 1,2-dioxygenase activity. Together, presented data on expres-

sion systems and the bioconversion performances of the first-generation strains suggest 

that a reduction, rather than an increase, of catA(-II) expression might increase the 

bioconversion efficiency in P. putida. 

 

 



 

  231 

5.2.6. Implementation of a dynamic catechol 1,2-dioxygenase expression 

control enabled a balanced, complete conversion of 3-fluorobenzoate 

into 2-fluoro-cis,cis-muconate 

Guided by the observations made on the effects of genetic manipulations within first-

generation strains and the expression system characterization, the next set of strains 

was designed, in which catA or catA-II was set under the control of the XylS/Pm system 

that responded weakly to the bioconversion substrate 3-FBz and showed little to no 

induction in the absence of any inducer compound. The latter was thought to facilitate 

the cloning process in E. coli. Because 3-FBz-induced XylS/Pm provides transcript lev-

els at a rate of only 7% compared to CatR/Pcat (see Figure 5.11), the native translation 

initiation sequence of catA and catA-II were replaced by BCD10, which, according to 

model predictions (RBS calculator 2.1), should increase translation initiation by about 

10-fold. The changes within the regulatory sequences for catA and catA-II were fur-

thermore combined with Ptac→benABC, the integration of xylS into the chromosome 

under control of its native regulatory sequences, or the chromosomal integration of 

the suicide plasmid pBen1 (a pGNW2-derivative), which harbors additional copies of 

the benABC and benDK-(catA-II) operons, each under the control of Pm(BCD10), into a 

landing site between PP_0013 and PP_5421. Strains without xylS integrated into the 

chromosome were additionally transformed with pSEVA228 or pSEVA438 (comple-

menting pBen1) to provide the activator XylS from a plasmid. All strains created 

within the second round of strain engineering are listed in Table 5.4. 

The second-generation strains were screened in bioconversion experiments in minimal 

medium supplemented with 30 mM glucose and 10 mM 3-FBz, with an initial biomass 

concentration of 0.175 g L-1. The extracellular metabolites for each strain after 24 h of 

cultivation, after which they remained stable, are shown in Figure 5.14 A. While the 

individual replacement of regulatory sequences for catA and catA-II with Pm(BCD10) 

(strains PMP0020 and PMP0001) led to an increased formation of 3-FC, both manipu-

lations combined (strain PMP0021) resulted in reduced 3-FC concentrations in the cul-

ture supernatant as well as an increase in 2-FMA concentration by about two-fold 

compared to wild-type P. putida KT2440. At the end of the experiment, about 50% of 
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3-FBz were still left in the medium. The implementation of Ptac→benABC (strain 

PMP1021) enhanced 3-FBz uptake, which led to the complete consumption of the sub-

strate and a 2-FMA yield of 50% (mol/mol) without 3-FC accumulation.  

This performance could only be observed if XylS was provided from a plasmid 

(pSEVA228) as indicated by the performance of strain PMP1041 having xylS inte-

grated into the chromosome upstream of catA. This suggests that higher XylS levels 

are necessary to saturate both Pm promoters of catA and catA-II, located at distant 

positions within the P. putida chromosome. The effects of varying spatial distances 

between the gene encoding XylS and its associated promoter Pm had been compre-

hensively studied by Goñi-Moreno et al.427 and Volke et al.428, who demonstrated that 

the transcriptional output becomes more heterogeneous within a cell population at an 

increased regulator-promoter distance. The integration of pBen1 in a strain that had 

both catA paralogs controlled by Pm(BCD10) significantly reduced the substrate con-

sumption so that only 20% of the supplied 3-FBz were depleted.  

With 2-FMA as the only metabolite detected in the supernatant of PMP1021 

pSEVA228, the culture broth was subjected to the purification protocol published for 

ccMA by Vardon et al.377. Following the procedure, which includes microfiltration, ac-

tivated carbon treatment, pH/temperature shift crystallization, vacuum filtration, and 

vacuum-drying, about 34 mg 2-FMA could be recovered from 45 ml of culture broth. 

This mass corresponds to 84% of 2-FMA initially measured in the culture supernatant. 

The chromatogram of an HPLC analysis of the purified product with a UV-detection 

at 280 nm is shown in Figure 5.14 B. The elution profile of purified 2-FMA was iden-

tical to that of a commercially available, chemically synthesized standard (Ambinter, 

Orléans, France, product reference 33855674) and confirmed the previous identifica-

tion via 19F NMR. 2-FMA showed a single absorbance maximum at 269 nm, close to 

the maximum of 263 nm reported in the literature395.  
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Figure 5.14. Bioconversion performance of second-generation strains. The strains were cultured in Er-
lenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 30 mM glucose, 5 g L-1 MOPS, 
and 10 mM 3-FBz. (A) Extracellular metabolite concentrations after 24 h of cultivation. (B) HPLC chro-
matogram of purified 2-FMA. 
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5.2.7. Further strain engineering involving genetic "off the beaten path" tar-

gets uncovers a vital role of carbon catabolite control  

A suitable set of genetic manipulation had been established that enables a balanced 

conversion of 3-FBz into 2-FMA without the accumulation of by-products and path-

way intermediates. These manipulations resulted in P. putida PMP1021/pSEVA228. 

Using PMP1021 as genetic background, an additional set of strains was created with 

the aim of further increasing the overall productivity of the bioconversion process: 

1. The gene encoding the global catabolite repression control regulator Crc was 

deleted, which had been shown to bind to the mRNA of the BenR activator429,430 

and likely other genes within the ben cluster (Figure 5.13), thereby inhibiting 

translation of genes involved in the ortho-cleavage pathway (strain PMP0021d).  

2. The three genes located within the ben gene cluster that encode membrane pro-

teins which are thought to be involved in benzoate uptake, benK (H+ sym-

porter), benE-II (H+ symporter), and nicP-I (also named benF, porin OprD), were 

chosen as targets for expression control by Pm(BCD10)¸ yielding strains 

PMP1021g, PMP1021f, and PMP1021e.  

3. To decipher the contribution of each of the two CatA orthologs in the biocon-

version, catA (strain PMP1030) or catA-II (strain PMP1002) were put under the 

control of Pm and the stronger translation initiation sequence BCD2 while keep-

ing the regulation of the other catechol 1,2-dioxygenase unchanged.  

4. To further increase the flux into the pathway, the native TIS of benA harboring 

an Hfq recognition motif (Figure 5.13) was replaced by BCD10 (strain 

PMP2032).  

5. To achieve a balanced bioconversion without introducing any plasmid into the 

strains, xylS was integrated upstream of catA under the control of the regula-

tory sequences Ptac and BCD10 (strain PMP1051d). 

6. Since two of the three biochemical reactions involved in the bioconversion re-

quire oxygen, the gene encoding the bacterial hemoglobin from Vitreoscilla ster-

coraria, vhb, was fused to a type II secretion system signal sequence derived 

from the lipoprotein-encoding gene uxpA431 and integrated into the crc locus 
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under control of a Pm(BCD10) element (strain PMP1021h). The expression of 

vhb was expected to increase the cell's affinity to oxygen, thus increasing the 

bioconversion rate. 

 

Figure 5.15. Bioconversion performance of third-generation strains. The strains were cultured in Er-
lenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 30 mM glucose, 5 g L-1 MOPS, 
and 10 mM 3-FBz.  

Each of the strains, except for PMP1051d, was transformed with pSEVA228 to provide 

XylS for the genes under Pm control, and all were tested for their performance in the 

conversion of 10 mM 3-FBz with 30 mM glucose as the growth substrate. The biomass 

(cell dry weight – CDW), 3-FBz, 3-FC, and 2-FMA concentrations for each strain over 

81 h of cultivation are summarized in Figure 5.15. The complete fermentation profiles 

for each strain are shown in Figure 5.S1A and Figure 5.S1B. It should be noted that 

biomass concentrations from OD600 nm measurements could not be estimated reliably 

at (fluoro-)catechol concentrations > 0.2 mM for an extended period due to their spon-

taneous auto-oxidation followed by the formation of colored polymerization prod-

ucts432.  
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The deletion of crc in PMP0021d resulted in rapid initial consumption of 7.8 mM 3-FBz 

within 6.5 h, accompanied by an accumulation of 3-FC to a concentration of 4.1 mM. 

After this time, the 3-FBz concentration remained nearly constant, and 3-FC was par-

tially converted to 2-FMA up to a concentration of 1 mM. When Pben was replaced by 

Ptac (PMP1021d), 3-FBz conversion to 2-FMA was complete and occurred at a high rate 

without a permanent accumulation of 3-FC (Figure 5.S3A). This suggests that the ex-

pression provided by Pben in the absence of Crc is too high, resulting in a high substrate 

flux into the pathway. However, the performance of PMP1021d was not consistent 

between different experiments. In a subsequent fermentation, the strain displayed low 

biochemical activity for up to 30 h, followed by a similar substrate consumption as 

observed before (Figure 5.S3B). 

The insertion of Pm(BCD10) upstream of membrane protein-encoding genes resulted 

in a significant reduction of the 3-FBz consumption rate, with the most substantial 

effect apparent with strain PMP1021e (nicP-I, Table 5.3). Nonetheless, nearly all 

PMP1021(e/f/g) strains converted the supplied 3-FBz completely into 2-FMA at the 

maximum yield of 50% (mol/mol). After initial accumulation of ~1 mM 3-FC within 

the first 5 h, no other metabolites were found in the culture medium by the end of the 

fermentation, except for 0.5 mM with strain PMP1021e. The initial increase in extra-

cellular 3-FC concentrations was likely due to a lack of catA(-II) induction at the start 

of the fermentation. Considering the weak induction strength of the XylS/Pm system 

in response to 3-FBz, the replacement of the native regulatory sequences likely re-

sulted in a down-regulation of the transport-associated function, causing a drop in 3-

FBz uptake. 

While the expression of only catA via Pm(BCD2) (strain PMP1030) did not suffice to 

process all flux towards 3-FC, as evident in a substantial accumulation of the interme-

diate, the expression control of catA-II (strain PMP1002) enabled a complete conver-

sion of 3-FBz into 50% (mol/mol) 2-FMA, although with lower productivity than 

PMP1021. This suggests that CatA-II is the catechol 1,2-dioxygenase predominantly 

responsible for converting 3-FC into 2-FMA. The additional enhancement of benA ex-

pression via the introduction of BCD10 (strain PMP2032) resulted in an accelerated 3-
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FBz consumption. However, this effect could be attributed to an enhanced growth rate 

during the fermentation. The biomass-specific substrate consumption rate and the 

product formation rate were decreased compared to PMP1021 (Table 5.3). 

The chromosomal integration of xylS under strong transcriptional and translational 

control upstream of catA did not suffice to properly induce the expression of both cat-

echol 1,2-dioxygenase genes (strain PMP1051d). After a rapid consumption of ~2.5 

mM 3-FBz that was converted into 1.2 mM 3-FC, likely due to the deletion of crc, the 

strain ceased to grow and showed only little biochemical activity in the further con-

version of 3-FBz and 3-FC into 2-FMA.  

A negative effect of crc deletion can also be seen for PMP1021h, in which the regula-

tory gene was replaced by the Vitreoscilla stercoraria vhb gene. Only one-third of the 

supplied 3-FBz was consumed, although with complete conversion to 2-FMA at the 

maximum yield. However, the bacterial hemoglobin's potential benefits for the obli-

gate aerobic bacterium appeared in another experiment, in which the strains 

PMP1021d and PMP1051d were cultured in sealed glass tubes filled to 60% (v/v) with 

culture medium without shaking (Figure 5.S2). While no 3-FBz was consumed, the 

hemoglobin-harboring strain grew to about two-fold higher biomass concentrations 

than the strain without vhb over the course of one week, and the cells showed reduced 

sedimentation in the tube, indicating increased flagellar activity. These results suggest 

that the expression of Vitreoscilla stercoraria vhb might be beneficial under micro-oxic 

conditions like the ones that cells repeatedly experience in large bioreactors with 

suboptimal oxygen transfer into the medium.  
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Table 5.3. Performance parameters for selected strains used in this study in the bioconversion of 
10 mM 3-FBz. To determine the biomass-specific 3-FBz uptake rates qS and 2-FMA formation rates qP, 
the strains were cultured in Erlenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 
30 mM glucose and 10 mM 3-FBz. Maximum growth rates (µmax) were determined in microtiter plate 
experiments in the same medium. 

Strain µmax [h-1] 
qS 

[mmol gCDW-1 h-1] 
qP 

[mmol gCDW-1 h-1] 

P. knackmussii no growth 0.090 a 0.046 b 

P. putida KT2440 0.13 0.162 a 0.060 

PMP1021 pSEVA228 0.28 1.105 0.537 b 

PMP1021d pSEVA228 0.13 n.d. c n.d. c 

PMP0021d pSEVA228 no growth 1.409 a 0.135 

PMP1021e pSEVA228 0.29 0.568 0.318 b 

PMP1021f pSEVA228 0.30 0.837 0.405 b 

PMP1021g pSEVA228 0.27 0.742 0.358 b 

PMP1030 pSEVA228 0.32 1.212 0.169 

PMP1002 pSEVA228 0.39 0.812 0.381 b 

PMP2032 pSEVA228 0.17 0.860 0.434 b 

PMP1021h pSEVA228 0.24 0.410 0.208 b 

PMP1051d pSEVA228 0.15 0.384 a 0.091 

PMP1063 0.28 1.230 0.537 b 

PMP1063d 0.15 1.771 a 0.526 

PMP2063 0.41 0.248 a 0.128 b 

PMP1023 pSEVA228 0.29 1.216 0.460 b 

PMP1023 pSEVA228.2 0.25 0.930 0.385 b 

PMP1024 0.30 1.051 0.521 b 

a no complete consumption of 3-FBz 

b no detectable fluorocatechol at the end of the fermentation 

c strain PMP1021d showed two distinct phases of different biochemical activity with first a period 

characterized by slow growth, glucose consumption, and 3-FBz consumption rates, followed by 

very rapid depletion of glucose and 3-FBz. The order of these phases was reverted in different 

experiments. 
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5.2.8. Constitutive expression of catechol 1,2-dioxygenase genes enables 

balanced 2-fluoro-cis,cis-muconate production in plasmid-free strains 

Based on the previous observations, a fourth set of strains was designed to character-

ize the specific effects of Ptac(BCD10)→benABC and Δcrc, to enable an efficient biocon-

version without the use of plasmids, and to consolidate the contributions of catA and 

catA-II to the conversion of 3-FC. In the resulting strains, PMP1063, PMP1063d, 

PMP2063, and PMP1023, either only catA-II or both catA genes were put under the 

control of the constitutive promoter P14b, which was reported to have 25% of the 

strength of P14g (corresponding to a value of ~0.63 in this study)433, as well as BCD10. 

In PMP1024, xylS was integrated under the control of P14g and a synthetic translation 

initiation sequence designed with the RBS Calculator with a translation rate of 719,862, 

which is even higher than that predicted for BCD2. Fermentation profiles for each of 

the fourth-generation strains are shown in Figure 5.16. The results for PMP1021 and 

PMP1021d, which were included in the experiment as controls, are displayed in Fig-

ure 5.S3B.  

The combination of Ptac→benABC, P14b(BCD10)→catA, and P14b(BCD10)→catA-II in 

PMP1063 enabled a complete conversion of all supplied 3-FBz at the maximum theo-

retical yield of 50% at the highest specific productivities observed (Table 5.3), without 

the requirement for any plasmid. Furthermore, the constitutive expression of catA and 

catA-II decreased the initial 3-FC accumulation compared to PMP1023, in which the 

catechol 1,2-dioxygenases were activated only at fermentation start with the exposure 

to 3-FBz.  

With both catA and catA-II constitutively expressed by P14b, the additional deletion of 

crc (PMP1063d) or the introduction of BCD10 for benABC (PMP2063) resulted in an 

incomplete consumption of 3-FBz at low specific rates. Thus, both genetic modifica-

tions brought about detrimental effects to the bioconversion.  

In strain PMP1023, only catA-II was constitutively expressed, while catA was under 

the regulation of Pm(BCD10). To achieve different induction strengths for catA, XylS 

was provided either as its wild-type sequence (on pSEVA228) or as variant XylSThr45 

(on plasmid pSEVA228.2), which had been shown to cause a higher induction strength 
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in response to 3-FBz compared to the wild-type variant by a factor of 3.4 (Figure 5.11). 

PMP1023 demonstrated equal performances with pSEVA228 and pSEVA228.2, both 

of which were similar to that of strain PMP1021 with pSEVA228 (Figure 5.15, Ta-

ble 5.3). The additional increase in expression for catA did neither result in increased 

bioconversion productivity nor decreased initial fluorocatechol accumulation.  

Unlike strains PMP1041 and PMP1051d, in which xylS was integrated upstream of 

catA, its integration in proximity to catA-II in PMP1024 provided sufficient expression 

from the chromosomal Pm promoters to enable a complete conversion of 3-FBz. The 

biomass-specific substrate consumption and product formation rates were compara-

ble to PMP1021 with pSEVA228, without the necessity for a plasmid. The results with 

PMP1023 and PMP1024 confirm the previous notion that the control of catA-II expres-

sion is the predominant mechanism that allows for an efficient conversion of 3-FC. 
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Figure 5.16. Fermentation profiles of fourth-generation bioconversion strains. The bioconversions 
were performed in Erlenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 30 mM 
glucose and 10 mM 3-FBz. Error bars represent the standard deviations from three biological replicates. 
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5.2.9. Engineered P. putida tolerates higher 3-fluorobenzoate concentrations 

than the parental strain  

Strain PMP1063 was tested in microtiter plate cultivations regarding its ability to use 

Bz as the sole source of carbon and the maximum 3-FBz concentrations tolerated in 

the presence of 30 mM glucose as the source of carbon and energy (Figure 5.17A). Up 

to a 3-FBz concentration of 20 mM, no toxic effects were observed, while the growth 

of wild-type P. putida KT2440 was suppressed entirely in the presence of 10 mM. 

PMP1063 grew up to the highest concentration of 50 mM 3-FBz, although at a signifi-

cantly reduced rate and maximum biomass concentration. The apparent increase in 

OD600 nm for KT2440 could be attributed exclusively to the formation of colored fluo-

rocatechol polymerization products. On the other hand, no medium coloration was 

observed with PMP1063, indicating that the 3-FBz consumed was assimilated without 

the formation of fluorocatechol. The apparent lack of 3-FC accumulation and the fact 

that the growth deficiencies observed in the growth rate were present from the start 

of the cultivation suggests a toxic effect on the cells by 3-FBz itself. Interestingly, the 

growth rate and biomass yield of PMP1063 on benzoate were significantly reduced 

compared to wild-type P. putida KT2440.  

With the 2-FMA purified from fermentation broths, the toxicity of the product on 

P. putida was investigated in microtiter plate cultivations in minimal medium with 

30 mM glucose and varying concentrations of the bioconversion product (Fig-

ure 5.17B). With up to 10 mM 2-FMA, P. putida KT2440 showed a growth profile sim-

ilar to cultures with glucose as the utilized only carbon compound in the medium 

(Table 5.2). At 15 mM 2-FMA, the growth rate and maximum biomass concentration 

were reduced by 50%, and at 25 mM 2-FMA, no growth could be detected. Exposed 

to 2-FMA, strain PMP1063 had a growth profile nearly identical to the wild-type strain 

(not shown).  
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Figure 5.17. Toxicity of the bioconversion substrate product for wild-type and engineered P. putida. 
P. putida KT2440 and strain PMP1063 were cultured in microtiter plates with 200 µl DBM medium with 
various carbon compounds. (A) Growth of KT2440 and PMP1063 on 30 mM benzoate or 30 mM glucose 
with increasing concentrations of 3-FBz. (B) Growth of KT2440 with 30 mM glucose and increasing 
2-FMA concentrations. Error bars represent the standard deviations from three biological replicates. 
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Table 5.4. Bacterial strains used in this chapter. 

Strain [Alias]  Genotype / Relevant characteristics Reference or 
source 

Escherichia coli 

DH5α λpir Cloning host; F– λ– endA1 glnX44(AS) thiE1 recA1 relA1 spoT1 
gyrA96(NalR) rfbC1 deoR nupG Φ80(lacZΔM15) Δ(argF-
lac)U169 hsdR17(rK– mK+), λ pir lysogen 

Platt et al.258 

Pseudomonas  Relevant characteristics Reference or source 

P. putida KT2440 Wild-type strain, derived from P. putida mt-2 260 cured of the TOL 
plasmid pWW0  

Bagdasarian et 
al.261 

P. knackmussii 
(Pseudomonas sp. 
B13) 

Wild-type strain Stolz et al.434 

PMP1000    *1 Ptac→benABC 

P. putida KT2440 with the chromosomal benABC gene cluster 
put under the control of the constitutive Ptac promoter. The 
native, validated 5' UTR of the benA gene were kept 
unchanged, providing a predicted translation rate of 220. 

This study 
Ptac: de Boer et 
al.435 
benA 5’ UTR 
definition: Pérez-
Pantoja et al.237 

PMP0100    *1 Ptac→benD 

P. putida KT2440 with the chromosomal benD gene under the 
control of the constitutive Ptac promoter. The native 28 bp 
upstream of the benD gene were kept unchanged, providing a 
putative translation initiation sequence with a predicted 
translation rate of 818. 

This study 

PMP0010    *1 PEM7→catA 

P. putida KT2440 with the constitutive PEM7 promoter 
chromosomally inserted upstream of the catA gene. The native 
29 bp upstream of the catA gene were kept unchanged, 
providing a putative translation initiation sequence with a 
predicted translation rate of 3211. 

This study 

PMP0000a    *1 ΔcatBC 

P. putida KT2440 with both chromosomal genes catB and catC 
deleted 

This study 

PMP0000b    *1 ΔcatBC::catA 

P. putida KT2440 with the genes catB and catC replaced with 
an additional copy of catA. The predicted translation rate of catA 
with the catB 5' UTR is 1934. 

This study 

PMP0000c    *1 ΔcatBC::catA-II 

P. putida KT2440 with the genes catB and catC replaced with 
an additional copy of catA-II. The predicted translation rate of 
catA-II with the catB 5' UTR is 503. 

This study 
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PMP1000a    *1 Ptac→benABC ΔcatBC This study 

PMP0100a    *1 Ptac→benD ΔcatBC   This study 

PMP0100b    *1 Ptac→benD ΔcatBC::catA This study 

PMP0100c    *1 Ptac→benD ΔcatBC::catA-II This study 

PMP0020    *2 Pm(BCD10)→catA 

P. putida KT2440 with the chromosomal gene catA put under 
the control of the inducible Pm promoter and the translational 
coupling sequence BCD10 with predicted translation strengths 
of 28177 (SD1) and 331 (SD2). 

This study 
BCD10: Mutalik et 
al.414 

PMP0001    *2 Pm(BCD10)→catA-II 

P. putida KT2440 with the chromosomal gene catA put under 
the control of the inducible Pm promoter and the translational 
coupling sequence BCD10 with predicted translation strengths 
of 28177 (SD1) and 134 (SD2). 

This study 

PMP0021    *2 Pm(BCD10)→catA Pm(BCD10)→catA-II This study 

PMP0021d  *3 Pm(BCD10)→catA Pm(BCD10)→catA-II Δcrc 

PMP1021 with the catabolite repression control gene crc 
deleted. 

This study 

PMP1021    *2 Ptac→benABC Pm(BCD10)→catA Pm(BCD10)→catA-II  This study 

PMP1041    *2 Ptac→benABC xylS/Pm(ML1-17)(BCD10)→catA 
Pm(BCD10)→catA-II  

Strain PMP1011 with the xylS gene with its native regulatory 
sequences chromosomally integrated upstream of and encoded 
on the opposite DNA strand of catA, which is controlled by the 
Pm variant ML1-17. 

This study 
Pm(ML1-17): Bakke 
et al.417 

PMP0021  
pBen1           *2 

Pm(BCD10)→catA Pm(BCD10)→catA-II pBen1 pSEVA438 

pBen1 is a suicide plasmid harboring HAs for the chromosomal 
integration of additional copies of Pm(BCD10)→benABC and 
Pm(BCD10)→benDK-(catA-II), into a landing site between 
PP_0013 and PP_5421  

This study 
The use of the 
landing site was 
previously in Wirth 
et al.436 

PMP1021d    *3 
 

Ptac→benABC Pm(BCD10)→catA Pm(BCD10)→catA-II Δcrc  
PMP1021 with the catabolite repression control gene crc 
deleted. 

This study 

PMP1051d Ptac→benABC P14g(BCD10)→xylS/Pm(BCD10)→catA 
Pm(BCD10)→catA-II Δcrc 

Strain 1021d with the xylS gene chromosomally integrated 
under P14g(BCD10) control upstream of and encoded on the 
opposite DNA strand of catA 

This study 

PMP1021e    *3 
 
 

Ptac→benABC Pm(BCD10)→catA Pm(BCD10)→catA-II 
Pm(ML1-17)(BCD10)→nicP-I  
PMP1022 with the porin-like protein-encoding gene nicP-I 
(benF) under the control of the inducible Pm promoter variant 
ML1-17 and the translational coupling sequence BCD10 with 
predicted translation strengths of 31045 (SD1) and 72 (SD2). 

This study 
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PMP1021f      *3 
 
 

Ptac→benABC Pm(BCD10)→catA 
Pm(BCD10)→catA-II Pm(ML1-17)→benE-II  

PMP1022 with the benzoate transport protein encoding gene 
benE-II put under the control of the inducible Pm promoter 
variant ML1-17 and the translational coupling sequence BCD10 
with predicted translation strengths of 31045 (SD1) and 1594 
(SD2). 

This study 

PMP1021g     *3  
 

Ptac→benABC Pm(BCD10)→catA Pm(BCD10)→catA-II 
Pm(ML1-17)→benK  

PMP1022 with the benzoate MFS transporter encoding gene 
benK put under the control of the inducible Pm promoter variant 
ML1-17 and the translational coupling sequence BCD10 with 
predicted translation strengths of 31045 (SD1) and 541 (SD2). 

This study 

PMP1030    *3 Ptac→benABC Pm(BCD2)→catA 

Chromosomal benABC gene cluster put under the control of 
the constitutive Ptac promoter. Chromosomal gene catA put 
under the control of the inducible Pm promoter and the 
translational coupling sequence BCD2 with predicted 
translation strengths of 28177 (SD1) and 18908 (SD2). 

This study 
BCD2: Mutalik et 
al.414 

PMP1002    *3 Ptac→benABC Pm(BCD2)→catA-II 

Chromosomal benABC gene cluster put under the control of 
the constitutive Ptac promoter. Chromosomal gene catA-II put 
under the control of the inducible Pm promoter and the 
medium-strong translational coupling sequence BCD2 with 
predicted translation strengths of 28177 (SD1) and 7687 
(SD2). 

This study 

PMP2021    *3 Ptac(BCD10)→benABC Pm(BCD10)→catA 
Pm(BCD10)→catA-II  

PMP1022 with the native 5’-UTR of benABC replaced with 
BCD10. 

This study 

PMP1021h    *3 Ptac→benABC Pm(BCD10)→catA 
Pm(BCD10)→catA-II Δcrc::vhb  

PMP1011C with the Vitreoscilla stercoraria vhb gene inserted 
into the crc locus under control of Pm and BCD10 and fused at 
the 5’ end to a type II secretion system signal sequence derived 
from the P. putida KT2440 gene uxpA 

This study 
uxpA signal 
peptide:  
Putker et al.431 

PMP1023 Ptac→benABC Pm(BCD10)→catA P14b(BCD10)→catA-II  

catA-II under the transcriptional control of the constitutive 
promoter P14b 

This study 

P14b: Zobel et 
al.298 

PMP1063 Ptac→benABC P14b(BCD10)→catA P14b(BCD10)→catA-II 

catA and catA-II under the transcriptional control of the 
constitutive promoter P14b 

This study 

PMP1063d Ptac→benABC P14b(BCD10)→catA P14b(BCD10)→catA-II 
Δcrc 

This study 

PMP2063 Ptac(BCD10)→benABC P14b(BCD10)→catA 
P14b(BCD10)→catA-II 
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PMP2063d Ptac(BCD10)→benABC P14b(BCD10)→catA 
P14b(BCD10)→catA-II Δcrc 

This study 

PMP2021d     Ptac(BCD10)→benABC Pm(BCD10)→catA 
Pm(BCD10)→catA-II  Δcrc 

This study 

PMP1024 Ptac→benABC Pm(BCD10)→catA 
P14g→xylS/Pm(BCD10)→catA-II 
catA-II under the transcriptional control of XylS/Pm, with xylS 
chromosomally integrated upstream of catA-II under the 
control of P14g and a synthetic translation initiation sequence 
designed with the RBS Calculator with a translation rate of 
719862. 

This study 
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5.3. Discussion  

5.3.1. Divergent metabolic specializations in P. putida and P. knackmussii 

result in distinct processing of benzoate and its halogenated deriva-

tives 

During cultivations with chloro-substituted benzoates, 3-CBz was the only substrate 

consumed by P. knackmussii, while P. putida could not utilize any of the Bz derivatives. 

Our study on the expression systems governing the ortho-cleavage pathway was re-

stricted to P. putida functions and could not resolve regulatory responses in P. 

knackmussii. Hence, the lack of growth on the substrates tested could stem from insuf-

ficient induction of the necessary enzymes or transport proteins with 2-CBz and 4-

CBz. However, it is more plausible that the 2- and 4-substituted chlorobenzoates are 

incompatible with the benzoate dioxygenase of P. knackmussii. The strain was report-

edly able to grow on 4-CBz after transformation with the TOL plasmid pWW0409, 

which provides a highly promiscuous toluate dioxygenase (XylX)411. XylX likely com-

plemented the missing activity of the P. knackmussii BenABC homolog. On the other 

hand, the reason behind P. putida’s inability to assimilate chlorobenzoates seems to be 

a missing catechol 1,2-dioxygenase activity on chlorocatechols. This was reflected in 

enhanced toxic effects caused by the overproduction of ben gene-activating BenR with 

a simultaneous lack of induction for the cat genes. The unresponsiveness of CatR/Pcat 

to ClBz could be caused by insufficient interactions of chloromuconates with CatR or 

the fact that the compounds are not being produced. 

Both wild-type P. putida and P. knackmussii accumulated 3-FC while assimilating 

3-FBz, but no significant 4-FC concentrations could be measured in the supernatants 

of these cultures. The catechol 1,2-dioxygenases, present in both species, appear to 

have higher activities on 4-substituted catechol than on the 3-substituted derivative. 

The 3-FC produced in the early phase of fermentation was fully converted into 2-FMA 

by P. knackmussii, whereas P. putida failed to detoxify the compound by the end of the 

experiment. Besides, we observed no growth of P. knackmussii on benzoate as the sole 

carbon source in contrast to P. putida, which could grow well on this substrate. How-

ever, when P. putida was engineered to convert fluorinated compounds efficiently, its 
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growth on benzoate was impaired. During the assimilation of 2-FBz, P. knackmussii 

accumulated significant amounts of non-fluorinated ccMA. These results demonstrate 

the different specialization of the two pseudomonads in the utilization of non-halo-

genated and halogenated ortho-cleavage substrates and indicate contrasting regula-

tory and biochemical requirements for the two substrate types. 

In P. putida, the presence of the second catechol 1,2-dioxygenase, CatA-II, was pro-

posed to serve as a safety valve to combat high concentrations of toxic catechol. It was 

found to have a significantly lower affinity and specific activity on the substrate than 

CatA223, while the two orthologs had similar enzymatic properties on the substituted 

compounds 4-methylcatechol, 3-methylcatechol, 4-chlorocatechol, and protocatech-

uate. Conversely, the accumulation of catechol was higher in strains deficient in catA 

than catA-II. In our experiments, the expression control of only catA-II had a suffi-

ciently balancing effect on the pathway flux to enable a complete conversion of 3-FBz 

to 2-FMA. These results suggest an essential role of catA-II in the assimilation of fluor-

inated substrates. Further characterization of the kinetic properties of both catechol 

1,2-dioxygenases would help decipher both isozymes' exact role in fluorocatechol con-

version. 

5.3.2. The overexpression of catechol 1,2-dioxygenase genes simultaneously 

enhances 3-fluorobenzoate consumption and decreases 3-fluorocate-

chol conversion 

The bottleneck in the catechol 1,2-dioxygenation step on 3-FBz apparent in the accu-

mulation of 3-FC was initially addressed via the constitutive overexpression of catA 

genes. Consequently, 3-FBz consumption rates were greatly enhanced. However, a 

mere pulling effect via the removal of pathway intermediates seems unlikely since catA 

overexpression was also accompanied by decreased conversion of 3-FC to 2-FMA. 

Likewise, transcriptional effects on genes located downstream of the overexpressed 

catA do not appear to be exclusively responsible for the phenotype, as it was also ob-

served with the plasmid-based expression of P. knackmussii catA orthologs. Van 

Duuren et al.437 demonstrated a suppressive effect of catechol on transcription from 
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the Pben promoter in a CatR-deficient P. putida strain. Such an effect could not be con-

firmed for 3-FC in this study. Wild-type P. putida KT2440 and engineered PMP1063 

accumulated significantly different amounts of the intermediate when exposed to 

3-FBz. However, msfGFP expression was comparable in both strains harboring a 

BenR/Pben→msfGFP construct.  

Fluorine engages in fundamentally different chemical interactions with its environ-

ment than hydrogen. Therefore, fluorinated ligands often display a significantly al-

tered affinity to their receptors compared to their non-halogenated counterparts438-441. 

The various catalytic and regulatory proteins that contribute to the functionality of the 

ortho-cleavage pathway have typically been studied in conjunction with their native 

substrates. The regulatory network in P. putida is adjusted to the assimilation of natu-

ral compounds that rarely contain halogens. The results herein were limited to phe-

notypes of Pseudomonas exposed to halogenated ortho-cleavage pathway metabolites. 

However, the observed growth behavior and fluorescence are likely the consequence 

of cumulative effects on several regulatory layers. Further investigation of the specific 

protein-ligand interactions with fluorinated substrate analogs is required to fully un-

cover the mechanisms behind the observed phenotypes in response to fluorocarbon 

compounds. 

5.3.3. The targeted replacement of regulatory sequences governing the ex-

pression of ortho-cleavage pathway genes reveals hidden control pat-

terns  

The regulatory network controlling the expression of genes in the ben and cat gene 

clusters is optimized to assimilate non-halogenated metabolites, as evident in the dis-

parate response of the BenR/Pben and CatR/Pcat expression systems to Bz/FBz/CBz or 

ccMA/2-FMA. CatR/Pcat was found to deliver an extremely high transcriptional output 

with a dynamic range of up to 14 in response to 3-FBz and 2-FMA, while no toxic 

effects were observed at concentrations necessary to induce the system (0.5 mM 3-FBz 

or up to 10 mM 2-FMA). While it will require further validation in different bacterial 
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hosts, the results obtained here put CatR/Pcat forward as a potential new expression 

system for the targeted overproduction of proteins. 

The expression of ben genes changes drastically based on the cells’ metabolic state, as 

seen in batch cultures with glucose in P. putida cells expressing msfGFP under the con-

trol of BenR/Pben. A similar effect of physiological control mechanisms was reported 

on CatR/Pcat442. Apart from a thorough characterization of the Pben and Pcat promot-

ers237,419,430,442-444, a less complete picture is drawn about the regulatory mechanisms that 

control the expression of all eight genes in the ben cluster or the three genes within the 

cat cluster. The activity of reporter functions fused to the Pben and Pcat promoters or the 

abundance of benA and catB transcripts were commonly used as a proxy for the ex-

pression of the whole gene clusters. However, our analysis of transcriptomics 

data420,424,425 published for P. putida grown on glucose, fructose, glycerol, and succinate 

or exposed to toluene or ferulic acid revealed potential transcription start sites within 

the ben cluster that were so far not reported. Furthermore, Hfq binding motifs were 

found upstream of benA, benK, nicP-I, and catA, in addition to the previously reported 

recognition sequence controlling catR expression430. However, the ben genes' transcript 

levels were relatively low under all tested conditions, making the data sensitive to 

technical variations. Transcriptome analysis of P. putida grown on benzoate could help 

confirm the locations of promoter sequences within the gene cluster. 

The complex nature of ortho-cleavage pathway gene expression in P. putida underlines 

the importance of orthogonal expression systems to control the respective biochemical 

functions for a stable bioconversion performance. Integration of a constitutive pro-

moter upstream of benD or catA-II caused a significantly enhanced 3-FBz consump-

tion. The elevated transcription rates could have also affected the expression of ben-

zoate transport-associated genes located downstream of the modified chromosomal 

locations. On the other hand, the control of benK, benE-II, or nicP-I by Pm(BCD10) with 

low transcriptional strength resulted in decreased 3-FBz consumption rates. These re-

sults suggest a rate-limiting role of substrate transport in the tested strains.  

P. putida was shown to co-consume glucose and benzoate at similar rates445 while the 

expression of genes involved in both substrates' utilization is controlled by 
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Crc/Hfq429,446,447. Inactivation of crc without replacing the native Pben promoter caused a 

qS increase by about 3.5-fold compared to a strain harboring benABC under the control 

of Ptac. However, this substantial increase in 3-FBz uptake was not counteracted by a 

sufficient catechol 1,2-dioxygenase activity, consequently leading to a high accumula-

tion of 3-FC. In previous studies, deletion of crc was found to be beneficial for improv-

ing the production of ccMA from lignocellulosic feedstocks448. However, the assimila-

tion of halogenated compounds requires alternative regulatory regimes to balance the 

biochemical activities involved. As demonstrated in this study, crc deletion hinders 

the cell’s ability to adapt to changing culture conditions. Consequently, Δcrc strains 

demonstrated two distinct phases during bioconversion experiments. In the first 

phase, the cells replicated rapidly with a concomitant fast conversion of 3-FBz to 

2-FMA. The second phase was characterized by low metabolic activity reflected in 

slow growth, low 3-FBz uptake rates, and low 2-FMA production rates. These two 

distinct periods appeared in varying orders during the cultivations (strain PMP0021d 

or the first experiment with strain PMP1021d vs. strain PMP1063 and the second ex-

periment with strain PMP1021d).  

Rather than merely establishing a strict hierarchy for different assimilated substrates, 

one of Crc’s roles is to coordinate conflicting metabolic fluxes (e.g., glycolytic vs. glu-

coneogenic)107. In a previous study, inactivation of Crc was shown to cause a disorder 

in the assimilation of available compounds in a complex medium, resulting in the 

overflow of the node metabolites pyruvate and acetate and consequently inefficient 

growth106. Furthermore, glucose consumption was enhanced in the early and mid-ex-

ponential phases while it significantly decreased in the late exponential phase com-

pared to the wild-type strain. In this study, the engineered strains were pre-cultured 

in LB medium before the bioconversion experiments in DBM medium. This was found 

to increase the biomass-specific productivities with the first generation strains com-

pared to a preculture in minimal medium. Before the start of bioconversion experi-

ments, the LB cultures were harvested in the late exponential to early stationary phase. 

With a Δcrc strain background, the metabolic state of LB-grown cells at the time of 

their harvest for the bioconversion experiments could impact the adaptation to the 

conditions in DBM medium with glucose as the growth substrate. It deserves further 
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investigation of how the preculture conditions affect bioconversion performances of 

Crc-deficient strains to exploit the remarkable maximum productivities observed for 

these strains reliably.  

5.4. Outlook  

In this study, we were able to create P. putida strains that efficiently perform the con-

version of 3-FBz into 2-FMA at the maximum theoretical yield of 50% (mol mol-1). The 

best-performing strain, PMP1063, was shown to grow in the presence of high 3-FBz 

concentrations, which will facilitate an upscaling of the bioconversion process. 2-FBz 

was discarded as a suitable substrate due to benzoate dioxygenase's (BDO) bias for 

1,2-dihydroxylation, resulting in the loss of fluorine. However, even with 3-FBz as 

substrate, 50% of fluorine is lost due to the inherent biochemical mechanism of the 

pathway. Thus, BDO's characteristics represent the current bottleneck for a maximum 

product yield on FBz. The 3D structure of a BDO variant has not been resolved thus 

far. However, homology models of P. putida BenA, created with the published struc-

tures of two homologous enzymes, Comamonas sp. JS765 nitrobenzene dioxygenase 

(PDB entry: 2BMO449) and Pseudomonas fluorescens IP01 cumene dioxygenase (PDB en-

try: 1WQL450), revealed a high conservation of residues constituting the substrate-

binding pocket (data not shown). The preference of BenA for the orientation of sub-

stituted benzoates can potentially be altered through rational enzyme engineering. 

This could be achieved by, e.g., introducing amino acids that repel the halogen atom 

within the substrates’ unproductive orientation or cause an attraction in its favorable 

orientation. By shifting BenA specificity on 3-FBz towards utilizing the fluorine-con-

serving 1,2-dioxygenation routes, the maximum theoretical yield could be improved. 

Substrate transport mechanisms for 3-FBz were not exploited in a way that would 

facilitate increased bioconversion productivities. However, the effects observed after 

manipulating the production of benzoate transport proteins suggest a limiting role of 

3-FBz uptake on the strains’ performance. The specific productivities can likely be fur-

ther enhanced via the controlled expression of the benzoate transport-associated 

genes at increased rates that still allow for detoxification of 3-FC by CatA(-II). 
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The whole-cell biocatalyst P. putida KT2440 tolerated up to 15 mM of 2-FMA without 

severe growth defects. Its resistance can likely be further enhanced via tolerance adap-

tive laboratory evolution (TALE) by exposing the cells to increasing concentrations of 

the end product. The expected direct [decreased (re-)import or increased export of 2-

FMA] or indirect (buffering of the intracellular toxic effects of 2-FMA) properties that 

can reduce sensitivity to 2-FMA are also likely to be beneficial for its production16,451. 

Increased resistance to the product, combined with the existing tolerance to high con-

centrations of 3-FBz, will facilitate large-scale production of 2-FMA. With high 

amounts of 2-FMA purified from fermentation broths, the product can be character-

ized for its potential as a building block for polymerization reactions to yield new 

fluorinated polymers. 3-FBz can be synthetized through conventional organic-chemi-

cal methods452 and is available at a low price. With the potential applications that can 

be predicted for 2-FMA as a new platform molecule, the described biocatalytic process 

represents a substantial product valorization.  
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5.5. Materials and Methods 

Table 5.5. Plasmids used in Chapter 5. 

Plasmid Relevant characteristics a Reference or source 

pGNW2 Suicide vector used for genetic manipulations in 
Gram-negative bacteria; oriT, traJ, lacZα, ori(R6K), 
P14g(BCD2)→msfGFP; KmR 

See Chapter 3 

pSNW2 Derivative of vector pGNW2 with the translation 
initiation sequence of msfGFP replaced by the very 
strong translational coupling sequence BCD2 

See Chapter 3 

pSEVA628S Helper plasmid; oriV(RK2), xylS,  
Pm→I-SceI; GmR  

Martínez-Garćía et al.453 

pSEVA228 Plasmid used to supply XylS for chromosomal Pm 
promoters; oriV(RK2), xylS,  
Pm; KmR 

Martínez-Garćía et al.453 

pSEVA228.2 Plasmid used to supply XylSThr45 (XylS.2) for 
chromosomal Pm promoters; oriV(RK2), xylS.2, Pm; 
KmR 

Ramos et al.423 

pQURE6·H Conditionally-replicating vector; derivative of vector 
pJBSD1 carrying  
XylS/Pm→I-SceI and P14g(BCD2)→mRFP; GmR 

See Chapter 3 

pGNW2·Ptac→benABC Derivative of pGNW2 carrying homology arms (HAs) 
to replace the native Pben promoter upstream of benA 
with the Ptac promoter sequence in P. putida KT2440 

This study 
Ptac: de Boer et al.435 

pGNW2·Ptac→benD Derivative of pGNW2 carrying HAs to insert the Ptac 
promoter sequence upstream of benD in P. putida 
KT2440 

This study 

pGNW2·PEM7→catA Derivative of pGNW2 carrying HAs to insert the PEM7 
promoter sequence upstream of catA in P. putida 
KT2440 

This study 

pGNW2·Pm(BCD10)→catA Derivative of pGNW2 carrying HAs to insert the Pm 
promoter and the translational coupling sequence 
BCD10 upstream of catA in P. putida KT2440 

This study 
BCD10: Mutalik et al.414 

pGNW2·Pm(BCD2)→catA Derivative of pGNW2 carrying HAs to insert the Pm 
promoter and the translational coupling sequence 
BCD2 upstream of catA in P. putida KT2440 

This study 
BCD2: Mutalik et al.414 

pGNW2·xylS/ 
Pm(ML1-17)(BCD10)→catA 

Derivative of pGNW2 carrying HAs to insert the xylS 
gene with its native regulatory sequences, the Pm 
promoter variant ML1-17, and the translational 
coupling sequence BCD10 upstream of catA in 
P. putida KT2440 

This study 
Pm(ML1-17): Bakke et al.417 
 

pGNW2·P14g(BCD10)→xylS/ 
Pm(BCD10)→catA 

Derivative of pGNW2 carrying HAs to insert the xylS 
gene under the control of P14g and BCD10, the Pm 
promoter, and the translational coupling sequence 
BCD10 upstream of catA in P. putida KT2440 

This study 
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pGNW2·P14c(BCD10)→xylS/ 
Pm(BCD10)→catA 

Derivative of pGNW2 carrying HAs to insert the xylS 
gene under the control of P14c and BCD10, the Pm 
promoter, and the translational coupling sequence 
BCD10 upstream of catA in P. putida KT2440 

This study 

pGNW2·Pm(BCD10)→catA-II Derivative of pGNW2 carrying HAs to insert the Pm 
promoter and the translational coupling sequence 
BCD10 upstream of catA-II in P. putida KT2440 

This study 

pGNW2·Pm(BCD2)→catA-II Derivative of pGNW2 carrying HAs to insert the Pm 
promoter and the translational coupling sequence 
BCD2 upstream of catA-II in P. putida KT2440 

This study 

pSNW2·Pm(BCD10)→nicP-I Derivative of pGNW2 carrying HAs to insert the Pm 
promoter and the translational coupling sequence 
BCD10 upstream of nicP-I in P. putida KT2440 

This study 

pSNW2·Pm(BCD10)→benE-II Derivative of pGNW2 carrying HAs to insert the Pm 
promoter and the translational coupling sequence 
BCD10 upstream of benE-II in P. putida KT2440 

This study 

pSNW2·Pm(BCD10)→benK Derivative of pGNW2 carrying HAs to insert the Pm 
promoter and the translational coupling sequence 
BCD10 upstream of benK in P. putida KT2440 

This study 

pGNW2·Δcrc Derivative of pGNW2 carrying HAs to delete crc in P. 
putida KT2440 

This study 

pGNW2· Δcrc::vhb Derivative of pGNW2 carrying HAs to delete crc in P. 
putida KT2440 and replace it with the sequence of the 
V. stercoraria vhb gene under control of Pm and 
BCD10, and fused at the 5’ end to a type II secretion 
system signal sequence derived from the P. putida 
KT2440 gene uxpA. 

This study 
uxpA signal peptide:  
Putker et al.431 

pGNW·ΔcatBC Derivative of pGNW2 carrying HAs to delete catBC in 
P. putida KT2440 

This study 

pGNW·ΔcatBC::catA Derivative of pGNW2 carrying HAs to delete catBC in 
P. putida KT2440 replace it with an additional copy of 
catA 

This study 

pGNW·ΔcatBC::catA-II Derivative of pGNW2 carrying HAs to delete catBC in 
P. putida KT2440 replace it with an additional copy of 
catA-II 

This study 

pGNW2·Ptac(BCD10)→benAB
C 

Derivative of pGNW2 carrying homology arms (HAs) 
to replace the native Pben promoter upstream of benA 
with the Ptac promoter sequence, and the native 5’-
UTR with the translational coupling sequence BCD10 
in P. putida KT2440. 

This study 

pGNW2·P14b(BCD10)→catA Derivative of pGNW2 carrying homology arms (HAs) 
to insert the constitutive P14b promoter and the 
translational coupling sequence BCD10 upstream of 
catA in P. putida KT2440. 

This study 
P14b: Zobel et al.433 

pGNW2·P14b(BCD10)→catA-II Derivative of pGNW2 carrying homology arms (HAs) 
to insert the constitutive P14b promoter and the 
translational coupling sequence BCD10 upstream of 
catA-II in P. putida KT2440. 
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pGNW2·P14g→xylS/Pm(BCD2)
→catA-II 

Derivative of pGNW2 carrying homology arms (HAs) 
to insert the Pm promoter and the translational 
coupling sequence BCD10, as well as the gene 
sequence of xylS under the control of the strong, 
constitutive promoter P14g, upstream of catA-II in 
P. putida KT2440. 

This study 

pS628(BCD1)→msfGFP oriV(RK2), xylS, Pm(BCD1)→msfGFP; GmR This study 
BCD1: Mutalik et al.414 

pS628(BCD2)→ msfGFP oriV(RK2), xylS, Pm(BCD2)→msfGFP; GmR This study 

pS628(BCD7)→ msfGFP oriV(RK2), xylS, Pm(BCD7)→msfGFP; GmR This study 
BCD7: Mutalik et al.414 

pS628(BCD10)→msfGFP oriV(RK2), xylS, Pm(BCD10)→msfGFP; GmR This study 

pS628(ML1-17)(BCD10)→ 
msfGFP 

oriV(RK2), xylS, Pm(ML1-17)(BCD10)→msfGFP; GmR This study 

pS62Ptac(BCD10)→msfGFP oriV(RK2), Ptac(BCD10)→msfGFP; GmR This study 

pS62PEM7(BCD10)→msfGFP oriV(RK2), PEM7(BCD10)→msfGFP; GmR This study 

pS62P14g(BCD10)→msfGFP oriV(RK2), P14g(BCD10)→msfGFP; GmR This study 
P14g: Zobel et al.433 

pS62P14d(BCD10)→msfGFP oriV(RK2), P14d(BCD10)→msfGFP; GmR This study 
P14d: Zobel et al.433 

pS62PJ23108(BCD10)→msfGFP oriV(RK2), PJ23108(BCD10)→msfGFP; GmR This study 

pS62PJ23114(BCD10)→msfGFP oriV(RK2), PJ23114(BCD10)→msfGFP; GmR This study 

pS62PJ23119(BCD10)→msfGFP oriV(RK2), PJ23119(BCD10)→msfGFP; GmR This study 

pS62Pcat(BCD10)→msfGFP oriV(RK2), catR, Pcat(BCD10)→msfGFP, GmR This study 

pS62Pben(BCD10)→msfGFP oriV(RK2), benR, Pben(BCD10)→msfGFP; GmR This study 

pSEVA634·PKB_1379 oriV(pBBR1), lacIq, Ptrc→PKB_1379, GmR This study 

pSEVA634·PKB_2107 oriV(pBBR1), lacIq, Ptrc→PKB_2107, GmR This study 

pSEVA634·PKB_3273 oriV(pBBR1), lacIq, Ptrc→PKB_3273, GmR This study 

pSEVA438 oriV(pBBR1), xylS, Pm, SmR Martínez-Garćía et al.453 

 

Bacterial strains and culture conditions 

The bacterial strains employed in this study are listed in Table 5.4. E. coli and P. putida 

were incubated at 37°C and 30°C, respectively. For cell propagation and storage, rou-

tine cloning procedures, and during genome engineering manipulations, cells were 

grown in lysogeny broth (LB) medium (10 g L-1 tryptone, 5 g L-1 yeast extract, and 

10 g L-1 NaCl). Liquid cultures were performed using either 50-ml centrifuge tubes 

with a medium volume of 5-10 mL, or in 500-mL Erlenmeyer flasks covered with cel-

lulose plugs (Carl Roth, Karlsruhe, Germany) and with a medium volume of 50 mL. 

All liquid cultures were agitated at 250 rpm (MaxQ™8000 incubator; ThermoFisher 
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Scientific, Waltham, MA, USA). Solid culture media contained an additional 15 g L-1 

agar. Selection of plasmid-harboring cells was achieved by adding kanamycin (Km), 

gentamicin (Gm), or streptomycin (Sm) when required at 50 µg mL-1, 10 µg mL-1, and 

50 µg mL-1, respectively.  

For phenotypic characterizations in microtiter plates as well as fermentations in 

shaken flasks, P. putida was pre-grown in LB medium, and the experiments were per-

formed in synthetic Hartman’s de Bont minimal (DBM) medium346 additionally buff-

ered with 5 g L-1 3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.0 and sup-

plemented with different carbon compounds as explained in the text. For shaken flask 

experiments, LB precultures were harvested by centrifugation at 4000 g for 10 min, 

washed with DBM medium without the addition of any carbon substrate, and resus-

pended in the final media of the experiment at the desired start-optical density at 

600 nm (OD600 nm). Cell growth was monitored by measuring the absorbance at 630 nm 

(Abs630 nm; for plate reader experiments with ELx808, BioTek Instruments; Winooski, 

VT, USA) or 600 nm (for shaken flask experiments).  

The OD600 nm was estimated from plate reader Abs630 nm values via multiplying the val-

ues by correlation factors previously determined for the employed microtiter plate-

readers and spectrophotometers. To calculate quantitative cell performance parame-

ters for shaken flask experiments, biomass concentrations (cell dry weight, gCDW L-1) 

were derived from OD600 nm measurements with a correlation factor of 0.35, previously 

determined for the spectrophotometer employed with exponentially growing P. 

putida KT2440. Comparative phenotypical characterizations and quantifications of 

green fluorescence for bioreporters were performed in 96-well plates in a Synergy H1 

plate reader (BioTek Instruments; Winooski, VT, USA). Therefore, the LB precultures 

were diluted 1:100 in the respective screening medium (DBM medium supplemented 

with various organic compounds). Fluorescence was measured at an excitation wave-

length of 488 nm and an emission wavelength of 588 nm. The gain was set to 60. 
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Cloning procedures and plasmid construction 

All plasmids used in this work are listed in Table 5.5. Uracil-excision (USER) clon-

ing203 was used for the construction of all plasmids. The AMUSER tool was employed 

for the design of oligonucleotides347. All genetic manipulations followed the protocol 

described in Chapter 3. DNA fragments employed in assembly reactions were ampli-

fied using the Phusion™ U high-fidelity DNA polymerase (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) according to the manufacturer’s specifications. The 

identity and correctness of all plasmids and DNA constructs were confirmed by se-

quencing. For genotyping experiments after cloning procedures and genome manip-

ulations, colony PCRs were performed using the commercial OneTaq™ master mix 

(New England BioLabs; Ipswich, MA, USA) according to the manufacturer’s instruc-

tions. E. coli DH5α λpir was employed for all cloning purposes. Chemically competent 

E.coli cells were prepared and transformed with plasmids according to well-estab-

lished protocols348. P. putida was rendered electro-competent following the protocol of 

Choi, Kumar et al.349 (Chapter 3). 

Metabolite analyses via HPLC 

For the detection of extracellular metabolites, supernatants were obtained via centrif-

ugation of bacterial culture broths for 2 min at 13,000 g. 2-fluoro-cis,cis-muconate 

(2-FMA), cis,cis-muconate (ccMA), catechol, 3-fluorocatechol (3-FC), 4-fluorocatechol 

(4-FC), 2-chlorobenzoate (2-CBz), 3-chlorobenzoate (3-CBz), 4-chlorobenzoate 

(4-CBz), 2-fluorobenzoate (2-FBz), and 3-fluorobenzoate (3-FBz) were quantified using 

a Dionex 3000 HPLC system equipped with a Zorbax Eclipse Plus C18 column (Ag-

ilent Technologies, Santa Clara, CA, USA) that was heated to 30°C, and a guard col-

umn from Phenomenex. Separation was achieved with a mobile phase consisting of 

0.05% (w/v) acetic acid and varying amounts of acetonitrile. The total runtime per 

sample was 8.3 min (with a separation time of 8.0 min), during which the fraction of 

acetonitrile was increased from 1% to 3% within the first 3 min, followed by a steady 

increase to 20% within 12 s, and a further steady increase to 75% within 4 min. From 

7.2 to 7.5 min, the acetonitrile concentration was held at 75% and subsequently re-

duced to 1% within 18 s. The column was then equilibrated again at 1% acetonitrile 
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for further 30 s before injecting the next sample. The flow rate was set to 1 ml min-1, 

and the injection volume was 0.75 µl. Elution of the compounds was detected by UV 

light at wavelengths of 210 nm, 240 nm, 280 nm, and 300 nm. HPLC data were pro-

cessed using the Chromeleon 7.1.3 software (Thermo Fisher Scientific), and compound 

concentrations were calculated from peak areas using calibration curves with five dif-

ferent standard concentrations. 

19F-NMR analysis 

The 19F NMR spectra were acquired on a Bruker Avance III-HD spectrometer operat-

ing at a 19F frequency of 752.75 MHz (B0 = 18.8 T). The spectrometer was equipped with 

a TCI CryoProbe, and all measurements were made at 25°C. 512 transient scans were 

acquired with an interscan delay of 5.6 s (0.6 s acquisition time + 5 s of recovery delay), 

which was tested to provide quantitative signal intensities for the relevant fluorinated 

species. 500 μl of sample volume was mixed with 50 ml of D2O (Sigma-Aldrich, 

99.99%) for locking and shimming. 19F chemical shifts are reported relative to CFCl3 

(δ19F = 0.0 ppm) using the lock signal of D2O as a secondary reference454. Chemical shifts 

are reported in ppm. 

Software and data analysis 

Data manipulations and calculations were performed in Microsoft Excel 2016 and 

OriginPro 2021 (OriginLab Corporation). Figures and Illustrations were created in 

OriginPro 2021 and Adobe Illustrator 2020. Geneious Prime 2021.1.1 (Biomatters Ltd.) 

served as a database for any kind of DNA sequences, design plasmids and constructs, 

and analyze Sanger sequencing results. The visualization of the gene cluster compar-

ison for P. putida and P. knackmussii shown in Figure 5.2 A was performed using 

Clinker455 with additional editing in Adobe Illustrator 2020. Maximum exponential 

growth rates (µmax) were determined by Gaussian process regression using the Py-

thon-based tool deODorizer358. The prediction of translation initiation strengths for 5’ 

untranslated region (5’ UTR) mRNA sequences was performed using the online RBS 
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Calculator v2.1133-138, which can be found at https://www.denovodna.com/soft-

ware/predict_rbs_calculator. The results are given in arbitrary units (au) on the RBS 

Calculator scale, representing the relative strength of translation. Biomass-specific 3-

FBz consumption rates qs and 2-FMA production rates qp were determined over the 

timeframes of fermentations in which there was 3-FBz detectable in the culture media 

with the following equations:  q = 1X∆S∆t             (1) 

q = 1X∆P∆t .           (2) 

qs:  biomass-specific substrate consumption rate (mmol3-FBz gCDW-1 h-1) X:  the average biomass concentration between two sampling timepoints (gCDW L-1) ΔS:  Difference in substrate concentration between two sampling timepoints (mM3-FBz) Δt:  time between two sampling points (h) qP:  biomass-specific product formation rate (mmol2FMA gCDW-1 h-1) ΔP:  Difference in product concentration between two sampling timepoints (mM2FMA) 

The qs and qp rates displayed in Table 5.3 are averages of the values determined indi-

vidually for three biological replicates. The transcription and translation initiation 

strengths of various expression systems tested in bioreporter experiments were deter-

mined via linear regression of fluorescence-over-OD600 nm plots in OriginPro 2021. The 

identified slope values were normalized by dividing them by the expression strength 

of the Ptac promoter. 

  



 

  262  

5.6. Supplementary Figures 

 
Figure 5.S1 A. Fermentation profiles of third-generation bioconversion strains (part A). The biocon-
versions were performed in Erlenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 
30 mM glucose and 10 mM 3-FBz. 
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Figure 5.S1 B. Fermentation profiles of third-generation bioconversion strains (part B). The biocon-
versions were performed in Erlenmeyer flasks filled with 10% (v/v) DBM medium supplemented with 
30 mM glucose and 10 mM 3-FBz. 
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Figure 5.S2. Effect of bacterial hemoglobin expres-
sion on P. putida under micro-aerobic conditions. 
The strains were cultured in sealed test tubes filled to 
60% with DBM medium supplemented with 5 g L-1 
MOPS, 30 mM glucose, and 10 mM 3-FBz. The picture 
was taken after one week of incubation at 30°C. 
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Figure 5.S3. Fermentation profiles of the control strains included in the experiment to test the per-
formance of fourth-generation strains. (A) fermentation performed with PMP1021d pSEVA228 during 
the screening of third-generation strains. (B) fermentations performed with PMP1021 pSEVA228 and 
PMP1021d pSEVA228 during the screening of fourth-generation strains. 
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Concluding remarks and future perspectives 
P. putida epitomizes the journey of an environmental bacterium from its natural habi-

tat into becoming a cell factory useful for contemporary biotechnology. After its dis-

covery in 1960 in Japan, strain mt-2 was firstly studied for the biodegradation of a 

range of natural (subsequently, also xenobiotic) arenes. It was only later that research-

ers recognized that these outstanding metabolic capacities go hand-in-hand with 

physiological characteristics that underlie its potential as a hefty industrial cell factory. 

Examples of cellular and molecular features that distinguish P. putida from other mi-

crobial chassis are abundant, and some of these have been discussed in detail in Chap-

ter 2. However, since the publication of the full genome sequence of strain KT2440 in 

2002 and its reannotation in 2016, only 79% of all genes were associated with a (poten-

tial) function, many of which are only putative based on homologies with proteins 

whose function was identified in other organisms. One way or the other, the full met-

abolic potential of this host is yet to be fully exploited.  

Traditionally, the identification of specific physiological aspects of a microbe relied on 

methods established within the fields of classical microbiology and biochemistry (val-

uable as they are, they include laborious and time-consuming experiments, studying 

one function at a time). The current progress in data sciences (with all varieties within 

the “omics” field) is taking these endeavors to a new level. A crucial element for the 

discovery of new genotype-phenotype relationships is accessing efficient molecular 

tools that allow the targeted manipulation of genomic sequences. The present work 

contributes to these efforts by providing a detailed operating manual and a versatile 

toolbox for the genetic engineering of pseudomonads (Chapter 3). One way to further 

improve the proposed strategy would be to transfer the self-curing ability of I-SceI-

bearing plasmids to CRISPR/Cas9 vectors. The specific counter-selection against wild-

type sequences could furthermore be combined with a double-crossover approach, in 

which the templates for homologous recombination are provided on a replicable plas-

mid. However, this requires the use of highly efficient guide RNAs to kill cells that 

retain the wild-type sequence effectively. For this approach to work reliably, further 
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studies need to clarify which sequence features characterize an efficient spacer se-

quence and automate the pipeline to select them. 

The versatile network architecture of P. putida is composed by diverse metabolic reac-

tions—the fluxes of which are controlled to a large degree at the metabolite level, in a 

driven-by-demand fashion. This property was exploited in the fundamental restruc-

turing of central metabolism to establish a synthetic deficiency of acetyl-coenzyme A 

(Ac-CoA; Chapter 4). After the auxotrophy imposed was relieved by the implementa-

tion of an alternative glycolytic pathway, a metabolic conflict became evident, caused 

by the simultaneous activity of the extant Entner-Doudoroff pathway. To capitalize 

on the existing strain with carbon-conserving phosphoketolase pathway, glycolysis 

must be connected more efficiently to the TCA cycle to compensate for the removal of 

the main entry point Ac-CoA. This is particularly important when alternative, more 

peripheral biochemical pathways are used to provide Ac-CoA for cellular growth. By 

effectively linking the glycolytic flux of sugar substrates to the TCA cycle, only the C2 

node of metabolism needs to be supplied by the production pathway that requires 

improvement through evolution (e.g., the fluorination pathway from Streptomyces 

cattleya). Furthermore, carboxylating the ‘excess’ pyruvate to oxaloacetate could pro-

vide a way to capture CO2 in organic molecules. Notwithstanding, if the overflow pro-

duction of 2-ketogluconate can be remediated, the current strain is highly suitable for 

the production of pyruvate or products thereof (e.g., lactate, branched-chain amino 

acids and isobutanol). 

The second distinguishing feature of P. putida was exploited in Chapter 5—namely, 

its rich repertoire of biochemical functions acquired to utilize a large fraction of the 

carbon sources available in the environment. Building on its inherent capability to 

catabolize fluorinated benzoate derivatives, the ortho-cleavage pathway was repur-

posed for the production of 2-fluoro-cis,cis-muconate in a whole-cell bioconversion. 

This process provides access to a wealth of new fluorinated building blocks for the 

synthesis of novel polymers and bioactive compounds with medical and agricultural 

applications. 
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With a versatile genome engineering toolbox, a cell platform for the evolutionary en-

gineering of various pathways, and a chassis for the production of novel fluorinated 

compounds, this thesis upgrades the biocatalytic potential of P. putida—and serves as 

a first-case example of production of novel molecules that are particularly difficult to 

produce by traditional chemistry. 
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