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Abstract

Klebsiella oxytoca is a toxin-producing bacterium that inhabits the human gut as an
opportunistic pathogen. Since the bacterium encodes a beta-lactamase it can lead to
overgrowth during beta-lactam treatments which can result in antibiotic-associated
hemorrhagic colitis (AAHC). The two toxins K. oxytoca produces, tilimycin and tilivalline, have
been identified as small non-ribosomal peptides of the class of pyrrolobenzodiazepines.
Tilivalline is known to disrupt the epithelial barrier integrity by inducing apoptotic cell death
and tilimycin is a genotoxin that damages DNA and shows antimicrobial activity.

This study focuses on two topics involving the toxicity of K. oxytoca. The first part focuses on
the effect of K. oxytoca on bacteriophages. Phages are omnipresent in the human gut and a
common vector for antibiotic resistances to be transferred from one bacterial species to
another. Bacterial toxins have been proven to induce phage releases [19]. The study showed
that when treated with 85 uM tilimycin, Escherichia coli strains carrying phage A showed
reduced growth compared to a control strain carrying a non-inducible phage A. To characterize
the correlation between the toxin and phage release in depth, further studies must be done.

The second aspect of this work was focused on the pathogenicity island (PAI) of K. oxytoca
which consists of the aroX and the NRPS operon. The two genes aroX and npsA are connected
by a sequence that was suspected to have promoter activity. This study shows via fluorescence
assays that both orientations of the promoter region show activity in both E. coli and K.
oxytoca. This confirms that the sequence is a low-activity promoter region. It could also be
shown that the aroX orientation has a higher promoter activity in K. oxytoca than the npsA
orientation in K. oxytoca.



Zusammenfassung

Bakteriophagen Induktion durch bakterielle Genotoxizitdt und Promotor Identifizierung in
Klebsiella spp.

Klebsiella oxytoca ist ein Toxin produzierendes Bakterium, das als opportunistisches Pathogen,
den menschlichen Darm besiedelt. Das Bakterium tragt eine Ampicillin Resistenz, was zu
einem UbermaRigen Bewuchs wahrend einer Beta-Lactam Therapie fiihren kann. Dies kann
wiederum eine Antibiotika-assoziierte hamorrhagische Colitis (AAHC) verursachen. Die zwei
Toxine, die von K. oxytoca produziert werden, Tilimycin und Tilivalline, sind kleine nicht-
ribosomale Peptide, aus der Klasse der Pyrrolobenzodiazepine. Tilivalline verursacht
apoptotischen Zelltod und zerstért damit die epitheliale Barriere des Darms und Tilimycin ist
ein DNA schddigendes Genotoxin, das auch antimikrobiell wirkt.

Der Schwerpunkt dieser Studie liegt auf zwei Themen, die sich mit der Toxizitdt von K. oxytoca
beschaftigen. Der erste Teil befasst sich mit der Auswirkung von K. oxytoca auf
Bakteriophagen. Phagen sind ein allgegenwartiger Faktor im menschlichen Darm und eine
verbreitete Art Antibiotikaresistenzen von einem Bakterium auf ein anderes zu Gbertragen. Es
wurde bereits gezeigt, dass bakterielle Toxine ein Ausldser fiir Phagen Freisetzung sein kénnen
[19]. Diese Arbeit konnte zeigen, dass bei einer Behandlung mit 85 uM Tilimycin, Escherichia
coli Stamme, die den Phagen A tragen, ein vermindertes Wachstum im Vergleich zu einem
Stamm, der einen nicht-induzierbaren Phagen A tragt, zeigen. Um den Zusammenhang
zwischen Toxin und Phagen-Freisetzung besser zu verstehen, muss dieser noch weiter
erforscht werden.

Der zweite Aspekt dieser Arbeit befasst sich mit der Pathogenitatsinsel (P1) von K. oxytoca, die
aus dem AROX und NRPS Operons besteht. Die zwei Gene aroX und npsA sind durch eine
Sequenz, in welcher Promotoraktivitat vermutet wurde, miteinander verbunden. Diese Studie
zeigt durch Fluoreszenzassays, dass beide Orientierungen dieser Sequenz in E. coli und in K.
oxytoca Promotoraktivitdt vorweisen. Das bestétigt, dass diese Sequenz tatsachlich eine
Promotorregion mit zwei schwachen Promotoren ist, wobei die aroX Ausrichtung in K. oxytoca
eine starkere Aktivitat zeigt als die npsA Ausrichtung.
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Introduction

Bacteriophages

Bacteriophages, also known as phages, are viruses that infect bacteria and use bacterial cells
to replicate. They have a vast diversity in size, genomic organization, and morphology [1,2].
Phages were first discovered in 1929 and are known to be the most abundant biological agent
present in the environment [3,4]. They have an immense impact on bacterial communities,
which can be either negative by killing them or positive by inducing horizontal gene transfer
and therefore transferring antibiotic resistances for example.

There are two different forms of bacteriophages that show different life cycles within the cell.
The lytic cycle is practiced in virulent phages, where the virus uses the cell and its components
to generate a vast number of new bacteriophages which eventually kills the bacterial cell. The
lysogenic cycle occurs in temperate phages, where the virus becomes a temporarily inactive
prophage but can also be induced to go over into the lytic cycle (Figure 1).

Prophages are temporarily inactive forms of phages that are usually integrated into the
bacterial genome, but they can also occur as an extrachromosomal structure. Most bacterial
genomes contain prophages and different tools to detect them are available [5,6].

Prophages can be induced and therefore switched back to the lytic cycle. This happens in case
of the occurrence of DNA damage which results in a SOS response within the cell [7]. Many
bacterial toxins, e.g. cholera, diphtheria, and Shiga-toxin are encoded on temperate phages
and can be transferred to different bacteria by them [8].
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Figure 1 The life cycles of temperate bacteriophages

Temperate phages can occur in different life cycles. Usually after the infection, the phage
DNA stays in the cell as a prophage. In this case, the bacteriophage DNA is integrated
into the chromosomal genome. If the bacterial cells grow and divide the inactive
prophage is spread throughout the population. In case of DNA damage, the prophages
convert into the lytic cycle and use the bacterial cell to generate new infectious
temperate phages.



Bacteriophage A

Phage A was discovered in 1951 by Esther Lederberg when she observed that it was released
by an Escherichia coli K-12 strain after its exposure to UV radiation [9]. Its DNA was one of the
first models for researching the physical characteristics of DNA and genes. The genome has
48,5 kbp and lies within the head of the bacteriophage, which is called capsid, in linear form
[10]. The capsid has an isometric, icosahedral structure and is placed on top of the tube
fragment which forms the tail of the phage. The capsid and tail are connected via the portal
protein B and tail terminator protein U. The tip of the tail is used for the infection of bacterial
cells, and it also contains side tail fibers which are used to ensure a stable binding to the target.
In the process of the infection, the tail tip protein J interacts with the bacterial porin LamB,
which enables the injection of phage DNA. A negatively stained electron micrograph of a

lambda virion can be seen in Figure 2.

R e X S
Figure 2 Lambda virion [11]
The negatively stained electron micrograph of the lambda virion shows the icosahedral,
isometric structure of the capsid as well as the tube fragment of the tail. The tail tip and
tail fibers can also be seen.

After the infection of the cell, the linear DNA circularizes within the cell at cos sites. The ends
are ligated via the host DNA ligase. After the infection, the host RNA polymerase starts with
the expression of the early genes. The early delayed genes follow and in combination with the
early genes determine whether the phage starts a lytic or lysogenic cycle. The lytic cycle occurs
with the expression of late genes and the lysogenic cycle occurs if the A repressor (cl) is
present. Once the phage DNA entered the lysogenic cycle the DNA is integrated into the
genome and it stays there until the cell experiences stress i.e., DNA damage. In that instance,
the prophage gets induced, and the lytic cycle begins.



Prophages in the gut

A prophage is the form of a temperate phage that is integrated into the bacterial host genome.
The prophage DNA can be beneficial to the host as it can encode antibiotic resistance.
Bacteriophages therefore can transfer antibiotic resistances, which is especially critical within
the gut. Not only does this apply to antibiotics but to toxins as well, as prophages encode the
Shiga and cholera toxins for example which grant the infected population a selective
advantage over other species, while affecting the human negatively. Prophages can also be
beneficial to their host in other ways, for example prophages in E. coli carry genes like the
SitABCD operon that encodes an iron transporter that actively improves the iron uptake of the
host [12]. The persistence of a prophage in the genome can also avert infections of the
bacterial carrier by another related phage [13]. The release of phage particles grants the host
species a selective advantage over neighboring bacterial species [14,15].

Nevertheless, extreme prophage

induction can take a toll on the fitness of Healthy gut Crohn’s disease

the bacterial host. Lysogeny in A Only Virulent core dominance Loss of virulent core
provides an advantage in the mouse gut
if infectible bacteria are present. Without | = 204 "¥ @& | 7 =
susceptible competitors, the prophage is

detrimental to the host [15]. This means

that a prophage can negatively affect
both its host through phage release and
other neighboring species as well.
Prophages can even potentially affect the

. . . Shift from lysogenic to
whole microbiome. Whole-virome |integrated temperate prophage lytic replication

and free temperate virions Increased temperate virions

analysis has shown, that human hosts

. . . Figure 3 Virome Shift in Crohn's disease patients [16
with inflammatory bowel disease show g 4 P 6]
In human hosts with Crohn’s disease the virome shows an

speC|f|c Changes to the virome and increased number of temperate virions as opposed to the healthy
Crohn’s disease patients show an virome which is dominated by virulent phages.

increased number of temperate phages

whereas healthy humans carry predominately a stable population of virulent phages (Figure

3) [16].

Prophages can be induced spontaneously or initiated by certain factors. One of the triggers
can be an SOS response of the cell, which is caused by external factors, like reactive oxygen
species, UV radiation, or even antibiotics like fluoroquinolones [7,17]. Those factors are DNA-
damaging and therefore trigger the SOS response of the cell. The A repressor cl is cleaved and
therefore inactivated by RecA, which is a direct product of the SOS response [18].

Since bacterial toxins can have a DNA damaging effect, the question is, whether those toxins
can trigger prophage induction in other bacterial species. It has been shown that this is the
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case for colibactin, which is a genotoxin that is produced by various bacterial species of the
gut microbiome [19,20]. Colibactin is an unstable molecule encoded on the pks gene cluster
that triggers the bacterial SOS response (Figure 4), which induces the lytic cycle in bacteria
that carry prophages [19].

CbAR cibB  clbC DEF G cibH cibl clbJ  cibK cibLM clbN OcibPQ S pks gene cluster
1 DED DD ’ SESE P .
) >
O NRPS-PKS _) Accessory proteins @ Periplasmic peptidase @ Cyclopropane hydrolase

Human cells

N N / > \ —_— Genotoxic
N » —» phenotypes
\_s 0
X=NH, O
Colibactin (e=e) DNA alkylation

Figure 4 Colibactin has DNA damaging properties [19]

The pks gene cluster encodes the genotoxic molecule colibactin that is produced by various bacterial species. It has DNA-
damaging properties as it leads to DNA alkylation when it reaches the cells of the human host. This leads to genotoxic

phenotypes.

Bacteria that produce a colibactin resistance protein (ClbS) are protected from this process
[19]. This means that the production of certain toxins in the gut not only influences the human
host, by causing disease, but also alters the microbiome.

Medical use of bacteriophages

Antibiotic resistances are on the rise in bacterial species and only a few backup antibiotic
substances to treat multi-resistant strains are available [21]. The rate of resistance occurrence
tops the rate of antibiotic detection and development by far and an estimate of up to 10
million people could die every year by bacterial infection with multi-resistant strains until the
year 2050 [22].

Research is focusing on different ways to treat bacterial infections. Evolving as natural
antagonists of bacteria, bacteriophages have returned to the focus [23]. The first successful
studies using bacteriophages to treat bacterial infections were performed over 80 years ago
[24, 25]. With the rise of antibiotics, phage therapy ceased to be further developed and was
only used in certain parts of Eastern Europe [23]. The use of lytic phages to treat bacteria is
convenient since they are self-amplifying and potentially kill cells more efficiently than
antibiotics that cannot self-amplify [26]. There are various receptors on the bacterial cell for
bacteriophage binding. Some phages bind to protein structures of the bacterium such as
flagella [27], porins [28], pili [29], or efflux pumps [30].



In 1982 Smith and Huggins [31] were able to address many of the previously stated criticisms
of phage therapy. They were able to show that phage effectiveness in vitro correlates with in
vivo efficacy and they chose phage R for treatment which they identified as the bacteriophage
with the greatest in vitro virulence [31]. They also showed that bacterial lysate, without
phages, resulted in no therapeutic effect. In the same paper, they were able to show that one
dose of phage R resulted in the same effectiveness as eight doses of streptomycin, which leads
to the conclusion that phage therapy could potentially be more effective than chemical
antibiotics [31]. Phage R however seems to have a limited host range as it only infects K1* E.
coli and probably uses the K1 capsule as its receptor [31]. To combat the emergence of phage-
resistant E. coli mutants they utilized a multi-phage approach, where they used a combination
of Iytic phages B44/1 and B44/3. The latter one was chosen for its capability to infect bacteria
that were resistant to the first one [32]. In further examinations, which focused on the stability
of orally administered phages, Smith and Huggins were able to show that administering
calcium carbonate before the phage can combat the poor phage stability in the acidic stomach
environment [33]. With the mentioned studies Smith and Huggins were able to eradicate
certain criticisms of phage therapy and lay the foundations for new approaches to phage
therapy.

One question that remains open is whether phage therapy will ever replace antibiotics. In
theory, phage therapy has many advantages over chemical antibiotic therapy. Bacteriostatic
antibiotics can enable the emergence of antibiotic resistance easily, as well as persistor cells
that are genetically equivalent to wild-type strains but physiologically able to defy the
antibiotics [34]. Another point is that common broad-spectrum antibiotics disrupt the natural
balance of the microbiome, which can otherwise have a protective effect by occupying niche
sites that hinder bacterial pathogens from inhabiting the body [35]. A distinct advantage of
phage therapy is that it can be specific to species and single strains of bacteria, which means
they can be used to selectively target and kill occurring pathogens [36]. Additionally, contrary
to chemical antibiotics that must be continually administered, phages can self-amplify at the
target site and will exit the body when the infectible bacteria are gone. While phage therapy
is not immune to emerging resistances in bacteria [37], bacteriophages can co-evolve with the
bacteria in an arms race which means the phage population can evolve to infect the resistant
bacteria. This is not possible with chemical antibiotics. Phage therapy may be a better
treatment of biofilms than common antibiotics [38]. However, this advantage varies with the
target bacterium and the beneficial effect of phages in biofilm treatment calls for further
research [39].

Even though phage therapy shows many advantages over common antibiotic treatment,
phages still have limitations. Bacteriophages inhabit everything including the human
microbiome, which means that neutralizing antibodies against phages may be an obstacle in
phage therapy [26]. Another point is that antibiotics and their interactions with the human
immune system have been studied for decades, as opposed to phage therapy, for which
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research of this magnitude is yet to be performed [36,40]. Another point is that phages cannot
be used to treat all infections. Antibiotics can be used to treat intracellular bacterial
pathogens; phages however do not have a dependable entry mechanism into eukaryotic cells
[26].

Since both phage therapy and antibiotic therapy have strengths and weaknesses, a
combination of both will likely be the best path to take. A perfect example is a combination
treatment of phage and antibiotics, which has been proven effective in the past to treat a K.
pneumoniae biofilm [41]

The human microbiome

It is estimated that the microbiota that inhabits the human body reach a 10-fold higher
number than human germ and somatic cells [42]. Research of the human microbiome has
been of scientific interest since the first half of the 20t century when the studies consisted of
culture-based surveys of the oral cavity of periodontitis simplex patients [43]. However, it was
the Human Microbiome Project that took a big step in characterizing the microbes of a healthy
human body and they did so at five major sites, including the gastrointestinal tract, via 26S
and metagenomic shotgun sequencing [42]. The main goal of the Human Microbiome project
was to distinguish the factors that impact the composition and evolution of the microbiome
as well as identify the organisms that make up the microbiota [42]. Metagenomic analysis and
bioinformatics are the keys to further categorize and characterize the microorganisms native
to the human organism.

Colonization of the human gut

The human gut microbiota forms a vital component of human health. The microbiome not
only consists of different bacterial species but also eukaryotes, archaea, and bacteriophages
[44]. The colonization of the human gut influences the host’s health through their entire life
span. Factors such as the delivery mode, diet, hospitalization and prematurity, antibiotic use,
and even the presence of older siblings influence the colonization and diversity of a baby’s
microbiome. For example, neonates born via cesarean section have lower numbers of
bifidobacterial and Bacteroides than vaginally born infants, and formula-fed babies showed
colonization with E. coli, C. difficile, Bacteroides, and lactobacilli more often than breastfed
infants. The use of antibiotics leads to fewer bifidobacteria and Bacteroides in the infants and
babies with older siblings showed an increased number of bifidobacteria, in comparison to
infants without any siblings [45].
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Dysbiosis of the human gut

Dysbiosis can be defined as a disrupted microbiome, which is characterized by a reduction in
diversity of microbiota and a decrease in beneficial microbiota. Dysbiosis of the gut
microbiome can occur through the oral use of drugs such as antibiotics i.e., azithromycin [46],
non-steroidal anti-inflammatory drugs i.e., aspirin [47], or proton pump inhibitors [48]. It has
also been shown that chemotherapy negatively alters the gut microbiome and induces
dysbiosis [49]. The other way around it has been shown that a lack in bacterial species
abundance within the microbiome heavily relates to the occurrence of diseases like ulcerative
colitis or Crohn’s disease [50]. However, the species abundance of the gut microbiome is not
only a necessity for gut health, as it also influences other diseases in the human body for
example asthma [51], allergic airway disease [52], Parkinson’s disease, and depression [53].

Another example of how gut dysbiosis can impact the whole human body is obesity. In mice,
a high-fat diet reduces the gut microbiota diversity, while a high-sucrose diet modifies the
bacterial composition related to obesity. It has been shown that probiotics supplementation
can improve gut microbiome dysbiosis and slow down weight gain in mice fed with high-fat
and high-sucrose diets. The reduction of diet-induced obesity using probiotics could especially
be seen in high-sucrose diet-induced obesity [54]. Since gut dysbiosis is linked to so many
diseases, the treatment of dysbiosis is potentially a way to treat the disease itself. Probiotics
have been shown to reduce the development of Alzheimer’s disease in transgenic mice [55].
Another way of treating microbiome dysbiosis in the gut is fecal microbiota transplantation.
The transplantation of fecal matter containing healthy gut microbiota into a patient’s
gastrointestinal tract has been successfully used for the treatment of ulcerative colitis [56].

Klebsiella oxytoca

Klebsiella oxytoca is a gram-negative, non-motile rod-shaped bacterium that acts as an
opportunistic pathogen. It is a member of the family Enterobacteriaceae and lives as a
facultative anaerobe. In an oxygen-free environment, the bacterium can ferment glucose and
fixate atmospheric nitrogen [57]. As a part of the Klebsiella genus K. oxytoca, like Klebsiella
pneumoniae, is pervasive in various habitats not only in the environment for example in soil
and water but can also be detected on parts of the human body, like skin, mucosal surfaces,
and gut. Klebsiella spp. are known to cause nosocomial infections, like urinary tract infections,
pneumonia, wound infections, or septicemia. In the US and Europe about 8 % of nosocomial
bacterial infections are due to Klebsiella spp. where most of the infections are caused by K.
pneumoniae and some, at a much lesser degree caused by K. oxytoca [58].

Klebsiella spp. Express various virulence factors, such as the polysaccharide capsule that
protects the bacterial cells from phagocytosis by leucocytes [59]. The capsule also protects
from bactericidal serum factors. As it is common in gram-negative bacteria, Klebsiella spp.
produce type 1 and type 3 fimbriae to enable initial attachment to host surfaces [58].

12



K. oxytoca among other Klebsiellae can form biofilms [60]. An essential pathogenicity factor in
all Klebsiella spp. is the expression of p-lactamases, which grant resistance to
carboxypenicillins and aminopenicillins [61]. In addition to penicillin resistant Klebsiella spp.,
multidrug-resistant strains, that express extended spectrum B-lactamases (ESBL), have
emerged [58]. The increase of ESBL-producing strains amongst clinical Klebsiella isolates
results in limitations of therapeutic options to manage the occurring hospital infections. While
running out of therapeutic methods, Klebsiella pathogenicity factors like lipopolysaccharides
or capsules are considered targets for the development of vaccinations to gain immunological
infection control [58].

Antibiotic-associated hemorrhagic colitis (AAHC)

In the case of dysbiosis in the human intestine (e.g. caused by antibiotics) an overgrowth of K.
oxytoca occurs which can lead to Antibiotic-associated hemorrhagic colitis. antibiotic-
associated hemorrhagic colitis (AAHC) is a special form of antibiotic-associated colitis (AAC).
Other than AAC, which is usually caused by Clostridium difficile after antibiotic treatment,
AAHC is caused by Klebsiella oxytoca [62,63]. Patients with AAHC show symptoms of bloody
diarrhea and abdominal pain after receiving antibiotic treatment and often require
hospitalization. The characteristics of AAHC are mucosal hemorrhage and mucosal edema,
typically affecting the ascending colon as well as the cecum [63]. The causative agents behind
the symptoms of AAHC are the cytotoxins produced by K. oxytoca tilimycin (TM) and tilivalline
(TV) [64,65,66].

TM can be produced by pathogenic K. oxytoca strains in the human intestine and
spontaneously reacts to TV in the presence of indole [67]. This reaction including the
structures can be seen in Figure 5. TM is a DNA-damaging agent and has specific target bases
for DNA alkylation. The diazepine ring in its structure interacts with the minor groove of the
DNA and therefore stabilizes the double strand [68].
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Figure 5 Tilivalline Synthesis from tilimycin and indole

Tilimycin, which can be produced by toxin-producing K. oxytoca
strains, reacts to tilivalline spontaneously in the presence of indole
in the human gut. Modified from [67].

Stool samples of patients with active AAHC show K. oxytoca in vast amounts of over 10°
CFU/ml [69]. The stool of AAHC patients contains both enterotoxins during the active phase
[66]. The fecal content of patients carrying K. oxytoca without symptoms exhibit amounts of
102 CFU/g [66]. Examining the stool of one AAHC patient showed that after 3 days TM and TV
could still be detected in stool samples whereas after 5 days the toxins could no longer be
detected. At this point, the presence of K. oxytoca in the stool was also reduced to 10* cfu/g
[66]. This only represented one patient and cannot universally be applied to all AAHC patients.

Since the incidence of AAHC is minimal, the number of samples from patients, which are
available for studies is very low. In a murine disease model, the relevant concentrations of TM
and TV for the active phase of AAHC could be determined. TM showed a higher concentration
of 136 + 40 nmol/g feces whereas TV measured a concentration of 19 + 6 pmol/g feces [66].
Since the abundance of K. oxytoca in the fecal samples of the murine model is much higher
than in human patients (10'° cfu/g), the enterotoxin concentrations to cause AAHC in humans
are expected to be lower [66].

Necrotizing Enterocolitis (NEC)

Necrotizing Enterocolitis (NEC) is a disease that has been observed in preterm infants since
their treatment in neonatal intensive care units (NICU) began. The inflammatory disease of
the gut is characterized by abdominal distension, bloody stool, and bilious vomiting [70].
Preterm infants with NEC with a very low birth weight show a mortality rate of 10-30% and
preterm infants with an extremely low birth weight (<1000 g) even show a mortality rate
between 30 and 50%. Surviving infants are at a higher risk of morbidity, like short bowel
syndrome [71]. Other complications that can occur at increased risk include microcephaly and
neurodevelopmental impairment as well as delays in mental development and psychomotor
development [72,73]. It has been shown that infants receiving initial empirical antibiotic
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treatment for an extended time are at greater risk of experiencing NEC [74]. However,
breastfeeding infants has proven to reduce the risk of infection [75]. Probiotics have shown
the capacity to prevent NEC, however, their efficiency is chiefly observed in infants with a birth
weight of >1000 g, whereas birthweights <1000 g are the ones more likely to develop NEC
[76].

In recent years NEC has been associated with cytotoxin-producing K. oxytoca since the species
has been detected in affected patients’ stool samples using next-generation 16S rRNA
sequencing in combination with a specialized system to select for K. oxytoca [77]. The system
comprised selective and differential culturing in combination with PCR. The cultures made
with the isolates that were retrieved from the patients showed the presence of the toxins TM
and TV. Toxin-producing K oxytoca strains could be isolated from 6 out of 10 patients suffering
from NEC from two different NICUs [77]. The presence of toxin-producers could also be
confirmed in healthy individuals, however at a lower abundance. It has been proposed that
an outgrowth of K. oxytoca might cause NEC however it may have been overlooked by
previous detection methods since 16S sequencing is not sufficient to identify the pathobiont
indefinitely and a combination of other identification methods is needed [77].

Even though NEC is one of the leading causes of death in newborns [78], the pathogenesis of
the disease is not completely understood, and further studies are needed.

Pathogenicity of Klebsiella oxytoca

Toxin-producing K. oxytoca strains have genetic elements that are specific to them. The genes
that are responsible for toxin production are organized within a pathogenicity island (PAI) and
were characterized by Schneditz et al. [65]. They discovered four toxin-deficient mutants
which grew normally compared to the clinical AAHC isolate AHC-6 which was their wild-type
strain. They identified the genes as aroX which encodes a 2-keto-3-deoxy-D-arabino-
heptulosonate-7-phosphate (DAHP) synthase, npsA, and npsB which are nonribosomal
peptide synthetase (NRPS) genes and aroB which is a 3-dehydroquinate-synthase gene [65].
They also showed that npsA and npsB are part of an operon and both gene products are
necessary for toxin production. Three of the four genes are clustered in a 7 kb region on the
genome. The region is flanked by asparagine tRNA genes (Figure 6). The location of the gene
cluster is in a high-plasticity locus in the core genome which characteristically holds mobile
DNA elements. Those factors suggest that the identified toxin genes are part of a PAI. Since
the aroB gene has a role in the general metabolism with an essential role in the shikimate
pathway, it is not found within the PAI [65,79].
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K. oxytoca
AHC-6

aroX operon NRPS operon
mfsX  uvrX hmoX  odsX icmX dhbX oroX npsA thdA npsB

Figure 6 Pathogenicity Island of Klebsiella oxytoca AHC-6
The toxin-producing gene cluster of K. oxytoca contains the arox operon and the NPRS operon. The two operons

are connected by a sequence that potentially holds a promoter function in both operon orientations. The figure
was modified from [65].

The product of the gene cluster on the PAI encodes a nonribosomal peptide with a similar
pathway to pyrrolobenzodiazepine production in actinomycetes. First, only tilivalline (TV) was
identified as a K. oxytoca toxin. TV induces apoptotic cell death and disrupts the epithelial
barrier integrity in cultured human cells in vitro, which aligns with K. oxytoca pathogenicity
symptoms observed in human AAHC [66]. However, Dornisch et al. [67] were able to show
that the toxin gene cluster delivers three secondary metabolites, out of which two are
cytotoxic. They discovered that TV is not a direct product of the nonribosomal peptide
synthetase. The product is an N-acylprolial, which reacts spontaneously to two other
secondary metabolites, one of them being tilimycin (TM) and the other one being culdesacin
[67]. In the presence of indole, TM reacts to TV (Figure 5). Both TM and TV are known to be
cytotoxic to human cells. Culdesacin however has no apparent bioactivity [67].

TM is a genotoxin and causes cellular DNA damage in vitro as well as in vivo but contrary to
TV, TM also shows antibacterial activity [67]. Knowing that TM influences bacteria, the
guestion that formed was how this affects the other bacterial species in the gut when
produced by K. oxytoca inside the human gut. Kienesberger et al. [80] were able to show via
mouse model that TM alters the diversity of the gut microbiome. They also showed that TM
introduces mutations into other bacteria. They monitored the appearance of rifampicin-
resistant E. coli B13Sm colonies, which developed at a higher rate in mice that were co-
colonized with toxin-producing K. oxytoca AHC-6 compared to a mutant non-producer strain
[80]. This means that toxin-producing K. oxytoca can alter the gut microbiota and enable the
appearance of mutations in present opportunistic pathogens. [80]. This is especially important
in children since carriage rates for K. oxytoca in infants delivered vaginally are at 9 % and in
cesarian sections at 20 % in the UK [81].
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Gene Expression and Regulation

Gene expression is defined as the procedure in which the information contained in a gene is
used to form RNA molecules that are used to generate proteins or non-coding RNA molecules
that have different cellular functions. Gene expression is thoroughly regulated and adapted
to changing conditions. Location, point in time, and quantity of an expressed gene can be
determined by tracking the functional activity of the gene’s product or by monitoring a certain
phenotype that correlates with the gene. [82]. For this study, we tracked the production of
GFP (gene’s product) to assess whether the region we cloned upstream of the gfp gene is a
functional promoter.

Gene regulation, the molecular control mechanism of gene expression, defines whether, how,
and when a gene is expressed [83]. There are intra and extracellular triggers of gene
expression. Regulators can be programmed within the cell or occur as a reaction to a change
in environment, i.e., cell stress. Within the cell, there are different checkpoints at which
regulation can occur. These points can be on DNA, RNA, or protein level. Basic components of
gene regulation within the cell are short DNA sections with a defined sequence and regulatory
proteins that can identify and bind those sequences. Gene regulation is one of the essential
steps that a cell needs to be able to generate transcripts that are used to create proteins. As
it is a fundamental function of the cellular mechanism, a vast amount of the cell’s energy is
used for gene regulation. The cellular genome might consist largely of sequences to regulate
so that the cell will respond appropriately in case of stress or repair [83].

Genes in prokaryotic cells are organized in operons. Those operons are DNA sequences that
usually contain an operator and various structural genes that are controlled by a promoter.
The operon model was proposed by the French scientists Jacob and Monod in 1960 [84]. One
operon that is used in genetic research frequently and was also the first operon to be
described is the lactose operon or short lac operon [85]. It consists of the structural genes
lacZ, lacY, and lacA as well as the lac operator and lac promoter. The operator allows the lac
operon to bind the lac repressor and is located downstream of the promoter and upstream of
the structural genes (Figure 7). The lac operon contains three operators that result in the
formation of a loop in case of a repressor binding, which causes an active closure of the
regulated region including the promoter. The promoter sequence is located upstream of the
operator and the structural genes and in the absence of repression it allows the RNA
polymerase to bind and initiate transcription. The lacl gene that encodes the lac repressor is
located upstream of the promoter. The lac repressor is not part of the operon.
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Figure 7 Lac operon and lac repressor

The lac operon consists of a promoter (P) an operator (O) and the three structural genes lacZ, lacY, and
lacA. The lac repressor gene lacl is located upstream of the lac operon and is not an active part of the

operon.

Since promoters are essential for the initiation and transcription of genes, current
bioinformatics is focusing on generating tools to accurately identify and predict promoters in
prokaryotes as well as eukaryotes [86].

Green Fluorescent Protein as a Reporter

Green fluorescent protein (GFP) from jellyfish is a stable fluorescent reporter which is a staple
in cloning and tagging. After its discovery it became popular as a reporter for gene expression
and protein localization in Caenorhabditis elegans because the transparency of the worm
enables the tracking of in vivo dynamics [87]. However, GFP is also a popular tool used in
bacteria, as it is a reporter for the identification of promoters. For this the supposed promoter
region is cloned upstream of the GFP gene and if GFP shows a signal under the specific
conditions tested, the cloned region is a promoter [88]. The intensity of the GFP signal also
gives insight into whether the sequence contains a strong or a weak promoter.

Using GFP as a reporter for promoter activity is limited to being able to tell if the promoter is
on or not. Since GFP is a stable molecule there is no signal as to whether the promoter is
turned off again. For gaining this data a different reporter system with a less stable reporter
must be used for example the lux reporter system which is based on the oxidation of an
aldehyde substrate that is catalyzed by the bacterial luciferase enzyme.

Aim and Hypothesis

The thesis is split into two major projects. One aspect of this work focuses on the hypothesis
that if tilimycin causes a DNA damage SOS stress response in E. coli it will result in prophage
induction in vitro and in vivo. To test this hypothesis the goal was to establish a system using
phage A that can be used in in vitro and in the mouse model. To achieve this the E. coli strains
carrying phage A that we received from De Paepe et al. [15] had to be tested in cocultivation
with K. oxytoca and pure tilimycin at a concentration that has previously been shown to
influence bacteria (85 uM). Additionally, an ampicillin resistance had to be introduced into the
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E. coli strains, so they could be used in cocultivation with ampicillin-resistant K. oxytoca in the

murine model.

For the second part of the thesis, the focus lies on the PAl which all toxin-producing K. oxytoca
strains have in common [89]. The aim was to characterize the region between the aroX and
npsA genes and to potentially identify the region as a promoter region. To execute this, the
potential promoter region was amplified and cloned in both orientations upstream of a gfp
gene located on a cloning vector and tested in different bacterial strains. This work
hypothesizes that if the region on the PAI of K. oxytoca is a promoter region the gfp gene
downstream of the sequence in both orientations will be transcribed and this will result in a

fluorescence signal.
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Material & Methods

Strains, Plasmids and Oligonucleotides

For this study the following bacterial strains were used (Table 1).

Table 1 Bacterial strains used in this study, with relevant description and number (#{MB) in the AG Zechner Strain Collection

Database
# |Strain Description Plasmid #IMB Reference
. Isolated from stool
1 Sieij:c{llaAHCG of AAHC patient 2042 Database
Y (acute phase), AmpR AG Zechner [63]
Klebsiella
AmpR, KanR
5 |oxytoca AHCE mp..’ ank, 5043 Database AG
Mut89 npsB::Tn5 Zechner [65]
3 Escherichia coli Cloning strain 37 Database
DH5a AG Zechner
Escherichia coli K12 strain Database
4 1440
MG1655 AG Zechner
Klebsiella b
5 |oxytoca AHC6 |AtrpA, AmpR, TetR 2127 Database
AtnaA AG Zechner
6 Eschegch/a coli Cloning strain 1414 Database
Top1l AG Zechner
; Escherichia coli AmpR B ipt1KS() 1085 Database
uescript-11-KS(-
DH5a P P AG Zechner
o Escherichia coli CmR AR18Y of £3h 2263 Database
mu
DH5a P &P AG Zechner
Escherichia coli Database
9 | proe CmR pAR181 PrnpsA 2773
_gfpmut3b AG Zechner
0 Escherichia coli CmR pAR181_PraroX 5975 Database
DH5a _gfpmut3b AG Zechner
Klebsiella Database
11 AmpR, CmR AR181 gfpmut3b | 2060
oxytoca AHC6 P 8P AG Zechner
Escherichia coli Database
12 |Er39 CmR, TetR pACYC184 980
AG Zechner
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Escherichia coli

Database

MD74

ble cl™)

13 KmR, TetR AR183 935
Mse14 P AG Zechner
ichi i Database
14 Escherichia coli AmpR, TetR pBlue_A_TetRA_mo 5024
DH5>a no AG Zechner
Escherichia coli pKD46 Database
15 AmpR 1700
DH>a AG Zechner
Escherichia coli TetR Database
16 KD46-tet 2291
DH5>a P AG Zechner
Escherichia coli : ;
17 |yi1 TetR, AmpR pBR322 ggy | Microbiology
strain collection
Escherichia coli | MG1655 AfliC AompF De Paepe et dl.
18 |mMDs hsdR::KanR 2258
[15]
Escherichia coli | MG1655 AfliC AompF De Paepe et dl.
19 I'mpe stfR::cat (A ble) 2259 [15]
Escherichia coli | MG1655 AfliC AompF De Paepe et dl.
20 |MmD47 lamB::KanR 2260
[15]
_ . |MG1655 AfliC AompF
21 IEASCDZZ”CMG coll lamB::FRT stfR::cat (A 2261 De Paepe et al.
ble) [15]
L. . |MG1655 AfliC AompF
22 Escherichia coll lamB::FRT stfR::cat (A 2262 De Paepe et al.

[15]

E. coliMG1655 and K. oxytoca AHC6 as well as K. oxytoca AHC6 AtnaA were transformed with
the plasmids pAR181 gfpmut3b, pAR181 PrnpsA _gfpmut3b, pAR181_PraroX gfpmut3b and
pPACYC184 and subsequently used for assays of this study. Due to the limited amount of

storage and the relatively easy procedure to transform the strains anew with the plasmids if

needed in the future, not all of them were frozen and stored in the strain collection. However,

the relevant plasmids were stored in the plasmid collection as documented below.

The following plasmids were used for this study (Table 2).
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Table 2 Plasmids used in this study, with relevant description and number (#IMB) in the AG Zechner Plasmid Collection

Database
# |Plasmid Description #IMB Reference
CmR, p15A, gfpmut3b, Database AG Zechner
1 |PARIBIL gfpmut3b pACYC184 backbone 1129 E. Dornisch
CmR, p15A, gfpmut3b, npsA
2 pAlerrSIjt_gPt:npsA oriented promoter, 1192 This study
&P pACYC184 backbone
CmR, p15A, gfpmut3b, aroX
3 pAlerrSIjggPt:aroX oriented promoter, 1194 This study
&P pACYC184 backbone
4 | pKD46 AmpR 220 Database AG Zechner
5 |pKD46-tet TetR 1207 This study
Database AG Zechner
6 |pAR183 TetR, KmR, R1 backbone 217 .
A. Reisner
7 |pACYC184 CmR, TetR 375 Database AG Zechner
8 | pBluescript-Il-KS(-) AmpR 454 Database AG Zechner
Database AG Zechner
9 |pBlue_A TetRA_mono AmpR, TetR 1110 o
M. Hiesinger
10 |pBR322 AmpR, TetR i Mlcroblology strain
collection
The following two bacteriophage strains were used in this study (Table 3).
Table 3 Bacteriophage strains used in this study, with relevant description
# |Bacteriophages Description #IMB Reference
1 |Able (WT) UrA, BleR - De Paepe et al. [15]
2 |Acfn UrA, clA111T, BleR - De Paepe et al. [15]

For this study the following oligonucleotides were used. Underlined nucleotides indicate

complementary sequences to the target and bold sequences are target sequences for

restriction enzymes or homologous regions for the A RED recombination (Table 4).

Table 4 Oligonucleotides used in this study, with number (#IMB) in the AG Zechner Oligonucleotide Collection Database,
underlined nucleotides indicate complementary sequences to the template, bold nucleotides mark the sequences of

restriction enzymes or homologous overhangs for the A RED recombination.

# | Oligonucleotide | Sequenz (5°-3’) Position* | Template #IMB
TTAGAGCTCTTCTAATCTCTCACTC npsA promoter

1 | PrnpsA_Sacl -1..-28 . 2644
GAAATTTAACAG region (AHC6)
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TATGCATGCCACTCTCTCCTGGAGA

npsA promoter

2 | PrnpsA_Sphl -436 .. -457 . 2645
ATTAGG region (AHC6)
TATGCATGCTTCTAATCTCTCACTC aroX promoter

3 | PraroX_Sphl -430 .. -457 . 2646
GAAATTTAACAG region (AHC6)
TTAGAGCTCCACTCTCTCCTGGAGA aroX promoter

4 | PraroX_Sacl -1..-22 . 2647

- ATTAGG region (AHC-6)
gfpmut3b
Seq_Prom_gfp_
5 . ATAACCTTCGGGCATGGCACTCT 254 ..276 | (pAR181_gfpm | 2073
W
ut3b)
Ori(p15a)
6 | Pms5 TATAGTCCTGTCGGGTTTCGCCAC 191..214 | (pAR181_gfpm 862
ut3b)
TATCGATCGCAAGAATTGCCGGCG

7 | Pvul-tetfw 682 .. 705 | tetRA (R) 2648
GATC
ATACGATCGGGTATTTCACACCGC 1284 ..

8 | Pvul-tetrev tetRA (A) 2649
ATAGC 1308
TGGCCTTTGTTGATGCCGTTCCTGC bl

a
1_StfR_down_h | GCTGGAAGACGCTGACTGAGCCG .
9 -52 ..-74 | (pBluescript-II- 2659
omol_P_AmpR ACGTACATTCAAATATGTATCCGCT KS())
C
GGAAGGATTCCCGCCGTCACATGC
2 StfR_homol_ bla
CGGGACCATTACCGTGTATGAAGA .
10 | AmpR_stop_Am 839..861 | (pBluescript-II- 2660
TTCTTACCAATGCTTAATCAGTGAG
PR KS(-))
G
CTTTAGTGACCAGACGGTAGTACC bl
a
3_hsdR_down_ | AGACAGCCAGGCGGAACCCGAGT .
11 -52..-74 | (pBluescript-II- 2661
homol P_AmpR | CGCTACATTCAAATATGTATCCGCT KS())
C
4 _hsdR_up_ho | TGACAACATCCTCTCTGTATTTCAC bla
12 | mol_stop_Amp | AAATTACGCCGCATTGGTAACCAG | 839..862 | (pBluescript-II- 2662
R GTTACCAATGCTTAATCAGTGAGG KS(-))
tetRA (R)
13 | TetRseql CTTATTCGGCCTTGAATTG 561 ..579 2411
(pKD46-tet)
bla
14 | checkl CTAAATACATTCAAATATG -61..-79 1988
(pKD46)
bla
15 | pT18agowa4d ATGATACCGCGAGACCCACG 712 ..731 2000
(pKD46)
ATCGATCGTTCTCATGTTTGACAGC tetR 2676

16 | Ftet -64 ..-85
TTATC (pBR322)
ATCGATCGTCAGGTCGAGGTGGCC 1171 ..

17 | Rtet tetR 2677
CGGCT 1191
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(pBR322)
T7 promotor
18 . TAATACGACTCACTATAGGG 172 ..191 | lacZ 910
primer
lacPromotorpri
19 TTTACACTTTATGCTTCCGGCTCG -51..-74 | lacZ 1972
mer
20 | Pms7 ATGGAGGCGGATAAAGTTGCAGG 625..647 | bla 864
stfR
21 | stfR_fw TCAGTACAGCGTTATTCTGTTGGT 168 .. 191 2686
(MG1655)
stfR
22 | sftR_rv GCGGCAGCACTTTTTGATGCTTCA 543 .. 566 2687
(MG1655)
1963 .. | hsdR
23 | hsdR_fw ACCTACCGTACCGCGGTTATCGAC 2688
1986 (MG1655)
2353.. | hsdR
24 | hsdR_rev CACTTTGCGCGCGTCTTTATCGGC 2689
2376 (MG1655)

*relative to open reading frame

In Silico Cloning

All in silico cloning was done using SnapGene 6.0.4. Vector maps were made using SnapGene
6.0.4. The remaining graphics were made with Microsoft PowerPoint. Graphs and diagrams

were made with Graphpad Prism.

Growth Conditions

E. coli strains were grown in LB broth or on LB agar plates (Table 5). K. oxytoca strains were
cultured in CASO bouillon or on CASO agar plates. The E. coli strains containing the
thermosensitive plasmid pKD46 and pKD46-tet were incubated at 30°C while all other strains
were incubated at 37°C. Liquid cultures were incubated under aerobic conditions while
shaking at 180 rpm. Bacterial strains that were carrying plasmids or other selection markers
were grown under the respective conditions with the needed antibiotics at fixed

concentrations (Table 6).

Table 5 LB broth and agar recipe used in this study

LB medium/ agar Final volume
Bacto™ Tryptone 10g
Yeast Extract 5g

1000 ml
NaCl 5g
Agar 15¢g
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For the CASO medium 30 g of CASO bouillon powder from Carl Roth were used for 1000 ml
medium and for CASO agar 40 g of CASO agar powder from Carl Roth were used for 1000 ml
agar.

Table 6 Concentrations of Antibiotics used in this study

Antibiotics Concentration [pg/ml]
Chloramphenicol (Cm) 10 (E. coli) / 20 (K. oxytoca)
Ampicillin (Amp) 100
Tetracycline (Tet) 15

The tilimycin concentration used in the experiments was 85 uM and Glucose was used at a
concentration of 0.25 g/L.

DNA Methods

Polymerase Chain Reaction (PCR)

To amplify the DNA fragments required for cloning Phusion High-Fidelity Polymerase by NEB
was used according to the company’s protocol. For control PCRs the Tag DNA Polymerase by
NEB was used. The PCR was done in a BIORAD thermocycler. For colony PCR a single colony
was suspended in 30 pl of ddH,0 and lysed at 100°C for 10 min. 2 pl of the suspension was
used as a template in the PCR reaction.

Enzymatic Reactions

Restriction high-fidelity enzymes by NEB were used to perform digestions for the cloning
experiments. They were inactivated and loaded on an agarose gel using NEB purple loading
dye. Shrimp Alkaline Phosphatase (rSAP) by NEB was used for vector-dephosphorylation. For
the Ligation reaction, the T4-DNA Ligase by LifeTech Austria was used. After ligation, the
ligation products were desalted using microfilters for 1 hour. The protocols of the
manufacturers were followed for the reactions.

Agarose Gel Electrophoresis

Agarose gels with 1x TAE Buffer and a concentration of 0.05 pg/ml ethidium bromide were
used. Gels with a final concentration of 1 % agarose were used for control gels and a final
concentration of 0.8 % agarose was used for gel purification of PCR products or enzymatic
reaction products. The electrophoresis was run at 5-10 V/cm and 1x TAE Buffer was utilized
as a running buffer. The 1 kb Ladder by GeneRuler from Thermo Scientific was applied as a
marker.

Purification of DNA and Preparation of Plasmids

QlAquick® PCR purification and Gel extraction Kit by Qiagen (Ref. 28506) was used to purify
PCR products and extract DNA from fragments excised from agarose gels. QlAprep® Spin
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Miniprep Kit by Qiagen (Ref. 27106) was utilized for plasmid preparations according to the
manufacturer’s protocol. For low-copy plasmids, the NucleoBond® PCOO0 (Ref. 740573) kit was
used according to the manufacturer’s protocol.

Chromosomal DNA Isolation

Qiagen DNeasy Blood & Tissue Kit (Ref. 69504) was used for the isolation of chromosomal
DNA. For K. oxytoca 3 ml overnight cultures (ONC) were used. The remaining steps were
performed according to the manufacturer’s protocol.

DNA sequencing

Sequencing was performed by the company MicroSynth with Sanger Sequencing. The
sequences were analyzed in SnapGene 6.0.4.

Electrocompetent cells

Generation of electrocompetent E. coli cells

A 5 ml ONC was prepared and 50 pl were used to inoculate 50 ml of LB. The culture was
incubated at 37°C and shaking at 180 rpm to a final OD600 of 0,5-0,7. The cells were then
cooled on ice for 10 min. After that the culture was split and the cells were pelleted in 50 ml
Sarstedt tubes at 5000 rpm for 10 min at 4°C in an Eppendorf centrifuge. The pellet was
resuspended in a total volume of 2 ml in 10% glycerin and transferred to an Eppendorf tube.
The glycerin needs to be ice-cold. The suspension was then pelleted and resuspended in 10%
glycerin 2 more times. After the second time, the pellet was suspended in 400 pl of 10%
glycerin. The final suspension was either used for transformation directly or portioned and
frozen at -80°C.

Transformation of electrocompetent E. coli cells

To transform electrocompetent E. coli cells 40 ul of the cells were thawed on ice for 10 minutes
or used directly after generating and combined with 10-200 ng of plasmid DNA (cloning
product). Using precooled electroporation cuvettes, the mixture was electroporated with
1800 Volt. Instantly, 1 ml of LB medium was added and subsequently, the cells were
regenerated at 37°C for 1 hour (strains with thermosensitive plasmids were regenerated at
30°C). Afterward, appropriate dilutions were plated on LB agar plates with the desired
antibiotics and incubated at 37°C (strains with thermosensitive plasmids were incubated at
30°C) overnight. If using a cloning product, a positive control using 10 ng of the wild type
vector plasmid was used to transform the cells. Negative controls using 1 ul of water were
performed as well.
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Generation of electrocompetent K. oxytoca cells

An ONC is used to inoculate 100 ml CASO medium with 0.7 mM EDTA to a starting OD600 of
0.05. The culture is incubated at 37°C with shaking at 180 rpm to an OD600 of 0.6-0.7. At that
point, the culture was split into two 50 ml Greiner tubes and cooled on ice. Subsequently, the
cells were pelleted at 5000 rpm for 20 min at 4°C. Then the pellets were resuspended in 50 ml
of 10 % glycerin. The glycerin needs to be ice-cold. The suspensions were centrifuged again
under the same conditions and the pellets were resuspended in 10 ml of 10 % glycerin. Once
again, the suspensions were centrifuged like before and the pellets were resuspended in 2.5
ml 10% glycerin. After one last time of centrifuging the pellets were resuspended together in
100 ul 10% glycerin. The cells are either portioned and stored at -80°C or used for
transformation directly.

Transformation of electrocompetent K. oxytoca cells

To transform electrocompetent K. oxytoca cells 80 ul of the cells were thawed on ice for 10
minutes or used directly after generating and combined with 20-60 ng of plasmid DNA (cloning
product). Using precooled electroporation cuvettes, the mixture was electroporated with
2000 Volt. Instantly, 1 ml of CASO medium with 0.7 mM EDTA was added and the cells were
regenerated at 37°C for 1 hour. Afterward, appropriate dilutions of 100 ul in volume were
plated on LB agar plates with the desired antibiotics and incubated at 37°C overnight. If using
a cloning product, a positive control using 10 ng of the wild type vector plasmid was used to
transform the cells. Negative controls using 1 ul of water were performed as well.

Lambda RED Recombination System

The A RED recombination system is an effective method for performing gene knockouts and
introducing new genes in Enterobacteriaceae like E. coli. To use this method a linear DNA
fragment had to be constructed. The linear fragment must contain the sequence of the gene
that we are trying to introduce into the strain flanked by regions that are homologous (50 bp)
to the gene of interest we want to replace on the chromosomal DNA. The linear fragment is
amplified by PCR and transformed into an E. coli strain that carries the pKD46 plasmid. This
plasmid is essential for the system since it expresses the bacteriophage A components exo,
bet, and gam. The expression of those genes is controlled by an araB promoter which means
it must be induced with arabinose. When induced the components of the system stimulate
the homologous recombination between the chromosomal DNA and the 50 bp overhangs of
the linear DNA fragment

To perform the recombination E. coli MD strains were transformed with pKD46-tet. ONCs of
the strains were made and 500 pl of them were used to inoculate 50 ml of LB medium with
tetracycline which were then incubated. When reaching an OD600 of 0.1 500 pl of 15%
arabinose were added. The cultures were then incubated to an OD600 of 0.5-0.8. All

27



incubation steps with pKD46-tet are performed at 30°C. After reaching the desired OD600 the
cells were put into a 42°C water bath with a shaker for 15 min. Subsequently, the flasks with
the cultures were lightly shaken by hand in an ice water bath for 3 min. The cells were then
centrifuged at 5.000 rpm in a 50 ml Greiner tube. After that, the pellet was resuspended in 2
ml ice-cold 10% glycerin and transferred into two Eppendorf tubes with 1 ml each. The cells
were pelleted at 10.000 rpm and resuspended in 1 ml ice-cold 10% glycerin two more times.
After the cells were pelleted for the last time, they were resuspended in 200 pul ice-cold 10%
glycerin and put on ice.

For the transformation setup, 60 pl of the cells were used and mixed with at least 200 ng of
the linear DNA fragment with homologous overhangs in precooled electroporation cuvettes.
The mixture was then electroporated at 1800 V. Right after 1 ml LB was added to the cuvette
and the cells were transferred to an Eppendorf tube, which was then incubated for 1,5 hours
at 30°C. After that 100 pl of the cells were plated on LB agar plated with Ampicillin and
incubated at 30°C overnight.

GFP assay

The plasmids pAR181 PrnpsA_gfpmut3b and pAR181 PraroX_gfpmut3b as well as
pAR181 gfpmut3b (PrrnB) as a positive control and pACYC184 as a negative control were used
to transform different bacterial strains. ONCs of the strains containing the plasmids were
prepared and diluted with medium including Chloramphenicol to an OD600 of 0.2. Then 24
well plates for fluorescence application from Greiner were loaded with 1 ml of the dilutions
and put into the Omega plate reader. The fluorescence was measured using an excitation of
485 and an emission of 520. Shaking was performed at a frequency of 300 rpm and the
temperature was 37°C. The OD600 and fluorescence values were measured subsequently
every 2 minutes.

One assay was performed for which cultures of 5 ml CASO were made with K. oxytoca AHC6
pPAR181_PrnpsA_gfpmut3b, pAR181_PraroX_gfpmut3b as well as pAR181_gfpmut3b (PrrnB)
and pACYC184 after 20 hours one ml of the culture was used for a measurement in the plate
reader for OD600 and fluorescence, as described above.

MD TM OD600 assay

K. oxytoca AHC6 wild type (Tox+) and a toxin-deficient mutation AHC6 Mut89 (Tox-) were
cultured in 50 ml of Caso medium for 17 hours and the supernatant was harvested via
centrifuging the cells (3000 rpm, 30 min) and transferring the supernatant via pipette to a 50
ml glass bottle. Since the supernatant was still very turbid the cultures were centrifuged for
another 30 min. The supernatant is then sterile filtered (0,45 nm) and stored in a 50 ml glass
bottle. The supernatants were used to treat MD strains that carry phage lambda (MD6, MD56,
MD74), so overnight cultures of all 3 strains were prepared (3 ml LB). Since tilimycin sticks to
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plastic, we tried to use as few plastic vessels as possible. As controls, the cells were treated
with 85 uM TM and LB medium. The MD strains with their treatments were added to 24 well
plates at a total of 1 ml per well and the OD600 was measured in the Omega plate reader for
8 hours at 37°C while shaking at 300 rpm. The supernatants were then transferred to
Eppendorf tubes and centrifuged at 13000 rpm for 10 min and sterile-filtered (0,45 nm). Lastly,
30 pl of chloroform were added.

Phage assay

The strain MD5 was infected with the supernatants (phage lysates) from the TM OD600
measurements. An overnight culture of MD5 was prepared (2 ml LB + 20 pl 20 % maltose). The
ONC is centrifuged and resuspended in 1 ml MgSQ4. 100 pl of the MD5 cells are mixed with 3
ml R-Top agar (Table 7) in a glass eprouvette and poured on top of a regular LB agar plate.
Serial dilutions of the phage lysate with TMG buffer (Table 8)are prepared. The phage lysates
dilutions were spotted on the top agar (5 ul). After drying the plates were incubated at 37°C
overnight. The next day the plagues were counted, and the pfu/ml was calculated.

Table 7 R-Top agar recipe used in this study

R-Top Agar Final volume
Peptone 10g

Yeast Extract 1g

NacCl 8g

Agar 8 g

After autoclaving add 1000 ml

1 M CaCl, > ml

20 % Glucose 5 ml

1 M MgSOa4 30 ml

Table 8 TMG Buffer used in this study

TMG Buffer (pH 7.4) Final volume
Tris 1.21g

MgS04x7H20 l2g 1000 ml
Gelatine* 01lg

*A gelatine solution of 1 g in 10 ml H,O is made by stirring and heating the combined
ingredients. After that 1 ml of this solution is added to 1000 ml of TMG Buffer.
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Results & Discussion

Tilimycin induces phage release

Tilimycin is a genotoxic enterotoxin that is produced by K. oxytoca. This species is known to
colonize the human gut as an opportunistic pathogen. Other pathogenic species have been
shown to trigger prophage induction with their produced toxins, e.g., colibactin [19]. We
hypothesize that if tilimycin causes a DNA damage SOS stress response in E. coli it results in
prophage activation in vitro and in vivo. Therefore, we aim to establish a system using phage
A that can be used to test the hypothesis in the mouse model. To accomplish this, the E. coli
MD strains optimized for the murine gut, which we received from Marianne De Paepe et al.
[15] had to be modified to carry an ampicillin resistance, to allow a co-cultivation with K.
oxytoca in the mouse. For this modification, the A RED homologous recombination system was
chosen. Since all Lambda RED vectors carried one of the resistance genes already present in
the used strains, we aimed to generate a pKD46 plasmid with a tetracycline resistance instead
of the wild type ampicillin resistance

Cloning of pKD46-tet

For this project, pKD46 was used as a vector (Figure 8). This vector has a restriction site for
Pvul in the bla gene that encodes the ampicillin resistance, therefore Pvul was the restriction
enzyme of choice. The plasmid has a pSC101 origin, which is low copy. It also is temperature
sensitive, which is essential for plasmid eradication after the recombination. The lambda RED
genes exo, bet and gam can be induced by arabinose.

Pvul

Figure 8 Vector pKD46 including restriction site for Pvul

The plasmid has the bla gene which encodes an ampicillin
resistance and a pSC101 origin, which is low copy. The plasmid
also contains the A RED genes exo, bet, and gam which can be
induced by arabinose.
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For the insert, the tetRA cassette was chosen. The cassette was amplified via PCR from the
plasmid pAR183 using primers 7 and 8 which contain Pvul restriction sites on the overhangs
(Figure 9).

w

tetR | pr | tetA AN
/

M

The cassette consists of the tetR gene and the tetA gene which are connected by a promoter sequence. The primers used have overhangs

Product: 2091 bp

Figure 9 In silico amplification of tetRA

with the sequence for the restriction enzyme Pvul and bind to the ends of the resistance cassette.

For the amplification via PCR 6 reactions were used to gain enough product (Figure 10). The
bands were expected to be 2091 bp and all reactions showed a band at that size. The 6
reactions were pooled and purified. The final yield of purified tetRA was 3765 ng.

Figure 10 Amplified tetRA cassette
The tetRA cassette was amplified from pAR183 via PCR. The used ladder is Generuler 1 kb and 17 % of PCR reactions

are loaded on the agarose gel. As a negative control (NC-) ddH,0 was used. The 6 reactions were pooled and purified

which resulted in a final yield of 3765 ng of purified product.

For the restriction digest the vector as well as the insert were cut with Pvul and applied to the
gel (Figure 11). In addition to Pvul, the insert reactions were treated with Dpnl to digest the
template plasmid. A control of the uncut pKD46 vector was applied to the gel. The bands were
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cut out of the gel, pooled and purified. The purified vector yielded 1016 ng of product and the
purified insert yielded 826 ng.

pKD46 x Pvul tetAR x Pvul

2000 bp

Figure 11 Restriction digest of pKD46 and tetRA with Pvul

The reactions containing the insert were additionally treated with Dpnl to digest the template plasmid from the PCR
amplification. The used ladder is Generuler 1 kb and 100 % of restriction digests are loaded. As a control, the uncut vector
was applied to the agarose gel as well. The bands were excised from the gel, pooled, and purified which resulted in a final

yield of 1016 ng of vector DNA and 816 ng of insert DNA.

After purification, the vector and insert were ligated. For the ligation, 100 ng of the vector
pKD46 and 133 ng of the insert tetRA were used.

Only one restriction enzyme (Pvul) was used to cut the vector and insert for this project and
therefore there were two possible orientations in which the tet cassette could occur. Since
the generation of this plasmid took a few attempts, the presence as well as the orientation of
the tetRA cassette on the plasmid after the ligation reaction was checked by PCR using primers
13 and 14 to detect tetAR orientation and primers 13 and 15 to check for tetRA orientation.
As a template 2 ul of the desalted ligation reaction were used. The primers were chosen to
bind on the vector within or outside the remaining bla gene and inside the tet cassette (Figure
12).
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Figure 12 Tet cassette orientation primers

Since only one restriction enzyme was used (Pvul), there were two possibilities considering the integration of the tet
cassette into the vector. First the tetRA and second the tetAR orientation. The primers to screen for either direction of the
cassette were chosen to bind on the vector as well as the tet cassette, so the presence of the correct product and the
definite orientation can be confirmed.

The agarose gel showed that only tetRA orientation was present after ligation with a band at
456 bp. In general, the ligation worked and the presence of the ligation product pKD46-tet
could be confirmed, since one of the chosen primers was binding the tetRA cassette and the
other one was binding the vector (Figure 13). Next the ligation product was used to transform
E. coli DH5a cells.

tetAR tetRA
orientation orientation

Figure 13 Detection of ligation product pKD46-tet with tetRA orientation

The orientation of the tet cassette in the ligation product was determined via PCR. The primers 13
and 14 were used to screen for tetAR orientation and primers 13 and 15 were used to screen for
tetRA orientation. Only tetRA orientation could be detected in the ligation reaction, but the band
confirmed the presence of the ligation product pKD46-tet, since the primers were binding the
cassette as well as the vector. As a template 2 pl of the desalted ligation reaction were used and
100 % of the PCR reaction are loaded. The ladder is Generuler 1 kb and for the negative control
(NC-) ddH,0 was used.
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In previous transformation attempts, pAR183 was used as the positive control, however, the
transformation efficiency was very low (5,2 x 10%) and first, we suspected that the competent
cells were the problem. Adding pKD46 as a positive control showed that the competent cells
were not the problem (1,9 x 10°). However, since the original pKD46 has an ampicillin
resistance we still wanted to have a positive control with tetracycline resistance, like in the
cloning product. The template plasmid pAR183 turned out to be an unsuitable candidate for
a positive control since it has an R1 backbone, is very big (~97 kb), and therefore has a low
transformation efficiency in general. After switching to pBlue_A TetRA_mono as a
tetracycline-resistant positive control the transformation effenciency was in an acceptable
range (2 x 10°). Another possible factor that lowered the transformation efficiency in general
is that tetracycline was not added to the medium during regeneration of the transformation
mix. This resulted in no expression of the TetA pump before plating the cells and therefore
fewer viable cells on the tetracycline agar plates.

The finished cloning product contains the tetRA cassette which interrupts the bla cassette on
the plasmid (Figure 14). This disrupts the ampicillin resistance and introduces the tetracycline
resistance into the plasmid.

— < wr [ o] teta > jo I

Figure 14 Interrupted bla cassette and integrated tetRA cassette

The tetRA cassette is inserted into the bla gene, which disrupts the ampicillin resistance and introduces the tetracycline resistance
into the plasmid.

To verify the correct integration of the cassette in the pKD46 plasmid, a colony PCR of the
clones received from the transformation was performed. The primers 13 and 15 were used.
As another control, the clones that were retrieved from agar plates containing tetracycline,
were plated out on ampicillin agar plates and did not show any growth. The first lane on the
gel shows a flaw due to insufficiently melted agarose in the gel. For the other clones, the
presence of the tetRA could be confirmed since they show the expected band size of 456 bp
(Figure 15). Clone 3 was chosen to continue working with.
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Figure 15 Detection of positive pKD46-tet clones

A colony PCR of 6 clones from the transformation was performed using primers 13 and 15. The first two lanes
show a smear on the gel which might be due to insufficiently melted agarose. The other clones al clearly showed
the correct band for a positive clone. Clone 3 was chosen for the following steps. The ladder is Generuler 1 kb and

33 % of the PCR reaction were loaded. For the negative control (NC-) ddH.0 was used.

The finished pKD46-tet plasmid was then used for a lambda RED recombination, where
ampicillin resistance was the gene of interest that was being introduced into a strain,
therefore the traditional pKD46, which carries an ampicillin resistance could not be used.

This cloning project did not show the anticipated results right away so parallel to cloning with
the first method, we started looking for different cloning strategies. One option to facilitate
cloning is using a different tetracycline resistance gene. The tetRA gene is a cassette that
contains a tetracycline efflux MFS transporter and a transcriptional regulator gene. A
possibility to facilitate cloning and generate a smaller plasmid that will be easier to work with
is using one tetracycline resistance gene like the one on pBR322 (Figure 16). This gene only
consists of 1191 bp whereas the tetRA cassette has a size of 2100 bp. Literature searches of
the same cloning project showed successful results for this approach and so the primers from
Yao et al. [90], primers 16 and 17, were used to amplify the tetracycline resistance via PCR
from pBR322 (Figure 16). They also used Pvul to digest the vector and the insert, so the cloning
strategy is the same as previously, however the insert is changed.
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Figure 16 Alternative cloning strategy with pBR322

The cloning strategy is the same as previously, but the insert is swapped out for a smaller, less complex tetracycline resistance gene. A The
tetracycline resistance gene on pBR322 is a single gene and not part of a cassette. B Primers 16 and 17 [89] were used to amplify the tetracycline

resistance gene. The primers have overhangs with the sequence for the restriction enzyme Pvul.

However, the reaction did not show sharp bands at 1300 bp in the agarose control gel as
expected and since the primers have worked for Yao et al. [90] the primers could not have
been the problem. After checking the whole process, the template plasmid preparation turned
out to be the issue. The strain that was carrying pBR322 was E. coli XL1 which is tetracycline
resistant. The plasmid preparation did not work because tetracycline was used as the
antibiotic to keep the strain from losing the plasmid, but the strain did not need the plasmid
since the resistance was on the genome and therefore the yield and quality of purified plasmid
was low. The agarose gel clearly shows a smear beneath the bands and many clouds at the
bottom of the gel, which indicate unbound primers, even though only 17 % of the reaction

were loaded (Figure 17).

Figure 17 Low quality PCR tet amplification

The PCR-amplified tetracycline gene showed smeared bands on the control
gel and a lot of unbound primers at the bottom of the gel. The ladder is
Generuler 1 kb and 17 % of the PCR reaction were loaded. For the negative

control (NC-) ddH»0 was used.
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Since we were able to clone the desired product pKD46-tet using tetRA as an insert, this
strategy was no further pursued.

Introduction of ampicillin resistance into MD strains

The aim of this cloning project was to introduce an ampicillin resistance to E. coli MD strains
by inserting the bla gene into the stfR or the hsdR gene depending on the respective genotype.
For example, the strain MD5 has the kanamycin resistance placed into the hsdR gene and
therefore we would use the stfR gene for the introduction of the ampicillin resistance. An
overview of the mentioned strains and their genotypes can be viewed in Table 9.

Table 9 MD strains and relevant Genotype

sin—— Joamie

MD5 MG1655 AfliC AompF hsdR::KanR

MD6 MG1655 AfliC AompF stfR::cat (A ble)

MD47 MG1655 AfliC AompF lamB::KanR

MD56 MG1655 AfliC AompF lamB::FRT stfR::cat (A ble)
MD74 MG1655 AfliC AompF lamB::FRT stfR::cat (A ble cI"*)

The resistance was introduced into the strains by homologous recombination into the
respective genes. The following primer design strategy was used for the homologous
recombination. A sequence of 50 bp which is homologous to the target gene was used for the
overhangs in both forward and reverse primer respectively (Figure 18). As a representative for
both genes, the concept is pictured for stfR throughout the entire in silico cloning strategy.
The two genes stfR and hsdR were chosen since the two genes already had antibiotic
resistances inserted [15].

- {1111

Figure 18 Primer design for A RED recombination

>

For a lambda RED recombination in E. coli there needs to be a 50 bp homologous overhang to the target gene on the insert for them
to successfully recombine. The figure shows this concept for the stfR gene as a representative for both genes relevant for this study.

The insert for this project consists of the bla cassette that encodes an ampicillin resistance
(AmpR). As a template, the plasmid pBluescript-lI-KS(-) was used. The insert was amplified via
PCR using the designed primers (9 and 10 for stfR, 11 and 22 for hsdR) containing the
homologous 50 bp overhangs (Figure 19).
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Figure 19 Insert amplification from pBluescript-11-KS(-)

For this cloning an ampicillin resistance is introduced into the genome of E. coli MD strains. As a representative for
both genes, the stfR version is depicted. A The ampicillin resistance was amplified from the template pBluescript-II-
KS(-). B The used primers contain the 50 bp homologous overhangs that are crucial for the recombination with the
bacterial genome. The primers for stfR are 9 and 10 and for hsdR 11 and 12.

To avoid template plasmid contamination in the final A RED recombination clones, the
pBluescript-1I-KS(-) was linearized using the restriction enzyme Sacl. Since the PCR
amplification of the ampicillin resistance gene with the overhangs of the respective genes
yielded a small amount of product 16 reactions were made for each gene variation (Figure 20).
They all showed a band at 1064 bp as expected. The respective reactions were pooled and
purified which yielded 3748 ng of AmpR-stfR and 2756 ng of AmpR-hsdR.
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Figure 20 Amplification of the insert with homologous overhangs

The amplification of the inserts was done in 16 reactions to gain enough product to perform the lambda RED recombination even after further
treating the product. The respective reactions were pooled and purified which yielded 3748 ng of AmpR-stfR and 2756 ng of AmpR-hsdR. As a
template, pBluescript-11-KS(-) linearized with Sacl was used. The ladder is Generuler 1 kb and 10 % of each PCR reaction were loaded. For the

negative control (NC-) ddH.0 was used.

The purified PCR products were then treated with Dpnl to digest the remainder of the
template plasmid to avoid template contamination in the final lambda recombination clones.
For AmpR-stfR-overhang two reactions with 1405 ng DNA and one reaction with 937 ng DNA
were performed. For AmpR-hsdR-overhang two reactions with 1033 ng DNA and one reaction
with 689 ng DNA were performed. The restriction digest reactions were loaded on a gel and
then purified and pooled respectively (Figure 21). The purification resulted in 1424 ng of
AmpR-stfR-overhang and 944 ng of AmpR-hsdR-overhang.
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Figure 21 Dpnl digested PCR product with homologous overhangs

To eliminate any residue of the template plasmid, the amplified insert PCR products were
digested with Dpnl. For AmpR-hsdR-overhang two reactions with 1033 ng DNA and one reaction
with 689 ng DNA were performed. The bands were excised, pooled, and purified. After the gel
purification, 1424 ng of AmpR-stfR-overhang and 944 ng of AmpR-hsdR-overhang remained.

The next step is the homologous recombination via the RED system which switches the 50 bp
homologous regions from the gene on the chromosome for the ones on the PCR product and
places the flanked resistance gene inside the target gene which results in an ampicillin-
resistant strain (Figure 22). For this, the MD strains that we want to alter (Table 9) were
transformed with the previously constructed pKD46-tet since the plasmid contains all the
relevant genes for the lambda RED recombination. For the transformation, 356 ng (AmpR-
stfR-overhang) and 236 ng (AmpR-hsdR-overhang) of PCR product were used.

AmpR AmpR P 0 bp

- UM s I

— o >

Figure 22 Homologous recombination

The 50 bp regions on the PCR product that are homologous to the target gene flank the ampicillin resistance. In the recombination process
the homologous regions on the chromosome switch with the ones on the PCR product and thereby integrate the ampicillin resistance into the
gene on the chromosome and simultaneously knock-out said gene while making the strain resistant to ampicillin.
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As previously mentioned Sacl was used to linearize the template plasmid and the amplified
insert was purified via agarose gel. Before that, the preparation was simply done by purifying
the PCR product that was amplified from an uncut vector. A A RED recombination was
performed, and the clones were growing on ampicillin plates, but the correct position of the
resistance on the genome could not be confirmed via control PCR so we suspected a potential
contamination with the template plasmid. Primers 18 and 19 are both binding lacZ, which can
only be found on the template plasmid pBluescript-I1I-KS(-) and not in the MD strains. A PCR
using those primers was performed to determine whether the ampicillin resistance in the
clones was caused by contamination with template plasmid. The agarose gel shows that the
PCR of the template plasmid results in a product at 250 bp (Figure 23). The colonies obtained
from the RED transformation that were tested (1-8) showed the same band at 250 bp as the
plasmid, whereas the MD56 wild type did not have any PCR product. This leads to the
conclusion that the colonies are most likely contaminated with the ampicillin resistance
template plasmid and therefore grow on ampicillin plates. Since all inserts for the different
MD strains were prepared in the same way, only MD56 colonies were used to test for template
plasmid contamination. After verifying that the colonies were indeed contaminated with
template plasmid, the new approach of insert preparation including template linearization
and gel purification was used.
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Figure 23 Detection of template plasmid in lambda RED recombination clones

As a representative for all MD strains MD56 was tested for template plasmid contamination via PCR. The primers 18 and 19 that bind
the lacZ gene on the plasmid were used. All clones show bands identical to the plasmid. The wild type version of MD56 was used as a
negative control to ensure that no PCR product was amplified from the genome. The ladder is 1 KB Generuler and 66 % of the PCR
product are loaded. For the negative control (NC-) ddH20 was used.

After executing the new template preparation strategy another lambda RED recombination
was performed and representative MD5 was tested for plasmid contamination via colony PCR
using primers 18 and 19. The control agarose gel showed that there was no plasmid
contamination in the six tested clones (Figure 24). As a control, the template plasmid
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pBluescript-11-KS(-) was used. The negative control seems to have a slight band at 250 bp but
this is most likely a contamination caused by the application on the gel.
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Figure 24 No detection of template plasmid in lambda RED recombination clones

The template plasmid pBluescript-11-KS(-) could not be detected in the 6 tested colonies
but was used as a control for the PCR. Primers 18 and 19 were used for colony PCR. The
negative control has a slight band probably due to a gel application contamination. The
ladderis 1 KB Generuler and 100 % of the PCR product are loaded. For the negative control
(NC-) ddH.0 was used.

Even after eliminating the template plasmid contamination, there were clones on the
ampicillin LB plates, in which the correct position of the ampicillin could not be confirmed. For
the first attempt to confirm the insertion of the ampicillin resistance into the target gene two
primers outside the homologous region were chosen, for stfR primers 21 and 22 (Figure 25).
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Product: 1114 bp
399 bp WT

Figure 25 Primers for ampicillin resistant clone detection in stfR

Primers 21 and 22 bind in the stfR gene outside of the homologous region chosen for the recombination. A
positive clone yields a band at 1114 bp and the wild type yields a band at 399 bp.

The control PCR results in a 399 bp band in the wild type gene and in a 1114 bp band if the
ampicillin resistance including the promoter is inserted into the stfR gene. The stfR gene was
the target for resistance integration in the strains MD5 and MD47. Multiple clones were tested
via colony PCR, eight for each strain are shown below (Figure 26). As a negative control, a wild
type colony of MD47 was tested as well. All tested colonies showed the wild type band (399
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bp) on the gel meaning the ampicillin resistance was not inserted at the right position into the
target gene.

Figure 26 Screening for correct ampicillin resistant clones (stfR)

A colony PCR was performed to identify clones with the ampicillin resistance including the promoter at the correct
position in the stfR gene. The product with an inserted resistance would be at 1114 bp and at 399 bp for the wild type.
For MD5 and MD47 each 8 clones were tested, and all of them showed the wild type gene. As a negative control, the

wild type of MD47 was done as well. The ladder is 1 KB Generuler and 66 % of the PCR product are loaded. For the
negative control (NC-) ddH.0 was used.

To test the insertion of the ampicillin resistance into the hsdR gene the same approach as in
the stfR gene was used at first. The primers were chosen to bind outside the homologous

region that was used for the lambda RED recombination (Figure 27). For this, the primers 23
and 24 were used.
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Product: 1119 bp
414 bp WT

Figure 27 Primers for ampicillin resistant clone detection in hsdR

Primers 23 and 24 bind in the hsdR gene outside of the homologous region chosen for the recombination. A
positive clone yields a band at 1119 bp and the wild type yields a band at 414 bp.

The PCR yields a product of 1119 bp if the ampicillin resistance is correctly inserted into the
target gene and a product of 414 bp if hsdR is present in its wild type form. The strains MD6,
MD56, and MD74 were the ones with hsdR as the target gene. Figure 28 shows that eight
clones of each strain were tested via colony PCR. All clones show the wild type gene at
414 bp. As a control, a wild type colony of MD74 was amplified as well. There is only a slight
band at the correct size which might have been due to an application error on the agarose gel.
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Figure 28 Screening for correct ampicillin resistant clones (hsdR)

A colony PCR was performed to identify clones with the ampicillin resistance including the promoter
at the correct position in the hsdR gene. The product with an inserted resistance would be at 1119
bp and at 414 bp for wild type. For MD6, MD56 and MD74 each 8 clones were tested, and all of them
showed the wild type gene. As a negative control, the wild type of MD74 was done as well. It showed
a very light band. The ladder is 1 KB Generuler and 100 % of the PCR product are loaded. For the
negative control (NC-) ddH.0 was used.

Since there were concerns that the PCR product of a positive clone might be too large a
different approach was developed. For this strategy, one primer was binding in the hsdR gene
outside of the homologous region used for the recombination again, but the other primer was
binding in the ampicillin resistance gene (Figure 29). This results in a much smaller product
however there is no control to see if the PCR worked or not. For this reaction, the primers 20
and 23 were used.

—)
1 e ||||||||||||||Il< e | IIIIIIIIIIIM
—

Product: 313 bp

Figure 29 Alternative primers for ampicillin resistant clone detection in hsdR

Primer 23 binds in the hsdR gene outside of the homologous region chosen for the recombination and primer 20 binds
in the ampicillin resistance gene. A positive clone yields a band at 313 bp and the wild type yields no product.

If a clone carries the correctly inserted ampicillin resistance in the hsdR gene the PCR results
in a product of 313 bp. If the wild type gene is present, there will be no band at all. Once again,
recombination with the strains MD6, MD56, and MD74 was performed, and eight colonies of
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each strain were tested via colony PCR. All tested clones showed no band which means the
ampicillin resistance was not inserted at the correct location (Figure 30). As a control, a wild
type colony of MD74 was tested via PCR as well and as expected it did not yield any product.

Figure 30 Alternative screening for correct ampicillin resistant clones (hsdR)

A colony PCR was performed to identify clones with the ampicillin resistance including the
promoter at the correct position in the hsdR gene. The product with an inserted resistance
would be at 313 bp for wild type. For MD6, MD56, and MD74 each 8 clones were tested, all of
them showed no band which indicates the wild type gene. As a negative control, the wild type
of MD74 was done as well. The ladder is 1 KB Generuler and 100 % of the PCR product are
loaded. For the negative control (NC-) ddH20 was used.

It was not possible to obtain any correct ampicillin-resistant clones using this cloning strategy.
But since colonies were growing on LB ampicillin agar plates the recombination must have
occurred somewhere. There is a high possibility that the recombination occurred on the
plasmid since the original pKD46 plasmid was carrying an ampicillin resistance. We did not
remove the sequence for that resistance but rather just did a restriction cut in the middle of
the gene and inserted the tetracycline resistance there which means the sequence for the
ampicillin resistance is still present. The linear fragment that also carries the ampicillin
resistance, therefore, could recombine with the two homologous ampicillin regions that were
flanking the tetracycline resistance cassette. Since the sequence for the beta-lactamase gene
consists of 860 bp it is a longer sequence with more homology and therefore most likely has
a higher probability to recombine than the 50 bp homologous regions that are flanking it.
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An alternative strategy to create a pKD46 plasmid carrying a tetracycline resistance is
therefore needed. One option to obtain said plasmid is Gibson Assembly [91]. For this, the
section of the vector plasmid pKD46 without the ampicillin resistance would be amplified
using primers with a distinct overhang sequence. The insert fragment must be amplified with
primers providing the same overhangs. Then different enzymes in the same buffer connect
the vector and insert to form a finished plasmid. An exonuclease leaves single-stranded 3’
overhangs that enable the annealing of the components that have complementary overhangs.
A polymerase repairs the gaps left in the annealed region and a DNA ligase eliminated nicks in
the connected DNA strands. This method would avoid the presence of residues of the bla gene
and eliminate the potential risk of homologous recombination of the ampicillin resistance.

Tilimycin induced phage release influences growth in E. coli

K. oxytoca AHC6 wild type (Tox+) and a toxin-deficient mutation (Tox-) were cultured and the
supernatants were harvested. The supernatants were used to treat MD strains that carry
phage lambda (MD6, MD56, MD74). The MD strains are E. coli MG1655 AfliC AompF that were
additionally modified by De Paepe et al [15]. The three strains that were tested all carried
phage A and had genetic variations, which are a lamB deletion for MD56 and a lamb deletion
plus A cl"* mutation for MD74.

The MD6 cells were incubated with the supernatants described above as well as 85 uM
tilimycin. As a negative control LB medium was used. The growth curves for both supernatants
are almost identical and there is no difference between toxin-carrying and non-toxin-carrying
treatment. In general, those growth curves differ from the negative control which is fresh LB
because the supernatants were harvested from the K. oxytoca cultures, which already
metabolized a big part of the nutrients in the medium. On top of that K. oxytoca was cultured
in CASO medium, however, LB is the preferred medium to grow E. coli. This means that the E.
coli MDG6 cells from this assay must grow under minimal nutrient conditions and therefore the
difference in the growth curves can be explained. The 85 uM tilimycin treatment at first
showed a similar curve to the negative control with LB but after four hours at an OD600 of 1.2
the curve starts to flatten and the remaining four hours the OD600 only increases minimally
compared to the other growth curves (Figure 31).
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Figure 31 Tilimycin reduces growth in MD6

E. coli MD6 cells were treated with toxin and non-toxin containing supernatants from K. oxytoca cultures. In
addition, an 85 pM treatment and a negative control with LB were done. The tilimycin treatment showed a
flattened growth rate after 4 hours. The supernatant rates differed from the negative control because of the lack
of nutrients compared to fresh LB medium. (n=2)

MD56 has a lamB deletion and is otherwise genetically identical to MD6. The phage receptor
lamB deletion prevents free phage from infecting the cells and has a higher relevancy for the
susceptible strain MD47. Using the strains with the lamB deletion in an assay enables a
determination of how much free phage derives from spontaneous induction in lysogenic
bacteria as opposed to phage deriving from reproduction in susceptible bacteria without the
genetic modification. The OD600 measurements of MD56 show similar results to MD6. The
cells that received the supernatants grew similarly regardless of the toxin presence and yet
again they don’t grow as well as the LB control because of the reduced nutrients. The cells
that were treated with tilimycin showed the same pattern as before. After four hours at an
OD600 of about 1.2, the growth curve flattened for the remainder of the eight hours (Figure
32).
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Figure 32 Tilimycin reduces growth in MD56

E. coli MD56 cells were treated with toxin and non-toxin-containing supernatants from K. oxytoca cultures. In
addition, an 85 uM treatment and a negative control with LB were done. The tilimycin treatment showed a flattened
growth rate after 4 hours. The supernatant rates differed from the negative control because of the lack of nutrients
compared to fresh LB medium. (n=2)

MD74 is different compared to the previous two strains because it doesn’t carry a wild type
phage A but a non-inducible phage. This means the phage A has cl"® mutation. A phage release
in this strain can only occur randomly and spontaneously and cannot be induced. The
supernatant-treated cells again have a slightly flatter growing curve than the LB control due
to the nutrient-deficient medium. However, the tilimycin treated cells behave differently than
in the other strains. The growth curve does not show the distinct flattening after four hours
like in MD5 and MD56. The TM treated cells’ growth curve starts differentiating from the LB
control at around 5 hours to a flatter curve (Figure 33). This shows that a concentration of 85
UM TM does influence the growth of E. coli cells.
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Figure 33 Tilimycin reduces growth in MD74

E. coli MD74 cells were treated with toxin and non-toxin-containing supernatants from K. oxytoca cultures. In
addition, an 85 uM treatment and a negative control with LB were done. The tilimycin treatment showed a

flattened growth rate after 5 hours. The supernatant rates differed from the negative control because of the lack
of nutrients compared to fresh LB medium. (n=2)

Since the control strain MD74 carrying a non-inducible A strain shows a different growth curve
than the strains carrying wild type A there is a possibility that TM did not only act bacteriocidic
but also triggered prophage induction which resulted in phage release and therefore a
flattened growth curve. To visualize the differences in the growth curves the three strains’ 85
UM TM-treated growth curves were combined in one graph (Figure 34). The two strains
carrying the wild type phage A have a virtually identical curve and the MD74 strain carrying a
non-inducible strain has a distinctly steeper growth curve and a higher OD600 after 8 hours of

growth. To determine the amount of free phage released to the medium a phage assay was
performed.
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Figure 34 Tilimycin has less impact on MD74 carrying non-inducible phage

The growth curves of MD6, MD56, and MD74 are compared in one graph. The curves of MD6 and MD56, which
carry a wild type phage, are flatter compared to MD74 which has a non-inducible phage A.

To gain further insight into the state of the cells after the incubation time of 8 hours, the cells
would have to be viewed under a microscope to determine whether a morphology change of
the cells could have interfered with the OD600 measurements. The cells should also be plated
after or at different points within the incubation time to gain insight into the viability of the
cells.

The reason why the supernatants were used initially was to determine if a reaction that
occurred with pure 85 uM tilimycin could be recreated with the supernatant of a toxin-
producing K. oxytoca strain to mimic this encounter in a co-cultivation or later in the murine
gut. So, an important step is to measure the tilimycin concentration in the supernatants to
determine whether there really is no impact on the cells at the concentration of the
supernatant or whether TM cannot be detected in the supernatant. Since tilimycin adheres to
plastic surfaces, it is important to minimize the use of plastic in the preparation of the
supernatants. For the centrifugation step however, plastic 50 ml Greiner tubes had to be used.
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Since K. oxytoca cells, in general, don’t pellet easily the cells were centrifuged longer to receive
fewer residual cells in the supernatant. There is a possibility that this centrifugation step was
too long and a great amount of the tilimycin in the supernatant adhered to the plastic wall of
the Greiner tube. In that case, the experiment would have to be repeated with fresh
supernatants to see the actual reaction of the cells to the toxin-positive supernatant.

Tilimycin treated cells suggest higher phage count

To determine whether the growth curves of the MD strains are in relation to the prophage
activation, a phage assay was performed. The phage lysates were prepared from the cultures
of the growth assay. The lysates were then spotted onto R-Top agar plates that contained the
infectible strain MD5. Below the plague-forming units per ml (PFU/ml) were calculated (Table
10). If the system is functional TM should have an impact on the phage release in MD6 and
MD56 because those strains carry the wild type phage A strain. MD74 however, which carries
the non-inducible A strain should not be impacted as much since only spontaneous prophage
induction should appear. The table shows that compared to the negative control treatment,
which is LB medium, all strains had a higher PFU/ml for the TM treatment. The supernatants
do not show any pattern and the released phage is probably due to cell stress that is caused
by the nutrient deficiency. Notably, the power of the values of MD74 does not vary as much
as in MD56 for example. Compared to MD6, MD56 has a higher phage release in general, even
with the negative control LB medium treatment. These numbers suggest that the system could
work with the expected results however the values from the spot assay provide just a vague
hint. Another important factor that was not included in this assay is the viable cells per ml.
There are differences in growth and most likely cell lysis happening, so to gain reliable
information on the TM effect on this system the assay must be repeated, and the data need
to be normalized to the viable cells per ml.

Table 10 Phage count (PFU/mIl) from spot-on phage assay, 5 pl of dilutions of the phage lysate with TMG buffer were spotted
onto top agar mixed with infectible strain MD5.

MD6 MD56 MD74
LB medium 0 5.5x107 0
Tx supernatant 1.0x103 2.4x107 4.0x10°
Tx* supernatant 2.1x10% 8.0x10°8 2.0x103
Tilimycin 85 uM 6.5x10% 2.3x108 6.0x103

To receive more accurate PFU/ml values the assay should be repeated as a common phage
assay, where the phage lysate is mixed with the infectible strain and the R-Top agar so that
the plaques are distributed throughout the agar plate. Since the supernatant-treated phage
lysates showed no distinguishable results, as already mentioned, the TM concentration should
be measured to determine whether the concentration is too low to impact the phage release
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in the same way the 85 uM TM did or if there is no toxin at all. In any case, the experiment
could as well just be repeated with fresh supernatant to see if the results are inconclusive
again.

To see whether the TM-caused effects transfer to the murine model the resistance genes must
successfully be introduced into the E. coli MD strains so that the system can be tested in vivo
using similar phage assay methods to this study. E. coli and K. oxytoca can also be co-cultivated
to avoid the supernatant treatment. In another step, the system can be transferred into the
murine model to test the reaction of the prophage activity in vivo. For this, the mouse gut will
have to be cleared from its natural microbiome using beta-lactam antibiotics, like in previous
studies [66]. After that, the mouse gut can be co-colonized with toxin-producing K. oxytoca as
well as the different E. coli MD strains. In that case, K. oxytoca of course will be the toxin-
producing party and provide the tilimycin. MD6 carries the wild type phage A and when
prophage activation is initiated, the strain will release free phage. One option is to use the
stool to produce a phage lysate and do phage assays as previously described. Another
possibility is to co-cultivate another strain in the mouse gut which is an infectible or
susceptible strain. In combination with MD6, most likely MD5 will be used. Since the strains
carry different antibiotic resistances, the murine stool can be suspended and plated. In this
case, we gain knowledge on how many bacteria of the donor strain remain that were not
subjected to prophage activation but since phage A also carries a unique antibiotic resistance
we can also tell at which percentage the infectible strains were infected. The lamb mutation
strains, MD56 and MD47, can be used to determine the difference in how much free phage
occurs and how much is derived from multiplication in infectible bacteria. MD74 like
previously will act as a negative control, as the phage it carries has a cI™ mutation, making it
non-inducible. As another negative control for this whole system, non-toxin-producing K.
oxytoca is co-cultivated with the E. coli MD strains. This system has been used previously by
Kienesberger et al. [80] where they showed the mutagenic nature of TM.
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PAl promoter identification in K. oxytoca

Toxin-producing K. oxytoca contains a gene cluster that has been discovered to be a
pathogenicity island. The PAI consists of two operons, the NRPS operon that contains the
genes npsA and npsB, and the aroX operon that contains five genes including aroX. The two
operons are connected by a distinct sequence. We hypothesize that the region connecting the
two operons contains promoter sequences for aroX (PraroX) and npsA (PrnpsA) The aim is to
test this theory by cloning the promoter region of the PAI of K. oxytoca upstream of gfp in
both orientations and to transform K. oxytoca with the finished cloning product (Figure 35).
Furthermore, we wanted to see if the activity of the promoter region relied on being in a K.
oxytoca strain. To gain this knowledge, different strains of E. coli were transformed with the
vectors pAR181_gfpmut3b_PrnpsA as well as pAR181_gfpmut3b_PraroX.

-( K }(aroXGl promoter region ) npsp){ N )_

TA

457 bp

Figure 35 Promoter region of PAIl of K. oxytoca

The potential promoter region is 457 bp long and is flanked by the aroX and npsA genes. The promoter region is suspected to contain two
promoters one being PraroX, which is facing toward the aroX gene, and one being PrnpsA which is facing towards the npsA gene.

Cloning of pAR181 gfpmut3b_PrnpsA & PraroX

For the cloning project, the PAl promoter region of K. oxytoca AHC6 was amplified via PCR in
both npsA and aroX directions using primer 1 and 2 and primer 3 and 4 respectively. The
primers have overhangs that encode restriction sites for the enzymes Sacl and Sphl (Figure
36).
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PrnpsA

PrnpsA_Sacl TTAGAGCTCTTCTAATCTCTCACTCGAAATTTAACAG
PrnpsA_Sphl TATGCATGCCACTCTCTCCTGGAGAATTAGG
Product size 475 bp

PrpsA_Sacl
ATG

_( aroX { promoter region | npsA )_

GTA

PropsA_Sphi

PraroX

PraroX_Sphl TATGCATGCTTCTAATCTCTCACTCGAAATTTAACAG
PraroX_Sacl TTAGAGCTCCACTCTCTCCTGGAGAATTAGG
Product size 475 bp

ATG

_( aroX { promoter region I npsA )—

GTA

PraroX_Sacl

Figure 36 In silico of Amplification of the promoter region of PAI of K. oxytoca

The primers were designed to bind to the expected promoter region with a restriction enzyme sequence

on the overhangs. The two restriction enzymes Sphl and Sacl were chosen interchangeably so that when

ligated with the vector, there would be one plasmid with either orientation of the promoter region.
To ensure a sufficient amount of PCR product four reactions using the two primer sets to
amplify the promoter in both orientations were performed. All reactions showed the expected
band size of 475 bp (Figure 37). The respective reactions were then pooled and purified. The
purification yielded a total amount of 2824 ng of PrnpsA and 2456 ng of PraroX.

PraroX

Figure 37 Amplification of npsA and aroX promoter region

To generate enough product 4 reactions with each primer set were performed to amplify
both orientations of the promoter region. As a template chromosomal K. oxytoca DNA was
used. The ladder is Generuler 1 kb and 17 % of the PCR reaction was loaded. For the

negative control (NC-) ddH.0 was used.
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The vector used was pAR181 gfpmut3b which is a pACYC derivate and has a p15A origin and
is, therefore, low-copy (10 copies). The resistance marker on the plasmid is chloramphenicol
and the restriction enzymes used for the cloning are Sacl and Sphl. The plasmid carries the
promoter of the rnB gene, which is a highly transcribed gene, therefore the promoter is strong
(Figure 38).

pPAR181_gfpmut3b

2716 bp

Sacl (804)

Sphl (s914)

Figure 38 The vector plasmid pAR181_gfpmut3b

The vector map shows the two restriction sites, Sacl and Sphl, that are
relevant for the project. The vector has a chloramphenicol resistance and
a low copy p15 origin. The wild type promoter on the plasmid is PrrnB
which is strong.

The amplified promoter regions as well as the vector pAR181 gfpmut3b, which originally
carries the rnB promoter upstream of the gfp gene, were cut using both enzymes Sacl and
Sphl. In addition, cut controls with only one of the enzymes were made. The controls showed
that the enzymes did not cut the entirety of the used DNA but since the bands at the correct
size were excised from the gel and purified, it was not necessary to repeat the cuts (Figure
39). After purification, there were 328 ng of vector DNA, 608 ng of PrnpsA, and 608 ng of
PraroX.
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Figure 39 Restriction digest of pAR181_gfpmut3b, PrnpsA and PraroX with Sacl and Sphl

There are two restriction reactions with both Sacl and Sphl for the vector as well as the two promoter orientation
inserts. In addition, one reaction of each restriction enzyme cutting the vector separately was performed. The
bands show that the enzymes did not cut the vector entirely. The uncut vector was added to the gel as well. The
bands were excised at the correct sizes and purified which yielded 328 ng of vector DNA, 608 ng DNA of PrnpsA,
and 608 ng of PraroX.

The vector was dephosphorylated and subsequently ligated with the purified inserts. After
that, a transformation of E. coli DH5a with the ligation products was conducted. In addition, a
positive control with the original form of the vector (PrrnB) and a negative control with water
were performed. To confirm the position of the insert at the correct site a colony PCR using
primers 5 and 6 of various clones was performed, including controls with the original vector
that shows a smaller band than the finished cloning product and a negative control with water
(Figure 40). Since the first 11 tested colonies with the insert PraroX didn’t yield a positive
clone, more colonies were tested. So finally, the clones PrnpsA 2 and 6 and PraroX 14 and 16
were sequenced using primer 5 and 6 as well and they showed 100 % homology to the
template DNA. This means that the plasmids containing PrnpsA 2 equals PrnpsA 6 and both
will be referred to only as pAR181_gfpmut3b_PrnpsA and the plasmids containing PraroX 14
equals PraroX16 and both will be referred to only as pAR181_gfpmut3b_PraroX.
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Figure 40 Identification of positive clones that carry the insert

To detect a clone carrying the correct product, 10 PrnpsA clones and 19 PraroX clones were screened. PrnpsA 2 and 6
and PraroX 14 and 16 were identified as potentially correct clones. As a control to show the wild type band size, the
same PCR was performed with wild type pAR181_gfpmut3b from both a colony and an isolate. The ladder is Generuler

1 kb and 67 % of the PCR reaction were loaded. For the negative control (NC-) ddH.0 was used.

Figure 41 shows the order of genetic elements on the original vector as well as the finished
cloning product with the promoter regions in either direction upstream of the gfomut3b gene.

Sacl Sphi

ATG
P1, PrrnB gfpmut3b :

|

promoter region H gfpmut3b :

ATG

_< promoter region H gfpmut3b :

Figure 41 Finished cloning product compared to original vector

The original rnB promoter upstream of the gfpmut3b gene is replaced by the promoter region in npsA orientation
and aroX orientation. This way GFP acts as a reporter of the respective promoter activity.
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The finished plasmids were used to transform different strains to study the behavior of the
promoter regions in various hosts and determine whether the claimed promoter region
indeed shows promoter activity.

PAI Sequence shows Fluorescence signal in E. coli DH5a

Since E. coli DH5a is a strain that is commonly used for cloning, the cloning products, which
were generated with that strain, were first tested in DH5a. The constructed plasmids
pAR181 gfpmut3b_PrnpsA and pAR181 gfpmut3b_PraroX as well as pAR181 gfpmut3b
(PrrnB) as a GFP positive control and pBAD33 as a negative control, as it carries a
chloramphenicol resistance, were compared in a GFP assay. Since we did not know how strong
the promoter activity will be and how long the assay must run to obtain fluorescence signals,
the measurements were done for 160 minutes at first. If the PAl sequence contains promoter
sequences, the assay will show fluorescence signals.

The growth curves indicate that after 160 minutes the cells carrying the promoter plasmids
have a slight disadvantage compared to the glow control and the negative control, which is
pBAD33 in this case (Figure 42). The fluorescence data only shows signals for the glow control
(PrrnB) at first glance but after removing the glow control from the graph very low signals for
both promoter orientations as well as the negative control become visible. Initially, the
promoter plasmids seem to show a higher fluorescence signal than the negative control
however after 160 minutes all three treatments show the same intensity. To identify whether
the plasmids containing the PAI sequence glow or if it is just a background signal like in the
wild type the fluorescence signal must be traced for a longer timeframe. Even though the
assay was only measuring for less than 3 hours, the OD600 data suggests that the growth of
the cells containing the pAR181 plasmid may be inhibited. Previous results within the Zechner
group with similar results showed to be successful by switching to a different host strain for
the promoter plasmid measurements. Since earlier similar experiments showed signals in E.
coli MG1655 but not in DH5a, MG1655 was chosen as the next host to test the promoter
activity via GFP assay. In addition to changing the host strain, the time of the assay was
adjusted to a running time of 8 h 40 min. In addition, pACYC184 was chosen as a new negative
control, to use a similar plasmid to pAR181_gfpmut3b. Since pAR181 is a pACYC derivate
pPACYC184 was used. To test whether the hypothesis that if the PAI sequence contains
promoter sequences, it will result in fluorescence signals, proves true further assays must be
performed.
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Figure 42 Fluorescence signal in DH5 alpha

The pAR181_gfpmut3b plasmids in the variation of PraroX, PrnpsA, and PrrnB (positive control) were compared in E. coli DH5a. As a negative
control, the strain carrying pBAD33 was used, since it carries a chloramphenicol resistance like the other plasmids. The OD600 data shows
that the cells containing the promoter plasmids have a slight disadvantage in growth. The positive control glows at a much higher rate than
the other plasmids. After removing the glow control the data shows that after the first 130 min of the assay the promoter plasmids seem to
have a higher fluorescence signal than the negative control, however after 160 min they have the same fluorescence intensity. (n=4)
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PAIl Sequence shows Fluorescence signal in E. coli MG1655

E. coli MG1655 cells were transformed with the constructed plasmids
pAR181 gfpmut3b_PrnpsA and pAR181 gfpmut3b_PraroX as well as pAR181 gfpmut3b
(PrrnB) as a GFP positive control and pACYC184 as a negative control, as it forms the backbone
of pAR181 and has a chloramphenicol resistance. If the PAIl sequence contains a promoter
sequence, the assay will show fluorescence signals.

The OD600 shows a disadvantage in growth for the strain carrying the positive control (Figure
43). The negative control grows at the same growth rate as the cells carrying the promoter
plasmid with the PrnpsA orientation. The PraroX version of the plasmid has a slight growth
advantage. The fluorescence levels of the positive control are out of proportion high
compared to the other strains. Even though GFP is not toxic to the cell, the extreme production
of the protein might cause the cells to slow down on growth because many of the cell’s
resources go towards building GFP. This would explain the reduced growth compared to the
other strains. If the fluorescence values of the positive control are removed from the chart,
the plasmids containing both promoter orientations show a higher signal than the negative
control which does not carry any gfp gene at all. There is no noticeable difference in signal
intensity between the two promoter orientations after 8 hours. In general, this proves that
there is promoter activity in this DNA sequence of the PAIl and that it can be active outside of
Klebsiella spp. So, there is most likely no essential factor that needs to induce the promoter
activity that is specific to K. oxytoca. One thing that can be observed is that the promoter has
a very low signal which is implying low activity, meaning it is a weak promoter. This makes
sense because it is connected to the toxin-producing operon, which does not need to be
always transcribed in high frequencies, especially compared to the positive control, the rnB
gene, which is a ribosomal gene that encodes components of the ribosome. The promoter of
this gene is highly active, especially in the exponential stage of cell growth. If toxins would be
produced at this rate, the producing bacteria would probably be damaged by their own
pollutants especially since tilimycin has genotoxic properties, which might affect the
producing bacteria’s own DNA. The data from this assay clearly shows fluorescence signals for
both orientations of the PAI region which means the hypothesis that the sequence contains a
promoter sequence could be confirmed.

The next step for this study was to test the plasmids containing the PAI sequence in its strain
of origin, K. oxytoca. We wanted to see if there would receive different signals from the GFP
assay compared to the measurements with E. coli as a host.
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Figure 43 Fluorescence activity in E. coli MG1655

The pAR181_gfpmut3b plasmids in the variation of PraroX, PrnpsA, and PrrnB (positive control) were compared in E. coli MG1655. As a

negative control, cells carrying pACYC184 were used. The OD600 shows that the cells containing the negative control grow at the same rate

as the plasmid with PrnpsA orientation. The PraroX shows slight advantages in growth and the positive control grows at a slower rate. The

fluorescence signal for the positive control is extensively high compared to the promoter plasmids and the negative control. After removing

the positive control, the data shows that the promoter plasmids in both orientations result in a fluorescence signal that is distinguishable

from the negative control. Both orientations show the same intensity of the signal. (n=2)
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Glucose does not increase Fluorescence Signal in Klebsiella oxytoca AHC6

After testing the promoter plasmids in E. coli, K. oxytoca AHC6 was transformed. Once again,
the plasmids with the promoter in npsA and aroX directions upstream of gfp as well as PrrnB
as a positive control and pACYC184 as a negative control were used. Since previous internal
studies suggested that glucose might induce toxin production, an assay comparing glucose-
treated cells to untreated cells was performed. It can be hypothesized that if glucose is
present, it will result in a higher fluorescence signal.

The OD600 results show that the glucose does not affect the growth of the cells overall,
however, the cells containing the negative control plasmid (pACYC184) showed reduced
growth for both with and without glucose compared to the cells containing the remaining
plasmids (Figure 44). This might be due to the differences of the negative control plasmid
pPACYC184 compared to pAR181_gfpmut3b. The promoter plasmids and the negative controls
all grow at a similar rate regardless of the treatment. The fluorescence data shows that the
positive control glows at the same rate and is not influenced by the glucose treatment.
Removing the glow control from the graph reveals that the glucose treatment does not have
any effect on the fluorescence signal emitted from the cells, as treated and untreated cells
behave similarly. We can assume that glucose in the used concentration (0.25 g/L) does not
enhance the promoter activity of the PAIl promoters.

In general, the fluorescence data showed activity for both promoter orientations, however,
the ParoX gave a higher signal than PnpsA. This would mean that ParoX is a slightly stronger
promoter than PnpsA. This is different compared to the data in E. coli where, after the same
amount of time, both promoter orientations showed the same signal. However, just like in E.
coli, the overall signals are very low compared to the positive control PrrnB. This means that
even in K. oxytoca the promoters are weak which is probably due to their origin as PAI
promoters. Since tilimycin has DNA-damaging properties, the cells will most likely try to keep
the toxin concentration at a minimum to avoid damaging their own DNA. Upon further review
of the records, a calculation error was discovered and 0.25 g/L instead of the intended 2.5 g/L
was used. This means that to determine the influence of glucose on the promoter region of
the PAI of K. oxytoca this assay will have to be repeated with the planned concentration of
glucose. This experiment could not prove the hypothesis that if glucose is present, it will result
in higher fluorescence levels, but this only applies to a concentration of 0.25 g/L.
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Figure 44 Glucose (0,25 g/L) does not influence fluorescence signal in AHC6

The pAR181_gfpmut3b plasmids in the variation of PraroX, PrnpsA, and PrrnB (positive control) were compared in K. oxytoca AHC6 with

and without glucose present. As a negative control, cells carrying pACYC184 were used. The OD600 data suggests that glucose does not

influence the growth of cells. However, the negative control shows reduced growth regardless of glucose treatment compared to the

other curves. Fluorescence is not influenced by glucose and all treatments show the same signals with and without glucose. The plasmid

containing the aroX orientation of the promoter region shows a higher fluorescence signal than the npsA orientation. (n=2)
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Tilivalline does not Influence Fluorescence Signal

Since K. oxytoca produces tilimycin which then spontaneously reacts to tilivalline in the
presence of indole, we questioned whether the aromatic compound that causes an
autofluorescence of tilivalline can interfere with the measured data of the GFP assay. We
hypothesize that if tilivalline is present, it will result in a higher fluorescence signal.

To clarify whether the presence of TV has any influence on the data, a K. oxytoca AHC6 strain
with a tngA deletion was used. This gene encodes a tryptophanase that catalyzes the reaction
of H,0 and L-tryptophan to indole, NHs*, and pyruvate. The strain with the tnaA deletion
cannot produce indole which means TM cannot react to TV spontaneously and therefore an
autofluorescence caused by TV will not interfere with the GFP measurements. Once again
both AHC6 wild type and AtnaA strain were transformed with the pAR181 plasmids with both
promoter orientations, the pAR181_gfpmut3b plasmid with rnB promoter as a positive control
and pACYC184 as a negative control.

The OD600 values show that AHC6 wild type negative control grows at a lower rate compared
to the other strain and plasmid pairings (Figure 45). The AtnaA negative control, however,
seems to grow at the same rate or even a slightly higher rate as the strains containing the
promoter and positive control plasmids. The fluorescence signals for the positive control do
not vary with the different strains. After removing the positive control, the fluorescence data
shows that both wild type and AtnaA strains containing the promoter plasmids emit the same
signal. This means that the absence of indole and TV does not show a difference in
fluorescence  signal intensity. As  previously observed the presence of
pAR181 gfpmut3b_PraroX results in higher fluorescence levels in the cells than
pAR181_gfpmut3b_PrnpsA. The AtnaA negative control shows a higher fluorescence signal
than the wild type containing the same plasmid. The reason for this might be that the OD600
of the AtnaA strain was higher than the wild type. The additional material and higher cell
density may result in higher fluorescence values. The performed assay did not confirm the
hypothesis that the presence of tilivalline results in higher fluorescence levels because the
signal values were equally high with and without TV.
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Figure 45 Fluorescence signals in K. oxytoca AHC6 wild type do not differ from signals in AHC6 AtnaA

The pAR181_gfpmut3b plasmids in the variation of PraroX, PrnpsA, and PrrnB (positive control) were compared in K. oxytoca AHC6

wild type and a tnaA deletion. As a negative control, cells carrying pACYC184 were used. The OD600 data shows that all strain and

plasmid combinations grow at a similar rate, except AHC6 wild type carrying pACYC184, which shows reduced growth. The fluorescence

signals for the positive controls in both strains show the same levels of fluorescence. The promoter plasmids in aroX and npsA

orientations show identical fluorescence signals in both strains but differ from each other. The negative control has higher fluorescence

levels in the AtnaA strain which might be due to the higher cell density in the AtnaA strain. Again, the PraroX plasmid shows higher

fluorescence levels than the PrnpsA plasmid which means that the aroX promoter has a higher promoter activity. (n=2)
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Longer incubation time shows higher fluorescence signal

The values of fluorescence measurements were always relatively low, and the design of the
assay had limitations in the form of culture volume. To receive different insights, we planned
to measure the fluorescence levels of a greater culture volume (5 ml) after a longer period of
time. For this, media was inoculated with K. oxytoca AHC6 strains containing pAR181 with
PraroX and PrnpsA as well as the positive control (PrrnB) and pACYC184 as a negative control.
After 20 hours 1 ml of the cultures was used for a measurement in the omega plate reader
(Figure 46). The OD600 measurements show that, like previously, the negative control grew
at aslightly lower rate. The graph including the positive control shows a very high fluorescence
signal for pAR181 just like before. However, the fluorescence signals for the promoter
plasmids can be seen. For a better visual of the fluorescence data, the positive control was
removed. The fluorescence values show that the strains with the promoter plasmids are
glowing as they showed higher signals than the negative control pACYC184. As previous data
already suggested the aroX promoter orientation shows a higher glow than the npsA
orientation. The PraroX signal is almost three times as high as the negative control and the
PrnpsA signal is almost twice as high as the negative control signal. This means that the aroX
promoter shows a higher level of activity compared to the npsA promoter. To gain further
knowledge about the viability of the bacterial cultures, the suspensions can be plated and
observed under a microscope. To receive further information on the growth of the bacteria
and fluorescence signal and therefore promoter activity over a 20-hour time frame, a new
assay must be designed. Since the omega plate reader is limited to small-volume cultures, the
assay needs a different approach. One possibility would be growing the plasmids in K. oxytoca
AHC6 in 50 ml of CASO and manually taking 1 ml of the culture every other hour and measuring
it in the omega plate reader to be able to create a graph with extended data.
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Figure 46 Increased Fluorescence signals after 20 hrs

The pAR181_gfpmut3b plasmids in the variation of PraroX, PrnpsA, and PrrnB (positive control) were compared in K.
oxytoca AHC6 after 20 hours of incubation. As a negative control, the strain carrying pACYC184 was used. The OD600
data shows that the negative control grew slightly less compared to the cells carrying the other plasmid variations. The
fluorescence levels for the positive control were high but the signals of the promoter plasmids can be seen. The positive
control data was removed to display the promoter plasmids’ data better. Compared to the negative control the
fluorescence signal of the plasmid carrying PraroX was three times as high as the negative control and the signal of
PrnpsA was twice as high as the negative control’s signal. (n=2)
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With these experiments, we gained insight into the activity of the PAI sequence connecting
the aroX and the npsA gene. The identified region on the operon appears to have promoter
activity and contains two promoters, one in aroX orientation and one in npsA orientation. To
gain further information on under which conditions the promoter is on and how long it is
active or rather when it is turned off again, other systems, for example, a luciferase reporter
system, must be used. A luciferase reporter system can provide information on when the
promoter is turned off again since the luciferase enzyme is unstable and therefore can only
be detected when the promoter is on, as opposed to GFP which is stable and accumulates in
the cells even if the promoter is not active anymore. Knowledge on when and under which
conditions the promoter is off and therefore when the toxin production is off, can be used for
future therapeutic approaches in patients with AAHC.

The promoter shows different intensities of activity in E. coli strains compared to K. oxytoca.
Both promoter orientations show an identical fluorescence signal in E. coli MG1655 but a
vastly higher signal for aroX orientation in K. oxytoca AHC6. This leads to the assumption that
K. oxytoca has some properties that regulate the PAIl promoter and therefore the toxin
production. Further research should focus on identifying said factors. In this study we
expected glucose to have an enhancing effect on the promoter, however, the assays with the
used concentration did not show an increased signal. Repeating the assay with different
glucose concentrations might influence the fluorescence signal intensity caused by the
promoters.

The gene cluster that is relevant for the biosynthesis of enterotoxins is not unique to K.
oxytoca but also appears in other closely related species like Klebsiella pasteurii, Klebsiella
michiganensis, and Klebsiella grimontii. Standard identification methods can not differentiate
between these species, and they are usually combined and referred to as the K. oxytoca
species complex [92]. For this study, the PAIl of K. oxytoca AHC6 only was examined. For further
research, the gene clusters of other toxin-producing Klebsiellae should be studied to see if
they show similar results and if the promoter regions in these strains exhibit the same activity
or if the promoter strength varies from strain to strain.

The knowledge about the promoter region of the PAIl of K. oxytoca is essential since it could
provide information in future studies on how which substances inhibit and which substances
enhance the transcription of the toxin-relevant genes aroX and npsA in K. oxytoca. Since 70 %
of healthy infants are colonized with K. oxytoca that act as pathobionts that can produce toxins
and therefore can be an enormous threat [92]. Having knowledge on how to influence toxin
production via the promoters could change the amount of cytotoxins that babies must face
by simply adding or removing certain factors from the diet. Studies have shown that the toxin
tilimycin is genotoxic and generates stem cell mutations in the colon, which further
encourages keeping the doses in affected individuals to a minimum [93].
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Conclusion

This study consisted of two separate projects. One aim of this study was, to establish a system
to observe the impact of the genotoxic tilimycin on prophage induction in vitro as well as in
vivo in the mouse model. To obtain this E. coli MD strains carrying phage A, strains without A
(infectible cells), and a strain with a non-inducible phage (negative control) were used [15].
The strains needed to have an ampicillin resistance introduced so that they can be co-
cultivated with the ampicillin-resistant K. oxytoca in the mouse model later. The strategy
included introducing the resistance via A RED recombination into the strains. Since all the A
RED recombination plasmids had resistances that were unsuitable for this project, we decided
to generate a tetracycline-resistant pKD46. The vector for this project was pKD46 and the
insert was a tetracycline cassette consisting of tetA and tetR. Pvul was the used restriction
enzyme for this cloning. Upon initial issues with the ligation process of this cloning project, the
ligation reaction was checked for the correct product via PCR, and after the transformation,
the finished product could be detected.

Since only one restriction enzyme was used the cassette could be inserted in either direction
and therefore it was crucial to do two sets of PCRs with primers for each orientation of the
cassette. The generated pKD46-tet was used to perform the A RED recombination with an
ampicillin resistance with homologous ends. However correct clones could not be obtained,
even though things like template plasmid contaminations were considered and eliminated.
Alternative strategies to integrate the ampicillin resistance were discussed. Since there were
ampicillin-resistant colonies after the recombination but the resistance could not be detected
at the correct position, the resistance must have recombined somewhere else.

We suspected that the pKD46-tet plasmid was the problem. The ampicillin resistance on
pKD46 was cut by Pvul and the tetracycline resistance cassette was added to interrupt the bla
gene. This means that the entire sequence of the ampicillin resistance still is on the plasmid,
however, it is split by the Tet cassette. The insert used for this cloning is the ampicillin
resistance. The plasmid pKD46 is a low-copy plasmid, however, there is only one chromosome
in the bacterial cell. This means that the ampicillin resistance is more likely to recombine with
one of the plasmids than the desired gene on the chromosome. Another factor to potentially
promote the integration into the plasmid is that the ampicillin resistance is split into two parts
by the tet cassette, one being 444 bp and one being 417 bp. The overhang that was designed
for the recombination of the ampicillin resistance into the genome only consists of 50 bp, so
the recombination with a 400 bp homology is probably favored.

To combat this issue starting with a new cloning strategy is probably the best solution. The
easiest option to eliminate the possibility of integration into the plasmid is generating a new
pKD46-tet plasmid via Gibson Assembly [91]. With this method, the part of the vector that is
needed, without the ampicillin resistance, is amplified as well as the tetracycline insert. Both
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need to have primers with complementary overhangs. The two elements then get ligated
according to the manual and a pKD46-plasmid without bla residues is generated.

The mentioned E. coli MD strains could not be made ampicillin resistant, but they were still
tested in assays for which the ampicillin resistance was not necessary. The MD strains carrying
the phages (MD6, MD56, MD74) were analyzed for their OD600 with different treatments.
The treatments included supernatants from cultures of wild type K. oxytoca AHC6 (toxin-
producing) and a toxin-deficient mutation, as well as 85 uM tilimycin and LB medium. The
assays showed that the supernatant treatments produced identical results and that the TM
treatment resulted in reduced growth, especially in the two strains carrying inducible phage
strains. MD74 carrying the non-inducible strain showed a less reduced growth curve for the
TM treatment, which might be due to fewer phages being activated and destroying their host
cells. To determine the viability of the bacteria, they must be plated after the assay and viewed
under the microscope.

It is unclear whether the toxin-positive supernatant did not imitate the results generated by
TM 85 uM because the toxin concentrations were too low or because there was no toxin in
the treatment at all. To determine this, the supernatant TM concentrations must be
measured. One possibility is that during the preparation process, the toxin-positive
supernatant had too much contact with plastic, to which TM attaches, resulting in a reduced
concentration. The growth curves of the supernatant-treated cells were slightly reduced
compared to the LB medium negative control, which was probably due to a reduced nutrient
supply because it was used by K. oxytoca when it was growing in the medium, which was later
used to prepare the supernatant. As an alternative to the supernatant treatment, the MD
strains can be co-cultivated with toxin-producing and non-producing K. oxytoca AHC6 strains
in vitro.

To determine whether the TM-treated cells released more phage, phage lysates were
harvested and prepared from the OD600 assay cultures. To get an overview only spot-on
phage assays with MD5 as the infected strain were performed and the results suggested that
the TM treatment resulted in a higher PFU/ml value. To get a clearer PFU/ml value the assay
should be repeated but instead of spotting the lysate onto the R-TOP agar, it should be mixed
in with the R-TOP agar and the infectible strain. The results we got from this study suggested
that TM at the used concentration might result in prophage activation however, in negative
controls other factors like lack of nutrients caused prophage activation as well. To definitively
identify TM as a prophage activating agent the experiments must be repeated and further
experiments have to be performed.

The second aim of this study was to determine whether the region between the AROX operon
and the NPRS operon on the PAI of K. oxytoca has promoter activity. To achieve this the

potential promoter region was cloned upstream of gfp. In assays comparing the promoter
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plasmids to a positive and a negative control, we tried to see whether the region caused a
fluorescence signal, which would mean that the region contains an active promoter. After
performing the assays with different strains carrying the plasmids, we concluded that since
the promoter plasmids resulted in a fluorescence signal, the region is, in fact, a promoter
sequence. However, the promoter regions showed differently strong signals in E. coli
compared to K. oxytoca.

While the two orientations produced an identical level of fluorescence signal in E. coli, the
aroX orientation showed a higher signal than the npsA orientation in K. oxytoca. This might be
due to regulation factors that interfere with the promoter in its strain of origin but are not
present in other strains like E. coli. An important step for future research is identifying the
regulation factors so that they can be used as a tool to reduce toxin production in AAHC
patients. Another interesting experiment would be to transform other Klebsiella spp. strains
with the plasmids carrying the K. oxytoca promoters to see whether the fluorescence signal
strength is the same or if there are additional factors or even fewer factors that regulate the
expression of the toxin operons via the promoter. Another important study for the future is,
as previously mentioned, cloning the promoter region of different toxin-producing Klebsiella
spp. to determine whether those promoter regions behave the same in assays or if they show
different signals.
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