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Abstract

ntimicrobial resistance (AMR) is the phenomenon where bacteria expand their

defense reservoirs against current antibiotics. These resistances pose a major

health threat and are predicted to cause 10 million deaths by 2050. Despite
rising AMRs, new antibiotics rarely enter the market as the developmental process is
complex and slow. Consequently, the need for alternative treatment options is more
critical than ever.
An ancient alternative for bacterial inhibition, long before antibiotics were available, was
bacteriophages (in short, phages). Phages are highly abundant viruses that can be found
in the presence of bacteria. As their natural enemy, phages have successfully proven to
clear bacterial infections. For phage therapy, phages need to be isolated against the
pathogen which depicts one of the major challenges in phage therapy. Phage isolation is
a tedious and time-consuming process that is reaching its current limits.
For that, | developed a technique called “targeted single phage isolation,” where we can
quickly isolate and characterize phages for various pathogens. We used natural sources
such as fecal samples or sewage water, which we filtered, stained, and mixed with our
target bacteria. Mixed cells were then separated by a flow cytometer into tagged cells
(bacterial cells infected by phage) and non-tagged cells (bacterial cells only), a process
called viral tagging. Viral-tagged cells were then studied individually. Via growth
monitoring, infection dynamics were determined to identify phages that were actively
infecting the bacteria. Those were then tested in the subsequent quantitative polymerase
chain reaction (qPCR), where we screened for viral traits. These characterizations
enabled us to quickly select potential candidates for phage therapy. Targeted single
phage isolation also allowed us to observe phage individuality and revealed
heterogenous infection dynamics, a behavioral difference between single-cell infection
and group infection. This was observed for T1, T4, and T7 phages combined with
Escherichia coli 11303.
We also used the developed viral tagging technique to detect phages for

Helicobacter pylori. 491 Helicobacter pylori contigs were discovered. We compared all



contigs to the publicly available phage and prophage sequences and exposed a major
discrepancy between them. Viral-tagged contigs shared little to no sequence similarities
to the public sequences despite being annotated with phage attributes or having H. pylori
as host prediction. We characterized viral-tagged contigs and public sequences and
identified NAD-dependent epimerase/dehydratase as this dataset's only shared
auxiliary metabolic gene (AMG). The remaining AMGs were all unique for each group.
The dataset was also scanned for endolysins, an essential enzyme for bacterial cell wall
degradation. 20 endolysins were found in total, whereas 19 belonged to the viral tagging
dataset. These opposing views highlight how diverse phages can be and how important
it is to have an extensive database to fully understand the role of phages.

Phages play a crucial part, especially in diseases. In my last project, we examined phages'
role in gut microbiota and diseases. Bacterial cells and viral particles were isolated from
colorectal cancer patients in early and late stages, Ulcerative Colitis patients, and healthy
individuals. We sequenced the bacteriome and the virome and discovered a distinct
picture for each condition. In addition, we self-infected and cross-infected bacteria with
phages to investigate bacterial and viral abundance. Escherichia was detected to be the
most abundant taxa in all samples, but no common viral cluster was identified. The
subsequent interaction analysis revealed the microbial association network, which was
unique for each condition. These findings suggest that diseases highly influence
microbial compositions and connections.

Overall, the developed technique enabled us to expand our research. We could analyze
phages on a single-cell level, extend phage reference databases, and look into the role of
phages in diseases. We believe this is a solid foundation for advancing phage research,

paving the way for revolutionary developments in phage therapy.



Zusammenfassung

ntibiotikaresistenzen nehmen rasant zu, was zur Folge haben wird, dass in 20

Jahren mehr als 10 Millionen Menschen jahrlich daran sterben werden. Der

Grund dafiir ist, dass Bakterien zunehmend gegen immer mehr Antibiotika
resistent werden, oft gegen mehrere gleichzeitig. Obwohl die Resistenzen ansteigen,
kommen nur sehr wenige neue Antibiotika auf dem Markt, da die Prozesse zur
Neuentwicklung von Antibiotika komplex und sehr langsam sind. Daher miissen
alternative Behandlungsmethoden gesucht und erforscht werden.
Eine Alternative ist die Phagentherapie, die bereits erfolgreich angewendet wurde, lange
bevor Antibiotika vorhanden waren. In dieser Behandlungsmethode werden Viren,
sogenannte Phagen, gegen bakterielle Infektionen eingesetzt. Diese Viren sind die
natiirlichen Feinde von Bakterien und existieren tberall dort, wo auch Bakterien
vorkommen. Trotz ihrer weiten Verbreitung und erfolgreichen Hilfe gegen bakterielle
Infektionen, ist die Isolierung und Identifizierung von Phagen sehr aufwendig und
schwierig. Die aktuell verfiigbaren Methoden sind nur begrenzt wirksam und stof3en
zunehmend an ihre Grenzen.
Daher habe ich eine Methode entwickelt ,gezielte Isolierung von einzelnen Phagen®.
Durch diese Methode sind wir in der Lage, Phagen fiir viele verschiedene Bakterien zu
isolieren und zu charakterisieren. Dafiir verwendeten wir Abwasserproben sowie
Stuhlproben, konzentrierten die vorhandenen Phagen, farbten sie ein und mischten sie
mit den Bakterien unsrer Wahl. Mit einem Durchflusszytometer separierten wir Zellen,
die mit einer Phage infiziert waren von jenen ohne Phage.
Durch die entwickelte Methode konnten wir das Verhalten von einzelnen Phagen
wahrend des Infektionszyklus beobachten und feststellen, dass Phagen heterogene
Infektionsdynamiken besitzen. Des Weiteren konnten wir alle getesteten Phagen im
weiteren Prozess charakterisieren und identifizieren.
Die entwickelte Methode wurde auch dazu verwendet Phagen fiir Helicobacter pylori zu
identifizieren. Wir fanden 491 Contigs. Diese haben wir mit publizierten Sequenzen
verglichen. Dabei trat eine Diskrepanz zwischen den von uns identifizierten Contigs und

den bereits publizierten Sequenzen zutage. NAD-abhédngige Epimerase/Dehydratase
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wurde als einziges Gen in beiden Datensitzen gefunden, die restlichen identifizierten
AMGs waren alle einzigartig. Zudem fanden wir erhebliche Differenzen in der Prisenz
von endolytischen Enzymen, einem Protein fiir den bakteriellen Zellwandabbau. Von den
20 gefundenen Enzymen sind 19 den viral tagging Contigs zuzuordnen. Diese
gegensatzlichen Resultate unterstreichen die immense Vielfalt der Phagen und zeigen
wie wichtig es ist, Datenbanken permanent auszubauen.

Im letzten Projekt nutzten wir die entwickelte Methode, um Phagen und ihre Rolle in der
Darmflora zu untersuchen. Dazu haben wir Stuhlproben von Patienten mit Darmkrebs
im Frith- und Endstadium bearbeitet, sowie jene von Patienten mit ulzerative Kolitis und
gesunden Menschen. Wir haben jeweils die Bakterien sowie Viren daraus isoliert und
diese miteinander kreuzinfiziert, um die Interaktionen zwischen Wirt und Phagen in den
jeweiligen Bedingungen zu analysieren. Die Daten zeigten, dass die bakterielle und virale
Zusammensetzung je nach Erkrankung variiert und einzigartige Interaktionsnetzwerke
bestehen. Diese Ergebnisse deuten darauf hin, dass die mikrobielle Komposition von
Krankheiten beeinflusst wird.

Zusammenfassend haben wir eine Technik entwickelt, die uns tiefere Einblicke in
Phagen und ihre Eigenschaften ermdglicht und auch zukiinftig dabei helfen wird,
Zusammenhdnge besser zu erforschen. Wir sind zuversichtlich, dass diese Technologie

fiir die Phagentherapie hilfreich sein wird.
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1. Introduction

Are bacterial infections life-threatening again? For most of human existence, bacterial
infections were often deadly. Millions died due to pneumonia or infected wounds,
especially during war times, until penicillin was found. Penicillin was discovered in 1928
as the first of its kind [1]. Penicillin is a molecule produced by a fungus and capable of
inhibiting the growth of bacteria. It was the first antibiotic (antimicrobial substance) that
saved thousands of lives, built the base for many other antibiotics, and knocked off the
start of the golden era of antibiotics [1]. For decades, bacterial infections were treated
easily and became innocuous. An entire palette of antibiotics was available with various
modes of action - stopping the cell wall construction, interfering with deoxyribonucleic
acid (DNA) replication, or interrupting protein synthesis. However, this growing palette
had an alarming reason - antibiotic resistance [1], [2]. Bacteria developed strategies to
escape all kinds of antibiotic treatments. Consequently, new drugs were designed to
interfere with the latest defense mechanisms developed by bacteria. Nevertheless, as
bacteria constantly evolve, their pool of defense actions has grown as well, but the pool
of drugs has not, as pictured in Figure 1 [3]. That leaves us with multi-resistant bacteria,
which are regaining their status as a death threat.

Antibiotic-resistant bacteria are detected everywhere on the globe [4], [5] caused by the
massive overuse and misuse of antibiotics in hospitals or livestock [6], [7]. Every day,
more and more join the group of multidrug-resistant pathogens [8]. This growing pool
of resistant pathogens is an issue that is becoming more and more pressing [3]. Almost
five million deaths were triggered by resistant pathogens in 2019 globally. Out of those
five million, 1.2 million were directly caused by resistant strains. Multidrug-resistant
bacteria kill more people globally each year than HIV/Aids (Human Immunodeficiency
Virus -864,000 deaths) or Malaria (643,000 deaths) [6], [9]. In Germany, 30,000 - 35,000
people are diagnosed with an infection caused by multidrug-resistant bacteria each year
[10]. Roughly a third dies because of that infection. The predictions are that without
counter-measurements, those pathogens will kill up to 10 million by 2050 worldwide
[5], [6], [9]. Multi-resistant pathogens have put the world in a difficult position as these

infections burden each country's health system and economic status [7].
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Figure 1_Antibiotic Resistance Timeline

The timeline shows the discovery of new antibiotics. The different colors represent the source for the
antibiotic: green = actinomycetes, blue = other bacteria, purple = fungi, and organ = synthetics. Above the
timeline, discoveries are shown; below the timeline, resistance occurrence is presented. The picture was
taken from M. Hutchings, A. Truman, and B. Wilkinson, ,Antibiotics: past, present and future®, Curr. Opin.

Microbiol [11].

The World Health Organization (WHO) has listed the most dangerous pathogens and has

put categories on them based on their threat [3]. Categories are critical, high, and

medium [2]. The list of critical bacterial species contains Acinetobacter baumannii,

Pseudomonas aeruginosa, Klebsiella pneumonia, and Enterobacter spp [9]. All four belong

to the ESKAPE strains, which cause 34 of all resistance deaths together with

Enterococcus faecium  and  Staphylococcus aureus [6], [8]. Those two,

Enterococcus faecium and Staphylococcus aureus, are united with Helicobacter pylori,

Campylobacter spp, Salmonella spp, and Neisseria gonorrhoeae in the category of high

threats. Medium threats are Streptococcus pneumoniae, Haemophilus influenzae, and

Shigella spp [2]. Those pathogens have acquired so many different resistant genes that

even last-resort antibiotics fail, and people die again from superficial infections.

Alternative treatments are being tested and going into clinical trials, such as probiotics,
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antimicrobial peptides, antibodies, or phages. [6], [8]. But in this thesis, we will focus on

phages only - the natural enemy of bacteria.

1.1 Targeted Single Phage Isolation
1.1.1 Phage History

Enormous efforts are made to eliminate bacteria during infections and to find suitable
alternatives, as the number of newly developed antibiotics has been increasingly low
over the last decades.

One suitable alternative is phage therapy, a therapy that has already been used to treat
bacterial infections in the early days, even before antibiotics were developed (the history
timeline of phage therapy is in Figure 2) [3],[7],[6], [12]- In 1915, phages were first found
by Federick Twort but two years later again by Félix d’'Hérelle [6], [13], [14], [15]. Félix
d’Hérelle called them bacteriophages, which means “bacteria eater” [13]. They
discovered that phages have the ability to destroy bacterial cells. Phages are viruses that
need a bacterial cell to replicate and produce progenies. Phages are parasites and cannot
survive without their hosts [6], [13]. When Félix d’Hérelle discovered that phages
destroy bacteria, he investigated further and wrote his first paper about phages that
decreased the bacterial load in dysentery patients [13]. Within rabbits, he evaluated the
phage functions against Shigella and found that phages protected the rabbits. In 1930,
companies started to produce phage products to treat bacterial infections broadly [13].
However, later that year, the Council on Pharmacy and Chemistry of the American
Medical Association raised their concern as the outcomes of phage therapy are not as
clear, and further research is necessary [13]. This was precisely the same time when
antibiotics were discovered. Phage therapy experienced a pushback, and people lost
interest. Especially Western countries lost complete track of phages as all their efforts
were put into expanding their research on antibiotics. Only Eastern Europe and the
Soviet Union kept using phages as a bacterial treatment, and the research [6], [14], [15].

The timeline of phage research is shown in Figure 2.
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Figure 2_Timeline for Phage Therapy History

The evolution of phage therapy is represented by the yellow areas. Phage therapy kick-started around
1915. The blue area shows the development of antibiotics, which were accidentally found in 1929 by
Fleming and changed infection treatment drastically around 1942. Picture taken from F. L. Gordillo
Altamirano and J. J. Barr, ,Phage therapy in the post-antibiotic era“[16]

1.1.2 Phage Biology

Fundamental phage research was scarce and limited since most experiments were
conducted with Escherichia coli and its phages. However, the renewed interest expanded

the field of phage research and constant new findings are shared. So, what are phages?

1.1.2.1 Phage Life Cycle

Bacteriophages are viruses that infect bacterial cells and hijack the host cell’s machinery
to reproduce themselves [3], [13], [15]. This process is their life cycle and is described in
short: infection - hijacking - progeny production [17]. Phages are categorized into two
major groups based on their life cycle: lytic and lysogenic [6], [18]. A third and less
common life cycle is the chronic one. All three cycles are pictured in Figure 3. Phages that
enter the lytic life cycle infect their host, reproduce themselves, and release progenies
[14],[15], [17]. Those progenies can only be freed when two proteins are produced, holin
and endolysin [19], [20]. Holin forms holes into the bacterial cell wall, making membrane
proteins fully available for the endolysin, which then degrades the remaining wall.

During that process, the bacterial cell is fully destroyed, and progenies are released [21].
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The second life cycle is the lysogenic life cycle. The lysogenic life cycle is entered by those
phages that infect the cell but then do not immediately kill it. Phages either integrate
themselves into the host genome and become a prophage, or their genomic material is
freed and floats as a plasmid [6], [14]. These phages can stay dormant for an extended
period of time until a stressor or other influencing factors push them back into the lytic
cycle, where phages replicate themselves and produce progenies [3], [15], [18], [22]. The
pushback, however, is only possible as long as the genetic information is intact and
complete; if parts are impaired or are missing, the induction can not happen anymore.

In both life cycles, lytic and lysogenic, phages destroy their host when progenies are
released, which is the major difference compared to the chronic life cycle. Phages with a
chronic life cycle infect their host, but while releasing progenies, they do not destroy

their host cell [14], [17].

RN
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Figure 3_Phage Life Cycles

The picture shows the three life cycles for phages. The lytic and chronic life cycles reproduce progenies,
whereas only the lytic cycle destroys the host during progeny release. Phages that enter the lysogenic life
cycle do not produce any progenies at first. They integrate their genomes into the host genomes and stay
dormant. However, temperate phages can be triggered to switch into the lytic cycle to generate progenies
and destroy the host. Picture taken from A. Chevallereau, B. ]. Pons, S. van Houte, and E. R. Westra,
JInteractions between bacterial and phage communities in natural environments* [23]

The majority of known phages go through either the lytic or lysogenic life cycle. Phages
decide quickly after the adsorption which cycle they choose. So, the decision is made

right during the infection process and made up before any other stage starts [15], [22].
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The process is triggered by signaling molecules [18]. Signaling molecules are produced
during the lytic cycle. As the concentration rises, the chances increase drastically for a
cycle switch. If the concentration of the lysogenic-promoting proteins decreases, the
likelihood of a cycle switch decreases with it. Recent studies have shown that the small
molecule arbitrium is such a communicating molecule for Bacillus phages [15]. With its
rising concentrations, phages are more likely to choose the lysogenic life cycle rather
than the lytic one. The decision is based on which cycle is currently more beneficial for
the phage. Environmental factors such as host availability or external stress factors play
a role in their decision-making [22]. Supposedly, nutrients are rare, and the amount of
phage relatives is too concentrated. In that case, phages tend to choose the lysogenic
cycle as their chances for survival are higher as more progenies can be produced in a
later stage. Additionally to environmental factors, if a host cell has multiple phages
attached, all phages together decide in which life cycle it will be continued further [15].
The life cycle decision is complex, and only for phage lambda really well studied and

better understood [15]. However, for the remaining phages, it remains a mystery.

1.1.2.2 Phage Properties

Phages can be categorized by their life cycle, but there are also other factors, such as their
genomic information. Phages can have DNA or RNA, double-stranded (dsDNA/dsRNA)
or single-stranded (ssDNA/ssRNA) [15], [24]. Phages can also be classified based on
their morphology. Figure 4 presents the different morphotypes of phages. Phage
research accelerates, and more and more details are added as fundamental research
continues and new information is revealed. Currently, the majority of phages belong to
dsDNA-tailed phages, which are also the most studied ones, but more studies are coming

in, filling the research gaps around them [6], [15], [24].
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Researchers found that phages are amongst the most abundant species on earth,

outnumbering bacterial cells by at least a factor of ten [14], [24]. 1 to 10 is the ratio in
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the gut, for example. The ratios can be smaller, especially in extreme environments such
as the deep ocean. However, in general, scientists claim that phages are present
wherever bacteria can be found [14]. Additionally, once phages are present, phages can
persist for a long time as long as no disturbing factors occur. Disturbing factors are UV
light or harsh chemicals that can influence or completely destroy the phage. If well
protected, some phages can survive for a long time, even for decades - often stabilized
by a high concentration [14]. However, others are more fragile and sensitive and break
down very easily, even without external help. In general, phage survival relies heavily on
the phage itself and cannot be generalized.

Despite their abundance, phages can also be differentiated based on their biogeography
[14]. That means that not every phage is located everywhere in the world; some phages
are only found in closed surroundings, whereas others, such as the crAssphage, can be
found worldwide. The crAssphage is part of the gut microbiome and is present globally
[15], [25].

Another differentiation factor is their genome. Bacteriophages are very different
compared to their bacterial hosts. The phage genome size ranges from 2 kbp up to
500 kbp; the latter is then called Jumbo phages [24]. The genome does not include any
universal marker genes for genotyping, like the 16S rRNA gene in bacterial cells, and
their genetic information is highly dispersed, more like a mosaic [26]. Their genome
complexity makes phages highly diverse, but phages increase their diversity even more
than similar genetics do not equal similar behavior. Phages can have a big portion of their
genomes identical, but their behaviors differ completely. Behavioral differences have
been seen for phages, which have nothing in common [24].

Another layer of diversity is added by their morphology, as pictured above. Phages can
have packed their genetic information in a polyhedral capsid, a common geometrical
form in viruses. Their genetic information can also be stored in a filamentous capsid,
which is tubular. Besides their capsids, phages can also have tails. The tail can then either
be contractile or not. Phages that have a polyhedral capsid and a contractile tail belong
to the family of Myoviridae. If the tail is non-contractile, phages are identified to the

Siphoviridae family, and no tail classifies them as Podoviridae [27].
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1.1.2.3 Phage Taxonomy

In the early days, when phage research was limited, their classification was based on
their morphology and genome types, such as dsDNA, ssRNA, or host range. In 1978, the
International Committee on Taxonomy of Viruses (ICTV) approved the phage families
Inoviridae, Microviridae, Tectiviridae, Corticoviridae, Plasmaviridae, Leviviridae and
Cystoviridae [28]. Twenty years later, in 1998, the order Caudovirales was approved,
which combined all tailed phages and included Myoviridae, Siphoviridae, and
Podoviridae. However, since phage research rapidly increased and sequencing
technology advanced, more and more insights about phage genomics were gained.
Consequently, the new information quickly made the used taxonomy irrelevant as there
was no cohesiveness anymore. Therefore, phage taxonomy is now undergoing major
work [28]. Especially the order Caudovirales is highly affected as the majority of
sequenced phages are tailed phages. So, Myovirus now includes three families:
Ackermannviridae, Chaseviridae, and Herelleviridae. The Siphovirus family combines
Demerecviridae and Drexlerviridae, and the Podovirus family consists of
Autographiviridae. This order was only the beginning, as the ICTV is constantly working

on expanding and categorizing existing and newly found phages [28].

1.1.3 Phage Innovations

Not only did taxonomy need to take in a lot of new information, but the entire phage
world was getting swamped with novel research outcomes. In the early days, phage
research was limited to a small number of known phages such as T1, T4, lambda, T7, and
phi29, which are mainly Escherichia coli phages, except the latest. Phage knowledge was
limited, but now, phages are used in a wide range of biotechnological tools. One tool is
phage display. In phage display, filamentous phages are used to express different surface
proteins to catch the interaction between antibodies or other proteins [29]. A plethora
of biotechnology tools was available after the discovery of molecular cloning. The
discovery of molecular cloning and gene expression systems was embossed by
bacteriophage lambda. Lambda was the center of attention in genetic engineering
between the 1950s to 1980s [30]. Genetic engineering even won the Nobel Prize. The
Nobel Prize for Chemistry in 2020 was awarded for genome editing using the Clustered
Regularly Interspaced Palindromic Repeats (CRISPR) Cas9 system. CRISPR Cas9 is a

bacterial defense system against bacteriophages and can be used to delete/add/change
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entire genes within the genome [31]. Another gene editing tool is the Cre-Lox system.
The Cre-Lox system is nowadays used for site-specific recombination enabling scientists
to modify genes [15]. A major revolution was the discovery of the phi29 DNA polymerase.
Phi29 DNA polymerase changed the world of biotechnology as single-cell amplification
was possible, and PAcBIO sequencing was developed [15]. Phages are also used to detect
bacteria in matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOFMS). Bacterial concentrations are often below the detection limit, but
scientists discovered that they can identify bacteria indirectly. They mix the bacteria
with phages, and during the amplification process, certain proteins are produced that
are specific to their targets. Those proteins can then be detected in the MALDI-TOFMS
and confirm the presence of their target bacterium [32]. The technique detects the
bacterium indirectly based on phage biomarkers produced during the amplification
process. But the greatest phage feature is that they can destroy bacterial cells and

support our battle against antibiotic-resistant bacteria.

1.1.4 Phage Detection and Isolation

Phages have to be found first in order to be used as an anti-bacterial agent. They are
commonly isolated from sources where the infecting bacteria are suspected to live in [8].
Recently used phages were found mainly in environmental samples such as hospital
sewage, stool samples, patient samples, or soil. Phage isolation/detection is a challenge
despite their abundance. There is currently no standard operating procedure available
for phage detection or isolation, and to generate a solid picture for one phage, an entire
array of tests needs to be performed. Phage quantification can be done via Epifluorescent
microscopy or flow cytometry [14]. With a transmission electron microscope, the
phage’s morphology can be determined, and with metagenomic sequencing, the genome
[14]. However, none of the previously mentioned methods can actually tell if the phage
actively infects the bacterium or not [14]. These techniques are purely detection only.
Active infection can only be determined via phage isolation. Phage isolation can be done
either by spot tests or a double-layer plaque assay. Spot assays have a lawn of bacteria
on an agar plate, and viral sources are spotted right onto them, incubated, and screened
for lysed areas. Double-layer plaque assay starts with an amplification process first. The
target bacterium is incubated with the viral source. On the next day, the supernatant is

separated from the bacteria, and freshly grown bacteria are again incubated with the
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supernatant and fresh media. These culturing rounds are repeated multiple times.
Between the rounds, the supernatant is tested for phages via a double-layer plaque assay.
The target bacterium is mixed with supernatant and soft agar (0.7 % agar), poured onto
an agar plate, and incubated. After incubation, clear lysis zones confirm the presence of
phages for that specific bacterial strain [33]. To ensure that only one phage is isolated,
purification rounds need to be performed. For that, plaques are picked and incubated
with the target bacteria. After incubation, the supernatant is tested again with a double-
layer plaque assay. Usually, three rounds of purification are executed. Purification is
extended if plaque morphology keeps changing or multiple different plaque sizes are still

visible [33]. After purification, phage characterization can start.

1.1.5 Phage Characterization

Phage characterization is a fundamental element in phage research. Only fully
characterized phages can be administered to patients in phage therapy [8]. The
essentials are origin, family, subfamily, morphology, life cycle, host range, potential
toxins, virulence factors, antibiotic resistance, stability of lysis, frequency of resistance
bacteria to phages, and temperature optimum. All these factors must be investigated,
which is a lengthy and laborious task [12], [34]. Additionally, to the before mentioned
essentials, the latency period and the burst size must be determined as well. These
properties are important factors in phage therapy [33]. In phage therapy, phages should
be quick within their replication cycle and produce progenies effectively, which means
having a short latency period (time of attachment until lysis) and a high burst number
(numbers of progenies) [8], [12], [34]. Phages should also follow the lytic life cycle as
prophages could transfer potentially virulent or toxic genes to the host and jeopardize

the success of phage therapy [3], [12].

1.1.6 Phage Therapy

Phage therapy is a method to fight bacteria that can be accomplished with two strategies:
a targeted approach or a broad one [8]. The broad approach is similar to a broad
spectrum-antibiotics [33]. The broad approach contains a phage cocktail that targets a
wide range of bacterial species. The cocktail holds an array of different phages and is
available quickly since cocktails are often premade [8]. In comparison to the broad

approach, there is the targeted phage approach. The targeted cocktail is firstly not

[11]
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premade and, as the name says, targeted. The targeted cocktail is directly shaped for the
infecting bacteria as phages are only isolated for that patient with this specific bacterial
infection. However, the targeted approach is only available on request, whereas the
cocktail with the broad approach can be purchased in pharmacies in Poland, Russia, and
Georgia [8]. These premade cocktails are made for specific infections but not for specific
strains. Premade cocktails are not available in Western countries, as phage therapy is not
legal and permitted yet. Currently, if patients are treated with phages, it is under the
umbrella of compassionate use (Declaration of Helsinki) or expanded access, with the
patient’s consent, and considered experimental treatment [8]. Administered phages are
magistral phages that are produced by pharmacies (in the scope of normal pharmacy
operation) or by physicians (direct use on patients) [10]. Magistral phage products can
be individualized and are more patient-directed than over-the-counter phage cocktails.
Phages are currently unauthorized medical products that will only be given in life-
threatening situations with no alternative treatment options [10]. Phage therapy is
currently not accepted by the Food and Drug Administration (FDA) or the European
Medicines Agency (EMA) [35]. Additionally, each country handles phage therapy with

compassionate use differently, as laws and medical regulations vary.

Phage Therapy Advantages

Phage therapy has many advantages. Phages are self-dosing. As long as bacterial
cells are present, phages can replicate [12]. If the targeted pathogen is eliminated,
phages will not attack randomly others and, therefore, cannot reproduce
themselves anymore. Overdosing is consequently not possible. Additionally, an
overdose of phages does also not harm the patients as long as all toxins (e.g.
lipopolysaccharide, LPS) are removed during the production process. Those
toxins spike the immune system and can result in a septic shock, the same as in
bacterial-caused sepsis [12].

A second advantage is their biofilm-degrading ability. If the right phage is found,
phage therapy can still be carried out even in the presence of biofilms [3]. Phages
can break down biofilms by producing enzymes that can degrade biofilm
polymers. Over 160 depolymerases have been identified, separated into two
classes: hydrolases and lyases. Those enzymes disrupt biofilm structures,

deconstruct them, and free the path to the inner core, exposing bacterial cells.

[12]
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Exposed cells are then available for phage infection and lysis. This is a major
advantage in phage therapy, that phage administration is still possible despite
the biofilm.

Another advantage is phage specificity. Phages are strictly specific to their host
and, in the majority of cases, will not infect randomly any other species [6], [12].
Some phages infect only one strain, whereas others can infect multiple different
ones. Phage isolation and infection only work with the right hosts. For example,
it is highly unlikely to isolate a phage for a gram-negative strain using a gram-
positive strain [33]. Additionally, phages have little to no effect on mammalian

cells. Their natural hosts are bacterial cells [3].

Phage Therapy Disadvantages

Phage therapy also has its disadvantages. One major disadvantage is the lack of
standardized protocols. There are currently no standards on how to
isolate/process phages, which consequently results in a no-GMP production for
phages [8]. However, despite all the odds, current testing procedures are reliable
and accurate, with one major drawback. They are not fast [35]. Determining the
best phage means going through phage banks or finding the needle in the
haystack by using environmental sources and conservative techniques such as
spot tests or double-layer plaque assay [12]. Spot assays or double-layer plaque
assays are easy but time-intensive (as their incubation is mostly overnight) and
laborious. Another challenge in phage isolation is that phages can behave
differently from host to host. Their burst size can change, their latency period
might differ, and so can their temperature optimum for infection. Another
problem is that some phages might not be able to form any plaques as the agar is
too dense for plaque formation. Bacteria might also not grow in agar, making
phage isolation and characterization difficult or, in some cases, impossible [33].
One major characterization step is determining the phage’s host range. The host
range must be tested on each strain separately. Acceleration can be achieved by
testing multiple phages via spot assay on one plate. However, a double-layer
plaque assay must be executed to ensure that the phage is actively infecting this

host. Multiple different concentrations can also help as sometimes bacterial cells

[13]
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are killed by unknowns in the viral source but not actually from the phage itself
[34].

Another disadvantage is the rather biased process of phage isolation. The
traditional isolation technique includes an enrichment step [33]. That step might
favor phages with a higher turnover rate and exclude phages that are slow (low
latency period) or with a low burst size. The technique also includes a filter step
to eliminate all bacterial remains, but some phages are big and can be lost during
the process. Those losses limit the choices for phage therapy. A variety of phages
is crucial for phage therapy, which is currently not accomplished due to the
techniques used [33]. Also alternative techniques such as liquid assays are
insufficient. In liquid assays, the bacterial culture is incubated together with the
viral source, and optical density is measured. If the culture has cleared, phages
with lytic ability are highly likely [33]. A major drawback of that technique is that
there is no differentiation between one single phage and infection with multiple
different phages. The differentiation producer is only possible via double-layer
plaque assay. A double-layer plaque assay can distinguish between different
phages, as plaques might differ in their appearance.

More advanced tools like bioinformatic analysis can support and clarify, but only
to a certain extent. Computational science can predict the interaction between
host and phage, which might help to find the right phage from the phage databank
[35]. However, as most phage sequences are incomplete or fragmented, the
predictions can be inconclusive, and in-vitro tests have to be executed [35].
Already existing data can also support the hunt to find the right phage for phage
therapy. Standards are consulted from well-studied model phages to predict
possible outcomes from newly isolated phages. Such model phages are Dp-1, T4,
T7, MS2 or phiX174 [8].

All these ideas and modifications helped phage therapy over the last few years to
avoid the long and exhausting process of finding the right phage. But, if the first
hurdles are tackled, such as isolation and characterization, others quickly pop up,
such as pharmacokinetics. Pharmacokinetics describes the effect of the medical
agent within the patient's body. The agent would be phages in the case of phage
therapy. However, phages are dynamic and describing the effect of phages in the

body and their actions are complex. Phages are big, their diffusion rate is low, and

[14]
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the immune system will likely attack them since phages are foreign to the
patient’s body. Consequently, the actual phage concentration is lowered by a
hundredfold when reaching the target site [12]. This reduction is even worse
when phage cocktails are applied, as the starting dose in cocktails is already
lower for each phage than the concentration of a single phage. Another
disadvantage of phage cocktails is the interaction of phages within the cocktail
which is complex. As a consequence, phage therapy is often better applied
directly at the infection site to get the right concentration [12].

As these hurdles are not enough, phage therapy has a major problem, as
pathogens can become resistant to phages. The rapid evolution in better
sequencing technology has boosted phage therapy and phage research in general,
which revealed that bacteria can become phage-resistant quickly and easily [12].
Often, a tiny bacterial surface change can suffice that the phage cannot attach to
its host anymore and become useless. If phage resistance occurs, it does occur in
the entire bacteria population and not only in one phage-host pair [12]. The
likelihood of phage resistance is prominent during treatment. Phage resistance
occurs in many ways. Bacterial cells have an entire set of defense mechanisms
that they can use to get rid of the phage or avoid phage infection. The most heard
one is CRISPR Cas9, but bacteria also have restriction endonucleases that cleave
phage DNA or abortive systems to kill themselves before the phage can replicate.
However, since phages and bacteria co-evolve constantly and have been over the
years, phages have also developed existing strategies for bacterial defense
systems [6], [12]. This co-evolution can happen quickly and even within one
infection cycle. The rapid evolution of phages is a big advantage compared to
antibiotics, which are chemically and structurally rigid and need scientists to
overcome resistance by creating a totally new antibiotic. Ideas to overcome
resistance are available, as phage resistance is an issue in phage therapy. There
are certain ways to fight resistance, except phage evolution. Patients could get a
phage with a broader host range [12]. A broad host range might help, as phage
might use different receptors for the infection, and the pathogen has only energy
to defend itself on one infection route. A second way would be fast phages. Phages
that can Kkill off their host quickly and release a huge amount of progenies can

reduce the risk of resistance as there is no time for defense adaptation [12].
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A third approach is phage cocktails to avoid phage resistance. Phage cocktails
contain multiple different phages with different infection routes, but all of them
have the same target. Due to the attack of many different phages, the host is less
likely to develop resistance [12].

With all the acquired knowledge, scientists went into clinical trials with phage

therapy.

Clinical Trials
Phage therapy was not a success story in clinical trials, despite their promising
traits and theoretical evidence and proven individual patient stories where

antibiotics failed [3], [7]. https://clinicaltrials.gov lists currently 43 clinical trials

for the search phrase “phage therapy”. 41 of those trials are phage therapy trials.
The details are listed in Supplementary Table 3. Clinical trials are necessary to
advance phage therapy for clinical development. A major task will be to update
and adapt regulations as current laws are made for synthetic drugs, which do not
change their structure while being administered or being on-site for infection.
Whereas phages do self-regulate themselves, replicate at the infection sites, and
are capable of changing their genetics while being inside the patients [3]. Phages
are less controllable inside the body than drugs, which classifies them as
biological agents and need different regulatory settings compared to
conventional drugs [3].

Phage therapy is further experienced in livestock and mammalian farms than in
humans, as treatment regulations in livestock and on farms are less rigid than for
human patients. Bovine diarrhea, bovine mastitis, pig diarrhea, and many other
poultry diseases have successfully been treated with phages, and the first over-
the-counter phage medications are allowed in the US and Ukraine [3]. Over-the-
counter phage cocktails (also for humans) are also available in one of the oldest
phage therapy centers, the Eliava Institute in Georgia. The Eliava Institute
provides phage therapy since 1923. Since 1970, phage therapy has also been
available at the Hirszfeld Institute of Inmunology and Experimental Therapy in
Wroclaw, Poland, and since 2005, within its own phage unit. However, in the
Polish phage center, phage therapy is only available under the umbrella of

compassionate use, as phage therapy is not accepted yet in the European Union.

[16]
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Every phage therapy case in that center complies with the Declaration of Helsinki
and the Medical Profession Act of 5th December 1996 of Poland [36]. In January
2018, Belgium changed its law and allowed the treatment of bacterial infections
with “magistral phage medicine”. These phage products are made by pharmacists
for physicians only when patients need them. Later that year, in June, a phage
center was opened in San Diego, providing phage therapy with the allowance of
the FDA [36]. More and more phage therapy centers pop up often in collaboration
with universities such as the University of Leicester, UK, or Yale University, USA.
Additionally, to all phage centers, a community is forming around the globe,
making phages accessible to everyone who needs them, and biotech companies

are founded, such as biomX or PhagePro.

1.1.6.1 Phage-Derived Antibacterials

Despite all the newly ignited interest in phage therapy, scientists also expanded their
research field to phage-derived antibacterials. Phages produce enzymes, which help
them to break down bacterial cells [3]. Those enzymes are chemical molecules such as
antibiotics, which can be easier to put through access regulations. Endolysins, which are
such enzymes, are highly sufficient in lab conditions but currently fail in clinical trials.
Under lab conditions, endolysins work perfectly on gram-positive bacteria yet not so
much on gram-negative pathogens due to their outer membrane [3]. Another
disadvantage of phage derivates is that experiments have shown that they only work
shortly after infection or even only as prevention. Additionally, phage enzymes cannot
be delivered to inner organs as they are detected as foreign and being attacked by the
patient's immune system, which can lead to full eradication of the enzyme before hitting

the target site [3].

1.1.6.2 Phage - Antibiotic Combination

Another aspect of phage therapy is phage-antibiotic combination therapy. Phage-
antibiotics combination therapies have shown tremendous success. The success is based
on the changes in the defense system of the pathogen [37], [38]. Antibiotic-resistant
pathogens spend their energy on becoming resistant to antibiotics, but in the event of a
phage infection, pathogens need the energy to escape the phage. Therefore, the energy

is used to adapt the defense system against the phage and in that process, they often lose

[17]
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resistance against the antibiotic. It is a trade [37], [38]. These trades can happen in
various places. Surface receptors can be altered to avoid phage infection, which then
changes the LPS. The new LPS structure could then be more sensitive to antibiotics [37],
[38]. The alterations can also happen in the cell membrane proteins, such as drug-efflux
transporters. Phages can use those transporters as attachment points. If the pathogen
wants to getrid of the phage, it needs to fully change those transporters via DNA changes
or eliminate them completely. The elimination of the drug-efflux transporter wiped out
the antibiotic resistance and with that, the pathogen is sensitive to antibiotics again. In
these cases, either the phage or the antibiotic will destroy the pathogen [37], [38]. In
other cases, phage-antibiotic combinations are favored as phages are used to eliminate
the biofilm prior to antibiotic usage. Many pathogens hide behind a biofilm and become
unreachable for antibiotics, but phages have biofilm-degrading enzymes that can destroy
the biofilm and can ensure that the antibiotic reaches the cells [37]. Current data are
experimental. However, first results show a synergistic effect when the antibiotic is
chosen with care [3]. For combination therapy, it is highly important to understand the
antibiotic’s mode of action as it could interfere with the phage and lead to the total
opposite result. In general, phage-antibiotic combination therapy also needs further
investigation and broader experimental setups to fully comprehend the situation [3],
[39].

1.1.7  Objectives

As phage therapy progresses, more characterized phages are required to meet the
demand and diversity of all patients. As traditional techniques fall short of that, novel
techniques need to be developed. In the first part of my thesis, I aim to create a method
that isolates phages fast and covers the entire phage diversity for the targeted strain.
Additionally, I want to incorporate a characterizing step to identify potential candidates
quickly. This should help to save time when time is of the essence. Additionally, the
method should also be adaptable for all common pathogens, gram-negatives, and gram-

positives and work anaerobically.
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1.2 Helicobacter pylori Phages and Their Diversity

1.2.1  Helicobacter pylori - the Bacterium

Phage isolation becomes an even greater challenge when the chosen pathogen is a
challenge itself. Helicobacter pylori (HP) is such a challenge. Helicobacter pylori is one of
the most spread pathogens, with an infection rate of 50 % of the world’s population [40],
[41], [42]. It has spiral-shaped cells that are microaerophilic and composed of a negative-
gram bacteria cell wall [41], [42]. Its natural habitat is the stomach, as it adapted to the
harsh, acidic environment. The stomach acid is neutralized with the urease enzyme, and
its flagella help to move through the mucus layer into a less acidic surrounding. If
Helicobacter pylori remains in the stomach, it can change its appearance from spiral to
coccoid shaped - a form that enables its survival. Helicobacter pylori transitions to the
coccoid state whenever stressors are present [43], [44]. In coccoid form,
Helicobacter pylori can stay dormant and survive drastic environmental settings, but as
soon as it arrives back in its normal habitat, it changes back to its living form. In this
coccoid form, Helicobacter pylori is also immune to antibiotics and cannot be cultured in
laboratory settings anymore [45]. Another unique property of Helicobacter pylori is its
genomic composition. Its genome is highly unstable and varies a lot [46]. The strains
differ from each other by rearrangements, inversions, and deletions. The genomic
sequence of a strain can also change during an infection. The reasons for that are
transposable elements, restriction and modification enzymes, and a bad DNA repair
system [46]. This kind of genetic flexibility has been studied well in the two model
strains, H. pylori PMSS1 and H. pylori SS1.

1.2.2  Helicobacter pylori PMSS1 and SS1

Helicobacter pylori PMSS1 (pre-mouse Sidney Strain) and SS1 (Sidney Strain) are two
highly prominent model strains. Helicobacter pylori PMSS1 was isolated from a patient
in Syndey, Australia, from a gastric tissue biopsy. SS1 was created from PMSS1 by
scientists via subculturing the strain in human gastric homogenates and infiltrating the
strain into a mouse gut [46]. Eventually, SS1 adapted to the rodent environment and is
now infecting mice. As SS1 derives from PMSS1, both strains are highly similar and have
key virulence factors such as VacA, CagA, cagPAl, and TSS4. Yet, SS1 does not have a fully
working cagPAl TSS4 as cagY is defective [46], [47]. Whereas PMSS1 has this

[19]
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pathogenicity island fully functioning and can consequently infect humans and mice.
Additionally, SS1 lacks two genes that are present in PMSS1: starvation protein A (CstA)
and Lactate permease (LIdP) [46]. Since SS1 was created from PMSS1, the
Helicobacter pylori pangenome was not extended. Those two strains have a 99.9 %
identity. One difference occurs on the plasmid, and 46 differences are between them on
the genome level - 28 in RNA or protein-coding regions and 18 in intergenic regions [46].
Another difference is that a % of the SS1 genome are inversions of PMSS1 and run
opposite directions. However, those diversions can also run in the same direction as the
genes in PMSS1. These genetic traits are unique and vital for Helicobacter pylori and are

key elements during infection.

1.2.2.1 Infection Routes and Rates

Helicobacter pylori infections are quite frequent. Its transmission routes are either oral-
oral or fecal-oral, and infections occur highly likely within family settings or shared living
spaces. Poor hygienic standards increase the risk of infection, and so do poor socio-
economic situations [48]. Correlations are seen in less developed countries, where
infection rates are up to 70 % in some areas, whereas Switzerland has only 19 %.
Helicobacter pyloriis detected either via Urea breath test, antigen tests from stool, gastric
biopsy, or cultivation [48]. Each method has its own advantages and disadvantages with

regard to sensitivity or costs.

1.2.2.2 Treatment Plan

If the tests are positive, WHO suggests a full eradication therapy. Despite the fact that
90 % of the positively diagnosed people have never experienced any symptoms as their
infection remains asymptomatic [44], [48]. However, for the remaining 10 %, a
Helicobacter pylori infection can cause duodenal or gastric ulcers (1-10 %), gastric
carcinoma (0.1-3 %), or mucosa-associated lymphoid tissue lymphoma (MALT -
<0.01 %) and 780,000 infected patients die each year globally [42], [48]. Consequently,
Helicobacter pylori should be eliminated completely, preferably with antibiotics.
Antibiotics have drastically minimized Helicobacter pylori infections since the pathogen
was discovered 40 years ago [49]. The standard therapy usually consists of three drugs:
two antibiotics and a proton pump inhibitor. Therapy with an additional substance,

bismuth, has also been tried [42]. However, due to its nature, Helicobacter pylori quickly
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became resistant to antibiotics - especially to clarithromycin, levofloxacin, and
metronidazole [50]. If antibiotics are administered now for treatment, physicians choose
them now based on the resistance rate within the administered region. Antibiotic
resistance rates within H. pylori are skyrocketing and are highly dependent on the area
of occurrence [48]. And despite its massive resistance, Helicobacter pylori is still treated
with antibiotics since alternative treatments are currently unavailable. Alternatives such
as vaccines are not ready yet or others struggle as treatment options since other
obstacles such as low pH, high bacterial load, and impaired mucosal wall must also be

considered [48].

1.2.3  Helicobacter pylori Phages

One alternative is phage therapy. However, not much is known about H. pylori phages.
Around the same time when Helicobacter pylori itself was first found, its phages were
detected by Marshal and Goodwin as well [45], [51], [52]. In 1990, the first findings were
published about phage particles that were spontaneously generated. Only three years
later, scientists discovered the lytic cycle of this phage, and the electron microscopy
revealed that its head was about 50-60 nm [45]. Its genome size was estimated to be
22 kbp. With the revolution of sequencing techniques, more and more prophages were
detected within H. pylori sequences - in almost 20 % of all isolates, they found prophages
[45]. The firstisolated prophage was PhiHp33 from the strain H.p B45 of a MALT patient.
The prophage was induced via UV light [44]. Other prophages followed via UV light
induction, such as HPy1R. HPy1R has a Podovirus morphology, double-stranded DNA,
and a genome size of 31 kbp. HP1 phage was recovered from the strain SchReck290 with
22 kbp and showed similarity to phages from the Siphovirus morphology [51]. In Japan,
two phages were detected via spontaneous induction: KHP30 and KHP40. KHP30 has a
genome size of 26,215 bp, and KHP40 is 26,449 bp long. Both have a guanine-cytosine
content (GC-content) of 35.8 % and are highly similar, with 96 % query coverage.
Proteins such as integrases and primases were found, but the majority of the proteins
were not identifiable [45], [53]. Another phage, 1961P, was found by screening 46
patients' samples and double-layer plaque assay. The newly isolated phage is 27 kbp
long, has 33 ORFs (Open reading frames), and has a Podoviridae shape [54].

Despite all attempts and current known phages, the reference database of

Helicobacter pylori phages is small and very limited in detailed information. Detection

[21]
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and isolation of Helicobacter pylori temperate and virulent phages were reported, but

full characterization studies are missing [45].

1.2.4 Objectives

The number of failed Helicobacter pylori treatments increases due to antibiotic
resistance, and alternatives are urgently needed. Since phage therapy is a successful
alternative, scientists also investigate this option for Helicobacter pylori infections.
Therefore, this chapter of my thesis is dedicated to finding new Helicobacter pylori
phages, expanding the reference databanks, and deepening the knowledge about phages

that we found via viral tagging.
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1.3 Colorectal Cancer Cross-Infection Study

Another research field where little is known about phages and their role is the gut

microbiota and its diseases.

1.3.1 Gastrointestinal Tract and its Microbiota

The gastrointestinal tract (GI) is one of the body's biggest surfaces and constantly
interacts with the host, the environment, and the immune system. It is around 250 to
400 m? and exposed to roughly 60 tons of food in an average lifetime [55]. The existing
microbiota, which consists of bacteria, viruses, fungi, archaea, yeast, flagellates, ciliates,
and also protozoa, are then mixed with microorganisms from outside [26], [56], [57]. The
gut has more than 1014 microbial cells, which is 10x more than human cells and is,
therefore, the place with the highest number of cells [58]. Its microbiome (entire genome
from all microbiota and their products) is 100x more than the human genome [55], [59].
The microbiota is a huge part of the body and, consequently, greatly influences its host.
All microorganisms live in a mutually beneficial agreement, and by doing so, they support
gut integrity, shape the intestinal epithelium, take part in the digestion process and
metabolisms, and influence the immune system and overall health of the host [55]. If the
agreement is disrupted due to an imbalance of bacterial concentration or diversity, it can
lead to dysbiosis, which has a direct effect on the host's health [55]. Despite decades of
research, the exact consequences of a balanced and dysbiotic state have not yet been

revealed.

1.3.2  History of Microbial Research in the Gut

For many years, the gut microbiota has been full of mysteries. First insights were given
into the gut microbiota in the late 17th century by Antonie von Leeuwenhoek when he
did some experiments with the microscope [60]. Two centuries later, first cultivation
studies were performed, enabling us to see microorganisms without a microscope.
Despite all efforts over the years, many bacterial species, however, are still
uncultivatable. An uncultivatable identification was possible when the first sequencing
techniques, such as 16S rRNA sequencing and the first phylogenetic classifications, were
developed. Novel sequencing techniques were developed in the late 20t century and

revolutionized science [60]. Metagenomic sequencing brought more light into the dark
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matter of the gut with higher resolutions and higher sensitivities of the techniques [55].
Strain-level distinction was now possible. Additionally, multi-omics-technology enabled
us to evaluate the transcription of proteins and look into the functional and metabolic
states of the microbial ecosystem at specific time points and conditions [60]. Shotgun
metagenomic sequencing revealed 1952 unclassified species where only 553 bacteria
could be cultivated from the gut [59]. The gut's main components were Proteobacteria,
Firmicutes, Actinobacteria, Fusobacteria, Verrucomicrobia, and Bacteroides. Whereas
90 % of the gut contains Firmicutes and Bacteroidetes [26], [56]. The historical timeline

is visualized in Figure 5.
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Figure 5_Timeline of Gut Microbiota Research

Gut microbial research was first conducted via microscopy and cultivation. Later on, new technologies
were invented, such as PCR. With the development of new next-generation sequencing and multi-omics

technology deeper insights were possible. The picture is from G. A. Kuziel and S. Rakoff-Nahoum, , The gut
microbiome“[60]

1.3.3 Gut Microbial Colonization

After the initial identification of the gut microbiota, scientists asked who started the
colonization. Scientists believe that the first gut colonization starts right after birth, and
the first colonizers depend on the mode of delivery [55]. Vaginal-delivered babies have
an increased load of Lactobacilli. C-section babies are slow with the colonization of

Bacteroides but have a higher load of Clostridium species. It was also seen that vaginal-
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delivered babies have a more similar gut microbiota to their mothers than C-section
babies. Within the first few months, the composition of the gut microbiota varies a lot
but stabilizes itself around 2.5 years when it becomes similar to an adult microbiota [55].
Scientists have noticed that the gut microbiota is stable over a long period of time on a
taxonomic level. On a species level, changes are more dynamic and vary [26]. However,
the gut microbiota can be easily disrupted by antibiotics or other external factors.
External factors are smoking, surgeries, depression, geographical locations, or general
living standards. Researchers discovered that gut microbiota mirrors its outer
surroundings - its living environment, its diet, and its host and is only slightly biased by
the host’s genes. Especially for infants, the gut microbiota can easily be shaped by food,

and every change has a great influence on the infant’s development [55], [56].

1.3.4  Gut Microbial Organization

[t was also seen that not only the way of delivering and living surroundings influence the
gut microbial composition, but also the area of the gut needs to be considered.

The gut microbiota composition and concentration differ depending on the area of the
gut (see picture Figure 6) [26]. Which bacteria colonize the gut are dependent on many
factors such as acidity, bile acid, digestive enzymes, antimicrobial proteins, chemical
parameters, and the amount of oxygen, but physical parameters also play a role, such as
peristaltic or gut structure [58], [60]. Starting at the top, the stomach is a heavily acidic
area and is the least colonized area; only bacteria such as Helicobacter pylori can survive
there. The small intestine has less acid than the stomach but is still highly acidic and
oxygen-heavy. The small intestine is colonized with rapidly growing bacteria and
facultative anaerobes, which can stick to the mucus / epithelial wall, such as
Lactobacillaceae, Firmicutes, and Proteobacteria [55], [58]. The colon, in comparison, has
amore diverse composition, more anaerobes, and bacteria that can break down complex
carbohydrates, such as Prevotellaceae, Firmicutes, Ruminococcaceae, Bacteroidetes,
Actinobacteria, Proteobacteria, Akkermansia, Lachnospiraceae, or Rikenellaceae [55],

[58].
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Figure 6_Bacterial Concentrations Based on Regions

Bacterial concentrations differ depending on the body area. The stomach has 107 bacterial cells, which is
roughly the same as the small intestine (107 - 101). The colon has the highest bacterial load, with 1014
cells. The picture is from W. M. de Vos, H. Tilg, M. V. Hul, and P. D. Cani, ,,Gut microbiome and health:
mechanistic insights“[58]

Each of those different areas is not only compiled differently, but they also have different
functions. The small intestine is essential to life as it does most food digestion. It also has
the highest number of gut receptors, immune cells, and nerve cells that crosstalk with
the host [58]. The colon is the space where complex carbohydrates are broken down
[55].

1.3.5 Gut Microbiota and Their Influence on Host’s Health

Microbial composition and position influence the host’s health. The microbial influences
can be direct or indirect [60]. An indirect influence would be microbial-microbial
interaction with the resulting bacterial metabolites. Those metabolites can be small or
large molecules whose concentration depends on the abundance of the producing
species [58]. Those bacterial metabolites can interact with the host receptors, causing a

secondary reaction and leading to the activation or deactivation of metabolic reactions.
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Microbiota can alter the metabolism of large molecules such as glycolipids or small
metabolites [60]. It also plays a vital role in metabolic reactions such as short-chain fatty
acid (SCFA) production, vitamin production, amylolysis, and proteolytic activity. The
microbial interference in metabolic reactions can then cause miscommunication for the
energy uptake or other signaling pathways. However, their influence on those metabolic
pathways follows a daily rhythm which also depends on the food intake [58]. Yet, the
influence on the host is major, even if it happens indirectly.

A direct impact would be if the gut function is impaired because of bacterial dysbiosis. If
certain bacteria are highly abundant, correlations have been identified to many diseases
- internal intestinal diseases as well as external diseases [61]. Direct links have been
made to inflammatory bowel disease (IBD), colorectal cancer (CRC), liver disease,

pancreatic disorders, but also diabetes or psychological disorders [58], [59].

Inflammatory Bowel Disease

A consequence of microbial disruption is often inflammatory bowel diseases.
Scientists found that the gut shows signs of inflammation when dysbiosis and
more facultative anaerobes were detected. The microbial disturbance leads to
the disruption of the metabolic pathway, which is in charge of short-chain fatty
acids production or the acylcarnitine pathway. IBD patients have shown a higher
number of Ruminococcus [59]. Ruminococcus gnavus produces L-rhamnose
oligosaccharides, which support the tumor necrosis factor-alpha - a pro-
inflammatory cytokine. A permanent overshoot of the cytokine production
weakens the immune system and contributes to IBD [59]. Inflammatory bowel
disease has two forms: Crohn’s disease and Ulcerative Colitis. The difference
between them is the area of inflammation in the gut. Patients diagnosed with
Crohn's disease have inflamed areas throughout the gut, not limited to a certain
area. Whereas Ulcerative Colitis patients have the inflammation confined to the
colon mucosa [59]. IBD is characterized by a lot of oxidative stress, leading to
decreased microbial diversity. Facultative anaerobes are growing more
extensively such as Enterobacteriaceae and invasive Escherichia coli. Active IBD
is often seen with a rapid increase in fungal representation, an increase of lactose
fermenting bacteria (Streptococcus, Lactobacillus, or Klebsiella), and human DNA

in stool samples from blood or epithelial cells [59]. Crohn’s disease also presents
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with a higher number of Escherichia coli and less Prevotella. The differences
within bacterial abundance and diversity support the physician’s diagnosis of
IBD, but IBD detection also builds on other markers such as inflammatory
proteins, antimicrobial peptides, and SCFA levels. IBD patients have shown that
they are low in fecal acetate, propionate, and butyrate but high in lactic and
pyruvic acids [59]. Getting diagnosed with IBD is complicated as there is no cure,
and current treatment plans build heavily on antibiotics, which only lead to rapid
fungal growth but no improvement for the patients. The life quality is low for IBD
patients, and in some cases, the disease can progress to life-threatening

conditions or cancer [59].

Colorectal Cancer

Colorectal cancer is ranked in 34 place in cancer diagnoses and ranked 2nd on the
cancer mortality scale worldwide. More than two million new cases are added
yearly, often in advanced stadiums, as early diagnosis is difficult [62], [63].
Cancer progresses slowly and silently without the patient noticing until it has
progressed. In advanced stages, patients complain about abdominal discomfort,
alteration in their stool consistency, mucus/blood in stool, and weight loss. In
progressed stages, abdominal masses are present as well [62]. Diagnoses are
made via the patient’s symptoms, physical examination of the rectum and colon
via endoscopy, as well as diagnostic imaging such as X-ray, computed
tomography (CT), nuclear magnetic resonance (NMR), or positron emission
tomography/ computed tomography (PET/CT). Blood work is analyzed to
determine tumor markers. However, there are currently no specific markers for
CRC [62]. Diagnoses are additionally complex as symptoms can vary. The cancer
also diversifies and does not grow in the same places. The large intestine is
divided into three major parts: the ascending, transverse, and descending colon
[62]. More than half (55 %) of the cancers were found in the sigmoid colon,
followed by 23 % in the ascending region. Cancer occurs less often in the
transverse colon (8.5 %), descending colon (8.1 %), and the cecum (8.0 %) and
is rarely spotted in crossing sites (2.1 %) [62]. The cancer starts with polyps and
adenomas, where structural changes in the DNA occur, and normal cells are

turned cancerous. Genes such as APC, DCC, P53, k-ras, c-MYC, MCC, and MMR-
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related genes are altered. In the early stages, the cancer stays in the submucosa
and intestinal mucosa. It is a local invasion. Then, the cancer progresses into
malignant tumors, and lymphatic and hematogenous metastasis are spread [62],
[64]. In the early stages, patients have the best chance of survival with surgery.
Early CRC has a five-year survival rate of 90 % with surgery. Late stages of CRC
have a more aggressive take with radiation and chemotherapy but tend to end in
passing. To avoid surgery or death, the best treatment for colorectal cancer is
prevention. Only 10-35 % of the cases can be blamed on genetics. The remaining
cases are all due to environmental factors. External conditions that favor CRC are
climate, socioeconomics, education, stress, physical activity, medication,
smoking, and diet [63], [64]. Western diet plays a major role in the onset of cancer
- high fat, high animal protein, and a limited amount of fresh vegetables and fruits
[62], [64]- Food can trigger internal factors for CRC: inflammation, gut
microbiome dysbiosis, oxidative stress, and other metabolic consequences [63].
The gut microbiota that colonizes the colon is in constant exchange with
epithelial cells, their surrounding microbes, and the host immune system [64],
[65]. Studies have shown that Fusobacterium nucleatum, Bacteroides fragilis, and
Peptostreptococcus. anarobius promote CRC due to inflammation, bacterial
adhesion to host cells, and toxin production. Those pathogens can cause DNA
damage and induce pro-inflammatory reactions. P. anaerobius activates tumor-
promoting pathways, which leads to hyperproliferation of cells. F. nucleatum
produces an adhesin FadA that starts the signaling pathway for an inflammatory
and oncogenic response. Others produce superoxide radicals that damage DNA
[64], [65]. Microbiome analyses have revealed that the abundance and
composition of microbes on tumor sites differ from the surrounding tissue [65].
Since colorectal cancer patients have shown a higher abundance of
Fusobacterium nucleatum, Escherichia coli, and Bacteroides fragilis and are lower
in Firmicutes, the gut microbiome can potentially be used as a biomarker for

diagnostic [56], [58], [64].

Other Diseases Caused by Dysbiosis
Gut microbiome dysbiosis does not only promote IBD and colorectal cancer but

does promote other diseases as well. Akkermansia municiphila was directly
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linked to obesity [55], [58]. An increase in obesity was also seen when the plant-
degrader Prevotella was replaced or outnumbered by Bacteroides [59]. It was
identified that bacterial LPS introduces inflammation in adipocytes [59]. This has
been seen in many people with a high animal protein-based diet, with choline-
rich nutrients and a lot of saturated fat. Dietary fiber supports host health as the
weight decreases, the blood glucose level stays low, and cholesterol is also low
[59]. All of those factors consequently reduce the risk of cardiovascular heart
disease and diabetes. Type-2 diabetes has also been correlated with a disrupted
microbial composition [55], [58].

A disrupted microbial composition also influences the brain. The brain is
connected to the gut, and its communication goes both ways, including the
enteric and central nervous systems. If the microbial composition is disrupted or,
even worse, a disease like leaky gut syndrome has developed, the communication
between the brain and the gut is consequently affected. The leaky gut syndrome
causes a weak and porous epithelial wall, allowing bacteria, toxins, and molecules
to pass through easily. Consequently, the neuroimmune and neuroendocrine
systems are altered, causing changes in brain neurodevelopment [59].
Additionally to the leaky gut syndrome and its association with the brain,
scientists have found that bacteria such as Lactobacillus and Bifidobacterium can
metabolize the amino acid glutamate into gamma-aminobutyric acid (GABA).
GABA is essential for the GABA receptor signaling pathway and has a direct

connection to anxiety and depression [59].

1.3.6 Therapies for Gut Diseases

1.3.6.1 Fecal Microbiota Transplantation
Therapies are limited for all of the above-mentioned gut diseases. Novel attempts
to help are fecal microbiota transplantations (FMT). FMT has been shown to
improve patients' conditions and fade symptoms. In this therapy, microbes are
isolated from a healthy donor and transplanted into the patient’s gut [59], [66].
As described in Figure 7. Despite being relatively new, fecal microbiota
transplantation has been around for centuries. The first records are from the
fourth century in China, where stool was used against diarrhea. In the 16t

century, fermented feces were used to treat diarrhea and abdominal pain [66].
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The first medical reports are present from 1958 when scientists successfully
treated pseudomembranous colitis. In 2013, the first randomized trial was
conducted with patients with recurrent Clostridium difficile infection. Stools were
transplanted from healthy donors and showed great success, greater than
antibiotics on their own. FMT was also successfully tested on Ulcerative Colitis
patients in 1989, as the patient showed long-lasting clinical recovery [66]. The
FMT success story began when patients with refractory C. difficile infections were
treated with transplanted stool. If treated with antibiotics, the recovery rate was
at 20-30 %; when treated with FMT, 90 % of the patients recovered [66], [67].
Consequently, FMT became widely accepted as a common treatment for
C. difficile infections, and even the FDA signed off on it in 2013. Scientists also
wanted to copy the achievement to other GI diseases but with little to no
accomplishment. The more complex the diseases got, the more inconclusive the
answers were. One bacterial species is easier to treat than a complex cascade of
many unknowns [66], [67]. The fecal donors are selected thoroughly to eliminate
as many unknowns as possible. It starts with a health questionnaire and
interviews, followed by a medical examination and molecular tests. The optimal
donor has no history of GI diseases, rare medication usage, especially antibiotics,
no infection of HI virus or Hepatitis virus, does not do drugs, lives in a healthy
household, and has no signs of obesity or malnutrition. Since genetics also play a
role, non-related donors are often the preferred choice if available [66], [67],
[68]. If a suitable donor was found and stool was donated, the stool should be
processed rather quickly, e.g., 21 days. For that, the stool is blended with sodium
chloride (three times its weight), filtered, and placed in syringes, ready to be
administered. [66], [67], [68]. Before administration, patients need to be
prepared mentally and psychically: no antibiotics are allowed to be taken, and
the GI tract needs to be freed from the stool. After the patient’s preparation, fecal
matter can be transplanted. Transplantation happens either orally via a capsule
or via the upper GI tract nasojejunal, nasogastric, or nasoduodenal via a tube or
via colonoscopy in the lower GI [66], [68]. The mode of delivery depends on the
patient’s willingness and risk management. Capsules are easy, less invasive, and
widely accepted but mentally difficult to swallow. Colonoscopy has the advantage

that it can examine the area of interest, minimize the risk of residual stool, and
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place the fecal matter at the target site, but its biggest disadvantage is its
invasiveness and costs [66], [68]. Independent of the mode of delivery, risks have
to be evaluated individually, along with the side effects that can occur, such as
diarrhea, fever, abdominal discomfort, or complications during sedation and
endoscopy. Long-term effects are still not fully investigated and can, therefore,
not be considered. As with every medical therapy, things can go wrong also in
FMT. Some cases have been reported that patients had worse symptoms than
before. The exact reasons behind that outcome are unknown. FMT is still in its
infancy, and many things are still under investigation. However, the potential of
this therapy has been seen worldwide and scientists continue to improve the
treatment [66]. During this improvement, a new promising aspect was seen in
fecal microbial transplantation when only the viral content was transplanted
(FVT). Currently, FMT contains not only bacterial cells but also viral cells, fungi,
archaea, metabolites, and eukaryotic host cells [69], [70]. The exact composition
in concentration and abundance is unknown and varies a lot based on donors. As
a result, reproducibility of results is difficult, if not impossible. Consequently, the
idea is to transplant only a single component rather than an entire mix [70]. The
main components of stool are bacteria and viral-like particles (phages). Phages
have been reported to play a vital role in the human gut, and FMT data has
confirmed that phages are more stable in their colonization and remain longer
than bacterial transplants [69]. It was also recorded that C. difficile patients
showed a higher abundance in Microviridea and lower levels in Caudovirales after
FMT. Recurrences or FMT failures have also been associated with different phage
compositions compared to successes [70]. First tests have been made with fecal
viral transplantation. For that, the stool was blended as previously explained, but
before administration, the suspension was filtered via a sterile filter to eliminate
all bacterial cells and debris [70]. C. difficile patients were symptom-free for six
months. Other animal experiments showed promising results [69], [70].
However, since fecal viral transplantation is in its infancy, many more
experiments and trials are necessary to totally understand the underlying
mechanisms and interactions in the human gut, during diseases, and after

FMT/FVT.
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Figure 7_Fecal Microbiota Transplantation Overview

Fecal Microbiota Transplantation is a therapy option for gut diseases. Feces are collected from healthy
donors, and microbiota is isolated. The isolated matter is then transplanted into the patient. The
transplant can either include the entire microbial diversity - bacteria, viruses, archaea, etc. (FMT) or only
the viral content (FVT). The picture was created with BioRender.

1.3.6.2 Probiotics
Probiotics are another approach for gut diseases. Probiotics are bacteria with a
proposed health benefit. Probiotics are available over the counter and contain
bacteria such as Bifidobacterium or Lactobacillus spp, which help the gut
microbiome [59]. Probiotics support the balance of the gut microbial situation
and can boost short-chain fatty acid production. Probiotics have also shown an
improvement in acute infectious diarrhea, antibiotic-caused diarrhea, C. difficile
diarrhea, Ulcerative Colitis, and irritable bowel syndrome. However, therapy
with probiotics is not a long-term solution [59]. Probiotics are not licensed
medical products. They are not strictly regulated and underly more commercial
demands than actual health regulations. The composition and formulation of the
product can randomly be changed by the manufacturer, which can lead to full
inefficiency. Studies have shown that even bacterial strains from the same genus
or species can have a drastically different effect. So, getting the right probiotics

for each condition in the right concentration to balance the gutis a challenge [59].

The research continues as the gut microbial challenge is far from being solved. The
bacterial influence on gut and host health has been extensively studied and has already
shed light onto many dark matters, but now scientists investigate bacteriophages and
their role within this whole gut microbial setting -deciphering a new layer of the complex

gut matter [57].
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1.3.7 Phages and the Gut Microbiota

Bacteriophages have been overlooked for many years, as scientists only focused on
bacteria [26]. Bacterial research was more accessible as extensive amounts of bacterial
DNA were recovered and characterized based on their 16S rRNA markers. Phage
research demanded more. Phages have a small genome size, which makes it difficult to
isolate. The little amount of DNA is hard to assemble as phage genomes are firstly
without any genetic marker and secondly built like mosaics without structure. Existing
assembly tools were quickly exhausted. [26]. Consequently, many new tools were
developed to serve the needs of the scientists but without standardization. Standardized
protocols are unavailable, and experimental procedures are created on the fly. Not only
are wet lab protocols unique, but also bioinformatic processes or databanks are created
spontaneously. This lack of standardization in experimental and bioinformatic protocols
is prone to user biases. Consequently, results and data interpretation can be difficult and
contradictory when studies are compared [61].

Despite these contradictions, scientists found that phages play a vital role in the studied
environments as they are the bacteria's natural enemy and can alter the abundance and
diversity of the microbial composition. Bacteriophages are primary members of the gut

and need to be taken seriously [56].

1.3.8 Phage Distribution

Similar to bacterial distribution, phages are present throughout the body. Their
abundance and diversity depend on the location. Phages are abundant throughout the
gut, but low levels of phages were determined in the stomach and the beginning of the
intestinal tract. Phage abundance tends to increase towards the end of the GI tract [56].
The overall phage-bacteria ratio is around 1:1 in the gut [57], [61]. Phages of the order

Caudovirales were found throughout and are the majority, followed by Microviridae [61].

1.3.9 Phage Colonization in the Gut

Phage colonization starts at the same time as bacterial colonization, as soon as the baby
is delivered. Newborn fecal samples are low in phage presence, but phage concentration
increases quickly within months [56], [61]. Phageome (entire phage genomes)

development is essential but sensitive within the first couple of years [56]. After
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stabilization, scientists found that healthy individuals have core microorganisms, a core
phageome. This core consists of bacteria, lysogens, and free phages [56]. The core can
easily be manipulated by food intake — macromolecules, micromolecules, proteins, and
carbohydrates. Alterations within the core and gut virome DNA have been linked to gut

dysbiosis and disease [56].

1.3.10 Phage Influence on Gut Microbiota

Besides food, the phageome is highly influenced by the host’s environment. Geography,
culture, and living situations shape the phageome. However, although phages are highly
influenced by their surroundings, they are highly influential on their environment as well
[56]. Bacteriophages balance bacterial concentrations and alter diversity to keep the
equilibrium upright [26]. The interaction is highly dynamic between phages and their
hosts and can either be positive or negative for the bacteria [56]. Phages do not only
regulate microbial composition; they also carry genes that are influential for anaerobic
respiration or biosynthesis of macromolecules, which are transferred via horizontal
gene transfer [26]. Horizontal gene transfer from phages to bacteria can increase
bacterial pathogenicity via toxin genes. An example is Phi V1/7 phage. Phi V1/7 phage is
infecting Enterococcus faecalis, and by doing so, it boosts the bacterial pathogenicity and
causes more inflammation in the gut [56]. Phages can also add metabolic pathway genes,
which can help with polysaccharides and carbohydrates [26]. The Phage CLB_P3 is such
an example. It infects Escherichia coli strain 55989 and thereby supports biofilm
production [56].

In comparison, some phage infections can be beneficial. Prophages are a key part of
exchanging genes with bacteria and are responsible for 5 % of nutrient metabolisms and

a stable population [56].

1.3.11 Beneficial Relationships Between Phages and Human Individuals

Same as for bacteria and the host, the relationship between phages, bacteria and human
host is mutually beneficial. Together, they work to keep the balance and support the
host's health.

A health benefit has been seen with an increased abundance of Caudovirales and
Siphoviridae family. Increased levels of those phages were linked to better brain function

and verbal memory [56]. Phages also support the immune system by defending the host

[35]
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from pathogens. Phages have surface proteins on their capsid, making them able to bind
to the mucus wall and form a layer against pathogens. In addition to that, phages can also
attract macrophages and guide them to the intruder [56]. However, phages can also play

a major role in gut diseases.

1.3.12 Phages and Gut Diseases

Apart from general functions, phages in the microbiome have also been studied in

disease conditions.

Inflammatory Bowel Disease

Inflammatory bowel disease has been associated with many microbial
alterations in the gut. Recent findings highlight the role of bacteriophage in IBD.
IBD has two forms, and each of those types has unique results. For Ulcerative
Colitis patients, a higher level of phage from the Caudovirales family was detected
but with low diversity. Those patients also had a high concentration of
Escherichia phages and Enterobacteria phages [56], [61]. However, Crohn’s
disease patients present similar changes as Ulcerative Colitis patients but show
an increased level of temperate phages as well. Those virome changes are
mirrored in the bacterial composition. Crohn’s patients also have more phages
attached to the mucus than healthy individuals. Patients with IBD were also
diagnosed with lower levels of Firmicutes and Firmicutes phages [61]. Since IBD
is often the starting point for cancer development, scientists also looked into

bacteriophages and their role in CRC.

Colorectal Cancer

However, cancer virome studies are scarce. It is known now that bacteriophages
are important for the human gut and could be used as a diagnostic tool [71]. To
proof that, metagenomic cohort studies were performed, including 317 samples.
Five potential phage markers were identified in that study. Those five phages
were identified to infect Fusobacterium nucleatum, Peptacetobacter hiranonis,
and Parvimonas micro [71]. A second metagenomic study sequenced 462 CRC

samples and 449 healthy samples. The study discovered that the alpha diversity
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was higher in the CRC samples than in the healthy individuals [72]. Additionally,

they identified 11 viral species which were enriched (Table 1).

Table 1_List of Enriched Phages

Myovirus Podovirus Siphovirus

| Erwinia phage phiEt88 ~ Salmonella virus Epsilon15  Pseudomonasvirus B3
Klebsiella virus ST160XA48phi5-4, Escherichia phage HK639
Vibrio phage martha 12B12 Enterobacteria phage phi80
Mannheimia phage vB_MhM_3927AP2 Enterobacteria phage ES18
Salmonella phage 118970_sal3 Cronobacter phage phiES15

The study reported that the phage abundance was higher in Drexlerviridae,
Inoviridae, Myoviridae, Podoviridae, and Siphoviridae families; the only exception
was the phage family Herelleviridae [72]. For that family the abundance was
highly decreased. It was described that these differences in abundance are
associated with CRC as well as the presence of Erwinia phages and Vibrio phages,
which are linked to CRC growth [72]. CRC and its virome were also studied under
disease conditions, and an animal study showed that temperate phages are highly

influential for CRC in the presence of a Helicobacter pylori infection [73].

Other Diseases

The influence of phages on other diseases was also investigated. Studies also
showed that not only do concentration changes have an influence on the host's
health, but ratio alterations can also lead to diseases. If the ratio between
Escherichia coli phages and Escherichia coli cells is disrupted, it can then trigger
a prophage induction, which was correlated to Typ-1-diabetes [56].

Patients with irritable bowel syndrome showed a higher degree of similarity of
virome compared to healthy individuals and showed a higher degree of diversity
within each individual [61].

Patients with metabolic syndrome showed increased levels of phages infecting
Streptococcoceae and Bacteroidaceae and drastically low levels of phage for
Bifidobactericeae. The overall diversity and richness were different compared to

healthy individuals [56].



COLORECTAL CANCER CROSS-INFECTION STUDY INTRODUCTION

1.3.13 Objectives

Many things have been discovered already, but the majority is still unknown. How
phages, bacteria, and the remaining gut microbiota interact with each other and, by doing
so, influence the host’s health. In the last chapter of my thesis, we aim to analyze the role
of phages in healthy individuals, patients with Ulcerative Colitis, patients with early

colorectal cancer and in patients with advanced colorectal cancer.
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2. Material and Methods

Viral tagging has been developed by Deng et al [74] but has been optimized for human
pathogens and various sorting machines by myself for this thesis. This thesis contains
three projects, all with viral tagging as their main method. However, despite having viral
tagging as their main method, each project has a slightly different variant based on the
project aim. In the next chapter, the workflow of each individual project is described,
including all details and method variants. Additionally, all materials used for this thesis

are listed at 2.4 Material

2.1 Targeted Single Phage Isolation

This method has been published by Unterer et al. and pictures were taken from the
publication [75].

The general workflow is shown in Figure 8.
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Figure 8_General Workflow for Targeted Single Phage Isolation

Stained virus-like particles are mixed with bacteria before viral-tagged cells are separated from non-
tagged cells via flow cytometry. Single-tagged cells are then characterized via infection dynamics and
gPCR. Published in Unterer et al. [75]

2.1.1 Bacteria and Phage Cultivation

“Targeted Single Phage Isolation” was developed using the bacterium Escherichia coli
11303 and its three model phages, T1, T4, and T7. Those three phages were chosen

because they have been studied and used widely.
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The strain was cultivated on Luria Bertani Broth (LB, Carl Roth, X968.1) agar plates and
LB liquid medium at 37 °C aerobically. For every experiment, fresh cultures were
prepared.

At the beginning of the project, fresh phage stocks were produced. To get those, bacteria
overnight cultures were diluted and incubated until cells reached the stationary phase.
At this stage, phage stock was added, and the mixture was incubated overnight on a
shaker. On the next day, the culture was centrifuged at 5,000 rcf for 15 minutes, and the
supernatant was filtered with a 0.22 pm syringe filter (Merck, Millex-GP, SLGP033RS).
The new phage stock was put into the fridge for further usage. Each phage was grown up

separately.

2.1.2 Phage and Virus-Like-Particle Counting

Phage experiments can only be performed if the amount of phage particles in the solution
is known. Double-layer plaque assays were carried out to determine the amount of phage
particles in the stocks. In detail, phage stocks were diluted with phosphate-buffered
saline (PBS) to reach a dilution of 10-3 to 10-%. Then, 3 mL LB soft agar (0.6 %) was mixed
with 200 pL bacterial culture and 100 uL phage dilution and poured onto an LB agar plate
(1.5 %). Plates were incubated upside-down at 37 °C overnight. On the next day, plaque-

forming units(PFU) were counted, and PFU/mL was calculated with the formula below.

PFU Number of Plaques
mL ~ Dilution Factor x Volume of Phages added (mlL)

Phage titers can only be determined via plaque assays if bacteria and phages are
cultivatable. For unknown sources, only the amount of virus-like-particles (VLP) can be
detected. To count the VLPs in the high-speed concentrated samples, I used the
Nanoparticle Tracking Analysis device (NTA, NanoSight, Malvern Panalytical). VLPs
were stained with 1 pL SybrGold (50x SybrGold) for 30 minutes at 30 °C. Stained samples
were diluted 1:100 or 1:1000 with PBS and processed with the analyzer. Based on
Brownian motion and fluorescence, the amount of virus-like particles can be calculated.

The final concentration was determined by the machine based on the dilution factor.

[40]
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2.1.3  Single Phage Viral Tagging and Infection Dynamics

For the first part of the method, phages were stained with Syto9 (ThermoFisher, S34854)
for 30 minutes in the dark at room temperature. After incubation, they were washed
three times with water (Milli-Q, Merck) using Vivaspin sample concentrator (Vivaspin
20, 100,000 MWCO PES, VS2042) at 3,000 rcf for 3 minutes. After the washing step,
stained phages were kept on ice.

The bacterial overnight culture was washed thrice at 5,000 rcf for 3 minutes with saline
solution and kept on ice.

Washed bacteria were mixed with stained phages at a ratio of 1:2 and incubated in a
thermocycler at 37 °C for five minutes. Before the sort, the mixture was diluted 1:1000
with water.

Single-cell sorting was performed on b.sight (cytena). Before the experiments could
start, a quality control step was executed as the company suggested. For that, the camera
was aligned, the droplet was centered, and the cartridge was visually checked for any
debris or bubbles. After a successful quality check, the cartridge was filled with the
sample, and sorting settings were adjusted (Cell Size: 0.8 to 3, Cell Surface: 0.5 to 1,
Fluorescence Intensity: 46 to 56, Fluorescence Size: 0 to 10). Ten bacterial cells were
sorted into each well (filled with 200 pL LB), before one viral-tagged cell was added.
Bacterial cells-only control had only ten bacterial cells inside the wells, whereas media-
only had no cells at all.

To determine the infection dynamics of sorted phages, cells were incubated shakenly in
a plate reader (BioTek EPOCH2) at 37 °C for at least 18 hours. Optical density at 600 nm

was measured every 20 minutes.

2.1.4 Phage Characterization

For further characterization, a multiplex qPCR was developed which can identify
multiple targets within one reaction. Primers and probes were designed based on
conserved motifs from chosen targets [76] - capsid protein for T1, T4, and T7,
eae/intimin, and LT toxin (heat-labile toxin) (Supplementary Table 1), which was
created by PrimerQuest Tool from Integrated DNA Technologies. Probes were equipped
with Cy5, FAM, or HEX fluorophores, which were quenched by BBQ650 or BHQ1,
respectively (Supplementary Table 2). To avoid hairpin formation or dimers, primers,

and probes were tested via DINAMelt Server. qPCR reactions were performed on Agilent

[41]
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Mx3000P at a total volume of 20 pL containing three primers sets (300 nM each), three
probes (100 nM each), reference dye (ROX), 1x master mix (Agilent, 600553) and water.
The total volume also included either 1 pL of the sample (1:10 diluted), 1 pL of lambda
DNA as a negative control, or 1 pL water as no template control. After a ten-minute initial
denaturation phase, 40 cycles followed with 15 seconds at 95 °C and 1 minute at 62 °C.
Data were normalized by the machine based on its internal control. Additionally to the
internal control, DNA standards for each primer set were added onto each plate ranging
between 10 ng to 0.1 pg. The data was visualized with a GraphPad prism.

Phage DNA used for the standards was extracted by the Norgen Phage DNA Isolation Kit
(Norgen Biotek Corp., Cat. 102 #46800) as the manual instructed and bacterial DNA was
isolated with the DNeasy PowerLyzer Microbial Kit (Quiagen, Cat. No. / ID: 12255-50) as

said in the manual.

2.1.5 Method Validation Tests

To test if Syto9 has a negative effect on phage infectivity, one aliquot of phages was
stained with 1 uL Syto9 for 30 minutes at room temperature in the dark, whereas the
second aliquot was incubated at the same condition but without dye. After incubation,
both aliquots were washed three times with water in an ultrafiltration unit (Vivaspin 20,
100,000 MWCO PES, VS2042) at 3,000 rcf for three minutes. Washed phages were then
tested in double-layer plaque assays at different concentrations to determine the
infectivity after the process.

Additionally to the cytotoxicity testing, I tested if the developed method had an effect on
the phage. Therefore, I did a one-step growth curve to get comparable data. Phages were
prepared as usual (protocol above) and mixed with bacteria to reach a multiplicity of
infection (MOI) of 0.01. 200 uL of that mixture was added to a 96-well plate. The plate
was incubated at 37 °C in the plate reader with continuous shaking for one hour. Every
five minutes, 100 pL samples were taken, mixed with 900 pL LB, and filtered through
0.22 pm to eliminate all bacterial cells. The filtrate was then again diluted, and phage
titer was determined via double-layer plaque assay. The experiment was done in
triplicates for all three phages.

To further validate the specificity of the method, wastewater was spiked with model
phages at three different concentrations: 1,000x more phages than wastewater VLPs, at

equal amounts, and 1,000x fewer phages than wastewater VLPs. These mixtures were

[42]
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tested on a single-cell level, sorted with the single-cell dispenser into a 96-well plate, and
on a flow cytometer with 1 million sorted cells. The protocol for single cells was the same
as explained above. For 1 million cells, the protocol was adapted for the flow cytometer,
MoFlo (Beckman Coulter, USA) since additional controls were needed. For that, bacterial
overnight cultures were washed three times with saline solution for three minutes at
5,000 rcf. One aliquot was stained with 1 pL Syto9 for 30 minutes at room temperature
in the dark. After a second round of washings, bacterial controls were stored on ice.
Buffer controls were handled the same way as VLPs. Before viral-tagged cells could be
sorted, the flow cytometer needed a quality control run. Lasers and stream were aligned
with beads (CytoFLEX Daily QC Fluorospheres, Beckmann Coulter, B53230), drop delay
adjusted, IntelliSort activated, and tubes were cleaned. After everything was ready to
sort, samples were processed in the following order: unstained buffer, unstained VLPs,
unstained bacteria, unstained bacteria with unstained VLPs, water, stained bulffer,
stained VLPs, stained bacteria, water, unstained bacteria with stained VLPs. Samples
were recorded with a slow flow rate until 10,000 events or 10 seconds were reached.
Cells were visualized on a logarithmic scale on Side Scatter vs Forward Scatter plots
(FSC) and Fluorescence vs Side Scatter plots (SSC). Stained and unstained bacteria were
gated to determine the viral-tagged cells. Data files (.fcs) were analyzed with Flow]o
(10.8.1 CL).

Single sorted cells and one million sorted cells were then detected via qPCR as explained

previously.

[43]
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2.2 Helicobacter pylori Phages and Their Diversity

Although bacteriophages are highly abundant, isolating them is challenging due to their
host specificity. Therefore, we have chosen sources where phages and hosts co-exist to
increase the probability. And since Helicobacter pylori colonizes the gut, we took feces

and sewage water. The overall workflow is shown in the Figure 9.
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Figure 9_General Workflow for Isolating Helicobacter pylori Phages

Virus-like particles were isolated from wastewater and fecal samples, stained, and mixed with
Helicobacter pylori. Viral-tagged cells were isolated via flow cytometry and sequenced. The picture was
created with BioRender.

2.2.1 Sample Collection

To increase the chances of phage isolation, I used wastewater and feces for this study.
500 mL active sludge (active microbial content [77]) were collected from three different
wastewater plants, Munich and Augsburg (Germany) and Innsbruck (Austria), and
transferred directly to the lab, where the water was stored at 4 °C until processed.

Human stool samples were donated and, upon arrival, directly stored at -80 °C.
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2.2.2 Bacteria Cultivation

Two closely related Helicobacter pylori strains PMSS1 and SS1 were cordially provided
by Prof. Dr. Markus Gerhard (Technical University of Munich). Strains were grown on
blood plates supplemented with Helicobacter pylori Selectives (M863-500G, HIMEDIA+
horse blood, SR0147E, Oxoid) at 37 °C in a microaerophilic environment (10 % CO2, 5 %
02). For each experiment, a bacterial overnight culture was set up in 15 mL liquid media
containing BHI, 20 % FCS and supplements (X916.2, ROTH, SR0147E, Oxoid). On the day
of the experiment, the quality of liquid cultures was tested via urase broth test (M1828-

500g, HIMEDIA) and microscopy.

2.2.3 Isolation of Phages From Feces and Wastewater

The stool sample was prepared fresh for each experiment. The stool was weighted and
mixed with PBS at a ratio of 1:10 (w:v). The mixture was vortexed thoroughly for one
hour. After the mixing, the samples were centrifuged at 700 rcf for one minute to remove
fecal matter and big debris. The supernatant was then again centrifuged at 6,000 rcf for
45 minutes to separate bacteria and VLPs. The new supernatant was filtered through
0.22 pm syringe filter (SLGPO33RS, Millex-GP Syringe Filter, Merck) before it got
concentrated via an ultrafiltration unit (Vivaspin 20, 100,000 MWCO PES, VS2042,
Sartorius) to 1 mL. The concentrate was stored on ice.

Since active sludge does not only contain active microbial cells but also has big debris
and particles, wastewater was centrifuged at 6,000 rcf for 15 minutes before filtering.
The supernatant was filtered with a 0.22 pm syringe filter (SLGPO33RS, Millex-GP
Syringe Filter, Merck) before 500 mL filtrate was concentrated via high-speed
centrifugation (35,000 rcf for 2 hours). The pellet was resuspended in 5 mL PBS and
stored at 4 °C.

2.2.4 Bacteriophage Isolation via Viral Tagging

To separate H. pylori-specific phages from all the others, I performed the previously
established viral tagging technique. For that, bacteria, buffers, and virus-like particles in

sufficient amounts were needed.

[45]
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The bacterial overnight culture was transferred into two reaction tubes where they were
washed three times with saline solution (0.9 % NaCl) at 5,000 rcf for three minutes. After
the washing, one aliquot was stained with Syto9 (1 puL, ThermoFisher, S34854) for one
hour at room temperature in the dark. To remove the residual dye, a second round of
washings as before was performed but for both aliquots. Until further, bacterial samples
were stored on ice.

As a next step, buffer and VLP samples were prepared. For both, two aliquots were
pipetted, and one of each was stained with 1 pL of Syto9 (ThermoFisher, S34854). All
four tubes were incubated at room temperature for 30 minutes in the dark. Before, they
were washed three times at 3,000 rcf for 3 minutes with water in an ultrafiltration unit
(Vivaspin 20, 100,000 MWCO PES, VS2042, Sartorius). To store them until the run, they
were put on ice.

For the viral tagging samples, 100 pL unstained bacteria were mixed with either 200 pL
stained or unstained VLPs. Mixed and incubated in a thermocycler for one hour at 37 °C.
To ensure a smooth sample recording, bacterial samples were diluted 1:1000, VLPs
1:100, viral-tagged samples (VTs) 1:100, and buffer samples were recorded undiluted.
All samples were processed with a flow cytometer BDFACS Melody (BD), and one million
cells were sorted into 200 uL PBS and stored at 4 °C.

Before I could process all samples, a quality control run was performed as the company
suggested. The lasers were aligned, and the correct drop was established. After a
successful QC run, the machine was cleaned to eliminate the remaining QC beads and
avoid any form of cross-contamination. To minimize the risk of spillovers or
contaminations, samples were processed in the following order: unstained bacteria,
stained bacteria, water, unstained buffer, unstained VLPs, unstained bacteria with
unstained VLPs, water, stained buffer, stained VLPS, water, unstained bacteria with
stained VLPs. Samples were processed at a slow flow rate and also recorded at that
speed. [ recorded either 10,000 cells or 10 seconds. For visualization, I used two plots,
Side Scatter vs Forward Scatter and Fluorescence vs Side Scatter, to create our gates.

Plots were analyzed with Flow]o v10.8.1. (Flow]o, BD)
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2.2.5 DNA Extraction

Single Bacteria

DNA from Helicobacter pylori strain PMSS1 and SS1 was extracted using the DNeasy
PowerLyzer Micrbioal kit (12255-50, Qiagen) according to the company’s instructions.
Extracted DNA was concentrated and purified using the Genomic DNA Clean &
Concentrator kit (D4064, Zymo Research) as instructed by the manual. DNA
concentration was measured via Qubit. DNA was stored at -20 °C until it got sent for

sequencing.

Virome and Sorted Cells

DNA from wastewater VLPs, stool VLPs, and sorted cells were isolated identically with
the following protocol: the sample solution was concentrated to 500 pL with an
ultrafiltration unit (Vivaspin 20, 100,000 MWCO PES, VS2042, Sartorius) before external
DNA got degraded via DNAse I (EN0521, thermoscientific) for 30 minutes at 37 °C. To
inactive the enzyme, samples were incubated for ten minutes at 70 °C and then placed at
-80 °C for one hour. The physical disruption continued with a defrosting step at 65 °C for
30 minutes. To eliminate remaining proteins, samples were treated with proteinase K
(20 mg/mL, AM2548, invitrogen) for 30 minutes at 55 °C and the enzyme got inactivated
afterward at 70 °C for 15 minutes. After all enzymatic and physical treatments, samples
were mixed at a ratio of 1:2 with AMPure XP beads (A63881, Beckman Coulter) and
incubated at room temperature for 15 minutes. Two wash steps were performed to wash
out every impurity with 70 % ethanol. After the entire ethanol was evaporated, beads
were incubated with elution buffer for five minutes at room temperature for final DNA
extraction. To gain ultra-pure and concentrated DNA, every sample was processed
through the Genomic DNA Clean & Concentrator kit (D4064, Zymo Research).

Since the DNA concentration of those samples was too low, DNA got amplified by the
REPLI-G kit (150343, Qiagen) for single cells (as recommended by the company).

Amplified DNA was measured via Qubit and sent for sequencing.

2.2.6 Sequencing

The Illumina platform Novaseq was used to sequence the sample with their library prep,
TruSeq. 2 gigabytes (GB) of data were acquired for each sample via a 2x150 paired-end

(PE) strategy. The sequencing was outsourced to a sequencing facility.

[47]
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2.2.7 Data Analysis

Helicobacter pylori

Reads quality was controlled by fastp [78] (v0.23.2) to then assemble the clean reads
with SPAdes (v3.15.2) [79]. After de-novo assemble, we conducted a reference-based
assemble process to merge the contigs to draft genomes by Rebaler (v0.2.0;
https://github.com/rrwick/Rebaler) which relied mainly on minimap2 for alignment
and Racon for making consensus sequences. The reference genomes used in Rebaler
were the following: for Helicobacter pylori PMSS1, they were GCF_001991095.1 and
GCF_004295545.1, and for Helicobacter pylori SS1, it was GCF_002005525.1. After that,
the clean reads were used to polish the draft genome using Pilon (v1.24) [80]. We used
Prokka (v1.14.5) [81] to annotate these draft bacteria genomes with parameter "--evalue
1le-05 --coverage 50 --gcode 11 --kingdom Bacteria”. Genome maps were visualized by

Proksee (web version) [82].

In-House Helicobacter pylori Database

To better refine Helicobacter pylori phages, we first created a H. pylori phage database
which contained public H. pylori phages and H. pylori prophages. The database was
created the following: we downloaded (a) 41 Helicobacter pylori phages from the
National Center for Biotechnology Information (NCBI) RefSeq [83]; and then (b) 389
Helicobacter pylori bacteria sequences whose assemble level was equal to
“Chromosome” or “Complete Genome”. We predicted 90 prophage regions from these
Helicobacter pylori bacterial genomes using PhiSpy (v4.2.21, use vog213 database) and
Phigaro (v2.3.0). In total, the in-house databank combined 90 predicted prophages and
41 existing Helicobacter pylori phages.

Viral Tagging Reads

We first used fastp [78] (v0.23.2) to control the reads quality, then the clean reads were
assembled using SPAdes (--meta, v3.15.2)[79]. Contigs with lengths longer than 1,000 bp
were kept for further analysis. Then CheckV (v0.8.1) [84] was used to remove the host
region and assess the contig's quality. We also applied VirSorter (v1.0.6) [85] to identify
the viral contigs as a CheckV complementary. We picked viral contigs if one of the
software (CheckV or VirSorter) predicted the contig as a virus and the length was longer

than 10 kbp. Host information of all the potential viral contigs was predicted with

[48]
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Integrated Phage-Host Prediction (iPHoP)(v1.1.0) [86]. As not all contigs could be
predicted by iPHoP, we also aligned these potential viral contigs to the Nucleotide
Database (NT) prokaryotic and NT virus database separately via BLASTn (v2.13.0)
(download 2023-07-26) to get more host information. Additionally, to ensure that we do
not exclude any prophages during the alignment to the NT prokaryotic sequences, we
also used BLASTn (v2.13.0) with parameter “-max_target_seqs 5 -qcov_hsp_perc 50” in
our in-house Helicobacter pylori database and 389 public H. pylori bacterial sequences.
We categorized all the potential viral contigs into three categories based on the results
from above:

Category 1 (Cat 1) included all viral contigs with Helicobacter pylori as their predicted
host. The prediction was done by iPHoP.

Category 2 (Cat 2) had all novel potential Helicobacter pylori phages which had no host
prediction by iPHoP and could not be mapped to NT prokaryotic nor NT viruses
database.

Category 3 (Cat 3) were all phages that were found in our in-house Helicobacter pylori
database (phage and prophage).

To further investigate these H. pylori phages identified from viral tagging samples, we
built a pseudo-phylogenetic tree using pairwise Average Nucleotide Identity (ANI) value
with the in-house H. pylori database. First, we used CDHIT (v4.8.1, psi-cd-hit, -c 0.90 -G 1
-g 1 -aL. 0.7 -aS 0.7 -prog blastn -circle 1) [87] to remove redundancy of potential
Helicobacter pylori phages. 491 non-redundancy potential phages were retained. To
facilitate rerooting the tree, we used SARS-CoV-2 (NC_045512.2) and three
Helicobacter pylori bacterial sequences as outgroups. These three bacterial sequences
were from PMSS1 (GCF_001991095.1; GCF_004295545.1) and SS1 (GCF_002005525.1),
which were the hosts used during the viral tagging process. Then hierarchical clustering
was built based on pairwise ANI values calculated using FastANI (v1.33).

There were four highly potential Helicobacter pylori contigs from Cat 1 whose lengths
were longer than 10 kbp and the genome quality was above the median quality assessed
by CheckV [84]. These genomes were further investigated by using Prokka to annotate
(parameter "--evalue 1e-05 --coverage 50 --gcode 11 --kingdom Bacteria”) (v1.14.5) [81]
and were visualized by Proksee (web version) [82]. We also checked 34 contigs from
Cat 2 with lengths greater than 10 kbp, but they could not be mapped to any genomes
from the NT prokaryotic or viruses database. We first used CDHIT (v4.8.1, psi-cd-hit, -c

[49]
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0.60 -G 1 -g 1 -aS 0.6 -prog blastn -circle 1) [87] to remove redundancy, and in total 25
contigs were retained. The comparison genomic map was created using Clinker (v0.0.23)
[88].

Auxiliary metabolic genes (AMG) genes were identified in these novel HP contigs using
DRAM-v (v) [89] with parameter '--skip_trnascan --min_contig_size 1000 --

prodigal_mode meta --trans_table 11'

Virome Data

Reads were prepared as previously described above but then we used methods
established by Nayfach et.al [84]. In short, BLASTn was used to calculate pairwise ANI
value by combining all-vs-all alignments between sequence pairs. Then, UCLUST-like
clustering was done using the MIUVIG recommended parameters (95 % ANI + 85 % AF).
After we got the non-redundant virome dataset, contigs from viral tagging were aligned
to contigs assembled from virome using BLASTn (v2.13.0). We also created a Principal
Component Analysis (PCA) plot using the ANI value to compare the genome sequences

identified by virome and viral tagging.

Functional Annotation and Endolysin Tree

Functional comparison was done with all 599 viral-tagged contigs plus all sequences
from the in-house database. Proteins were first predicted using Prodigal (v2.6.3)[90] and
then annotated against four databases: Pfam v34 [91], KEGG (download date: 2022-02-
01) [92], VOGDB (211, https://vogdb.csb.univie.ac.at/), PHROGs
(http://millardlab.org/2021/11/21/phage-annotation-with-phrogs/) [93] under 1le-5
e-value criteria using HMMER (v3.3.2) [94]. MMseqs2 easy-cluster command (version:
7aade9df7475ae7c699b2074b5e4daa52e0245f1; --cov-mode 0 -c 0.70) [95] was used
to cluster these proteins. The function of the cluster is based on the most frequently
detected annotation.

For the endolysin phylogenetic tree, all determined endolysins were used. The amino
acid sequences of these endolysin genes were aligned using MAFFT (v7.505, mode:
mafft-linsi) [96] and gaps were removed using trimAl (v1.4.rev15], -gappyout) [97]. The
tree was computed using IQ-TREE (v2.0.3) [98] with 1000 ultrafast bootstrap
replications and the VT+G4 substitution model, as suggested by ModelFinder. The tree

was visualized using iTOL [99].
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2.3 Colorectal Cancer Cross-Infection Study

To better understand the role of phages within disease conditions, single-cell cross-
infections were performed between bacteria and virus-like particles from four
conditions: healthy donors, Ulcerative Colitis patients (UC), early cancer (CRCE), and

advanced cancer patients (CRCA). The general workflow is shown in Figure 10.
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1. Cross-Infection
2. Phage-Host Pair Sorting via VT
3. Sequencing

H...Healthy
U...Ulcerative Colitis
E...Early Cancer
A...Advanced Cancer

Figure 10_General Workflow for the CRC Cross-Infection Study

Bacteria and virus-like particles were isolated from patient samples. VLPs were stained and cross-
infected with bacterial samples from all four conditions. 100 viral-tagged cells were isolated and sent for
sequencing. The picture was created with BioRender

2.3.1 Sample Collection

To determine phage-host networks within healthy and disease conditions, stool samples
were collected from healthy donors as well as from patients with Ulcerative Colitis, early-
stage colorectal cancer, and late-stage colorectal cancer at Klinikum Rechts der Isar
(Munich, Germany) by the group of Prof. Dr. Klaus-Peter Janssen. After the collection,

samples were stored at -80 °C.
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2.3.2 Isolation of Bacteria and Phages From Stool Samples

The entire bacteria and phage isolation was done anaerobically for patient stool samples.
Stool samples were transferred into the anaerobic chamber, weighed and at a 1:10 ratio
(w:v) mixed with reduced PBS. Vortexed thoroughly and centrifuged at 700 rcf for one
minute to separate chunky fecal matter from the rest. The remaining sample was then
centrifuged again at 6,000 rcf for 45 minutes. At this step, virus-like particles (VLPs)
were separated from bacterial cells. The supernatant was then filtered through a 0.45
um syringe filter (SLHV033RS, Merck) and separated into two piles: DNA extraction and
pooling to do cross-infection. The same procedure was repeated for bacterial cells, one
aliquot was set aside for DNA extraction, the other one for cross-infection pooling.
Samples for DNA extraction were frozen away, whereas the others were kept in the

anaerobic chamber.

2.3.3  Cross-Infection and Viral Tagging

All steps were done anaerobically, apart from VLP preparation and sorting.

Viral Tagging

Bacterial samples from the same conditions were pooled. 1 mL was taken and washed
three times with reduced PBS at 5,000 rcf for three minutes and set aside.

The same pooling step has happened to the VLPs. Pooled samples were then stained with
1 pL Syto9 (ThermoFisher, S34854) for 30 minutes at room temperature in the dark.
After the incubation, samples were washed three times with water (Milli-Q, Merck) in an
ultrafiltration unit (Vivaspin 20, 100,000 MWCO PES, VS2042) for three minutes at
3,000 rcf to eliminate the remaining dye. After VLPs were stained, all samples were

transferred back into the anaerobic chamber.

Cross-Infection

To determine phage-host pairs in each condition as well as their network in diseases,
bacterial cells were mixed with different VLPs. 100 uL of bacterial cells were mixed with
200 pL of stained VLPs and incubated at 37 °C anaerobically in the dark on a shaker for

one hour. In total, | had 16 variations, which are schematically visualized in Figure 11.
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Figure 11_Schematic for Cross-Infection Study

This schematic shows how samples were cross-infected.

Cell Sorting

To determine those networks, 100 cells were sorted on a single-cell dispenser (bf.sight,
Cytena). Before each experiment, a quality control check was performed to align the
cameras, to check the position of the droplet and to ensure a good working condition of
the cartridge. Sort settings were adjusted between 0.8 to 3 for Cell Size, 0.5 to 1 for Cell
Granularity and 46 to 56 for Fluorescence Intensity, and 0 to 10 for Fluorescence Size.

2.3.4 DNA Extraction

Bacteriome
To extract DNA from mixed bacterial suspensions, samples were heated to 70 °C for 15
minutes before I used the E.Z.N.A Soil DNA Kit from Omega (D5625-02, Omega)

according to the manufacturer's instructions.

Virome

For virome DNA, samples were concentrated with ultra-centrifugal units (UFC910024,
Merck) before they were treated with DNase I (EN0521, thermoscientific) for 30 minutes
at 37 °C. For deactivation of the enzyme, the samples were incubated for 15 minutes at
70 °C before they were placed into a -20 °C freezer overnight. On the next day, samples

were defrosted at 65 °C for 30 minutes with a subsequent Proteinase K treatment. (55 °C,
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30 minutes, 20 mg/mL, AM2548, invitrogen). The enzyme was deactivated at 70 °C for
ten minutes. To get hold of the DNA, samples were mixed with AMPure XP beads
(A63881, Beckman Coulter) (1:2 ratio) and incubated at room temperature for 15
minutes. Samples were washed two times with 70 % ethanol before incubating them for
five minutes with elution buffer to free the DNA. Extracted DNA was purified and
concentrated with the Genomic DNA Clean & Concentrator Kit (D4064, Zymo Research)

and stored afterward at -20 °C.

Sorted Cells

Sorted cells were used as they were without DNA extraction step.

2.3.5 DNA Amplification

Sorted cells, extracted virome, and bacteriome DNA were amplified with the REPLI-G kit
(150343, Qiagen) for single-cells according to the manufacturer’s instructions. Amplified

DNA was sent for sequencing after a qubit measurement.

2.3.6 Sequencing

Samples were sequenced on the [llumina platform Novaseq with the TruSeq library. For

each sample 2 GB of data was generated with the paired-end 2x150 strategy.

2.3.7 Analysis

Native Fecal Metagenome

Raw reads from fecal metagenomes (11 samples in total) were cleaned from PhiX
(reference: NC_001422.1) and human (reference: GRCh38) contamination using
Bowtie2 (v2.3.5.1) [100] with parameter “--sensitive-local” and SAMtools (v 1.17) [101].
Then low-quality reads were deleted with fastp (v0.23.2) [78] on the following
parameter “-z 4 -n 10 -1 60 -5 -3 -W 4 -M 20 -c -g -x". Clean reads were assembled from
each sample individually using metaSPAdes (v3.15.2) [79] with the default setting.
Scaffold lengths were kept when they were longer than 1 kbp for further analysis. A
public human gut database was used as a reference to complement the de novo
scaffolding to prevent the loss of short scaffolds. Clean reads were mapped from each

sample to the Unified Human Gastrointestinal Genome (UHGG) catalog (v2.0.2) [102]
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«

using Bowtie2 (v2.3.5.1) [100] with parameter “--sensitive-local”. Sequences were
retained if they met the following criteria: atleast 80 % of maximum mapping reads were
met, or sequences had over 60 % mapping coverage, or their mapping depth exceeded
80 % of the maximum depth based on SAMtools (v 1.17) [101] outputs. Each sample from
the retained UHGG sequences were merged with the de novo assembled scaffolds and
the redundancy was removed at 95 % similarity using CD-HIT (v4.8.1, psi-cd-hit) [87]
with parameter “-c 0.95 -G 1 -g 1 -aL 0.7 -aS 0.7 -circle 1”. Prophage regions were
annotated of the non-redundant representative sequences of each sample. Identification
was done with “annotate” and “find-proviruses” modules in geNomad (v1.7.4) [103].

A non-redundancy representative catalog was constructed of bacteria and archaea
sequences (referred to as NRbacteria from now on). For that, all sequences were
combined and all redundant sequences were deleted based on a similarity threshold of
95 % utilizing CD-HIT (v4.8.1, psi-cd-hit) [87] with parameter “-c 0.95-G1-g1-aL 0.7 -
aS 0.7 -circle 1”. Clean read from each sample were mapped against the NRbacteria with
Bowtie2 (v2.3.5.1; configured with “--sensitive-local”) [100] and SAMtools (v1.17) [101]
to get the relative abundance. The relative abundance was calculated of each sample by

«

CoverM (v0.6.1) with the specified parameters “-m tpm covered_bases length” (B.
Woodcroft, unpublished, https://github.com/wwood/CoverM). NRbacteria
completeness and contamination were checked using CheckM (v1.2.2) [104] ‘lineage_wf
pipeline. NRbacteria were also tested for CRISPR via CRISPRidentify (v1.2.1) [105] for
future viral host prediction. Taxonomical assignment of NRbacteria were done in
MMseqs2 (v13.45111; DB: Swiss-Prot) [106] and Kraken2 (v2.1.2; DB:
MiniKraken_DB_8GB) [107] with the default setting.

Next to the NRbacteria catalog, an NRprophage catalog was also created with all non-
redundant representatives of prophage sequences. The same strategy was applied as for
the NRbacteria: CD-HIT (v4.8.1, psi-cd-hit) [87] with parameter “-c 0.95-G 1 -g 1 -aL 0.7
-aS 0.7 -circle 1”. The clean reads were mapped from each sample to NRprophage with
Bowtie2 (v2.3.5.1, “--sensitive-local”) [100] and relative abundance were calculated

using CoverM (v0.6.1; parameter: “-m tpm covered_bases length”; B. Woodcroft,

unpublished, https://github.com/wwood/CoverM).
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Virome

Virome raw reads were cleaned from (11 samples in total) PhiX (reference:
NC_001422.1) and human (reference: GRCh38) contamination using Bowtie2 (v2.3.5.1)
[100] with parameter “--sensitive-local” and SAMtools (v 1.17) [101]. In the next step,
reads were cleaned from low-quality reads using fastp (v0.23.2) [78] with parameter “-
z4-n10-160-5-3-W4-M 20 -c-g -x". After that, we assembled clean reads individually
with metaSPAdes (v3.15.2) [79] and default setting and kept everything that was longer
than 1 kbp. Afterward, reads were mapped to the assembled contigs using Bowtie2
(v2.3.5.1) [100] with the parameter “--sensitive-local” and SAMtools (v 1.17).

Viral sequences were further identified with VirSorter (v1.0.6) [85] to determine
putative virion contigs (VirSorter categories 1, 2, and 3) using both database options: -
db 1 (RefSeq viruses) and -db 2 (RefSeq viruses+viromes). After that CheckV (v0.8.1;
end-to-end) [84] was applied to delete the bacterial regions of assembled scaffolds.

In addition to the NRbacteria and NRprophage catalogs, an NRvirome catalog was also
created with non-redundant viral contigs. The used viral contigs were identified via
VirSorter and were processed with a dereplication procedure at a threshold of 95 %
similarity. Mash (v2.3) [108] calculated the pairwise distance with a with a kmer size of
21 and a sketch size of 10,000. An in-house Mash script (mash_clstr.py) was used to
determine clusters based on Mash distance. For each cluster, the longest sequence was
used as a representative for that cluster. Dereplicated long viral contigs were taken to
map the clean reads with Bowtie2 (v2.3.5.1) [100] with parameter “--sensitive-local” and
SAMtools (v 1.17) [101].Additionally, CoverM estimated the coverage (v0.6.1;
parameter: “-m tpm covered_bases length”; B. Woodcroft, unpublished,
https://github.com/wwood/CoverM). Viral contigs were also taxonomically annotated
with the ‘annotate’ function in the geNomad (v1.7.4) [103] tool and checked for the
host with iPHoP (v1.1.0) [86] for host prediction.

Viral Tagging

fastp trimmed reads(v0.23.2) [78] with parameter “-z4 -n10-160-5-3-W4-M 20 -c-g
-x”. metaSPAdes assembled them (v3.15.2) [79] with the default setting, and everything
longer than 1 kbp was kept for downstream analysis. Bowtie2 (v2.3.5.1, parameter “--
sensitive-local”) [100] and SAMtools (v 1.17) [101] were used for calculation. CheckV
(v0.8.1; end-to-end) [84] and VirSorter (v1.0.6), [85] identified the viral contigs. A fourth
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catalog was created with viral tagging contigs (NRVvt) at a threshold of 95 % similarity
using Mash (v2.3) [108]same settings as above. Clusters were determined via the in-
house script (mash_clstr.py) based on Mash distance. NRVvt were mapped to clean reads
using Bowtie2 (v2.3.5.1, the parameter “--sensitive-local”) [100] and SAMtools (v 1.17)
[101].

Cross-Assembly of Viromes and Viral Tagging

Virome samples were cross-assembled with the viral tagging samples using metaSPAdes
(v3.15.2) [79] with the default setting. Next, cross-assembled contigs were dereplicated
based on four disease groups at a threshold of 95% similarity using Mash (v2.3;
parameter: -k 21 -s 10000) [108]. For clustering, the in-house script (mash_clstr.py) was

used based on Mash-distance that also determined the representative.

Identification of Viral Sequences and Viral Clusters From Cross-Assemblies

The public human gut phage database (GPD) [109] were supplemented cross-assembled
contigs. First, the non-redundant cross-assembled sequences were selected that had at
least one viral gene according to CheckV (v0.8.1; end-to-end) [84] output. Second, viral
sequences from NRVvirome and NRVvt were aligned separately using BLASTn (v2.13.0)
[110] with parameter “-max_target_seqs 10”. to the non-redundant contigs of four
disease groups. Cross-assembled contigs were kept with these criteria: query coverage
(qcov) was bigger than 60, and the percentage of identity (pct_identity) was more than
85. Additionally, GPD [109] was also used to support the assembly process where viral
tagging reads and clean reads were mapped to with Bowtie2 (v2.3.5.1) [100] with the
parameter “--sensitive-local” and SAMtools (v 1.17) [101]. GPD sequences were merged
into the viral source if the read coverage of a sequence was more than 60 or the cover
base (covbases) was higher than 10k.

For diversity determination, duplicates of viral sequences were eliminated. With BLASTn
(v2.13.0) and the scripts from the CheckV repository
(https://bitbucket.org/berkeleylab/checkv/src/master/), viral clusters were identified
with (NRVcross-assemble) meeting the 98 % pairwise ANI (average nucleotide identity)

and 85 % minimum coverage criteria.
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Host Prediction of Cross-Assemblies

Host predictions were based on CRIRPS and host-predicting software. Host information
was built on the public CRISPR database, CrisprOpenDB (download date: 202404, with
default database:

http://crispr.genome.ulaval.ca/dash/PhageHostldentifier DBfiles.zip) [111]. BLASTn

(v2.13.0) [110] with parameter “-max_target_seqs 1000” was used to align non-
redundant contigs to CRISPR from NRbacteria. Sequences were selected when they had
a percentage of identity (pct_identity) greater than or equal to 98 and mismatches
(n_of_mismatches) equal to or less than 2 as validated matches. If CRISPR matched with
the bacteria, that bacteria was used as the bacterial taxonomy. If CRISPR did not work,
iPHoP (v1.1.0) [86] was used with a confidence score greater than 95. All ambiguous host

genus names were manually deleted for example: “UMGS680”,

Phage-Host Network Analysis

Clean reads of viral tagging samples were mapped to NRVcross-assemble and NRbacteria
using Bowtie2 (v2.3.5.1, the parameter “--sensitive-local”) [100] and SAMtools (v 1.17)
[101] to get the viral and bacteria sources separately. The composition of all viral clusters
was examined to determine which viral cluster belongs to which disease condition. The
clustering was visualized using the Python package UpSet (v0.9.0)[112].

The R package NetCoMi (v1.1.0) [113] handled all network associations with its
calculation and visualization.

The centered log-ratio transformation (clr) normalization method was performed with
"sparcc" as the measure of associations. For simplicity, network edges were removed if

the threshold was below 0.95.

Statistics
Non-parametric tests were performed for relevant statistical analyses, such as the
Wilcoxon signed-rank test, with the "wilcoxon" function of stats module in the Python

package SciPy (v1.14.1) [114].
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2.4  Material
Key Resource Table
Reagent or Resource Source Identifier
Biological Samples
Human Stool samples This study n/a
Patient Stool Samples Prof. Klaus-Peter Janssen n/a
Wastewater Wastewater plants in Munich, n/a
Augsburg, Innsbruck
Chemicals and Media
DNase I thermoscientific EN0521
Proteinase K (20 mg/mL) invitrogen AM2548
Syto9 ThermoFisher S34854
Rapid Urease Test Broth HIMEDIA M1828-500g
Helicobacter pylori Selective | Oxoid SR0147E
Supplements
Brain-Heart-Infusion Broth ROTH X916.2
Wilkins Chalgren Anaerobic Broth | HIMEDIA M863-500G
Base
Horse Blood Oxoid SR0050C
Luria Bertani Broth Carl Roth X968.1
SybrGold ThermoFisher S11494
Agilent Brilliant Probe Multiplex MM | Agilent 600553
Water Milli-Q Merck n/a
Agar-Agar, Kobe | Roth 5210.2
PCR Grade Water VWR 733-2573
Consumables
AMPure XP Beads Beckman Coulter A63881
Vivaspin 20 Ultrafiltration Unit Sartorius VS2042
0.22 pm Syringe Top Filter Merck SLGP033RS
0.45 pm Syringe Top Filter Merck SLHV033RS
Amicon Ultra Centrifugal Filter Merck UFC910024
b.sight cartridge Cytena
CytoFLEX Daily QC Fluorospheres Beckman Coulter B53230

Safe-Lock Tubes 0.5 mL
Safe-Lock Tubes 1.5 mL
Safe-Lock Tubes 2.0 mL
CEllstar Tubes, 50 mL
10 pL Filter Tip

Eppendorf
Eppendorf
Eppendorf
Greiner bio-one

Starlab

0030 121.023
0030 123.328
0030120.094
227 261
$1121-2710



MATERIAL MATERIAL AND METHODS
Reagent or Resource Source Identifier
20 pL Filter Tip Starlab $1120-1710
200 pL Filter Tip Starlab $1120-8710
1,000 pL Filter Tip Starlab S$1126-7710
Mx3000 96-Well Plates Agilent 401334
96-Well Assay Plate Corning COSTAR 3367
Omnifix Syringe 5 mL Braun 4617053V
Omnifix Syringe 20 mL Braun 4617207V
Omnifix Syringe 30 mL Braun 4617304F
Oligonucleotides
Primers and Probes Supplementary Table 1
Supplementary Table 2
Commercial Kits
Repli-G Kit Qiagen XX150343
Genomic DNA Clean & Concentrator | Zymo Research D4064
Kit
E.Z.N.A Soil DNA Kit from Omega Omega D5625-02
Norgen Phage DNA Isolation Kit Norgen Biotek Corp. 46800
DNeasy PowerLyzer Microbial Kit Quiagen 12255-50
Software and Data Analysis
Flow]o v10.8.1 BD n/a
Prism Version 8.4.3 GraphPad n/a
BioRender BioRender n/a
Machines and Equipment
Plate Reader BioTek EPOCH2
MoFlo XPD Beckman Coulter
FACSMelody BD

Nanoparticle Tracking Analysis
Mx3000P qPCR System
Thermo Mixer 13687713

CO2 Incubator HERACell 150i
b.sight

Vortex Genie 2

Centrifuge 5430 R

Centrifuge 3K18

Malvern Panalytical
Agilent

Thermo Scientific
Thermo Scientific
Cytena

Scientific Industries
Eppendorf

Sigma
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3. Results

This chapter describes in detail the variety of new insights that were gained throughout
the development of single-cell technology in the field of phage biology and the hunt for
novel phages and interactions within the gastrointestinal tract. Section 3.1 Development
of Targeted Single Phage Isolation extensively describes the establishment and
adaptation of single-cell technology and phages with human pathogens. The results of
this research have been published in Unterer et al. [75]. The next section shows hands-
on results from the previously developed technology and how it can be used to find
phages for complex bacteria and extend phage reference databases in parallel. The last
section took the new technology was used to analyze host-phage interactions in healthy
and diseased individuals and detect key players. These new findings laid the foundation

for further research, which is currently being done in Prof. Deng’s lab.

3.1 Development of Targeted Single Phage Isolation

Viral tagging has been proven to be a valuable tool to link phages to their hosts and
elucidate entire phage-host networks. Additionally, viral tagging also helps to isolate
(new) phages. To further expand that knowledge, I established a universal viral tagging
protocol that can be used for various bacterial species as well as on flow cytometers and

microfluidic devices.

3.1.1 General Viral Tagging Protocol Establishment

The protocol had to work for a variety of aerobic and anaerobic bacteria in monocultures,
for different phage sources and for samples containing a mixture of the unknowns. I
based the first protocol attempts on the published viral tagging protocol from DZunkova
etal. [115], realizing that this protocol is limited as an on-site flow cytometer is necessary
and that the outcome of delicate bacteria is skewed. The sample preparation time is
around six hours and includes steps that put a lot of stress on the cells, resulting in cell
damage and poor resolution. To minimize the stressors and time, the washing procedure
needed changing. Therefore, I took the original protocol from Deng et al. [74] and merged

both publications with new elements to create a more general viral tagging protocol.
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created a protocol that takes less than an hour for tolerant bacteria such as E. coli and
less than two hours for more complex organisms.

The initial development was done with E. coli 11303 and its phage T4 as the model
organisms. Subsequent proof-of-concept runs were then performed with a variety of
different bacteria, such as Pseudomonas aeruginosa, Acinetobacter baumannii,
Klebsiella pneumonia, Staphylococcus spp, Helicobacter pylori, Akkermansia municiphila
but also with stool samples from mice and human (Figure 12). To further test the
robustness of the universal protocol, I tested it on multiple flow cytometer (Beckman
Coulter, Sony, BD) analyzers and sorters and recreated the same results over and over

again independently of the system.
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Figure 12_Viral-Tagged Acinetobacter baumannii (left) and Haemophilus influenzae (right)

Flow cytometry plots are shown. The X-axis is FSC, and the Y-axis is Alexa, the fluorescence channel. Plots
are shown on an exponential scale. The first row shows unstained and stained bacterial cells, whereas
unstained and stained VLPs are seen in the second row. The third row presents an unstained and stained
buffer. In the last row, the left plots are unstained bacterial cells with unstained VLPs, and in the right
plots, there are unstained bacterial cells with stained VLPs - the actual viral-tagged sample. Gating
strategies are different between those two samples as the viral tagging protocol was in development.
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3.1.2 Transition From Flow Cytometry to Microfluidics

As a next step, | transferred the entire viral tagging procedure from a flow cytometer to
a microfluidics system. The reasons behind that major step are the following: flow
cytometers use an external fluidics system, which can influence our phage-host system.
Furthermore, the system does not allow anaerobic work. As a second point, flow
cytometers work with forces; pressure is put onto cells during stream alignment and can
initiate stress reactions. The chosen microfluidics system eliminates both factors. First,
it works with cartridges which are a closed system without any external liquid carriers.
Secondly, the microfluidics system is based on gravity, putting little to no pressure on
the sample. Compared to the flow cytometers, the microfluidic system identifies cells not
via light scattering but via cameras. The system detects the cells in a brightfield and
fluorescence mode. In Figure 13, a stained cell was detected, first with the brightfield
camera, then with the fluorescence camera, and the third picture is the overlay of both.
The cameras capture the cell and determine the size and the fluorescence value.

Depending on the sort settings, cells are then dispensed or not.

Figure 13_b.sight Camera Channels

All three photos show the same cell marked with the yellow arrow but in different channels. The far left
picture is the brightfield mode, the middle one is the fluorescence channel, and the far right photo is an
overlay of both. The circles inside are defined areas by the software to ensure only a single cell is sorted.

Since the microfluidics device was customized to our needs, beta testing was necessary
to achieve the transition. The appropriate amount of events per second on flow
cytometers is set and known and can, therefore, be targeted when samples are prepared.
For the microfluidics, | had to test that. To gain first insights into how our bacteria appear
on that camera and at which concentration the cartridge can be challenged, I started with

unstained and stained E. coli. I found that a bacterial concentration of about 105 cfu/mL
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is suitable to keep the cartridge unblocked and maintain a smooth flow. A higher
bacterial concentration placed the cartridge at risk for blocking, and sorting was delayed
because too many cells were detected within the sort area, which made single-cell
sorting impossible. A bacterial concentration that was too low delayed the process as
well since too few cells were captured, and the proximity to finding the correct cells was
low, resulting in a slow sort rate. Four consecutive pictures (Figure 14) are shown where
each cell is marked with an arrow while it flows through the cartridge. Since cells are
flowing unevenly within the cartridge, the right amount is important to find the balance

between the risk of blocking, too few cells and being fast.

Figure 14_Cell Movement Inside b.sight Cartridge

Cells are marked with different colored arrows while moving through the b.sight cartridge. It is a series
of five pictures.

After determining the right bacterial concentration, I studied the graphical output for
bacterial cells regarding size and roundness, which are the comparable parameters of
FSC and SSC on flow cytometers. Bacterial cells have been found to show up between 0.8
and 4 in size depending on bacterial species and between 0.5 and one for roundness. As
a next parameter, fluorescence was determined. Autofluorescence was recorded for
unstained bacterial samples and minimum fluorescence for stained bacterial cells.
Graphical outputs were studied from different species. I found that autofluorescence has
its maximum at 45 and below throughout different species regardless if they are aerobe
or anaerobe, and stained bacterial cells had their minimum around 55 and above and

were highly distinguishable from non-stained cells (Figure 15.).
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Results Results
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Figure 15_Graphical Output of b.sight

The left picture represents the cell’s shape, whereas the right picture displays their fluorescence level.
Axes are size, roundness and fluorescence on a linear scale.

The generalized previously established viral tagging protocol was tested after these
parameters were established and used as a reference point. Viral-tagged E. coli with T4
were placed inside the cartridge and monitored. Bacterial cells were nicely distributed
with the chosen concentration however, I could not sort properly as fluorescence was
constantly detected within the sorting area. As a result of that, the phage concentration
was adjusted, and a sample ratio of 1:2 (bacteria: phage volume) was found to be
sufficient. After the adjustment viral-tagged E. coli was tested again and compared to
flow cytometer results. The results can be seen in Figure 16. Cells scattered in the same
pattern independently of the machine, and viral-tagged cells were distinguishable from
non-tagged cells depending on their fluorescence. Independently, if viral-tagged cells are

defined via gating on flow cytometers and via parameter settings on the b.sight.
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Figure 16_Viral-Tagged Sample Shown on Flow Cytometer vs. on b.sight (microfluidics)

All four plots are of viral-tagged cells, but the upper two (A) are from the flow cytometer, and the lower
two (B) are from b.sight. The left graphs show cell size and shape, and the right plots cell fluorescence as
presented by axes.

After visual confirmation that the established protocol works, viral-tagged cells were
sorted. Since no gating strategy can be used on b.sight, the range between
autofluorescence and minimum fluorescence was used as sorting parameters. Viral-
tagged cells were sorted onto a layer of soft agar and bacterial suspension ranging from
1 to 100 cells per position/well. Single-tagged cells could not be seen on agar but the
highest amount of sorted cells did produce visible plaques, confirming the presence of
phage. In contrast, each well of the bacterial suspension had some sort of phage activity
present, confirming the presence of phages there and the successful transition of the

viral tagging protocol from flow cytometer to microfluidics.
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3.1.3 Phage Titer Determination

In the next phase, I had to ensure enough DNA was available for a sufficient PCR run.
Therefore, I tested different bacterial concentrations to see how the phage titer differs
and if the phage titer provides enough DNA for the PCR. I serially diluted a known
concentration to get E. coli 11303 at 106 cfu/mL, 105 cfu/mL, 10 cfu/mL, and 103 cfu/mL.
One single viral-tagged phage-host pair was sorted into each well. Negative controls

were included for each condition: bacteria only and media only.
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Figure 17_Single-Cell Sorting Into Different Bacterial Concentrations

One single viral-tagged cell was sorted into wells containing different bacterial concentrations. The red
curve represents bacterial growth without viral-tagged cells to the corresponding bacterial
concentration. Black curves are samples including one viral-tagged cell. Plots are presenting the time on
the x-axis and ODeoo on the y-axis. The upper left corner (A) shows samples with 106 cfu/mL and the trend
that with that bacterial concentration, bacterial regrowth happens. Less of this regrowth is seen in the
upper right corner (B), which displays growth graphs from samples with 105 cfu/mL. The lower left graph
(C) includes curves from samples with 104 cfu/mL displaying the least amount of bacterial recovery.
Results with 1,000 cells and phage are seen in the lower right graph (D), which shows more bacterial
regrowth again.

[68]



DEVELOPMENT OF TARGETED SINGLE PHAGE ISOLATION RESULTS

Results are shown in Figure 17. All bacterial-only controls show growth curves as
expected, differ only at their start time for the exponential phase based on their
concentrations; the higher the concentration, the earlier the exponential phase started,
and the lower the concentration, the later the growth. Medium-only control was negative
throughout all experiments. As for the samples themselves, they show growth and killing
activity. 21 samples with 106 cfu/mL had two wells where bacteria were killed off
completely and 19 wells with bacterial regrowth after phage-killing. The result was half-
half for samples with one log less bacterial cells (21 wells). Ten wells showed bacterial
regrowth, and 11 no longer had bacterial activity. Again, a different picture was seen for
104 cfu/mL samples. Out of 21 wells, only five showed signs of bacterial regrowth,
whereas 16 wells had a total bacterial loss. Against the trend, out of 15 wells with 1,000
cells, seven had bacterial regrowth, and eight had none. To further test if phages were
present and, if yes, how many, the supernatant was harvested. 10 pL of serially diluted
samples were spotted onto a soft agar layer and incubated overnight. All four conditions
produced full lysis for the first five dilutions, and after that, single plaques were formed
(Figure 18). For the bacterial concentration, 106 cfu/mL and 105 cfu/mL, a phage titer of
109 pfu/mL was calculated, and for the two lower concentrations, one log less. However,

both titers are enough to extract DNA and perform PCRs.

.

101 108

Figure 18_Representative Spot Assay to Determine Phage Titer

Eight different concentrations were tested, with the highest concentration on the left and the highest
dilution on the right. The first five formed spots with total lysis, and further dilutions produced single
plaques.

The aspiration was to create a highly standardized, reproducible, and less operator-

biased protocol. [ tested further bacterial concentrations, but instead of diluting serially,
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which is highly prone to operator failure, I sorted a certain amount of bacterial cells using
the microfluidics device. Ten, five, and one cell(s) per well were tested, and bacterial
growth in all wells was achieved only with tens cells. In the next run, viral-tagged cells
were added and monitored again. Figure 19 shows in red the bacterial-only curve and in

black all different wells with phage activity.
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Figure 19_10 Cellsand 1 VT Cell

Ten bacterial cells were sorted together with one viral-tagged cell and monitored. In red, bacteria-only
control is shown, and in black, test samples. The x-axis is time, and the y-axis is ODeoo.

Plaque assays confirmed a sufficient number of phages within those samples. As a
consequence, further experiments were performed with ten sorted bacterial cells as a

basis.

3.1.4 Development of Multiplex qPCR

3.1.4.1 Primer Design

Despite being available in vast quantities, not all phages are suitable for phage therapy.
Some of them can integrate themselves into their hosts; others transfer toxins or
virulence factors. Since these features can only be found after the isolation process, all
phages must be screened via sequencing or PCR. Since PCR requires known sequences, I
have taken conserved regions within the phages that are known to be efficient, fast, or
have a broader host range. For that, I took conserved regions from the major head
protein, the conserved region for the virulence factor eae (intimin), and the E. coli toxin

heat-labile enterotoxin. All taken regions are seen in Figure 20
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Figure 20_Sequences for Primer Design

Major head genes, toxin genes, and virulence genes are shown in these graphics. Those genes were used
to design primers to detect those traits in isolated phages.

3.1.4.2 (gPCR Performance

After the primer design, the multiplex qPCR needed to be established. For that, DNA from
phages and bacteria was extracted to have positive controls. Different primer and probe
concentrations were tested singularly and were found to be at their best for 100 nM
probe and 300 nM for each primer. This master mix could amplify targets within a range
between one picogram to ten nanograms. To further simplify the protocol, probes, and
primers were designed to work in a multiplex PCR setting. So, in the next step, I created
a master mix containing all three probes, all six primers, and the reference dye and tested
it. There was no amplification for wells without DNA, which confirms that none of the
primers are amplifying each other and that there is no unspecific amplification. Samples
with only one target DNA had one amplification specific to its target, and multiple
amplifications happened in wells, including various DNAs. Any tested conditions did not
influence the intensity of the signal. Since DNA extraction from each sorted phage sample
is very time-consuming and costly, [ tested the protocol with pure supernatant. Despite
its promising looks at the start of the PRC reaction, the curve starts to decline and
decreases into negative fluorescence values independently of phage type. In close

collaboration with Agilent, a simple solution was found. A 1:10 dilution from the
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supernatant dilutes the contaminant in a way that does not interfere with the
amplification process anymore. 1:10 dilutions or pure DNA perform equally well during

the PCR process.

3.1.5 Proof-of-Concept Runs: Targeted Single Phage Isolation

Proof-of-concept runs were performed from start to end with E. coli and T1, T4, and T7.
For each combination, infection dynamics were monitored. Bacterial-only growth is
marked with a dark grey square, whereas media-only is highlighted in bright grey. For
all three setups, bacteria grew as expected, and no contaminations happened. PCRs had
no amplification for water and no template controls and amplification curves for all six
different target concentrations. For each tested well, target amplification started after 15
amplification cycles when phage was present or never in the case of phage absence.

(Figure 21, Supplementary Figure 1, Supplementary Figure 2)

DA P IV N A A VA DV VA e
B Ve I A RV N TV Ve
DAV VAN N IV VA DV VAR SR

. DN NN WAV ST el PR R
o e ol L

[72]



DEVELOPMENT OF TARGETED SINGLE PHAGE ISOLATION RESULTS
Standard Curve T1 NTC
0.8 0.8
—~ 10ng cY5
g 0.6 - 1ng o 06 -= ROX
g — 01ng g + HEX
3 04 8 04
@ —— 0.01ng g FAM
_g 0.2 —— 0.001 ng 3 0.2
= -=- 0.0001 n T
€ o0 : . 9 S o0 7 : . ; 1
10 50 J 10 20 30 40 50
-0.2 0.2 Cycles
Standard Curve eae Negative Control
. 0.8
0.8 - 10ng CY5
o 06 - 1ng g 0.6 = ROX
o
H H HEX
g g4 - 01ng 8 04 -
2 — 0.01ng g FAM
S 0.2 — 0.001ng g o0z
[ [
< o0 - 0.0001 ng < 00 . . . .
10 20 30 40 50 J 10 20 30 40 50
-0.2 Cycles 0.2 Cycles
Standard Curve Toxin H,0
0.8 0.8
—— 10ng CYb
0.6 - 1ng o 06 -+ ROX
8 0.1 g HEX
- 0.1n .
8 04 9 2 04
2 —-— 0.01ng 2 FAM
2
_g 0.2 —— 0.001 ng § 0.2
[ [
0.0y , o oouoing T 0.0k i . )
10 50 J 10 20 30 40 50
0.2 Cycles 0.2 Cycles
ATIiD1 BT/C3 CTICS DT D4 ET /A6
i H g § H
5 c¥s é cvs g 1 cvs i crs g ovs
g = ROX ;; ROX 5- ROX. ; ROxX § - ROX
z £ g E E

o HEX o HEX
Fan A

o HEX
Fe

o HEX
Fau

Cycles

- hEX
Fam

Figure 21_Proof-of-Concept Results From T1

Cycles
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A_Infection Dynamics were monitored overnight. Bacterial-only controls are marked with a dark grey

square, whereas media-only controls are with light grey.

B_On the left, qPCR controls are shown from T1, the toxin and the virulence factors with the number of
cycles on the x-axis and the normalized fluorescence on the y-axis. Six concentrations were tested from
10 ng to 1 pg. On the right, three negative controls are shown. On the top, there is the no-template control
(NTC); in the middle, the negative control; and on the bottom, water only.

C_Five representatives of qPCR amplification of target samples. There are no amplifications from toxins
or, virulence factors or cross-contaminations. All samples amplify around 15 cycles.

3.1.6

Sensitivity Test

To further challenge the protocol, I performed sensitivity and quality checks. First, |

tested the sensitivity of the experimental process to see to what extent we can detect

phages. For that the protocol was run with three different spiked conditions. Wastewater
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was spiked with either equal amounts of VLPs/mL, 1000x less and 1000x more. All three
model phages were used for spiking. | always evaluated infection curves from the plate
reader, gPCR data, and spot assay results. When [ had more wastewater than phages, |
detected no phages in any of the three methods. The same was true for T1 and T7 for
equal amounts. T4 had two positive wells when there were equal amounts of phages and
wastewater VLPs. However, when [ added 1000x more phage VLPs than wastewater
VLPs, I had 80 positive wells for T1, 10 for T4, and two for T7, whereas 15 showed active
infection but no signs during qPCR amplification or spot assay. Test results are

summarized in Table 2.

Table 2_Spiking Data

Sample Plate Reader qPCR Spot Assay
Kinetics

More WW VLPs 0 wells 0 wells 0 spots
T1 More T1 80 wells 80 wells 80 spots

Equal amounts 0 wells 0 wells 0 spots

More WW VLPs 0 wells 0 wells 0 spots
T4 More T4 10 wells 10 wells 10 spots

Equal amounts 2 wells 2 wells 2 spots

More WW VLPs 0 wells 0 wells 0 spots
T7 More T7 15 wells 2 wells 2 spots

Equal amounts 0 wells 0 wells 0 spots

To check if these results are a lack of sensitivity from the test procedure or if this is the
result of single-cell sorting, I sorted one million cells with the same conditions as prior
using T1 as a representative. Flow cytometry plots were compared, and the more T1
VLPs were included in the sample, the more viral-tagged cells appeared inside the target
gate. For the sample with the least T1, the percentage inside the gate was 2.59 %. For the
sample with equal amounts of VLPs, the gate held 26.2 % of the cells, and for the sample
with the most T1, 38.5 % of cells showed up inside the gate. With one million sorted cells,
T1 could have been recovered from those three conditions during qPCR runs. The
amplification curve of T1 DNA-only is shown in green and starts around 15 cycles, as it
was established during the multiplex qPCR development. The sample with more T1 VLPs
started to be amplified around 22 cycles, shortly followed by the sample with equal
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amounts. At 30 cycles, the sample with the least amount of T1 started to be amplified.
Controls for toxin and virulence factors, as well as no template control, did not show any

sign of amplification. Flow cytometry and qPCR results are presented in Figure 22.
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Figure 22_Spiking Results

A_Flow Cytometer plots of spiked samples. The x-axes are side scatter, and the y-axes are fluorescence on
a bi-exponential scale. The top row is stained bacteria and spiked mixtures with unstained bacteria plus
stained VLPs. The bottom row is unstained bacteria and spiked unstained mixtures. T1 concentration
increases from left to right, increasing the amount of cells in the gate.

B_qPCR results from spiked samples where T1 was detected in all three conditions. No toxins or virulence
factors were amplified within the target samples, but controls did work.

In the next step, I tested if the experimental procedure was sensitive enough to detect
spiked samples and check the procedure's robustness to distinguish between different
phages. Therefore, [ sorted a viral-tagged sample with all three model phages included

in the same amount, once on a single-cell level and once in bulk (one million cells). Only
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T1 was recovered during the qPCR runs on a single-cell level, whereas when one million
cells were sorted, all three phages were detected during the qPCR. The qPCR could
differentiate between T1, T4, and T7 despite being mixed. Pure phage DNA as a positive
control amplified around 15 cycles, and the sorted cells with less concentration roughly
10 cycles later. During flow cytometry, phages were not distinguishable since only one

cloud of viral-tagged cells appeared. The results are shown in Figure 23.
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Figure 23_Robustness Test

Flow Cytometry Plots (A) show unstained bacteria, unstained buffer, unstained VLPs and unstained
mixture in the bottom row from left to right. In the top row, there are stained bacteria, stained buffer,
stained VLPs, and the viral-tagged sample (unstained bacteria with stained VLPs). VLPs are a mixture of
T1, T4 and T7 in equal amounts. The x-axis is side scatter, and the y-axis is fluorescence. Both axes are on
a bi-exponential scale.

gPCR result (B) shows that all three phages were detected, although they were in one sample. For each
phage, a positive, DNA only, control was added. T1 (dots) in dark and bright blue, T4 (square) in dark and
bright purple, and T7 (triangle) in dark and bright orange. Positive samples (Pos) started to amplify
around cycle 15, whereas sorted cells (Sample) started ten cycles later.

[76]
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3.1.7 Heterogeneous Infection Dynamics

After acquiring all those results, I took a closer look at how each phage performed in the
presence of their hosts on a single-cell level, knowing that they behave differently at the
spiking experiments. [ analyzed the infection property and calculated the area under the
curve (AUC) and found despite being the same phage with the same hosts in the same
experiment, there is a cell-to-cell variety not only across different phages but also within
one phage itself. I determined four distinct patterns: no infection at all, total lysis from
the beginning with no regrowth of the bacteria, and two hybrid forms. The first hybrid
form is that the bacteria grew until the phage infected and killed them and never regrew.
The second hybrid form is similar to the first one, but the bacteria recovered and regrew

(Figure 24).
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Figure 24_Phage Infection Pattern

Four major patterns were detected for single phage-host sorting. All curves in blue had no phage infection
and bacteria grew. Total bacterial loss was seen in every green curve. Purple represents all samples with
bacterial growth at the beginning and then phage infection. All black curves had phage activity initially,
but bacteria regrew in the end.

As plaque assays confirmed the presence of phages for the later three patterns, I
calculated an active infection rate of 78.8 % for T1, whereas most of the wells had a low
or median AUC. For T4, 42.3 % of active infections were calculated, but only six had really
low areas under the curve; the remaining were medium or high. 5.9 % active infection
happened for T7, leading to 5 wells with low AUCs. Data are presented in Figure 25.
Backing those results with qPCR, samples with active infection were amplified, whereas

no infection samples had no amplification.
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Figure 25_Heterogeneous Infection Dynamics

Different infection dynamics are presented as growth curves in the upper row and as area under the curve
below. Red curves are bacteria only controls or shown as X in the heatmap. No phage activity are
displayed in blue or dark grey. Full bacterial killings are presented in green or white. Purple, black and
shades of grey are variations of infection. T1 (A), T4 (B) and T7 (C) have different infection patterns within
themselves but also compared to each other.

[80]
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3.1.8 Cytotoxicity Test and One-Step-Growth Curves

After gaining those insights, [ wanted to rule out any influences on the cells during the
experimental procedure. Therefore, I performed cytotoxicity tests and one-step growth
curves to study phage behavior. Phage infectivity was not influenced by Syto9 as the titer
did not decrease for any phage. So, there was no cytotoxic influence from the dye. One-
step-growth curves (Figure 26) confirmed that neither the sample preparation itself nor
the sorting or continuous shaking during the incubation has an effect on the cells or
phage-host interaction. Phage titer decreased within the first 10 to 20 minutes until
phage infection occurred. After that, new progenies were released, which led to a higher
titer afterward. Absorption rate and burst size were as expected. No abnormalities were

recorded for T1, T4, or T7.
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Figure 26_One-Step-Growth Curves

One-Step-Growth curves are shown for T1, T4 and T7. The x-axis is time in minutes and the y-axis pfu/mL.

The adsorption rate is between 10 and 20 minutes before progenies are released and phage titer
increases.
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3.2 Helicobacter pylori Phages and Their Diversity
3.2.1 Genome Comparison of Helicobacter pylori PMSS1 and SS1

As bacteria evolve quickly in natural or lab surroundings, Helicobacter pylori strains
were sequenced to determine whether DNA changes had happened or not.

Whole genome sequencing was performed, and the analysis revealed the correctness of
both strains visualized in Figure 27 (A and B). Both have a genome length of 1.6 Mbp and
a GC- Content of 39 %. Geneious whole genome alignment showed a pairwise identity of

98.1 % for the first Local Colinear Blocks (LCB), 99.6 % for LCB2 and LCB3.

) .
‘. nnbb. .

. ‘l o
//'-“""_,'."' %
- i,

!“‘\
‘c

. /L
_/.‘Q. !/ g ‘_./ \
g~ / / 1.4 Mbp o2Mm \\

‘,"IA ,’/" ",/'.. A \ 9’ "\'
e/ PMSST ity

v.
R\ N
\.\“\ N . ,‘ . L
\‘ék &:\is o, /.'*\/3
&\:x,::y_-f-_«/./;i:?
N\
- e e ,..o‘/'- £1iD acnE B cDs
M tRNA
rRNA
H tmRNA
Il GC Content
B GC Skew+
M GC Skew-



HELICOBACTER PYLORI PHAGES AND THEIR DIVERSITY RESULTS

Mcos
B RNA

RNA
Il tmRNA
M GC Content
M GC Skew+
M GC Skew-

Figure 27_Genomic Maps of Helicobacter pylori PMSS1 and SS1

Map A shows Helicobacter pylori PMSS1 used during the experiments with its genetic features in blue and
its GC content in black. Same representation was chosen for the genomic map of Helicobacter pylori SS1
(map B).

3.2.2 Phage Detection for Helicobacter pylori

Viral-tagged samples were sequenced and after reads were cleaned, every contig over
1,000 basepairs were kept for analysis. As a total, we found 22,331 contigs. 11,429
contigs were isolated on both strains with wastewater. 8,417 contigs belong to
Helicobacter pylori SS1 and only 3,012 to H. pylori PMSS1. A different picture was seen
with stool samples. 4,958 contigs were assembled from Helicobacter pylori PMSS1 and
4,522 from Helicobacter pylori SS1, slightly less than with PMSS1. However, overall,
61.88 % of the contigs belong to H. pylori SS1 and 38.12 % to H. pylori PMSS1. The exact

numbers are listed in Table 3.
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Table 3_Amount of Viral Contigs Found in Wastewater and Stool Samples for Helicobacter pylori PMSS1 & SS1

3,012 8,417 11,429
1,439 1,540 2,979
932 2,782 3,714
641 4,095 4,736
1,422 n/a
4,958 4,522 9,480
2,157 2,038 4,195
1,536 847 2,383
1,265 1,637 2,902
7,970%* 12,939* 20,909%*22,331)

As a next step, bacteriophages would be mapped to reference databases, but
bacteriophages do not have a marker gene, which would help them identify and
categorize them. As a consequence, reference databanks are incomplete and filled with
partial information. Therefore, an in-house Helicobacter pylori phage database was
created. For that, 389 Helicobacter pylori sequences were downloaded from NCBI and
screened for prophage regions. 90 prophage regions were predicted and put into the
database together with 41 Helicobacter phage sequences, which were already available
from NCBI. Together, they made 131 phage sequences in the in-house HP databank.

To see which phages I had isolated for both strains, potential contigs were placed in three
categories: Cat1, Cat2 and Cat3. Viral contigs were put into the first category when iPHoP
predicted Helicobacter pylori as their host. So, Cat1 is based on host prediction. Cat2 was
for all contigs where no host prediction worked; no matches could be found in the NT
prokaryotic or NT virus database and the in-house HP database. Cat2 was used for
potential novel phages. If contigs could be mapped to the in-house HP database, they
were classified as Cat3.

For Helicobacter pylori PMSS1, a total of 2,780 were classified as Cat1 with no overlap to
the 6,276 contigs placed in Cat2. In Cat3, only one contig was put since 335 shared Cat3
with Catl. So, 335 contigs could be found in the in-house databank and
Helicobacter pylori was predicted as their host. 3,269 contigs were placed in Cat1 for the
SS1 strain. 9,297 contigs could not be mapped to any sequences in the in-house database
and, had no host prediction and were therefore put into Cat2. Two contigs could be found

in the in-house HP database and 371 contigs were found in the database and had H. pylori
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predicted as their host. There was no overlap for the categories one and two, two and
three, and none for all three, neither for H. pylori PMSS1 nor for SS1. The distribution and

overlaps can be seen in Figure 28.

PMSS1_Cat2 SS1_cat1 SS1_cat2

PMSS1_Cat3 SS1 cat3

Figure 28_Categorical Distribution of Contigs

Contigs that were assembled from viral-tagged cells isolated with PMSS1 are seen on the left side, whereas
on the right, contigs are shown, which were found with SS1. None of the contigs were found in all three
categories or in Catl and Cat2. Overlaps are between Catl and Cat3. Cat2 has for both strains the most
found contigs whereas Cat3 for both the least.

To refine the analysis, only contigs longer than 10 kbp were considered, which left us
with 599 contigs. From those, 599,192 contigs belong to the H. pylori PMSS1, and 407 to
H. pylori SS1. Further investigation showed that from those 192 contigs for PMSS1, 11
came from stool sample 002, 93 from stool sample 006, and 85 from stool sample 007.
Contigs that were longer than 10 kbp were not found in any wastewater (Munich,
Augsburg, Innsbruck) except for three contigs coming from Westendorf. As Westendorf
wastewater was only tested on the PMSS1 strain, we considered that no phage was found
in any wastewater source for that strain. A similar picture was seen for the stool sample
for SS1; with 27, the least amount of contigs was calculated for 002, then the highest
amount was found for 006 with 83, and 007 was in the middle with 46. A completely
different situation was seen for wastewater contigs. Compared to PMSS1, SS1 had 36
contigs from Augsburg, 112 from Innsbruck, and 103 from Munich. When we categorized
all found contigs from PMSS1, 191 were placed in Catl and one in Cat2. For H. pylori SS1,
374 contigs were classified as Cat1 and 33 as Cat2. To even further refine the outcome,
all redundant contigs were removed, and a final number of 491 contigs were retained.

Those contigs were then used to create a pseudo-phylogenetic tree via pairwise Average
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Nucleotide Identity (Figure 29, Supplementary Figure 3). The tree consists of the 491
non-redundant contigs found from the viral tagging (green), then 90 prophage
predictions from Helicobacter pylori genomes (pink), 41 sequences from
Helicobacter pylori phages (red) present in the public database, one Coronavirus
sequence (yellow), two Helicobacter pylori PMSS1 bacterial chromosome and plasmid
sequences (bright and dark grey), one chromosome and plasmid sequence from
Helicobacter pylori strain SS1 (bright and dark blue) and one virome sample (light
orange).

The tree shows that publicly available sequences group together apart from two
prophage clusters, which seem to have a closer relation to viral-tagged contigs. The viral-
tagged contigs separate from the in-house database sequences as branches are rarely

shared or connected.

Tree scale: 100

Source

[ ] coronavirus

Il +. pylori_PMsS1

B +. pylori_PMSS1_plasmid
[l H. pylori_ss1

B H. pylori_SS1_plasmid
[l HP_Prophage

[l HP_Phage

/v

[ ] virome

Type
[] vr_pmss1
[]vrss1

[] virome

Figure 29_Phylogenetic Tree Viral-Tagged Contigs

The phylogenetic tree shows the relationship between publicly available sequences (red and purple),
viral-tagged contigs (green), bacterial genomes (grey and blue), and Coronavirus (yellow). The outer ring
differentiates between viral-tagged contigs isolated with SS1 (light blue) or PMSS1 (light green).

We added a second ring to differentiate between the two viral-tagged strains, H. pylori
PMSS1 and SS1. We also included the virome sample that overlapped with the Source
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ring's virome. Contigs that belong to the strain SS1 are presented in bright blue and in
light green for PMSS1. The tree shows no significant separation between contigs, which
were found with PMSS1 or with SS1. Contigs isolated with SS1 do share relatives with
contigs isolated from PMSS1. This result was also seen by the heatmap where contigs
were placed on the x- and y-axis and compared with their ANI (color-code). There is no
clustering that contigs isolated with SS1 would be more similar to each other than
contigs isolated with PMSS1. On the contrary, the heatmap has various small to bigger
dark areas representing contigs, which have nothing in common with the compared
contigs. The heatmap (Supplementary Figure 4) shows that all found contigs are highly
diverse with higher dissimilarity on their ANI apart from 100 % matches when contigs
were compared with themselves.

The same picture is drawn in those PCA plots (Figure 30). The first PCA plot compares
Category 1 with Category 2 isolated either on PMSS1 or SS1. The comparison shows that
there is no clustering of contigs isolated on the two strains. Some are more similar to
each other than others. Contigs found in Category 2 are less spread than in Category 1
and underrepresented.

When we compared multiple sources and datasets, we got a clear distribution between
publicly available virulent H. pylori phages and H. pylori contigs isolated with viral
tagging. As already seen in the phylogenetic tree, viral tagging contigs are highly
unrelated to those from the public dataset. Phages from the public database cluster
together, whereas a few prophages are more spread than virulent phages. Three
prophages are separated from all publicly available sequences and from all contigs found
via viral tagging. A small set of prophages are more similar to viral-tagged found contigs
than to publicly available H. pylori phages. Those prophages cluster with contigs found
using H. pylori SS1. One prophage overlaps with one contig from Category 2 isolated with
H. pylori PMSS1.

Despite this huge separation between publicly available H. pylori phages and isolated
ones. There is one contig isolated with H. pylori PMSSS1 positioned in the middle

between those two clusters.
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Figure 30_PCA Plots Comparison Between Viral-Tagged Contigs and Public Database
A_PCA plot shows the similarity of contigs isolated with SS1 or PMSS1 with the assigned category.

B_PCA plot visualizes the similarity and dissimilarity between phages and prophages coming from public
databases and contigs from viral tagging.

Since the strains do not separate the contigs from each other and the contigs themselves
are so diverse, we wanted to know how many similar contigs were found but isolated on
the other H. pylori strains. In total, eight contigs were detected. In cluster 56, the contig
isolated from the mix H. pylori SS1 with Innsbruck wastewater has a 92.56 % similarity

to a contig isolated on H. pylori PMSS1 with the stool sample 006. In cluster 152, the
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isolated contig from PMSS1 with the stool sample 007 matched 94.53 % with the contig
found with SS1 and Munich wastewater. A 99.98 % overlap was found for the matches
PMSS1 and stool 002 with SS1 and Augsburg wastewater. A total of 100 % matches were
found for clusters 208, 442, and 322, which all involved PMSS1 with the stool sample 007
and then SS1 with Innsbruck wastewater or SS1 with the same stool sample,
respectively, for the latter two clusters. Cluster 331 mapped the contig found with SS1
and 006 stool to PMSS1 and stool number 007 with 98.03 %. In cluster 346, a contig from
SS1 with Munich wastewater was matched to 91.35 % to a contig coming from PMSS1
and stool sample 006. The strain with the asterisk is the reference strain. The list with

identical contigs can be seen in Table 4.

Table 4_List of Identical Phages Found with H. pylori PMSS1 and with H. pylori S51 (*reference sequence)

% of
Cluster Contigs
Similarity

>SS1_Ib4_23L004816_S9_L001_NODE_22_length_33965*
Cluster 56 92.56 %
>PMSS1_006_23L004809_S2_L002_NODE_25_length_26146

>SS1_MUC_23L004814_S7_L001_NODE_45_length_20687*

Cluster 152 94.53 %
>PMSS1_007_23L004810_S3_L002_NODE_103_length_15833
>PMSS1_002_23L004808_S1_L001_NODE_69_length_18440*

Cluster 195 99.98 %

>5S1_Augs_23L004815_S8 L002_NODE_38 length_14430
>PMSS1_007_23L004810_S3_L002_NODE_86_length_17565*

Cluster 208 100 %
>SS1_Ib4_23L004816_S9_L002_NODE_116_length_13282
>5S1_006_23L004812_S5_L.001_NODE_46_length_13097*

Cluster 331 98.03 %

>PMSS1_007_23L004810_S3_L002_NODE_177_length_12089
>SS1_MUC_23L004814_S7_L001_NODE_149_length_12663*

Cluster 346 91.35%
>PMSS1_006_23L004809_S2_L001_NODE_213_length_11105

>PMSS1_007_23L004810_S3_L001_NODE_208_length_10715*

Cluster 443 100 %
>5S1_007_23L004813_S6_L.001_NODE_148_length_10200

>PMSS1_007_23L004810_S3_L002_NODE_142_length_13179*

Cluster 322 100 %
>5S1_007_23L004813_S6_L002_NODE_156_length_10297

After cleaning up the data, we found four contigs with high potential. Those contigs did
match H. pylori as host predictions and were therefore classified as Category 1. Their
length is longer than 10 kbp, and genome quality was rated as medium. The first contig
was found with H. pylori PMSS1 and the stool sample 006. The contig has 49,627 base
pairs (Figure 31 A). Gene prediction identified enzymes for RNA and DNA metabolism as
well as a nucleotide-sugar epimerase, a reductase, or dehydrogenases, but for the

majority of the genome, their protein functions are mainly unknown.
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The other three highly potential contigs were all found with H. pylori SS1 and Innsbruck
wastewater. There was one longer contig with 206,764 basepairs and two smaller
contigs with 25,993 and 23,019 basepairs (Figure 31 B-D). Most predicted proteins
belong either to DNA/RNA metabolism or DNA methyltransferases, transcription, or
elongation factors. However, most proteins were classified as unknown or not

identifiable as such.
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Figure 31_Potential Phages From Category 1

Those four phages have H. pylori as host prediction. They are all longer than 10 kbp with medium quality.
In addition, some of their genes could be annotated. Picture A shows the phage isolated with H. pylori
PMSS1 and the stool sample 006. Phages B to D were all isolated with H. pylori SS1 and Innsbruck
wastewater.

Additionally, to those four highly potential contigs from Category 1, we also checked 34
contigs from Category 2. Those contigs did not match any NT prokaryotic or virus
databank or any other database and are all longer than 10 kilobases. Of those 34, we
removed all redundant ones, and 25 remained (Figure 32, Supplementary Figure 5). 22
out of those 25 are pairs from H. pylori SS1 with the wastewater from Innsbruck. Two
came from Munich wastewater and from H. pylori SS1 as well. The last one was isolated
with the PMSS1 strain and wastewater from Westendorf. Protein comparison showed no
similarity at all between those 25 contigs. These contigs have a highly diverse

composition. The only small similarity is between contig SS1_Ibk_13 and SS1_Ibk_10.
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Figure 32_Highly Potential Phages From Category 2

Those contigs in Category 2 did not have Helicobacter pylori predicted as their host and did not match the
in-house database and sequences longer than 10 kbp. Apart from their shared host, protein comparison
showed no similarity apart from one between SS1_Ibk13 and SS1_Ibk10.

After analyzing the most potential contigs further, the results showed a lot of
dissimilarity and many unknowns. To shed light on those unknowns, viral-tagged contigs
were compared genetically with publicly available sources. We first investigated
auxiliary metabolic genes and found that only the nicotinamide adenine dinucleotide
(NAD)-dependent epimerase/dehydratase family appears in both sample groups. All
other AMGs are either only present in our in-house database or in the viral-tagged

contigs as Figure 33 shows.
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Figure 33_Auxiliary Metabolic Gene Annotation

Our in-house database and viral-tagged samples were screened for AMGs and compared. The result
shows that apart from the NAD-dependent epimerase/dehydratase family, all other AMGs are highly
different between those two groups.

Since the AMGs only strengthened the high diversity amongst phages, we looked into
gene function categories. We had eight categories plus others, which excluded the other
eight and everything else. The graphs show an absolute number in bright green viral-
tagged isolated contigs and in purple phages from the public database. If overlaps
occurred, they were presented in bright blue (Supplementary Figure 6). In five
categories, the number of gene clusters was higher in the viral-tagged contigs than in the
public phage database. Those five categories are “DNA, RNA and nucleotide metabolism”,
“Connector”, “Lysis”, “Moron, auxiliary metabolic gene and host takeover”, “Tail”, and
“other”. Viral-tagged contigs also had more gene clusters than the public ones in the
category “Head and packaging” as well as in “Transcription regulation”. In the category
“Integration and excision” no gene cluster is visible for viral-tagged contigs but there is
an overlap. However, in this category, the publicly available sequences have many more
gene clusters. When looking into overlaps, three categories have a minor overlap,

» o«

“Transcription regulation,” “Integration and excision,” and “Head and packaging.”

Whereas “DNA, RNA and nucleotide metabolism”, “Moron, auxiliary metabolic gene and
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host takeover” and “others” have a major overlap. However, these are all in absolute
numbers and not really comparable, and therefore, we looked at gene ratios, which
presented a totally different picture (Figure 34 A). In six out of nine categories, genes
from public databases are more highly represented than those from viral-tagged contigs.
Only in “Moron, auxiliary metabolic gene and host takeover” as well as in “others”, viral-
tagged contigs have a higher percentage of genes than the public dataset. The category
“Connector” is underrepresented in both datasets. When looking into the total gene
number and gene clusters, we found the following (Figure 34 B). Viral tagging contigs
have a total of 12,004 genes compared to 3,478 genes from the public database.
Clustering those genes showed that both datasets share 231 gene clusters, and 2,407
clusters were only found in the VT dataset and 249 only in the public counterpart. The

gene clusters are based on the most frequent gene annotation and its function.

DNA, RNA And Nuclectide Metabalism
Connector
Head And Packaging
ol
=3 Integration And Excision
@
3
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Other
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VT (TG:12004) Public (TG:3478)

Figure 34_Gene Function Clustering
Figure _A shows the ratio of functional genes for the in-house database and viral-tagged samples.

Figure_B is a veen plot. The plot shows the total amount of genes (VT:12,004 vs. Public:3,478), and how
many clusters were found for each group and their overlap.
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RESULTS

PHROG (Prokaryotic Virus Remote Homologous Groups) analysis showed that 18 genes

are more prevalent in viral-tagged contigs, while 18 other genes were more predominant

in phages coming from the in-house databank. Structural genes (head and packaging),

transcription regulation, and lysis genes were more abundant in phages from the in-

house databank, while DNA, RNA, and nucleotide metabolic genes were shared. ATPase

and tRNA-methyltransferase were only detected in the viral-tagged contigs. All gene

functions in detail are presented in Figure 35.

Gene Function
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Figure 35_Unique Genes Identified in Viral-Tagged and In-House Database

18 unique genes were found for both groups, but only DNA, RNA, and nucleotide metabolic genes were
shared. Others, like structural genes, transcription regulation, or lysis, were only detected in the in-house
phages, where ATPases or tRNA-methyltransferases were only seen in viral-tagged contigs.

As the last point, we looked into endolysins, as they, on their own, are a promising

antibacterial agent. We screened our in-house database and our 599 sequences from

viral tagging for endolysins and compared them to each other. We found 20 endolysins,

whereas only one was detected in our in-house databank and 19 in the viral-tagged

samples (Figure 36).
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Figure 36_Phylogenetic Tree of Endolysins Found in Viral-Tagged Samples and In-House Databank

Viral-tagged samples are presented in green, whereas the in-house databank sequence is in purple. Only
one was detected in the in-house databank and 19 for the viral-tagged contigs. The functions were based
on the PHROG database, and eight phrog groups were found in total.

In the PHROG database, all of them were annotated as endolysins and placed in the
functional category: lysis. The amount of protein sequences of which the detected phrog
is made ranges from 6 sequences up to 3,145 sequences (Table 5). The latest belongs to
phrog_7 which was found to be the only endolysin from the in-house databank. Despite
being the biggest phrog and the only one from the in-house databank, the phylogenetic
tree shows that phrog_7 is closer related to all others than phrog_435, which is the most
distant one. The closest relation is between phrog 181 and phrog_ 2649, followed by
phrog_15251. Six endolysins clustered together in phrog_669, the same as in phrog_435.
In phrog_6700, three endolysins were detected.

Table 5_Description of phrogs

phrog 669 Endolysin / Lysis Transglycosylase SLT Domain
phrog 15351 6 Endolysin / Lysis D-Alanyl-D-Alanine Carboxypeptidase
phrog 315 389 Endolysin / Lysis Glycosyl Hydrolase
phrog 435 299 Endolysin / Lysis N-Acetylmuramoyl-L-Alanine Amidase
phrog 2649 54 Endolysin / Lysis D-ala-D-ala Dipeptidase
phrog 6700 18 Endolysin / Lysis Mannosyl-Glycoprotein endo-beta-N-
Acetylglucosaminidase
phrog 181 576 Endolysin / Lysis Chitinase Class |
phrog 7 3,145 Endolysin / Lysis Phage Lysozyme
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3.3 Colorectal Cancer Cross-Infection Study

3.3.1 Bacteriome and Virome

Deciphering the complex interactions between the gut microbiota and their host is
crucial for a better understanding of diseases in the future. The more we understand the
connections and consequences, the more we can help patients.

Here, we want to better understand the role of phages within their gut community under
certain conditions. We examined three stool samples from patients with ulcerative
colitis, three samples from early colorectal cancer patients, and two samples from
advanced colorectal cancer. All samples were compared to three healthy individuals.
We first looked at the bacterial composition and the relative abundance. We discovered
that healthy individuals differ from patient samples. The stool samples from healthy
individuals are dominated with Escherichia spp (48.26 %) and include small portions of
Bacteroides (6.76 %) and Kluyvera. Traces of Elizabethkingia, Leuconostoc, Streptococcus,
and Pseudoflavonifractor are detected, but the remaining 37 % are unknown. The
unknown proportion increases in all disease conditions: 46 % for advanced cancer, 57 %
for early cancer, and the highest with 64 % for the Ulcerative Colitis sample. A significant
(p-value <0.01) decrease was also seen for the Escherichia genus in all three disease
conditions. Ulcerative Colitis had the least amount with 1.07 %, followed by early cancer
with 3.28 % and advanced cancer with 6.47 %. An opposite picture was presented for
Bacteroides, Clostridium, and some others. Bacteroides were the least abundant genus in
the healthy sample. The abundance increased significantly (p-value <0.01) to 16.28 % in
UCsamples, 21.77 % in CRCE, and 29.61 % in CRCA. Leuconostoc had the same trend with
the least amount in Ulcerative Colitis, then higher levels in early cancer, and the highest
amount in advanced cancer. It was the same for Elizabethkingia and
Pseudoflavonifractor, Streptococcus, and Bacillus, which were more abundant in UC
samples than they were in early or advanced cancer. Anaerostipes was only present in

Ulcerative Colitis. Details are visualized in Figure 37.
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Figure 37_Metagenomic Analysis of Bacterial Samples

The plot shows the relative abundance of bacteria on the genus level for the metagenomic analysis of
bacterial samples. Samples from each condition were merged into one category, resulting in CRC_advance
(CRCA), CRC_early (CRCE), UC (Ulcerative Colitis), and Healthy (H).

The same analysis has been executed for the virome with very limited information, as
the predicted taxonomy was either Caudoviricetes or Malgrandaviricetes. When
conditions were analyzed based on viral clusters, an UpSet plot presented a more
differentiated picture (Figure 38).

Viral clusters (VC) were determined, and 140 VCs were detected in CRC advanced, 155
VCs in healthy, 159 VCs in Ulcerative Colitis, and 182 VCs in CRC early. The majority of
viral clusters were unique to each condition, and only a few were shared. Nine VCs were
detected in CRC early and Ulcerative Colitis. Six were found in CRC early and healthy and
16 were identified in CRC early and advanced. Also, 16 viral clusters were seen between
Ulcerative Colitis and healthy. Another 11 were shared between Ulcerative Colitis and
CRC advanced. CRC advanced also had 14 viral clusters, which were also detected in
healthy samples. Seven were found in healthy, Ulcerative Colitis and early cancer. 12
viral clusters were shared between all disease conditions and only 3 between both
cancer samples and healthy. Six were found in advanced cancer, healthy, and Ulcerative

Colitis, and only seven were shared between all four conditions.
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Figure 38_Viral Cluster Distribution in all Four Conditions

The UpSet plot showed that CRCA has the least amount of viral clusters and the CRCE the most. The
majority of viral clusters are unique for each condition, and only a few were detected in two or more
conditions.

CRCA__Colorectal Cancer Advanced Stadium
CRCE___Colorectal Cancer Early Stadium
UC___Ulcerative Colitis Patients

H__Healthy Individuals

3.3.2 Bacterial and Viral Abundance in Cross-Infection

Figure 39 describes the bacterial and viral composition of all cross-infected samples. In
Figure 39 A bacterial genera were determined for self-infection samples (bacteria
infected with the phages from the same sample).

A big cluster of bacteria is shared in each condition. Those bacterial genera are Yersinia,
Escherichia, Enterococcus, Enterobacter, Clostridium, Blautia, Bacillus, Bacteroides, and
unknown. In contrast, only advanced cancer has bacterial genera, which are only present
in advanced cancer samples. Granulibacter and Lentibactobacillus are only identified in
advanced cancer. All remaining bacterial genera are shared at least in two conditions.
Neisseria is present in both cancer samples but not in Ulcerative Colitis or healthy
samples. Neisseria is also the only one shared by both cancers. Lactiplantibacillus is
abundant in advanced cancer and Ulcerative Colitis. Ulcerative Colitis shared genera
Streptococcus and Klebsiella with healthy and advanced cancer samples. In advanced
cancer, Limosilactobacillus was found the same as in healthy samples. Advanced cancer
had no trace of Collinsella and Rothia. Collinsella was found in Ulcerative Colitis and

healthy samples and Rothia in healthy, Ulcerative Colitis and early cancer.
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The relative abundance was also compared to better understand the bacterial
composition of all cross-infections. In Figure 39 C self-infections were aligned on the left
and on the right, all the other cross-infection samples. Escherichia was the dominant
genus in this heatmap, followed by unknown. CRCAb-Hv had a higher abundance of
Bacteroides than all the other cross-infections. Enterobacter was detected in a higher
abundance in CRCEb-Hv and CRCEb-UCv. Also, a higher abundance was seen in Neisseria

for CRCAb-CRCAv and for Yersinia in UCb-UCv.
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Figure 39_Bacterial Abundance and Viral Cluster Abundance in Cross-Infection Samples

Figures A and B show which bacterial genera and which viral clusters were present. Bacterial genera were
shared more than viral clusters, which were more unique for each cross-infection.

Figure C shows the relative abundance of bacterial genera with Escherichia being the most dominant one.

Figure D shows the relative abundance of viral clusters. VC173 was present in multiple samples in high
abundance. Escherichia was predicted as the host of VC173. The remaining high abundance clusters were
unique for the samples.

Legend:

H__Healthy Individuals

UC___Ulcerative Colitis Patients
CRCE___Colorectal Cancer Early Stadium
CRCA__Colorectal Caner Advanced Stadium
b___bacteria

v__virus-like-particles
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Figure 39 B and D describe the viral composition of cross-infections. Viral contigs were
compared and plotted in Figure C to see which ones are present in self-infection samples.
In comparison with the bacterial composition, there is only one viral cluster that is
shared in all four conditions, viral cluster 238 which host prediction determined
Escherichia. Yet, ten viral clusters were only identified in one condition and were not
shared at all. VC404 and VC405 viral clusters were only detected in healthy samples. The
host prediction identified only VC405 as Escherichia, VC404 is unknown. Six viral
clusters were only seen in advanced cancer. Those were VC349, VC34, VC29, VC28, VC1
and VC23. For the last three, no host could have been predicted; for VC34 and VC349,
Lactobacillus was predicted as their host, and for VC29, it was Limosilactobacillus. Two
were identified in early cancer, VC52 and VC157, with Salmonella as their predicted host.
Ulcerative Colitis has only shared viral clusters. VC400 was detected in healthy and UC,
but no host could have been predicted. VC146 was found in UC and early cancer with
Klebsiella as the predicted host. VC2 and VC379 were detected in UC and both cancer
samples. VC379 had Isoptericola as its predicted host and VC2 Escherichia. VC418 (host
unknown) was also shared between healthy and early cancer, and VC297, VC167, and
VC173 were detected in healthy, early, and advanced cancer. VC297 had Raoultella as the
predicted host, and Escherichia was predicted for VC167 and VC173.

When relative abundance was compared, there was only one viral cluster, VC173, that
was dominant. Hb-Hv (52.50 %) had the highest abundance in the self-infection group,
whereas Hb-CRCAv (94.04 %), Hb-CRCEv (80.72 %), and UCb-CRCAv (89.60 %) had the
highest among the other cross-infections. VC173 was identified as an Escherichia phage
based on host prediction. For the remaining viral clusters, a few were identified with a
higher abundance. In the self-infection group, there was VC34 in CRCAb-CRCAv
(44.70 %), VC146 in UCb-UCv (83.16 %), and VC379 in CRCEb-CRCEv (52.25 %). The
predicted hosts were the following: VC34 - Lactobacillus, VC146 - Klebsiella, VC379-
Isoptericola. Viral cluster 379 was also abundant in UCb-CRCEv (52 %). CRCAb-CRCEv
had the highest abundance in VC145 (38.17 %) and VC212 (22.5 %). VC 145 had
Ligilactobacillus as host prediction and VC212 Salmonella. VC159 was identified with the
highest abundance in CRCEb-Hv (29.43 %) but has no host prediction. CRCEb-UCv had
viral cluster 250 (57.83 %) detected and VC509 in CRCE-CRCAv (25.56 %). The host
prediction was Klebsiella phage for VC250, and Escherichia for VC509. The viral cluster
375 was seen in UCb-Hv (53.69 %) but the host is unknown.
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3.3.3 Network Analysis

The NetCoMi analysis determined the microbial association between each condition. In
Figure 40, all associations are shown for healthy bacteria. The network included 29
bacterial genera and 104 viral clusters. A total of 1,807 links were drawn, which were
separated into six clusters with bacterial associations and two clusters with only viral
associations. The smallest cluster consisted of Phalaenopsis and two CRCE nodes.
Parabacteroides were also associated with four common VCs. 11 common VCs were
associated with Longibaculum, Staphylococcus, and Acetatifactor. In this cluster, two
healthy nodes were also included. Two other healthy nodes were also present in a cluster
containing Prevotella, Yersinia, and Klebsiella. That cluster had 29 viral associations,
whereas one was from CRCA, four from CRCE, three from UC, 18 from common, and two
belonged to healthy. The biggest cluster included those bacteria with the most
connections (hubs): Escherichia, Bacteroides, and Massilistercora. It also included four
hub VCs: VC243, VC39, VC445, and VC504. VC243 and VC445 had Escherichia as their
predicted host, whereas VC 39 had Citrobacter and VC504 Streptococcus. In total, it had
20 bacteria and two nodes from CRCA, three nodes from CRCE, two nodes from

Ulcerative Colitis, 24 from common, and two from healthy.
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Figure 40_NetCoMi Network From Cross-Infections With Healthy Bacteria

Six clusters with bacterial associations were formed and two with only viral connections. The main hubs
were Bacteroides, Escherichia, Massilistercora, VC39,VC243, VC445 and VC504. The predicted hosts were
the following: VC39-Citrobacter, VC243 and VC445 - Escherichia and VC504-Streptococcus.

The second NetCoMi network was based on all connections made with bacteria from
Ulcerative Colitis. The network split into two major clusters but was not fully
disconnected. A total of 4,214 links were drawn between 55 bacteria and 136 viral
clusters. In the left cluster, Escherichia was the hub connector, and in the right cluster,
Monoglobus and Massilistercora were the main genera. The most viral connections
(hubs) were seen for V€523, VC70, VC78, VC161, VC541, VC85 and VC458. VC161, VC85,
V(C458, and VC541 were classified as common viral clusters, whereas VC523 belonged to
CRC early, and VC70 and VC78 were viral clusters from CRC advanced. All of the viral
hubs were situated in the right cluster. The right cluster was generally more viral-heavy
compared to the left cluster, which had more bacteria. Two hosts were predicted for all
viral hubs: Escherichia (VC70,VC85,VC161 & VC523) and Enterococcus (VC78, VC458 &
VC541).
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Figure 41_NetCoMi Network From Cross-Infections With Ulcerative Colitis Bacteria

The network had two clusters, but they were connected as well. Both clusters contained hubs, but
the left one had only Escherichia, and the right one had Monoglobus, Massilistercora, VC70, VC78,
V(C85,VC161,VC458,VC523, and VC541.

A different network was presented when bacteria from early cancer were used as a base.
Seven clusters were formed, whereas one had only viral connections. The others had 87
bacteria with 142 VC included. A total of 8,382 associations were detected between
bacteria and viral clusters. One cluster included three bacteria, Longibaculum, Neisseria,
and Erwinia, and eight CRCA VCs, seven CRCE VCs, 22 common VCs, and one Ulcerative
Colitis VC. The second cluster was built around Escherichia and Rothia with three CRCE
clusters, three UC clusters, one healthy, and seven common clusters. A small cluster was
created with Providencia and one CRCA VC, two CRCE VCs, and three common VCs.
Ligilactobacillus was connected to Fusobacterium and Fusobacterium to VC42 (common).
A different cluster was made out of Slackia, Plantactinospora, Erysipelatoclostridium, and
five Ulcerative Colitis VCs, one from healthy and two from common. The last cluster was

the biggest cluster, which also included nine hub bacteria and three hub viral clusters.
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The key bacteria were Anaerostipes, Deinococcus, Desulfitobacterium, Eubacterium,
Fusicatenibacter, Helicobacter, Lacrimispora, Roseburia, and Thermotoga and the viral
clusters were VC460, VC478, and V(C425, which were detected in more than one
condition (common). The predicted host for VC460 and VC425 was Lachnospira and for
VC478 Alistipes.
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Figure 42_NetCoMi Network From Cross-Infections With CRC Early Bacteria

Seven clusters were created when CRC early bacteria were used. One cluster had only viral connections,
and the other six did not have any key components included. The biggest cluster had all hubs combined:
Anaerostipes, Deinococcus, Desulfitobacterium, Eubacterium, Fusicatenibacter, Helicobacter, Lacrimispora,
Roseburia and Thermotoga and the viral hub clusters were VC460, VC478 and VC425.

The last network was based on advanced cancer bacteria samples. The entire network
was connected with 6,212 associations and did not have a clear separation. It included
81 bacterial genera and 131 viral clusters. Three clusters could be determined. One
cluster was connected through Roseburia, a hub bacterium. Roseburia connected
Calothrix, Acetivibrio, Faecalitalea, Collimonas, Synechocystis, Faecalimonas,

Mageeibacillus, and Fermentimonas with 14 CRCA viral clusters, whereas one (VC1) out
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of those 14 VCs was a hub. Roseburia also associated nine common viral clusters, which
held two hubs (VC537 and VC590). One CRC viral cluster also belonged to the Roseburia
cluster. The second cluster had Escherichia as the main connection point, which was also
a hub. The last cluster had Mediterraneibacter as the hub, which also connected two other
hub genera, Bulleidia and Erysipelatoclostridium, together with two hub viral clusters,
VC144 and VC143.VC144 and VC143 belonged to CRC early. The host predictions for VC1
and VC143 came back as unknown. VC590 and VC537 had Escherichia predicted as their
host, and VC144 had Ligilactobacillus as the prediction. The last identified hub was

Neisseria, which is connected to Escherichia.
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Figure 43_NetCoMi Network From Cross-Infections With CRC Advanced Bacteria

This network did not have a clear separation as everything was connected through something. Three
different clusters could be determined, which were also the hubs: Escherichia, Roseburia, and
Mediterraneibacter. Bulleidia and Erysipelatoclostridium were also identified as hubs but did not separate
from the others. Neisseria was also identified as a hub. The viral hubs VC143 and VC144 were found close
to Bulleidia. VC1,VC537,and VC590 were also hubs but were detected close to Roseburia. VC1 and VC143
had no host predicted, whereas VC590 and VC537 had Escherichia predicted, and Ligilactobacillus was
the prediction for VC144.
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4. Discussion

4.1 Targeted Single Phage Isolation
4.1.1 Developmental Challenges

Phage therapy is one of the alternatives to battle antibiotic-resistant pathogens. Phage
therapy uses phages to treat patients with bacterial infections. Phages are viruses that
are abundant worldwide [12]. However, phages are strictly host-sensitive, and finding
the right phage for the patient’s strain is a challenge despite the easy isolation process
[14]. The current isolation process that scientists use is the old traditional plaque assay
that Félix d’'Hérelle developed. The process starts by mixing a bacterial culture with a
viral source (wastewater, processed stool, etc) and incubating that overnight. Bacteria
are separated via centrifugation from the supernatant, which might include virus-like
particles. The supernatant is then tested via plaque assay for phages. Clear lysis zones in
the assay indicate the presence of phages for that particular strain. Different plaque
shapes suggest multiple different phages are in the supernatant. Each plaque shape
needs to be purified before any characterization can start [33]. Traditionally, several
rounds are performed of plaque picking - culturing - plaque assay - plaque picking -
plaque assay, and so on until plaques are uniformed. This process can take days. In the
subsequent step, DNA is extracted and sent for sequencing [116]. Up until the genome
assessment is finished, all further analyses are on hold. If genome assessment
determines that the isolated phage is pure and novel, scientists start with phage
characterization; burst size, latency period, host range, morphology, and many more
tests. The entire isolation and characterization process can take months, especially for
complex pathogens. The process is long, laborious, and not well backed up with
computational data [33]. There is currently not one phage reference bank, but multiple,
and none of them include everything. Information is spread, computational tools are
limited, and in their infancy. However, well-characterized phages are the basis for a
successful and safe phage therapy treatment. If time is a critical factor, and the patient’s
life is on the line, tests can be done in parallel, but that saves only marginal time. At the
bottom line, phage isolation and characterization take time and are a lot of work.

In my thesis, I developed a method that reduces the isolation process and initial

characterization steps by hours. The method I used is called viral tagging. Viral tagging
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was initially created by Deng et al. [74] to investigate the phage-host interaction. Phage-
host interactions and their consequences have been analyzed via viral tagging on
multiple occasions, such as in marine environments or human stools. In the later, viral
tagging was further extended to investigate phage-host relationships on a single-cell
level. However, none of the previously mentioned studies have used viral tagging to
isolate phages for phage therapy. As mentioned above, many phages are urgently needed
for phage therapy and need to be found fast. [ used the viral tagging protocol developed
by Deng et al. [74], altered by DZunkova et al. [115], and recreated a new one. The new
method is now quicker than before as I reduced the time from 6-8 hours to 1-2 hours,
depending on the complexity of the targeted bacteria, and created it in a way that it can
be used on basically every bacterium. The method was tested for a wide range of
pathogens, gram-negative as well as gram-positives, aerobic bacteria, and anaerobic as
well as for human and mice stool bacteria in a consortium. Almost all the ESKAPEE
pathogens  were used: Staphylococcus  aureus, Klebsiella  pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli, and many more.
Additionally to the variety of pathogens, the method was also created in a way that every
generic flow cytometer can be used to separate viral-tagged cells from non-tagged cells.
[ tested the protocol on three different Beckman Coulter flow cytometers (MoFlo XPD,
CytoFlex, and FC500), one from Sony and three from BD (FACS Canto, FACSAria,
FACSMelody). Independent of the pathogen and flow cytometer, the method did well.
The expected shift was seen in all experiments with slight variations from machine and
pathogen, but a clear separation was present from the viral-tagged population compared
to the non-tagged population. The successful establishment of this method enabled us to
isolate numerous phages in a timely manner for a variety of pathogenic strains from
different environmental sources, e.g., wastewater or patient samples. The amount of
high-throughputisolation techniques is scarce. One reported technique is the HiTS (high-
throughput screening) method. This method processes a sample size of >500 samples in
parallel by using multi-deep well plates for phage amplification. A drop of each well is
then spotted on a lawn to check for lysis. Despite its big sample size, the technique needs
at least four days in a row to screen for lytic phages [117]. The targeted single phage
isolation protocol isolates lytic phages within 24 hours and beats other traditional
methods by time and sample size. Other high-throughput detections are metagenomic

sequencing. Phages are detected, but they are not isolated in this process as the sample
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gets destroyed for DNA isolation. Additionally, a metagenomic sample contains multiple
phages and not only one.

The singularity is ensured in the viral tagging protocol as single cells can be sorted via
flow cytometers. However, flow cytometers have two major disadvantages. They are
pressure-operated systems with a carrier fluid. The fluid carries the sample and aligns it
for the lasers. By doing so, cells are put under a lot of stress and the carrier fluid holds a
risk for cross-contamination. I transitioned to a microfluidics device to eliminate those
external stress factors from my protocol. The device is pressure-free and a closed system,
meaning the sample does not come into contact with any external fluid. The cell stays in
its preparation buffer. An additional benefit from the microfluidics device is that it can
be putinto an anaerobic chamber enabling us to process the samples completely oxygen-
free. Anaerobic sampling has been successfully done by Clavel’s Lab [118]. When I
compared the viral tagging data generated with a flow cytometer to the data generated
by the microfluidic device, [ saw little to no differences regarding the results. Apart from
the graphical output, the size scatter plot showed the same cloud on both devices, and
the fluorescence shift from viral-tagged cells was identified as well. The successful
transition was confirmed when isolated tagged cells formed plaques in the subsequent
plaque assay, and non-tagged cells did not.

After I successfully established the phage isolation protocol on both devices with a great
time-saving aspect, we needed a method to quickly characterize the isolated phages to
see if it was worth going forward with sequencing them or eliminating them from the
characterization process. In phage therapy, only certain phages are desired. Phages need
to be fast, have a high burst size, and need to be free from toxins or virulence factors [12].
The latency period and burst size are calculated via one-step growth curves. Toxins and
virulence factors are determined after the sequencing process. I developed the targeted
single phage isolation protocol to check for those desired properties. Viral-tagged cells
are sorted individually in wells that were prefilled with the target bacteria. This step
makes plaque purification rounds redundant and saves much time, as only one single
phage is sorted per well, enabling us to screen at least 93 phages at once (96-well plate
= 93 samples + 3 controls). Additionally, this step minimizes operator biases. Bacteria
cells are pre-filled via the sorter into the wells. In the subsequent incubation step cell
growth was monitored. Permanent monitoring allowed us to separate non-infective cells

from active infection. This step eliminates phages, which might be temperate phages.
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Phages that integrate into the bacterial genome and do not follow a lytic life cycle. It also
highlights phages, which are slower in their infection as the point of killing is mirrored
in the bacterial growth curve. For the proof-of-principle testing, I selected phages with a
rapid active infection for the next characterization phase. However, as viral tagging
enables us to sort thousands of phages at different time points, slower phages do not
mean directly bad phages. The growth curves give us a first characteristic indication, but
they mainly tell us if this phage infects the host. Wells with no phage infection can be
omitted for the downstream procedure.

Continuing with the downstream process, the next step identified any unwanted traits,
such as toxin genes or any other virulence factors. I established a multiplex gPCR with
primers that amplify heat-labile toxin from E. coli and eae (intimin). Eae is a major
virulence factor in Shiga-toxin-producing E. coli. It plays a major factor in bacterial
adhesion on the intestinal wall [119]. Toxin genes, antimicrobial genes, or other
virulence factors are often transferred by prophages to the pathogens via horizontal
gene transfer, creating even more dangerous pathogens than before [76]. So, detecting
those genes can be used as a landmark that the newly isolated phage might be a
prophage, as their existence in bacteria have been found often in proximity to prophage-
encoding regions [76]. Since the sequences of those genes are known, PCRs can be
performed to detect those genes. qPCR has been used before to detect phages despite the
absence of marker genes in phages. Either the targeted sequence was already known to
quantify phage particles within the sample, or the targeted sequence was partially
known [120], [121], [122]. I created primers based on the nucleic acid structure of
conserved protein regions for the chosen toxin gene and virulence factor. Based on
conserved capsid structural genes, | also designed primers to differentiate between the
phage itself. Structural genes are well conserved as they are essential to protect the
phage genomic information [123]. Compared to other qPCR results for phages, I did not
quantify via qPCR. I was only interested in the presence of those genes. So, an
amplification curve was enough for a positive test result. The qPCR test results for T1
and T7 were as expected, but for T4, one dilution series went wrong in the toxin curve.
Error bars overlap with the entire bar. Despite that error, gPCR is a sensitive tool to
quickly determine phage characteristics. Phages were identified at low concentrations
and when mixed with other viral particles. These results align with other studies [122].

Sensitivity is an important property of laboratory techniques. Consequently, I challenged
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the entire procedure. A known phage concentration was added to a known concentration
of virus-like particles isolated from wastewater. The targeted phage isolation protocol
was executed as established. However, the T1, T4, and T7 recovery was only managed
when the known phage was present a thousand times more than the other viral particles.
These results did not align with what we detected during the qPCR process, as low
concentrations were still amplified. We figured that the tested sample size with 93 wells
might be too small to detect the T-phages at lower concentrations as wastewater has
many other phages inside, which can also infect Escherichia coli. As T-phages were
labeled with the same color as the other VLPs, there was no differentiation whilst sorting,
but this should have happened during the qPCR. Consequently, to check if the small
sample size was causing this low sensitivity in the process, I ran the exact same samples
through the flow cytometer and accumulated one million cells. With one million cells, T1
was recovered in every tested concentration. So, we concluded that if multi-well plates
are used, more plates need to be tested to bump up the sample size to ensure phage
recovery.

A second reason why sample size mattered is phage individuality. During the analysis of
the proof-of-principles runs from T1, T4, and T7, we found that there are four major
growth patterns. The first pattern was a common bacterial growth curve, as expected
from E. coli. There was no phage infection of any sort. This might be a sign of a rapid
bacterial defense strategy. As phages and bacteria co-evolve over the years, they have
established multiple different strategies and can recall them in a reoccurring infection
[124], [125], [126]. The second pattern showed the phage's total destruction of all
bacterial cells - no sign of bacterial growth at all. These curves can be explained by a
phage infection that was already progressing or by their ability to be fast and efficient.
T-phages, especially T1, are known for their efficiency [127], [128]. And Patterns 3 and
4 are hybrid states of the first ones. Pattern 3 had bacteria growing initially, reaching a
peak, and then being killed by the phages. Pattern 4 had a small bacterial growth at the
beginning, but then phages killed off almost everything immediately, but in the end,
bacterial cells regrew. These hybrid forms could be explained by either bacterial defense
systems that the phages overcame over time or different states of bacterial cells. Despite
being processed together and handled completely the same, bacterial cell individuality
also plays a role [129]. These four patterns have been seen in the tests with T1 and T4

whereas T1 experiments had more of pattern 2 and T4 more of 3 and 4. The difference
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can be explained by the phage infection ability as latency periods differ [130], [131]. To
ensure that any protocol steps did not initiate those four patterns and were solely
biologically based, cytotoxicity tests were performed. All three phages were put through
the staining procedure, and titer was determined via double-layer plaque assay, and no
decrease of the titer was seen. This aligns well with what the literature has reported
[132]. Additionally to the toxic check, one-step growth curves were performed in 96-well
plates in the shaking plate reader to mimic experimental conditions. One-step growth
curves are traditionally done in one big flask, with one sample taken every minute. T1
was determined to have a latency period of around 13 minutes and a burst size between
60 to 100 progenies [133]. T4 was reported with a latency period between 12 and 25
minutes depending on the host strain and culture media with similar numbers for T7
[134], [135], [136], [137]. Despite the fact that latency period and burst size slightly vary
depending on the host strain and culture media, the recorded data from the 96-well one-
step-growth curves follows the literature. This rules out the idea that the protocol
influences phage infection dynamics and leaves the assumption that phages in a
community represent one view to the outside but have underlying heterogeneity where
each phage acts on its own. Viral individuality is an important step to better

understanding phages and making phage therapy safer [138].

4.1.2 Limitations of Targeted Single Phage Isolation

Despite the successful development of the targeted single phage isolation technique,
which we believe will support phage isolation in various ways, the method does have its
disadvantages. The biggest take is the equipment needed for the execution. A flow
cytometer or microfluidics device is necessary to separate viral-tagged and non-tagged
cells from the standard equipment such as incubators, lamina flow cabinets, or
centrifuges. Next to the flow cytometer, a plate reader is essential with heating and
shaking to ensure phage amplification and monitoring for the downstream process.
Although a single-plate plate reader is sufficient, a multi-plate plate reader would boost
the entire phage screening size. Since we have experienced that the monitored
incubation is the bottleneck in this operation. Yet, those machines are not enough. For
the last characterizing step, a qPCR machine is needed including costly qPCR kits. If we
compare the developed method to the traditional double-layer plaque assay, the plaque

assay is cheaper and easier. It is easy since the double-layer assay does not contain any
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advanced methods that need years to get experienced and well with, and cheap since it
is mostly media and Petri dishes. In contrast, the targeted single phage isolation
technique is costly and has the equipment that need experienced users to execute the
protocols well. The operators also need to handle the maintenance with care and
consistency. Additionally, a qualified understanding is essential to analyze the data and
interpret the findings. Bacteria behave differently during the process, and strain
variances must be differentiated from actual errors, which can be subtle. Those subtle
shifts are especially important during the sorting process. In addition to the complexity
of the procedure, we always have to remember that viral-tagged cells are not equal to an
active infection. Same with the spot assay, not every spot contains active phages. It might
be phages, but it also could be a lytic enzyme within the spotted solution. So, active
infection can only be verified when single plaques are present in the plaque assay or
bacterial growth is diminished during the monitoring. However, bacteria need to grow
in agar as well as in multi-wells, which is tricky for some bacteria. Complex bacteria such
as Helicobacter pylori will need protocol adjustments to enable successful growth
monitoring. However, multi-well plates will be an excluding factor for some bacteria as
limited media supply and gas exchange may not be guaranteed. A further limiting factor
might be the primer availability. As phages do not have genetic markers, a more
complicated approach has to be chosen at the moment to create those primers. However,
multiple qPCR primers can be equipped with the same dye to save time and increase
options to eliminate unwanted traits such as toxins. This would help distinguish
unwanted phages from potentially helpful ones but would not identify the exact factor.
However, as research advances and more and more facts are brought to light, a better

and more suitable solution may come up.
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4.2 Helicobacter pylori Phages and Their Diversity

Helicobacter pylori has infected over half of the world’s population, with infection rates
higher than 80 % in some areas. Higher infection rates were correlated with poor socio-
economic standards, poor living standards, and lack of hygiene [139], [140]. Often, multi-
generation households are more likely to acquire Helicobacter pylori as in-person
transmission routes are supported. Oral-oral or fecal-oral transmission is highly likely as
Helicobacter pylori DNA was detected in saliva, dental plaque, feces, gastric juice, and
vomit [141]. Also, contaminated water has been reported as a source [142]. Once
infected with Helicobacter pylori, the bacterium colonizes the stomach and remains there
the entire life when left untreated. The infection stays asymptomatic for 90 % of infected
people and never causes a problem. However, for the remaining 10 %, Helicobacter pylori
infection can cause symptoms or become life-threatening. Symptoms such as gastritis
are common. Nevertheless, 10-20 % of the patients can develop ulcers, whereas for 1-
2 %, the infection can progress into cancer [143]. The reason is that H. pylori is spiral-
shaped and equipped with flagella enabling it to screw itself through the mucus layer of
the stomach [139], [141]. Behind that wall, the pH is much higher, and epithelial cells are
directly accessible. Its virulence factor, VacA, forms pores through the epithelial wall,
altering the immune system and cell apoptosis. The reaction cascade leads to chronic
inflammation, resulting in lesions that can develop into cancer [139]. Cancer is the end
stadium for many H. pylori patients, as gastric cancer was determined to be one of the
deadliest cancer types globally [140]. Death can also occur through peptic ulcers. Ulcers
are described as cracks in the mucosal wall greater than 3-5 mm [139], [140]. Deaths
might be preventable with early diagnoses and the right treatment regimen. Diagnoses
are made with urease activity tests, e.g., breath tests, or via a biopsy, which is used for
histological analysis and culturing [141]. If positively diagnosed, there is mainly one
treatment option: antibiotics. Current treatment regimens are two types of antibiotics
and a proton pump inhibitor, and sometimes bismuth is added as a fourth [139].
However, as for every other bacterial infection, antibiotic resistance also skyrocketed in
Helicobacter pylori strains. Clarithromycin, metronidazole, and levofloxacin have
resistance levels up to 30 %. Alternative treatment options such as vaccines or others
are currently under investigation. An alternative that has been shown to be successful
for other pathogens is phage therapy [42]. Phage therapy uses bacteriophages, viruses,

to eliminate the pathogen. Phages are the natural enemy of bacteria and occur at the
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same places as their hosts. Since phages are host-specific, only phages for
Helicobacter pylori can be used in phage therapy. However, so far, only 57 sequences
have been uploaded to the NCBI virus databank, and only four of them are complete and
fully assembled [144].

In this thesis, we wanted to expand the amount of Helicobacter pylori phage sequences
and understand them better. We have chosen Helicobacter pylori PMSS1 and SS1 strains
for these experiments. As Helicobacter pylori is known for its high rate of genomic
mutations throughout a year, DNA was extracted from the strains and sequenced, as
laboratory culturing puts a lot of stress on the organisms [145]. The assembled
sequences confirmed the identity of Helicobacter pylori PMSS1 and SS1. Their genomic
length is around 1.6 Mbp with a GC-content of 39 %. This aligns with the strains
deposited in the NCBI database [146], [147]. Also, the sequence similarity between them
matches what has previously been described. One striking difference between PMSS1
and SS1 is that a big part of the sequence between 0.8 Mbp to 1.2 Mbp is inverted. The
same inversion has been stated in J. L. Draper et al. [46] but this inversion is not
permanent, same sequence region can be oriented as it is in PMSS1. After determining
the correctness of the strains, viral-tagged cells were analyzed.

The current NCBI databank holds a total of 79 Helicobacter pylori phage entries, while
the Bacterial and Viral Bioinformatics Resource Center (BVBRC) holds only 37
Helicobacter pylori phage entries [148]. In this thesis, one million viral-tagged cells were
isolated for each strain, DNA was extracted and sequenced. A total of 22,331 contigs were
assembled from the reads for both strains together. 11,429 contigs were assembled from
the SS1 data and only 3,012 from the PMSS1 data. All of those contigs are longer than
1,000 basepairs as the shortest phage up-to-date has a sequence length of around 2,435
basepairs. We have used wastewater from different plants and stool samples from
healthy individuals as viral sources. Overall, wastewater looks to be the better source
than stool samples for isolation as more contigs came from that source. However, the
difference is marginal. An explanation could be that in wastewater plants, thousands of
stool samples are gathered and mixed, providing a bigger cohort than one single stool
sample. As Helicobacter pylori is the most spread pathogen, its abundance in every plant
is reasonable. So is the presence of Helicobacter pylori phages in the individual stool
samples. An interesting observation was made when the amount of contigs isolated was

compared based on which strain the isolation happened. More than 9,000 contigs were
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allocated to stool samples; roughly half were isolated with PMSS1 and the other half with
SS1. A completely different picture was seen for wastewater. 2x more contigs were
coming from SS1 samples than from PMSS1. The difference became more substantial
after refining the analysis when only contigs longer than 10 kbp were considered. A total
of 599 contigs were left for both strains, but none came from wastewater and PMSS1, but
251 contigs were isolated from wastewater with SS1. No significant allocation was
determined between the strains for the distribution of contigs coming from stool
samples. When we screened the NCBI database, no phage sequence had been deposited
for Helicobacter pylori SS1 or PMSS1. Similar findings are in the BVBRC; no phages exist
for the strains PMSS1 or SS1 [148]. The majority of deposited sequences were found from
strains gained from patient biopsies in hospitals, for example, in Colombia or Portugal
[44], [54], [149], [150]. Additionally, many of the deposited sequences were found in the
genome of the Helicobacter pylori isolated strains as a prophage. Exceptions are KHP30
and KHP40. Those two phages were detected in the culture supernatant of the
Helicobacter pylori strain. KHP30 and KHP40 were spontaneously freed [53]. Compared
to this study, all viral-tagged contigs derive from wastewater or stool samples and not
directly from the strain itself.

The assembly of viral-tagged contigs was difficult, as reference databases are scarce with
information about Helicobacter pylori phages. To ease the process, an in-house database
was created with every Helicobacter pylori phage sequence that was publicly available
and every prophage prediction from every Helicobacter pylori strain. A phylogenetic tree
was created based on Average Nucleotide Identity with Helicobacter pylori phages,
prophages, the isolating host strains, Coronavirus, and isolated contigs from viral
tagging. Coronavirus was the least related sequence compared to the rest, as itis a human
pathogen and has no relationship whatsoever. A close relationship was seen between
publicly available sequences and prophages predicted from publicly available sequences.
As previously stated, the majority of deposited sequences were isolated from strains
directly. So, deposited sequences are mostly prophage sequences. The close relationship
aligns with the research that was conducted. A minor share of viral-tagged contigs were
in close proximity to the publicly available sequences, but the majority had no
relationship at all. Two small prophage groups separate from the public group ventures
the guess that contigs close to those regions might also be prophages. Nevertheless, the

majority remains unrelated and does not match any sequences available. When host
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strain information was added to the phylogenetic tree, no separation was visible
between contigs isolated with PMSS1 and contigs isolated with SS1. No clustering was
visible either when a heatmap was created based on ANI. This highlights the struggle for
phage therapy, that even if sequences are closely related and show similarities, it does
not mean that those phages might infect the host either. Phage sequences can be highly
similar, but the hosts are not [24]. To further analyze the contigs, they were classified
into three categories. Category 1 included all contigs where Helicobacter pylori was
predicted as their host. Category 2 had all contigs, which had no host prediction or any
correlation to any database (in-house or public). Category 3 held all contigs which had
matches with sequences from a databank. A principle component analysis was
conducted to see if phages within those categories are more similar to each other and if
they can be associated with one strain. However, the analysis showed that the categories
did not make a difference, and neither did the isolating host. These results underlie the
general consensus that phages are highly diverse in their genome content and difficult to
cluster. This goes along with previous studies that found clustering on the nucleotide
level shows inconclusive results; however, on the protein level, clustering is possible
[24]. Clusters were also seen when viral-tagged contigs were compared with publicly
available sequences. Two major clusters were present on the PCA plot. Public sequences
represented one group, and viral-tagged contigs formed the other group. For the public
sequences, prophages and phages were tightly clustered together, whereas the
prophages were more sparse than phages. Three prophages completely separate
themselves from the remaining sequences, and a couple were found together with viral-
tagged contigs. Five contigs separated from the group and did not belong to any of them.
This PCA plot confirmed that viral-tagged contigs had little to no similarity on nucleotide
level to currently available sequences. However, since a few prophages showed some
overlaps, it raises the idea that these viral-tagged contigs really are potential candidates
for phage therapy as no one has deposited those sequences before, to our knowledge.
Especially four contigs seemed to have high potential. One contig came from a stool
sample isolated with PMSS1; the other three were from Innsbruck wastewater and SS1.
Their genome length was average. Gene predictions found phage genes belonging to the
RNA and DNA metabolism and other enzymes essential for phage survival. However, the
majority of phage genes were unknown. The reason behind that lack of information is

the sheer greatness of genomic variation within phages for one gene, the constant

[119]



HELICOBACTER PYLORI PHAGES AND THEIR DIVERSITY DISCUSSION

evolution, and their mosaic structure. Additionally, phages do not have universal core
genes, and only a limited amount of gene information was added to reference databases
[151]. No gene clusters were found for 34 contigs from Category 2. A clinker visualization
showed that only two contigs had one shared gene cluster. Both contigs were assembled
from data generated by wastewater and the SS1 strain. This trend of dissimilarity
persists throughout the study, which contrasts with what has been found for other
phages. A comparative genomic analysis shows that phages that can infect
Escherichia coli 0177 share a high similarity of genome and proteome within themselves
and other Escherichia-infecting phages [152]. However, comparing the E. coli study with
our viral-tagged contigs, there is one major difference: the isolation process. In this
thesis, Helicobacter pylori phages were isolated via viral tagging, sequenced as a
community but then, divided during the assembly process. In the Escherichia study,
Escherichia coli phages were first amplified individually and then also sequenced
individually. Individual samples that are amplified allow for a deeper sequencing depth
and also simplify the assembly process afterward. Sequencing depth is a critical factor in
the assembly process, especially for metagenomic analyses. The more data is available,
the deeper the subsequent analyses can go [153]. A second reason for the contrasting
results might be the data availability in public databases. Escherichia coli as a bacterium
and its phages are universally studied and highly studied. Escherichia coli is often used
as a model organism to establish techniques and, therefore, often the first organisms
with newly deposited data that was generated during that process. In the NCBI virus
databank, over 5,000 nucleotide sequences have been placed for Escherichia coli phages,
half of them being complete genomes and the other half being partially completed. In
contrast, 79 sequences are shown for Helicobacter pylori phages in the NCBI virus
databank. Out of those 79 sequences, only four are complete genomes. However, even if
the amount of Helicobacter pylori phage data is poor, it still helps to analyze the
unknown. We have used the incomplete data and screened it for auxiliary metabolic
genes. AMGs are genes widespread in viral communities and associated with metabolic
pathways, bacterial mobility, transportation, and biofilm production [154], [155].
Additionally to their involvement in bacterial cellular processes, AMGs are also relevant
for bacterial virulence and can influence host health and disease [73]. In the thesis, we
compared sequences from our in-house database with viral-tagged contigs. 16 AMGs

were found in total, but only one was shared: NAD-dependent epimerase/dehydratase

[120]



HELICOBACTER PYLORI PHAGES AND THEIR DIVERSITY DISCUSSION

family. This family uses NAD as a cofactor to metabolize carbohydrates. Other enzymes
that are relevant for carbohydrate metabolic pathways were identified in viral-tagged
contigs, such as glycosyl transferase/hydrolase. Carbohydrates are a key element for
phages during the infection process. Carbohydrates function as an entry port, but they
also need to be eliminated during progeny release in the bacterial cell wall or are present
in biofilm or mucus layers [156], [157], [158]. Auxiliary metabolic genes which were
identified in publicly available sequences were more diverse. Genes were linked to DNA
reactions, flagella and cell wall metabolism, and others. These can be explained as the
currently available sequences are mostly from temperate phages that integrate into the
host genome. Additionally, temperate phage sequences were also found in the bacterial
DNA bioinformatically. Hence, the sequences were more complete than the viral-tagged
contigs, enabling a better annotation.

Additionally to the AMG predictions, gene functions were also determined. In absolute
numbers, viral-tagged contigs contain more gene clusters than what was found in our in-
house databank. Especially more were found for DNA metabolism, AMGs, tail and others.
For head, transcription, and lysis genes, the amount of gene clusters did not diverge that
much. However, the picture changed when the same data was put in relation to each
other. Many more genes were found for the in-house databank phages than viral-tagged
contigs. Most genes belong to nucleotide metabolism, structural genes, and transport,
which are all highly abundant in temperate phages. Additionally, since temperate phages
integrate into their hosts, it has been discussed that they are the most sequenced entity
[159]. Consequently, those sequences are available and can be used to annotate genes or
compare and support assembly. In comparison, viral-tagged contigs are incomplete and
sourced from wastewater/feces without any available details. Additionally, viral-tagged
contigs came from uncultivated samples with low concentrations containing a mix of
cells. All these facts led to smaller contigs. Smaller contigs are hard to annotate as many
genes are bigger, such as structural genes, which range from five kilobase pairs to over
700 kilobase pairs [160]. This might be a reason why the overall amount of found genes
and gene clusters is higher in viral-tagged samples compared to the in-house databank
phages. These findings show that viral tagging exposes us to a completely diverse pool
of phages we have never seen before. Viral tagging opens the possibility to study those
phages that we usually lose during traditional phage isolation. The diversity of phages in

viral-tagged contigs is also present in the unique gene comparison plot. The plot shows
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the comparison based on protein orthologous groups, so-called PHROGs. Viral-tagged
samples separate clearly from the in-house databank samples. There is no overlap
between those two groups, although the PHROG database contains 38,880 groups.
Despite all efforts, the majority is classified as unknown and only associated with a
number. Samples from the in-house databank were associated with PHROGs from head
proteins, structural proteins, lysis, and transcription regulation. Nucleotide metabolism
PHROGs were detected in both groups. Viral-tagged samples had additional PHROGs for
tRNA methyltransferases and ATPases. Those differences can again be explained by the
biases introduced between sample processing, sequencing, and assembly, as described
previously. In addition to those biases, little is known about gene function in
Helicobacter pylori phages, so it is possible that some of the detected phages are superior
in metabolic functions, whereas others are better in propagation. If this is the case, the
separation based on their properties can be explained. Another comparison based on
PHROG was executed for endolysins. Endolysins are phage enzymes that can break down
bacteria cell walls and are a promising antibacterial agent. Our in-house databank and
all viral-tagged contigs were screened for endolysins, and 20 endolysins were found.
However, only one was identified from the in-house databank. The remaining were all
associated with viral-tagged contigs. Those 20 endolysins split up into 8 PHROG groups.
Each group contains different amounts of protein sequences. The smallest group,
phrog 15351, comprises 6 sequences, and the biggest group, phrog_7, has 3,145
sequences. For each phrog, suggestions are made for the closest protein family (PFAM).
Depending on the phrog, some groups have rather vague protein families suggested, such
as dipeptidase (phrog_2649), whereas others are more clear, such as phage lysozyme
(phrog_7). Overall, all of the suggested protein families have activities to degrade the
bacterial cell wall but slightly different techniques/target points, which are reasonable
as all groups are classified as endolysins. Endolysins for Helicobacter pylori are currently
only tested in an engineered form, as the pathogen has an outer membrane that protects
the cell wall. Scientists created an enzyme called “Artilysin,” which is a two-component
enzyme as scientists linked holin and endolysin together to break down the outer
membrane [161]. The sequences for the enzymes were taken from KHP30 and 1961P
phages. The artificial enzyme is expressed in Escherichia coli and has successfully been
tested on Helicobacter pylori. Artilysins had a bacteriostatic effect [161]. So, expanding

the database with endolysin sequences enables scientists to create more of those
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artificial enzymes and create an additional option to treat antibiotic-resistant

Helicobacter pylori infection.

4.2.1 Current Limitation for Helicobacter pylori Phage Study

As with every technology, viral tagging also has its limitations. As previously described,
a major drawback is the method's costs and its need for well-experienced operators.
Despite the area of expertise and equipment, we could only identify the above-described
phages, but we did not isolate them. We sorted one million viral-tagged cells and have
used all of them for DNA extraction and sequencing to gain the most detailed picture. By
doing so, we lost all of them and could not use any of them for phage amplification. So, in
the future, a more sustainable process needs to be developed where phages can be
identified and isolated quickly.

Furthermore, the bioinformatic process needs to be improved as many of our data came
back labeled as unknown. We have created an in-house databank, hoping it would help
with the analysis and shed more light on the dark matter as the publicly available data
was missing, but most of the data remained unknown.

So, until phage therapy for Helicobacter pylori can be used, we must solve the isolation
process and refine the bioinformatic analysis. The more phages we can isolate and
identify, the more knowledge we can gain about Helicobacter pylori phages, which will
help us in the future. Then, the potential of phage therapy is clearly given to revolutionize

the treatment of antibiotic-resistant infections.
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4.3 Colorectal Cancer Cross-Infection Study

4.3.1 Bacteriome and Virome

Over 29,870 research articles and 13,311 reviews about gut microbiome and disease
have been published in the last few years [162]. The general takeaway from all of those
is that there is a link between the human gut, its colonizers, and the host's health. The
exact mechanisms behind the interplay between host and microbiota are often unknown
and are still the circle of attention. The attention is on better understanding the
interaction between bacteria and disease to develop therapies or support early
diagnostics. Despite major efforts and new technologies, the gut and its disease remain a
mystery that is waiting to be uncovered [162].

In this thesis, we used the developed targeted single phage isolation technique to
determine which phages are present in certain conditions and how those phages can
influence their surroundings. We had three healthy stool samples, three from patients
with Ulcerative Colitis, three from patients with colorectal cancer in the early stage, and
two from cancer patients in an advanced stage. First, we wanted to know each
condition's bacterial and viral composition. Whole genome sequencing was conducted,
and bacteriome and virome were determined. The bacterial analysis showed a clear
picture between healthy individuals and disease. The healthy samples were dominated
by Escherichia spp, followed by Bacteroides. Escherichia is a gram-negative, rhode-
shaped bacterium that has been detected in over 90 % of the world’s population [163].
It belongs to those bacteria that colonize the gut at first and are widely present.
Escherichia are facultative anaerobes, meaning they can survive in oxygen-free and
aerobic surroundings. Escherichia eliminates the remaining oxygen in the gut and
provides a complete anaerobic system for strict anaerobes [163]. Due to its supportive
actions, Escherichia are categorized as commensal bacteria. The majority do not harm
their hosts but rather support it. Exceptions are, for example, enterotoxigenic
Escherichia coli or enterohaemorrhagic Escherichia coli, which can be deadly for the host
[164]. Many different types of Escherichia are collected mainly by food, environments, or
animals during a lifetime, explaining its dominance in healthy individuals' bacteriomes.
In a healthy gut, the microbial composition is balanced and in a mutual relationship with
the host. If the balance gets out of control and the microbial gut composition changes, it
becomes dysbiotic, and the host's health suffers [55]. These microbial changes can be

seen in the bacteriome analyses of Ulcerative Colitis, CRC early, and CRC advanced. The
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microbial composition differs highly from the individual one. Escherichia is no longer the
dominant genera; Bacteroides has taken over. The lack of Escherichia in Ulcerative Colitis
samples aligns with scientific reports in the literature, where no association between
Escherichia and Ulcerative Colitis has been seen so far [165]. With regards to the cancer
samples, it is reported that cancer patients presented higher Escherichia abundance than
their controls [165], [166]. Escherichia is the second most prevalent genus in our cancer
samples, but it is less abundant than in our healthy controls. Despite the differences in
health control, it is clear that Escherichia plays a more crucial role in CRC than it does in
UC, as the levels are more elevated in CRC. Literature states that in certain strains of
Escherichia coli, genes that destroy the DNA are present. Those specific strains have been
increasingly found in tissues around tumors in the GI tract [166]. Also, increased levels
of Bacteroides were seen in all three disease conditions. Bacteroides belong to the normal
gut microbiota and exist in at least 20 different species. It is an anaerobic and gram-
negative bacterium that has toxic and non-toxic types. Toxic Bacteroides have the Bft
gene that produces fragilysin. Fragilysin damages tight junctions and destroys mucosal
barriers, causing inflammation [167], [168], [169]. The increased abundance of
Bacteroides in all three disease conditions aligns with the literature. Its presence in the
healthy samples also makes sense, as Bacteroides is part of the normal gut flora [167].
Another member of the gut microbiota is Clostridium. Clostridium is gram-positive and
anaerobic. Despite being part of the normal gut microbiota, it has some species that can
cause dysbiosis, such as Clostridium difficile [170], [171]. Clostridium difficile is one of the
leading causes of Ulcerative Colitis and Crohn’s disease. This fact is reflected in the data,
as Clostridium is present in the Ulcerative Colitis and colorectal cancer samples. It has
been reported that Clostridium was also found in CRC patients [172]. A different
pathogen that is associated with CRC is Pseudoflavonifractor. Studies have shown that
Pseudoflavonifractor is elevated in CRC patients compared to healthy samples [173]. The
same picture can be seen in our data where the healthy sample has a small portion of
Pseudoflavonifractor, whereas CRC early has already higher levels and CRC advanced has
the highest abundance. Many aspects that other scientists have reported about the gut
microbial composition in CRC and Ulcerative Colitis have also been reflected in our data.
That is an outcome worth mentioning since our data only comprises three samples for
each condition, respectively two for CRC advanced. Despite the small sample size, each

condition is distinguishable. It also gives the impression that all three diseases are
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related as their bacterial composition is similar, except that some genera increase or
decrease with disease progression. This impression can be strengthened by literature
reports that confirm that Ulcerative Colitis can progress into colorectal cancer [174].
Additionally, first efforts have already been made to decode the microbial composition
in diseases so that the microbial signature can be used as biomarkers during the
diagnostic process [175]. One fact that is essential not to miss when determining
biomarkers is to investigate every aspect of it. Early gut microbiome research mainly
addressed bacterial composition. However, the youngest results have shown that not
only bacteria but also viruses are responsible. The viral composition is as important and
plays a crucial role in disease development. Hence, we also looked into the virome of each
condition. However, due to the new taxonomic classification system, the majority were
classified as Caudoviricetes and Malgrandaviricetes. Consequently, we created an UpSet
plot based on vOTU viral clusters. The majority of viral clusters were unique for each
condition, and only a few were shared with each other. Shared clusters were found in
healthy and disease conditions but also between disease conditions or all of them; no mix
stood out. That kind of diversity is expected in phage research as phage genomes are
highly diverse and lack common sequences. Additionally, due to their small genome size,
many sequences are fragmented and incomplete, which creates a challenge for
comparisons. With continued efforts and the development of new bioinformatic tools,

gaps will be closed eventually [24].

4.3.2 Cross-Infection and Network Analysis

The role of bacteria is well-studied in different disease settings, but the role of
bacteriophages, which are more or as abundant as bacteria, is not well-studied at all.
Therefore, we isolated bacteria and VLPs from healthy individuals, Ulcerative Colitis
patients, and colorectal cancer patients in early and advanced stages and cross-infected
them with each other. This allowed us to determine the bacterial and viral community in
each condition (healthy and disease) and investigate the role of phages in each disease
and how phages interact. Starting with the bacterial community in control groups
(bacteria that got infected with their own VLPs), we see that the majority of bacteria are
shared between all four conditions. The group consists of Escherichia, Bacteroides,
Enterobacter, Enterococcus, Clostridium, and Blautia, which are all part of the normal

intestinal microbiota and are considered commensal. The presence of those genera is
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expected in all conditions [163], [167], [170], [176], [177], [178]. Interestingly, only the
control group of CRCAb-CRCAv has bacteria that are not shared with the others.
Lentilactobacillus and Granulibacter were only detected in the CRCA control group.
Lentilactobacillus are gram-positive, fermentative, and facultative-anaerobic. They
belong to the lactic acid bacteria group and are considered probiotics [179]. Lactobacilli
have been reported to help against cancer as some strains can modify the Gl wall, support
immune responses, start apoptosis, and metabolize molecules with antiproliferative and
anti-inflammatory traits [180]. As little is known about the patient and their treatment
at the hospital, it might be that the patient received probiotics to manage some of their
symptoms. With regards to Granulibacter, Granulibacter belongs to Acetobacteraceae
and is gram-negative. It can be found in the environment and is non-pathogenic to
humans. Latest research, however, has shown that some strains can become
problematic, especially for people with immune system issues or intravenous accesses
[181]. Cancer patients qualify for those categories as chemotherapy or radiotherapy
weakens the immune system, and venous accesses are needed [182]. As those two
bacteria were only detected in CRC advanced, it can be hypothesized that those patients
have undergone multiple rounds of treatment already, whereas the patients from CRC
early just started. The bacterial composition from CRC early also indicates that changes
are happening as only core bacteria were detected together with Rothia and Neisseria.
Rothia is shared with the healthy sample and Neisseria with the CRC advanced. So, it
could be hypothesized that changes are occurring. For the Ulcerative Colitis sample, it
shows shared bacteria with the healthy control group but also with the cancer control
group. Since Ulcerative Colitis is a relapsing and remitting disease, symptoms are not
always present; they come and go. It was also reported that the bacterial gut composition
changes during flares and remission. Patients in long remission present microbial
communities closer to healthy individuals than flare patients. Diversity and richness
change based on disease stage [183]. When we compared relative abundance in all cross-
infection samples, we saw that Escherichia is the dominant bacteria in the control group
but also in all the other cross-infections. Whereas the abundance in all cross-infections
with CRC early bacteria have less Escherichia present than the others, especially CRCAb-
UCv, UCb-CRCEv, and UCb-Hv. This contrasts with what is stated in the literature, where
more Escherichia was detected in CRC than in healthy [165]. Colorectal cancer has also

now been reported to have an association with Neisseria and oral microbiota [184]. The
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Neisseria was more abundant in our dataset as well. Another present bacteria in CRCAb-
Hv is Bacteroides. It is more abundant in that sample than in any other sample.
Bacteroides has been linked to colorectal cancer, especially Bacteroides fragilis, which
has the mucosal wall damaging toxin [167]. Enterobacter was also seen elevated but in
samples from CRC in the early stages. Research suggests that Enterobacter is associated
with cancer development, especially some strains that can start tumor growth and
cancer progression [185]. Since Enterobacter was only found to be more abundant in
early-stage CRC, it would fit the description from the literature. A different bacteria that
was only more abundant in UCb-UCv is Yersinia. Yersinia is a gram-negative bacterium,
has 11 species, and is classified as Enterobacteriaceae. Three of the species are harmful
to humans and can, for example, cause gastroenteritis. Yersinia infections often look the
same as a UC flare or can cause lesions, which are usually seen in Crohn’s disease [186],
[187]. Differentiation is hard as cases have also been reported that patients have
Ulcerative Colitis and a Yersinia infection [188]. Overall, all mentioned bacteria have
been reported with an association to some extent with one of the diseases tested and
align with the literature. A contrary picture was seen for viral determination. A less
distinct picture was drawn when viral clusters were determined and compared in self-
infection and cross-infection groups. Within the self-infection group only one viral
cluster was shared that was VC238, which was predicted to be Escherichia phage. Since
Escherichia was identified as the most dominant genera, an Escherichia phage is
expected. This finding aligns with the expectations and common knowledge about
Escherichia and its phages [189]. Phages are unique and highly diverse. This phage
diversity can also be seen in our data, as many viral clusters are not shared. CRCAb-
CRCAv has the most amount of unique VCs. Half of the viral clusters have their hosts
identified as unknown, the other half got Lactobacillus and Limosilactobacillus as their
predicted hosts. Limosilactobacillus was also determined as one of the most abundant
taxa in the CRCAb-CRCAvV cross-infection sample which matches the viral data. Phages
are only present when a suitable host is available, which is confirmed in the data. CRCEb-
CRCEv had two unique viral clusters VC52 and VC157. Both viral clusters had Salmonella
predicted as their hosts. Salmonella was recently identified as a driver of colorectal
cancer. Salmonella interferes with signaling pathways, which are essential for the
acetylation of proteins. Wrong acetylation supports tumor invasion and leads to a poor

CRC prognosis [190]. Scientists also found that CRC patients have an increased level of
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Salmonella phages [72]. That increased level of Salmonella phages in CRC patients is also
present in our data and aligns with the literature. Viral clusters that were shared
between all three diseases had Isoptericola and Escherichia predicted as their hosts.
Isoptericola is a relatively young genus, with only 11 species included, which little is
known about. On the contrary, Escherichia is very long known, well studied, and
abundantly present. Escherichia phages have been reported to be more abundant in
Ulcerative Colitis tissue than in healthy tissue and are suspect of investigation [191]. In
colorectal cancer, scientists are still debating how Escherichia phages influence the
disease. Phage increases as well as decreases of Escherichia phages have both been seen
[192], [193]. These contrary findings are also mirrored in our data as VC173, which is
predicted as Escherichia phage, has its highest abundance in Hb-CRCAv, followed by UCb-
CRCAv and Hb-CRCEv but is not abundant at all in the cancer control groups or cross-
infection samples which had bacteria from cancer patients involved. These results
suggest that Escherichia phages are influential. To see which gut members are influential,
we have used NetCoMi.

NetCoMi is the abbreviation for Network Construction and comparison for Microbiome
data. NetCoMi visualizes associations between different microbial communities or
samples [194]. In our case, NetCoMi created networks for healthy bacteria and all cross-
infections, which were done on healthy bacteria, the network for Ulcerative Colitis
bacteria and all cross-infections, the network for CRC early bacteria with all cross-
infections and for CRC advanced bacteria with all cross-infections. Overall, the generated
networks for all four conditions differ visually significantly. Also, the hub taxa and hub
viral clusters (hub = point with the most connections) show little to no overlap. The
evaluated hub taxa revealed that Escherichia is one of the hubs in the healthy, Ulcerative
Colitis, and CRC advanced network. Massilistercora was determined as a hub in the
healthy and Ulcerative Colitis samples, whereas Roseburia was identified as a hub in both
cancer samples. All other hub taxa were unique for the condition, and so were all viral
hubs. The network for healthy bacteria contained multiple separated clusters. The
biggest cluster included all hub taxa: Bacteroides, Escherichia, and Massilistercora.
Massilistercora was first detected in 2020 and described as being part of the phylum
Bacillota. The new bacterium was isolated from stool, but little more is known about it
[195]. Bacteroides and Escherichia are part of the normal gut flora and are widely

present, which explains their many connections within the network. A healthy gut
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network only works if every communication and signaling cascade is kept upright and
going. Network communication only works best if everyone is included and no one stays
isolated. For that reason, the hub viral clusters align perfectly as the majority belong to
the common group and are not skewed into one condition. Also, their host predictions
fit, which were Escherichia, Streptococcus, and Citrobacter. All represented in the gut. The
only exception is the hub VC which belongs to Ulcerative Colitis. However, Ulcerative
Colitis patients in remission reported having similar gut microbiota as healthy
individuals [183]. And since we do not know anything about the patient behind our
samples, it could be a patient in remission. This hypothesis would go nicely as the
interaction network from Ulcerative Colitis bacteria looks completely different
compared to the healthy network. The Ulcerative Colitis network is connected
throughout and has no separated clusters. Every member of the network is somehow
connected with each other. The disrupted gut microbiota can explain this cross-talk. In
the event of a disruption, the communication could be obstructed between the symbiotic
bacteria, sparking a signaling cascade that leads to negative metabolic reactions or
harmful immune responses, as inflammation can be triggered. Additionally, due to
dysbiosis, the bacterial concentration alters pathogens' growth [196]. The different
composition of gut microbiota in Ulcerative Colitis explains the different connections
compared to the other networks. Next to Escherichia as a hub, Monoglobus and
Massilistercora were also identified as hubs. Monoglobus is also found in the gut and is
known for its pectin-degrading properties [197]. Pectin has been reported to benefit IBD
patients as it can be metabolized into short-chain fatty acids, which are known to reduce
inflammation and support gut balance [198]. These beneficial traits of Monoglobus could
be the reason for an increased interaction between the bacterium and the remaining gut
microbiota. In contrast, Massilistercora is not highly studied, so few connections can be
drawn. However, since the hubs from Ulcerative Colitis are similar to the healthy ones,
we could hypothesize that the patients might be in remission or on the way to remission.
Studies have shown that patients in long remission are more likely to have a balanced
microbiota than those with a flare [183]. Also, the viral hub analysis strengthens this idea
as the host predictions were either Escherichia or Enterococcus. Both are common
members of the gut, and their phages regulate their population and try to maintain a

healthy balance.
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This idea is also backed by the fact that in both cancer conditions determined hubs are
completely different, as their gut changes are irreversible. For the CRC early bacteria
network, the clustering is again more distinct like it was in the healthy network, but the
determined bacterial hubs are unique. The bacterial hubs were Anaerostipes,
Deinococcus, Desulfitobacterium,  Eubacterium, Fusicatenibacter, Helicobacter,
Lacrimispora, Roseburia, and Thermotoga. Anaerostipes are known gut bacteria, which
are gram-positive and anaerobe. Their main activity is to convert carbohydrates into
short-chain fatty acids. It can be hypothesized that the communication to Anaerostipes is
increased to boost short-chain fatty acid production to reduce inflammation. However,
studies have shown that Anaerostipes abundance is decreased in CRC and that some
Anaerostipes species are more harmful to the host than beneficial [173], [199]. Another
less beneficial member of the gut is Desulfitobacterium [200]. Desulfitobacterium resides
in the anaerobic areas of the gut and takes H2 as an electron donor [200]. Microbial
sulfidogenesis has been determined to be damaging as H»S causes inflammation, stops
apoptosis, and, as a result, leads to CRC [201], [202]. CRC is also supported by
Helicobacter. Helicobacter colonizes the stomach and not the colon, but studies have
shown that Helicobacter promotes CRC, and CagA is also associated with CRC [203],
[204], [205]. A CRC-promoting association was found with Eubacterium. Studies have
shown that Eubacterium rectale produces a toxin that triggers the reaction of the NF-xB
(nuclear factor kappa B), which leads to inflammation and can result in cancer. However,
there are other Eubacterium species such as Eubacterium callanderi, with the total
opposite effect. Eubacterium callanderi supports apoptosis and cell-cycle arrest and is
proposed to be used in therapy. Also suggested for therapy is Fusicatenibacter since
Fusicatenibacter was less abundant in CRC patients than in healthy individuals [206]. A
bacteria that were also decreased in CRC patients was Roseburia. Roseburia was detected
with altered levels in IBD and CRC patients. It is an anaerobic, gram-positive, and rod-
shaped bacterium that produces butyrate. Butyrate has been seen to reduce
inflammation and keep the energy balance by maintaining levels of immune cells and
cytokines. It was also reported to suppress tumor growth [207], [208]. Roseburia was
also determined as a hub in the cancer advanced network. Despite being a hub in CRC
early and CRC advanced, it looks like Roseburia interacts with a more distinct
composition of microbiota in CRC advanced than in CRC early. In CRC early, Roseburia

was part of the biggest cluster, which included all bacterial and viral hubs, and in CRC
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advanced, it was rather separated. This separation could be explained by the fact that the
gut microbiota has been disrupted for longer in CRC advanced than in CRC early, and
therefore, certain connections have been formed and stabilized. In CRC early gut
microbiota has started to disrupt and interactions are happening between many
members and are ongoing. So the difference between CRC early and advanced could be
explained by time. This idea can be strengthened by the fact that the CRC advanced hubs
are not similar to those determined in CRC early. The CRC advanced hubs are Escherichia,
Mediterraneibacter, Neisseria, Bulleidia, and Erysipelatoclostridium. Escherichia is
present in healthy individuals as well as in patients. However, as long as the gut
microbiota is balanced, the levels of Escherichia are optimal, but as soon as the gut
microbiota gets disrupted and competition decreases, Escherichia can thrive. Due to the
fact that it can proliferate in oxygen-free as well as oxygen-present environments it can
take over many areas inside the gut [209]. Also found in the gut is the
Erysipelatoclostridium. Erysipelatoclostridium has been reported in studies to be more
abundant in CRC and IBD patients [210], [211], [212]. Also related to IBD was the third
hub, Mediterraneibacter. Mediterraneibacter is a gram-positive, non-motile bacterium
that can only live in obligate anaerobic environments. Its species M. gnavus was found in
approximately 90 % of the tested human fecal samples and was associated with IBD,
irritable bowel syndrome, and heart disease but not directly with CRC [213]. Also not
directly associated with CRC was Bulleidia, another hub. Bulleidia is found in the gut, but
mostly, it is identified with oral cavity infections rather than gut diseases [214]. These
less common and obvious connections can be explained as viral tagging reveals
interactions between bacteria and phage and is not based on abundance. Another
example is Neisseria. Neisseria was identified as a hub in the CRC advanced network but
is usually found in the upper respiratory tract or genitals as Neisseria gonorrhea causes
the sexually transmitted disease gonorrhea but might have some connection to CRC
[184], [215], [216]. Other examples were Deinococcus, Thermotoga, and Lacrimispora in
the CRC early network, which have little to no connection to the gut and are less studied
compared to others, such as Escherichia. Studies are also missing for phages and their
connections inside the gut. We determined Lachnospira as a viral host in the early cancer
network. A high abundance of Lachnospiraceae was found to be related to a high
Immunoscore in CRC advanced patients. The Immunoscore is used as a biomarker for

CRC prognosis [217]. A higher bacterial abundance would suggest a higher phage
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concentration; however, none of the predicted hosts for the CRC advanced viral hubs
have Lachnospira as the predicted host. They had Ligilactobacillus and Escherichia, which
are not inherently CRC-specific. However, since early CRC can progress into advanced
cancer, phages from early stages could be used as a prognostic marker for disease

progression. Nonetheless, robust biomarkers have not been determined yet.

4.3.3 CRC Cross-Infection Study Limitation

In this study, we delivered preliminary and descriptive insights into phage-host
interactions in gut diseases. The reason for that is the unconventional method. We used
unknown communities in an anaerobic viral tagging setting, gathered 100 cells, and sent
those without DNA extraction. Due to this low and unorthodox input, the sequencing
depth was affected and led to a short viral contigs recovery. Those short contigs
challenged the assembly process. To address this challenge, the viral contigs were
mapped to the gut phage database (GPD database). We could have avoided those issues
by sorting each viral-tagged cell separately and amplifying them separately. Single-cells
would also account for different bacterial concentrations. Viral tagging does not
differentiate between different bacteria. If the sample holds an over-proportional
concentration of one bacterial species, viral tagging will sort them as long as phages are
available that can infect that species. However, single sorts carry other difficulties, such
as contamination and financial burden.

Another challenge that we faced during the analysis of the CRC project was the
availability of bioinformatics tools. Many bioinformatic tools are not built for such high-
dimensional data. This has led to some irritable data, such as the Neisseria hub in the CRC
advanced network. Neisseria was determined as a hub based on the calculations from
NetCoMi, but due to the thresholds applied, Neisseria showed up on the network with
only one connection to Escherichia despite being a hub. In addition, many bioinformatic
tools are made to process a large group of samples, which enables statistical testing.
Since our self- and cross-infection samples were only available once, the technique also

reached its limits there.
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5. Conclusion and Outlook

Overall, we can conclude that the developed technique showed great potential. The
method enabled us to study phages on a single-cell level, examine their proteome under
certain conditions, and look at their transcriptome at various time points. The discovery
of heterogeneous infection dynamics of phages has shown that we still miss crucial
information about phage behavior. The fact that phages behave differently on a single-
cell level than they do in a community tells us that there are so many more underlying
mechanisms going on that we still do not know about. Viral individuality must be further
examined to fully grasp their influence on their environment. The developed technique
allows us to do exactly that in a cultivation-free and unbiased way. We can only build
stable, successful, and reproducible phage therapy trials that can be transferred to
human patients if we figure out how this cascade of phage reactions works. For that,
many more experiments must be conducted, starting with more bacteria. Currently, the
technique was only performed on Escherichia and its T phages. The technique must now
be tested on other pathogens. I would expand the technology to those bacteria that
already have phages available with substantial background information. Potential
candidates could be Pseudomonas or Acinetobacter. Those pathogens have phages
available and are well-cultured in laboratory settings. If those are successfully
established, the technique can be expanded to more demanding pathogens, such as
Helicobacter. For Helicobacter, the amount of available phages is still limited, which could
pose a challenge. Additionally, more sophisticated equipment must be purchased as
Helicobacter only grows in microaerophilic atmospheres. However, the limited phage
availability for Helicobacter could be tackled by expanding the knowledge gained from
the second project.

In the second project, we uncovered some hidden knowledge about Helicobacter pylori
phages. We used viral tagging to sort millions of cells, which were then bioinformatically
analyzed. The data showed a completely different pool of phages compared to the
currently available phage sequences in the public database. That data confirmed that the
viral dark matter is still gigantic. The data also showed that despite the genetic similarity
of the Helicobacter pylori strains, the collected phages are highly diverse. So, we
concluded that the best possible scenario for Helicobacter pylori phage therapy is to

isolate as many phages as possible with as many different strains as possible. We have
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to isolate more to achieve a sufficient and deep knowledge of Helicobacter pylori phages.
Here, we would perform viral tagging experiments with many more Helicobacter pylori
strains and wastewater as we determined it to be the best source. However, instead of
sending every sorted cell for sequencing, some could be used for phage culturing. This
way, we can identify phages computationally but should also have them physically in
culture. With this procedure, we believe that the amount of phages for Helicobacter pylori
can be drastically increased, and potential candidates for phage therapy can be chosen.
In addition, phage research on Helicobacter pylori would also boost our knowledge about
Helicobacter pylori and its diseases.

Since little is known about phages and diseases, viral tagging can also be used to support
this research. Viral tagging helped to examine the interaction between phages and their
hosts in disease conditions. In our third project, we were able to show preliminary
connections. Many connections are still unknown as the phages behind them are still
unknown. However, the data aligns well with existing literature. This fact supports our
conclusion that the developed process is a great foundation for more and that phages
play a major role in diseases and disease onsets. We endorse the idea that phages can
function as biomarkers and contribute to prognosis. To substantiate our preliminary CRC
results, [ would suggest expanding the sample size. First, we need to collect more patient
samples, maybe even from different cohort centers, and the according metadata to
provide a solid base. Then, I would either do single-cell sorting with deep sequencing if
finances are not an issue or sort more cells and do high-resolution metagenomics. Either
way, sample size and sequencing quality need to be improved. A second strategy could
be longitudinal studies. If patients are followed over a specific period of time, microbial
compositions, abundances, and interaction networks could be monitored and mapped to
the disease stages. With longitudinal data, we should be able to distinguish flares,
remissions, and cancer progression and might predict them, which could lead to a
different health prognosis. Additionally, the knowledge of phage-host interactions on a
single-cell level is important as treatment outcomes can depend on it. Fecal
microbiota/viral transplantations can become more targeted as the composition of the
transplant can be optimized for the patient’s microbiome. Allogeneic hematopoietic stem
cell transplantation could also become more predictable when microbial dynamics are

better understood.

[135]



ESSENCE CONCLUSION AND OUTLOOK

5.1 Essence

We believe that with all these generated insights -on single phage characterization,
phages for Helicobacter pylori, and phage interaction networks in Ulcerative Colitis and
CRC-we have built a solid foundation. Further research options are endless, but all of

them are equally important as they contribute to the greater good - to save people's lives.
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APPENDIX

6.1 Supplementary Information

6.1.1 Targeted Single Phage Isolation

Supplementary Table 1_Primers for qPCR

E.coli_head_fow TAACGGTAACTCCGCAGAATG
E.coli_head_rev GATCGCGTAGTCGCTGTAAATA
E.coli_eaeA_fow GCTAAAGCGGATGGCATAGA
E.coli_eaeA_rev GCAGTCCCGGATACAATACTAAA
E.coli_toxin_fow_set2 GGCCCGCATCCAGTTATG
E.coli_toxin_rev_set2 GCGAGTGACGGCTTTGT

E.coli_T4_head_fow
E.coli_T4_head_rev
E.coli_T4_eae_fow
E.coli_T4_eae_rev
E.coli_T4_toxin_fow
E.coli_T4_toxin_rev
E.coli_T7_head_fow
E.coli_T7_head_rev
E.coli_T7_eaeA_fow
E.coli_T7_eaeA_rev
E.coli_T7_toxin_fow
E.coli_T7_toxin_rev
E.coli_T1_head_fow
E.coli_T1_head_rev
E.coli_T4_head_fow
E.coli_T4_head_rev
E.coli_T7_head_fow
E.coli_T7_head_rev

GGTACGTCGTGCTATTCCTAAC
GCCACTGGGTCTTTACCATATAC
CTCAGGCTAATGTCCCTGTAAC
CTTACCGTTACCATCCGTTCTG
TCAACACAGTATATCCGAAGGC
GTGACGGCTTTGTAGTCCTT
CACGTCTTCCCTGCCAATAA
CGCAGCTTAACAGTACCTACC
GCTAAAGCGGATGGCATAGA
GCAGTCCCGGATACAATACTAAA
GGCCCGCATCCAGTTATG
GCGAGTGACGGCTTTGT
TCGACGCGGTACAAACTAATATC
GAACTCCTGTTCGGCATCAA
GGTACGTCGTGCTATTCCTAAC
GCCACTGGGTCTTTACCATATAC
CACGTCTTCCCTGCCAATAA
CGCAGCTTAACAGTACCTACC
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Supplementary Table 2_Probes for qPCR

E.coli_head_probe AAGGACGTTGTTGTCGGATCGTGT Cy5 - BHQ3 24 50 68
E.coli_eaeA_probe AATGGTGTAGCTCAGGCTAATGTCCC HEX -BHQ1 26 50 68
E.coli_toxin_probe_set2 CATCGTGCATATGGTGCGCAACAG FAM - BHQ1 24 54 68
E.coli_T4_head_probe CGGCTGAACACCACAAATATCGAAAGC Cy5 - BHQ3 27 48 68
E.coli_T4_eae_probe CCCAAGAGTTGCAGTCCCGGATAC HEX -BHQ1 24 58 68
E.coli_T4_toxin_probe CATCGTGCATATGGTGCGCAACAG FAM - BHQ1 24 54 68
E.coli_T7_head_probe AGGTGAGGGTAATGTCAAGGTTGCT Cy5 - BHQ3 25 48 68
E.coli_T7_eaeA_probe AATGGTGTAGCTCAGGCTAATGTCCC HEX -BHQ1 26 50 68
E.coli_T7_toxin_probe CATCGTGCATATGGTGCGCAACAG FAM - BHQ1 24 54 68
E.coli_T1_head_probe AAAGGTCGTGCGGGAATTGCTAAA Cy5 - BHQ3 24 46 67
E.coli_T4_head_probe CGGCTGAACACCACAAATATCGAAAGC HEX -BHQ1 27 48 68
E.coli_T7_head_probe AGGTGAGGGTAATGTCAAGGTTGCT FAM - BHQ1 25 48 68
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Supplementary Figure 1_Proof of Concept Results T4

A_Infection Dynamics were monitored overnight. Bacterial-only controls are marked with a dark grey square,
whereas media-only controls are with light grey.

B_On the left, qPCR controls are shown from T4, the toxin and the virulence factors with the amount of cycles
on the x-axis and the normalized fluorescence on the y-axis. Six concentrations were tested from 10 ng to 1 pg.
On the right, three negative controls are shown. On the top, there is the no-template control; in the middle, the
negative control; and on the bottom, water only.

C_Five representatives of qPCR amplification of target samples. There are no amplifications from toxins or,
virulence factors or cross-contaminations. All samples amplify around 15 cycles.
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Supplementary Figure 2_Proof of Concept Results T7

A_Infection Dynamics were monitored overnight. Bacterial-only controls are marked with a dark grey
square, whereas media-only controls are with light grey.

B_On the left, gPCR controls are shown from T7, the toxin and the virulence factors with the amount of
cycles on the x-axis and the normalized fluorescence on the y-axis. Six concentrations were tested from
10 ng to 1 pg. On the right, three negative controls are shown. On the top, there is the no-template control;
in the middle, the negative control; and on the bottom, water only.

C_Five representatives of qPCR amplification of target samples. There are no amplifications from toxins
or virulence factors or cross-contaminations. All samples amplify around 15 cycles.
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6.1.2  Helicobacter pylori Phages and Their Diversity
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Supplementary Figure 3_Phylogenetic Tree From Viral-Tagged Contigs and Public Database Sequences

A phylogenetic tree with nine different sources presented as a re-rooted tree

-100

-80

Supplementary Figure 4_ANI Comparison Heatmap

The heatmap shows the pairwise average nucleotide identity from each contig compared to each contig.
Row and columns represent contigs, and the color code is their similarity. Black is zero similarity and
white 100 % identity. The heatmap shows that assembled contigs are highly diverse and d
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Supplementary Figure 5_Highly Potential Phages From Category 2
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Supplementary Figure 6_Gene Clusters

The graph presents the number of genes in absolute numbers for different gene functions from the in-
house database (purple) and viral-tagged samples (VT, green). If genes overlapped in the groups, they
were presented in blue.
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