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Abstract

The human gut is a complex ecosystem, harboring eukaryotic cells, bacteria and viruses.
Alterations of the intestinal microbial communities are associated with an increasing number
of human diseases. On the other hand, the gut microbiota protects the host against a variety of
major human gastrointestinal pathogens. Bacteriophages (phages), viruses that infect bacteria,
are important effectors and indicators of human health and disease by managing specific
bacterial population structures and by interacting with the mucosal immune system. They are
ubiquitous in nature and frequently ingested via food and drinking water. Moreover,
bacteriophages are an attractive tool for microbiome engineering due to their specificity and the
lack of known serious adverse effects on the host. However, most of our knowledge on phages
is based on metagenomic studies and the functional role of virulent phages within the

gastrointestinal microbiome remain poorly understood.

To obtain functional insights on the effect of phages in the gastrointestinal microbiome and its
function in health and disease, | established a model to investigate the interaction of
bacteriophages and cognate host bacteria in the mammalian gut. Therefore, | isolated specific
phages targeting members of a synthetic bacterial consortium, the Oligo-MM?**, which consists
of 14 well-characterized bacterial strains that form a stable community in gnotobiotic mice and
provide colonization resistance against the human enteric pathogen Salmonella enterica serovar

Typhimurium (S. Tm).

First, I characterized the isolated phages in vitro with respect to plaque morphologies, genomic
features, lysis behaviors and host ranges. Further, | developed methods for specific absolute
quantification via gPCR for the single phages, which allowed me to track the abundance of
phages and host bacteria in the OMM community in vitro and in vivo, revealing that the phages

amplify at varying degrees while not disturbing the overall community composition.

Furthermore, | showed, that phages lead to initial depletion of the target population in the mouse
gut and thereafter coexist with the bacteria for up to a week after phage challenge. Moreover,
the addition of phages targeting Escherichia coli and Enterococcus faecalis, two bacteria
previously identified to mediate colonization resistance, led to a significant decrease of
colonization resistance against S. Tm. This demonstrates that phages can affect microbial
community functions. Infection susceptibility to S. Tm was markedly increased at an early time
point after challenge with both phage cocktails but surprisingly, OMM* mice were also

XV



susceptible to S. Tm infection 7 days after a single phage inoculation, when the targeted
bacterial populations were back to pre-phage administration density. Since the abundance of
the other bacteria in the gut is not affected by administration of the phage cocktails, this effect
is specifically attributed to the impact of the phages on their bacterial hosts. This suggests, that
phages targeting protective members of the microbiota may in general increase the risk for

S. Tm infection.

In summary, this work yields insights into phage-bacterial interactions in the gut and the effect
of phages on fundamental microbiome functions, which will be important for evaluating the

future use of phages for targeted microbiome manipulation.
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Zusammenfassung

Das menschliche Verdauungssystem ist ein komplexes Okosystem, das aus eukaryotischen
Zellen, Bakterien und Viren besteht. Eine Verénderung dieser Darmmikrobiota wird in
Verbindung mit einer wachsenden Zahl an Krankheiten gebracht. Darliber hinaus schiitzt das
Mikrobiom im Darm den Wirt vor einer Vielzahl von gastrointestinalen Krankheitserregern.
Bakteriophagen (Phagen), Viren die Bakterien infizieren, sind wichtige Effektoren und
Indikatoren im gesunden und im kranken Darm, indem sie spezifische bakterielle Populationen
regulieren und mit dem mukosalen Immunsystem interagieren. Sie sind allgegenwaértig in der
Umwelt und werden von Menschen haufig ber Nahrung und Trinkwasser aufgenommen.
Dariiber hinaus sind sie ein attraktives Instrument fur die Manipulation des Mikrobioms, da sie
im Gegensatz zu Antibiotika sehr spezifisch fir einzelne Bakterien sind und keine
Nebenwirkungen fur den menschlichen Wirt bekannt sind. Dennoch basiert der Grofteil
unseres Wissens Uber Phagen auf metagenomischen Studien, und die funktionelle Rolle von

virulenten Phagen im gastrointestinalen Mikrobiom ist weiterhin zum Grof3teil unbekannt.

Um die Auswirkung von Phagen auf Funktionen des gastrointestinalen Mikrobioms zu
untersuchen, habe ich ein Modell etabliert, welches die Interaktion von Bakteriophagen und
ihren Wirtsbakterien im Darm von S&ugetieren untersucht. Dafir habe ich spezifische Phagen
gegen Bakterienstamme eines minimalen bakteriellen Konsortiums, dem Oligo-MM*, isoliert.
Die Oligo-MM* besteht aus 14 gut charakterisierten Bakterien, die gnotobiotische Mause stabil
besiedeln und eine Kolonisierungsresistenz gegen den humanen Krankheitserreger Salmonella

enterica Serovar Typhimurium (S. Tm) bieten.

Zunachst habe ich die isolierten Phagen in vitro charakterisiert und konnte zeigen, dass die
Plaques, das Erbgut, das Lyse Verhalten und die Wirtsspektren der Phagen eine Vielzahl von
Facetten aufweisen. Darlber hinaus entwickelte ich eine spezifische absolute Quantifizierung
mittels gPCR fur die einzelnen Phagen, was mir ermoglichte, die Abundanz der Phagen und der
jeweiligen Wirtsbakterien in der OMM-Gemeinschaft zu verfolgen. Dabei stellte ich fest, dass
die Phagen sich unterschiedlich stark vermehren, ohne die Gesamtzusammensetzung der

Gemeinschaft zu storen.

Des Weiteren konnte ich zeigen, dass Phagen zu einer anfanglichen Reduktion der infizierten
Bakterien im murinen Darm fiihren und danach bis zu einer Woche nach Gabe der Phagen mit

den Bakterien koexistieren. Darlber hinaus flhrte die Zugabe von Phagen die E. coli oder
XVII



E. faecalis infizieren zu einer signifikanten Abnahme der Kolonisierungsresistenz gegen
Salmonella, was darauf hindeutet, dass essentielle Funktionen des Mikrobioms durch Phagen
beeinflusst werden konnen. Die Infektionsanfalligkeit fur S. Tm war zu einem friihen Zeitpunkt
nach Gabe der beiden Phagen-Cocktails deutlich erhoht, doch Uberraschenderweise waren
OMM-Mause auch 7 Tage nach einer Inokulation der Phagen anfalliger fiir S. Tm-Infektion.
Zu diesem Zeitpunkt hatten die von Phagen infizierten bakteriellen Populationen wieder die
Dichte von vor Phagen-Verabreichung erreicht. Da die Abundanz der anderen Bakterien im
Darm nicht von den Phagen beeinflusst wird, liegt es nahe, dass dieser Effekt spezifisch durch
die Phagen erreicht wird. Dies weist darauf hin, dass Phagen, die schitzende Mitglieder der

Mikrobiota infizieren, das Risiko einer Salmonelleninfektion erhéhen kénnen.

Zusammenfassend liefern diese Arbeit Einblicke in die Interaktionen zwischen Phagen und
Bakterien im Darm und in die Auswirkungen von Phagen auf grundlegende Mikrobiom-
Funktionen. Diese Ergebnisse sind von wichtiger Bedeutung fir die Bewertung der zukdinftigen
Verwendung von Phagen zur gezielten Mikrobiom-Manipulation.
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Introduction

1. Introduction

1.1 The human gut microbiome

The human body is a complex ecosystem, hosting trillions of microorganisms that play a vital
role in overall human health. Especially the gastrointestinal tract stands out as a fascinating and
balanced environment that is colonized by of a vast array of bacteria, viruses, bacteriophages,
fungi, and other microorganisms (Hoffmann et al., 2013; Human Microbiome Project, 2012) ,
all together engaging in dynamic and symbiotic relationship with its human host. The microbial
density increases along the gastrointestinal tract, with only 10%-10* microbial cells per gram
content in the stomach and upper smaller intestine to up to 10*2 cells per gram in the colon
(Sender, Fuchs, & Milo, 2016). For centuries, the human gut was primarily seen as a site for
digestion and absorption of nutrients (Turnbaugh et al., 2006). However, recent scientific
advancements have revealed that the gut microbiome goes far beyond its digestive functions
and is now recognized as an essential organ that affects various aspects of human physiology.
Crucial functions of the microorganisms inhabiting the human gut are for example protection
against enteric pathogens, breakdown of otherwise indigestible polysaccharides and synthesis
of essential vitamins (Buffie & Pamer, 2013; Clavel, Lagkouvardos, Blaut, & Stecher, 2016;
Stecher, 2015). This leads to a direct interplay between the microbiome and the host metabolism
(Visconti et al., 2019). Also, it was already early realized that the microbiome has a direct
influence on general mood and mental health (Goehler et al., 2005), termed gut-brain axis. This
direct interaction has since been studied extensively and proven for many different aspects
(Appleton, 2018), for example that the microbiome is able to regulate the motivation for

exercise in mice (Dohnalova et al., 2022).
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Human gut

Diet Drugs  Inflammation

Bacteria Viruses

Fungi
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Protozoa

Fig 1: The human gut microbiome

Schematic depiction of the different microorganisms in the human gut. Bacteria, viruses (mostly bacteriophages),
fungi, archaea and protozoa build the intestinal microbiome and form a stable community. External factors like

diet, drugs and inflammation can influence the composition of the microbiota.

Figure created with Biorender.

Association studies using next generation sequencing, metagenomics, metatranscriptomics and
metabolomics enable deep insights into the role of the microbiome in human health and
diseases. It has been shown, that high species diversity, microbial gene richness, and stable core
microbiota are considered properties of a health-promoting microbial community (Fan &
Pedersen, 2021). However, relative distributions are unique between individuals (Hou et al.,
2022; Osbelt et al., 2021) and may vary naturally by age (Guigoz, Dore, & Schiffrin, 2008) and
environmental factors such as diet (David et al., 2014) or medication (Forslund et al., 2015;
Freedberg et al., 2015). On the other hand, many gastrointestinal and metabolic diseases, for
example inflammatory bowel disease, colon cancer or diabetes, are linked to changes in the

gastrointestinal microbiome. As more is understood about the connection and functional
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relevance of the microbiota in diseases, the more the potential treatment of diseases through
microbiota manipulation has emerged as a field of interest (Pavel et al., 2021; Rashed,
Valcheva, & Dieleman, 2022). Nevertheless, the majority of the interactions and the
mechanisms of coexistence of the microorganisms in the gut remain unknown. Targeting
specific bacteria that might enhance inflammation in the gut is not possible, since antibiotics
and other drugs mostly have a broad host range, therefore also depleting beneficial bacteria. On
the other hand, introducing bacteria with beneficial functions is also a challenge. The
community dynamically evolves over time with their hosts and in such a complex environment,
all nutrient niches are already filled, making it almost impossible for newly introduced bacteria
to establish themselves (Mallott & Amato, 2021). Dynamic interactions of bacteria and their
corresponding phages might influence abundance and metabolic levels in the gut, which might
also impact important functions of the microbiome, like epithelial integrity or protection against
invading pathogens. Functional studies are needed to shed light into these complex relationships

and disentangle how the different members of the gut microbiome interact with each other.

1.2 Bacteriophages

Bacteriophages (phages) are viruses that specifically infect and replicate within bacteria. They
are the most abundant biological entities on earth and can be found in various environments,
including the mammalian gut (Dzunkova et al., 2019; Reyes, Semenkovich, Whiteson, Rohwer,
& Gordon, 2012).

Phages can follow various life cycles. Most phages in the gut follow a lytic or lysogenic cycle
which classifies them as virulent and lysogenic phages (Weinbauer, 2004). Virulent phages,
also known as lytic phages, follow a lytic cycle within the host bacterium which consists of
several stages. Upon attachment to a specific receptor on the bacterial cell surface, the phage
injects its genetic material, usually DNA (dsDNA, ssDNA), but also sometimes RNA, into the
host cell. The phage DNA takes over the bacterial cellular machinery, redirecting it to produce
viral proteins and nucleic acid that are then assembled to form new phage particles. Ultimately,
the host cell lyses, releasing numerous progeny phages, which can then go on to infect other
bacterial cells (Rakhuba, Kolomiets, Dey, & Novik, 2010). This process results in the
destruction of the host bacterium. Virulent phages are often characterized by their rapid

replication and lysis of the host cells.
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Fig 2: Phage replication cycle

Schematic depiction of the lytic and the lysogenic cycle of bacteriophages. In the lytic cycle, phages attach to a
bacterial cell and insert their DNA. The cell then translates the DNA into virions, which get released by lysis of
the cell. In the lysogenic cycle, the phage DNA gets incorporated into the host genome (prophage). Under certain

conditions, the prophage excises itself and enters the lytic cycle.

Figure created with Biorender.

Lysogenic phages, also referred to as temperate phages, can adopt either a lytic or a lysogenic
life cycle within the host bacterium. Unlike lytic phages, lysogenic phages do not immediately
cause lysis of the host cell upon infection. Instead, they integrate their genetic material, called
a prophage, into the bacterial chromosome. The prophage is replicated along with the bacterial
DNA during cell division, resulting in the vertical transmission of the phage DNA to the host's
daughter cells (Weinbauer, 2004). Under certain conditions, such as stress or environmental
triggers (Boling et al., 2020; Oh et al., 2019), the prophage can become activated and switch to
the lytic cycle. The prophage excises itself from the bacterial chromosome, initiates replication,
and proceeds to produce progeny phages, leading to the lysis of the host cell. This mechanism
not only provides advantages in phage propagation and survival, but the prophage can also
confer additional properties to the host by carrying beneficial genes such as toxin production
(Waldor & Mekalanos, 1996) or antibiotic resistance (Zhou, Liu, Song, & Chen, 2023).
Understanding both mechanisms is crucial for developing phage-based therapies for

microbiome manipulation.
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Two more uncommon life cycles are known as pseudo-lysogenic, where the phage DNA stays
inside the host cell in an inactive form, and carrier state, where phages cause a chronic infection
to the bacteria host and phages are produced continuously without lysing the host cell (Naureen
et al., 2020).

1.2.1 Phages in the gut microbiome

Phages have been shown to populate the human body where they make up the most numerous
group in the human virome. Former 16s based approaches were blind for phages and only
recently, large metagenomic studies have begun to shine light on the diversity of the human gut
phageome (Camarillo-Guerrero, Almeida, Rangel-Pineros, Finn, & Lawley, 2021).
Furthermore, metagenomic studies indicate that gut viral communities are unique to individuals
and can persist for at least two and a half years (Minot et al., 2013; Shkoporov et al., 2019). By
specifically targeting their bacterial hosts, they can influence bacterial functions, overall
population structures and the metabolome in the gut (Hsu et al., 2019) which can lead to
promotion or inhibition of inflammation. They are thought to be important regulators of
bacterial populations (Chevallereau, Pons, van Houte, & Westra, 2022) and can even directly
mediate preventive protection against pathogenic bacteria by adherence to the mucus in the gut
(Almeida, Laanto, Ashrafi, & Sundberg, 2019). Metagenomic studies mostly identified largely
temperate phages in the gut microbiota (Howe et al., 2016) and showed that their activation can
be triggered by various environmental inducers including diet and drugs (Boling et al., 2020;
Ohetal., 2019).

1.2.2 Mechanisms of coexistence of bacteria and virulent phages in the gut

Besides lysogenic phages, also virulent phages are found in the mammalian gut (Clooney et al.,
2019) where they can target their bacterial hosts and thereby also functionally impact bacterial
communities (Hsu et al., 2019). Although virulent phages are able to lyse and therefore Kill
their hosts in order to amplify themselves, they normally end up in a stable coexistence with
their hosts in the gut (Guerrero et al., 2021; Lourenco et al., 2020). Mechanisms underlying this
coexistence are still not fully understood but recent studies are aiming to investigate the
interactions. Since coexistence is often not dependent on the development of phage resistant
clones, one possible explanation is the spatial heterogeneity of the gut (Lourenco et al., 2020).
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Phage inaccessible sites in the mucosa can serve as a spatial refuge for bacteria and therefore
limit predation and foster coexistence. Further, the gut environment can regulate bacterial gene
expression of E. coli, resulting in decreased susceptibility to phage infection (Lourenco et al.,
2022). Also, biofilms can promote the development of bacterial communities harboring phage
resistant and phage susceptible strains and therefore serve as a refuge for part of the bacterial

population (Heilmann, Sneppen, & Krishna, 2012; Simmons et al., 2020).

Although recent metagenomic studies have addressed the diversity, abundance, individuality
and stability over time of phages in the gut (Gregory et al., 2020) and recent studies also tackled
the mechanisms behind predation and co-existence, little is known about the role of virulent
phages in regulating intestinal microbiome functions and homeostasis. Ongoing research aims
to uncover the complex interactions between phages and the gut microbiota, as well as their

implications for human health and disease.

1.3 Phage therapy

Discovered at the beginning of the 20th century, it was early thought that phages could be used
for the treatment of bacterial infections (D'Herelle, 2007). The widespread introduction of
antibiotics however led to the neglection of phage research as a therapy option. With the rise of
antibiotic resistance as a global health threat in recent years and the understanding of the
importance of a balanced microbiota, the potential application of phages as strain specific
antimicrobial agents has reemerged (Reardon, 2014).

One key advantage of phage therapy is its specificity, since each phage is highly specific to its
bacterial host and is generally not targeting other bacteria or human cells. This specificity
potentially reduces the risk of disrupting the microbiome and thus minimizing side effects (Loc-
Carrillo & Abedon, 2011). Phage therapy already has shown promising results in treating a
wide range of bacterial infections (Dedrick et al., 2019), including antibiotic-resistant strains
such as MRSA (Methicillin-resistant Staphylococcus aureus) (Nasser et al., 2019) and multi-
drug-resistant Pseudomonas aeruginosa (Kohler et al., 2023). Another study showed, that
phages can be used to suppress IBD-associated bacteria in the gut and therefore might be used
for the treatment of intestinal inflammation (Federici et al., 2022). It can be particularly
beneficial in cases where traditional antibiotics have failed or when alternative treatment

options are limited.
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Despite its potential, there are still challenges associated with phage therapy, for example
identifying the appropriate phages for a specific infection, phage specificity within the different
isolates of the bacterial strain, and potential stimulation of the human immune system (Nilsson,
2014). Additionally, there is a growing need for more clinical trials and standardized protocols
to establish the safety and efficacy of phage therapy but there are several obstacles that hinder
the process. One being, that phage taxonomy has been in flux since its beginning. Historically,
phages have been classified according to their morphology (Ackermann, 1992, 2001) but once
molecular methods like sequencing have emerged, a much higher genomic diversity than
previously thought has been revealed. Further, phages are polyphyletic, which makes a
completely hierarchical virus classification impossible (Turner, Kropinski, & Adriaenssens,
2021). This leads to difficulties in predicting the characteristics of a certain phage by just
looking at the closest relative. Also, phages are currently not clinically approved in Germany,
leading to a very limited treatment volume of phage therapies. Besides that, there is no complete
and common data collection to freely exchange phages and the corresponding information
(Willy et al., 2023). Nevertheless, phage therapy is recognized as an important tool for the
treatment of bacterial infections by offering a targeted and potentially effective alternative or
addition to traditional antibiotics. Therefore, further research aims to investigate how phages
affect, interact and coexist with their bacterial hosts within bacterial communities to get an idea

on how to use them in a targeted and precise manner to manipulate bacteria.

1.4 Synthetic bacterial communities

Due to the high complexity and species richness of the intestinal microbiota, it is difficult to
disentangle factors and mechanisms underlying host-microbiota interactions in health and
disease. Therefore, working with a defined and less complex microbial community can help to
perform experiments in a controlled manner. A synthetic bacterial community refers to an
engineered community of microorganisms that is established in a germ-free environment. It
contains a limited number of microorganisms, often representing key species that are necessary
to perform specific functions or achieve desired outcomes (Bolsega, Bleich, & Basic, 2021;
Clavel, Gomes-Neto, Lagkouvardos, & Ramer-Tait, 2017). These communities can easily be
modified by adding or removing single bacteria. Germfree mice colonized with such a
consortia, termed gnotobiotic mice, are valuable tools that allow researchers to control and

manipulate the microbial composition, enabling a deeper understanding of how microorganisms
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interact with each other and their hosts (Lagkouvardos et al., 2016; Schaedler, Dubs, &
Costello, 1965; Weiss et al., 2022). Synthetic bacterial communities can be used in vitro and in
vivo to study a vast variety of topics. One being to investigate the role of single microbes in
health and disease by analyzing produced metabolites and their effect on community
composition and inflammation levels. Also, it is possible to transplant microbial consortia from
humans or animals to mice, resulting in a preclinical disease model (Dash et al., 2021). Further,
one is able to study the influence of diet, diseases or other factors on the microbial community
in a controlled way (Turnbaugh et al., 2009). Therefore, a possible way to study the influence
of phages on their bacterial hosts and community function and composition is to work with

synthetic microbial consortia in vitro and in vivo.

1.4.1 The Oligo-Mouse-Microbiota

One example for a genome based synthetic community is the Oligo-Mouse-Microbiota
(OMM*?) (Brugiroux et al., 2016). The OMM?®? consists of twelve mouse-derived bacterial
strains (Enterococcus faecalis KB1, Limosilactobacillus reuteri 149, Bifidobacterium animalis
YL2, Clostridium innocuum 146, Blautia coccoides YL58, Enterocloster clostridioformis
YL32, Flavonifractor plautii YL31, Acutalibacter muris KB18, Bacteroides caecimuris 148,
Muribaculum intestinale YL27, Akkermansia muciniphila YL44 and Turicimonas muris YL45)
representing the five major phyla abundant in the murine gastrointestinal system, Bacillota,
Bacteroidota, Verrucomicrobia, Actinomycetota and Pseudomonadota (Oren & Garrity, 2021).
The consortium stably colonizes the mouse gut over several generations (Eberl et al., 2019) and
the individual strains have been deposited at a public strain collection, are available for non-
commercial use and are fully genome-sequenced (Garzetti et al., 2017; Lamy-Besnier, Koszul,
Debarbieux, & Marbouty, 2021). Furthermore, the consortium can be extended by various
bacterial strains to provide additive functions not present in the original community. For this
work, the original consortium was amended with two bacteria, E. coli and E. muris, leading to
the newly established OMM?* consortium. When E. coli Mt1B1 is added to the community in
vivo, it enhances the colonization resistance against S. Tm significantly, providing a key
function of a complex microbiome (Eberl et al., 2021). The OMM?*? community has recently
been extensively characterized in vitro and in vivo (Weiss et al., 2022; Weiss et al., 2023),
making it a very practicable and reliable model for various research areas. It has been used
worldwide to study infection of several pathogens like Clostridium difficile (Studer et al., 2016)

as well as metabolic diseases as IBD (Fischer et al., 2020). Further, is has also been used to
8
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answer questions in the fields of immunology (Feuerstein et al., 2020; Wyss et al., 2019) and
microbial ecology (Afrizal Afrizal, 2022; Munch et al., 2023).
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Fig 3: The OMM bacterial model community

Phylogenetic tree of the OMM®* based on 16s rRNA gene sequences.

Adapted from von Strempel et al., 2023

As phage research in the microbiome context gained more interest over the recent decades, the
OMM model was also used in this field, for example to study prophage activation in vitro and
in vivo (Lamy-Besnier et al., 2023) as well as infection and coexistence patterns (Lourenco et
al., 2020). Overall, it is a useful and well establish model in microbiome research and can be
amended with other bacteria to gain further functions (von Strempel et al., 2023).
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1.4.2 The OMM?*? is a widely used model to study mechanisms of

colonization resistance against Salmonella

Besides other important functions, the gut microbiome is known to form a protective barrier
against human pathogens such as Salmonella, Clostridioides difficile or multi-resistant Gram-
negative Bacteria (MRGN), which is termed colonization resistance (CR). Mechanisms
underlying colonization resistance include substrate competition, production of bacteriocins or
toxic metabolites or initiation of host immune responses (Buffie & Pamer, 2013). CR is higher
in hosts with a complex microbiota and generally disrupted by drugs (Kim, Covington, &
Pamer, 2017), dietary factors (Kreuzer & Hardt, 2020; Wotzka et al., 2019) and diseases
(Rogers, Tsolis, & Baumler, 2021), but was also shown to be highly variable among healthy
human individuals (Alavi et al., 2020; Osbelt et al., 2021). Other risk factors may exist, which
are currently still unknown. There is also an increasing evidence that colonization resistance is
not mediated by single bacterial species but rather by the interaction within a complex
community. Protective bacteria may require a specific microbial context to counteract the

invading pathogen.

S. Tm is a Gram-negative, facultative anaerobic, rod-shaped bacterium belonging to the family
Enterobacteriaceae. Salmonella enterica serotypes (especially serovar Typhimurium, short S.
Tm) cause infections worldwide, often transmitted via ingestion of contaminated food or water
(Antimicrobial Resistance, 2022; Collaborators, 2022; European Food Safety, European Centre
for Disease, & Control, 2022). The most common symptoms are diarrhea, abdominal cramps
and fever. S. Tm induced gastroenteritis often does not need specific treatment, but can be
severe in children, elderly and immunocompromised patients (Coburn, Grassl, & Finlay, 2007).
Interestingly, only 1-5% of people that ingest S. Tm develop a symptomatic infection, and in
the vast majority the onset of the infection is efficiently prohibited (Simonsen et al., 2009). This
could be due to several genetic predispositions or differences in the immune system or
disrupting events as discussed before (diet, drugs), but also to differences in the colonization
resistance mediated by the gut microbiome (Stecher, 2021). Hence, disentangling the factors
that strengthen or weaken the microbiome mediated colonization resistance is important to

identify risk factors of S. Tm induced infections.

The OMM?*? mouse model has already been used to investigate different stages of S. Tm
infection. In the Stecher lab, Brugiroux and colleagues could successfully show, that mice

stably colonize with the OMM?*? consortium have an intermediate protection against S. Tm

10



Introduction

compared to germfree mice and conventional laboratory mice harboring a complex microbiota.
The addition of a mixture of 3 facultative anaerobic bacteria (Escherichia coli, Staphylococcus
xylosus, Streptococcus danieliae) to mice colonized with the OMM?*2 enhanced the colonization
resistance against S. Tm to a degree comparable to conventional mice (Brugiroux et al., 2016).
Following up, Eberl and colleagues could show that this increase in colonization resistance in
OMM®2 mice is also mediated by E. coli alone, by competing for galactitol with S. Tm, which
is the limiting carbon source in this microbial background. Interestingly, the protective context
is dependent on the presence of other members of the OMM®, If E. faecalis KB1 or the
Lachnospiraceae strains B. coccoides YL58 and E. clostridioformis YL32 are dropped out from
the consortium, E. coli does not mediate colonization resistance, showing that this important
function of the microbiome is context dependent (Fig4, (Eberl et al., 2021).

These studies show, that colonization resistance is mediated by the microbiome but also
dependent on multiple factors that can influence the abundance and interaction of single strains
and that synthetic bacterial communities are a great tool to specifically identify these single

factors to get a better understanding of this complex function.
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Fig 4: Colonization resistance against Salmonella is mediated by carbohydrate consumption of

several bacteria in the OMM community

Full CR is only mediated when all members of the OMM?? consortium and E. coli are present and consume
carbohydrates in the gut. Free carbohydrates enable S. Tm to invade. For E.coli, this competition relies on the

consumption of galactitol, for the other bacteria the exact mechanism is still unclear.

Figure created with Biorender.

12



Aims of this thesis

2. Aims of this thesis

Although phages are an interesting and emerging field in microbiome research and are seen as
potential agents for manipulation of bacterial communities and targeting of harmful bacteria,
little is known about their influence on their hosts in vivo and on community functions and
homeostasis. Since phages are able to decrease numbers of potential protective bacteria in the
gut, they might be a potential risk factor for a Salmonella infection when taken up with food or
water. Therefore, investigating the influence of phages on important community functions like
colonization resistance is crucial to understand and provide a better knowledge base for further

phage-based treatment approaches.

In this work, I aim to establish and characterize a phage collection for the OMM model. To gain
more functions in the model, 1 amended the OMM?2 with two additional members, E. coli
Mt1B1 and Extibacter muris JM40, a secondary bile acid producer, to enhance CR against
gastrointestinal pathogens (Eberl et al., 2021; Streidl et al., 2021). The new consortium
consisting of 14 different bacterial strains will be referred to as OMM?* in the following study
and will be used to establish a gnotobiotic mouse line. The isolated phages will then be
characterized in vitro to gain more knowledge about genome features, lysis behavior and host

range.

Secondly, | want to characterize the phages in the OMM?** consortia regarding their ability to
amplify in a more complex environment and their long term effect on their host bacteria. For
this, I established a specific absolute quantification for the isolated phages to test their influence

on their host bacteria and the general community structure in vitro and in vivo.

As a third aim, | aim to investigate how phages that target protective bacteria in the gut have an
influence on the colonization resistance against S. Tm. Therefore, | also plan to employ the
OMM model since it was already shown to protect against S. Tm infection in the past when
E. coli is present. | want to see how phages interact and coexist with their host bacteria and in
vivo and if they are able to change structural outcomes of the community. Further, | want to test
if phages are able to impair the colonization resistance against S. Tm by targeting E. coli Mt1B1
and E. faecalis KB1, two bacteria that confer colonization resistance in the community context.

This work aims to elucidate the role of phages on community functions and their influence on

their host bacteria within a minimal bacterial model community.
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3. Materials and Methods

3.1 Materials

Materials and Methods

Table 1: List of instrumentation used in this thesis

Devices

Centrifuge 5430R; rotor: 5430R
Centrifuge Biofuge pico
Centrifuge Heraeus multifuge X3R

Rotor: 75003603
Centrifuge: 4K15; Rotor: 12169

Crimper (diam. 11 mm)

Crimper (diam. 20 mm)

Decapper (diam. 11 mm)
Decrimper (diam. 20 mm)

Gel Imaging System: GelDoc Go
Lightcycler

Leitz DM-RBE microscope

Carl Zeiss 46-70-85 microscope
Microplate Reader Epoch 2
Microplate Stacker Biostack 4
Nanodrop

ND-1000 spectrophotometer

Safe 2020 Class Il Biological Safety Cabinet
Thermocycler: pegstar 2X gradient
Thermomixer C

Thermomixer comfort

Tissue Lyser LT

Vinyl Anaerobic Chamber with Vacuum
Airlock

Supplier

Eppendorf, Hamburg Germany
Heraeus, Hanau Germany
Heraeus, Hanau Germany

Sigma-Aldrich, St. Louis US

Sigma-Aldrich, St. Louis US

VWR, Darmstadt Germany

Sigma-Aldrich Sigma-Aldrich, St. Louis US
VWR, Darmstadt Germany

Bio-Rad, Feldkirchen Germany

Roche, Mannheim

Leica Microsystems, Wetzlar Germany

Carl Zeiss, Oberkochen Germany

BioTek, Santa Clara US

BioTek, Santa Clara US

Thermo Fischer Scientific, Karlsruhe Germany
Peglab, Erlangen Germany

Thermo Fisher Scientific, Karlsruhe Germany
Peglab, Erlangen Germany

Eppendorf, Hamburg Germany

Eppendorf, Hamburg Germany

Qiagen, Hilden Germany

Coy Laboratory Products Inc., Grass Lake US

Table 2: List of chemicals, reagents and kits used in this thesis

Chemicals, Reagents, and Kits

0.1 mm-diameter zirconia/silica beads

2x FastStart Essential DNA Probes Master
1 kb Gene Ruler DNA Ladder

ABTS

Agar (Bacto)

Agarose

Supplier

BioSpec Products, Bartlesville US

Roche, Mannheim

Thermo Fisher Scientific, Karlsruhe Germany
Calbiochem 194430

Becton, Dickinson & Company, Le Pont de Claix,
France
Bio & Sell, Feucht Germany
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AMPure XP Reagent

Brain Heart Infusion
Cetrimonium bromide (CTAB)
CloneJet PCR Cloning Kit
Crystal violet

Cysteine hydrochloride

ddH,0

Dream Taq Master Mix (2X)
Ethanol absolute

Ethidium bromide, 1 % solution
FastStart Essential DNA probes Master
Fecal bovine serum analog
Glucose

Glycerol

Hemin

lodine (for lugol solution)
Isopropanol

KCI

K2HPO4

Kaliumiodid (for lugol solution)
Loading Buffer

Menadione

Na,COs

NaCl

Notl Fermentas

Notl reaction buffer Fermentas
NucleoSpin gDNA Clean-Up Kit
NucleoSpin Gel and PCR Clean-Up Kit
NucleoSpin Plasmid Mini Kit
Phenol
Phenol/Chloroform/Isomylalcohol
Proteinase K

Safranin

SDS

Sodium Acetate

Sterile water (Ampuwa)
Trypticase Soy Broth

Tryptone

Tween

Qiagen Plasmid Plus Midi Kit
Q5 High-Fidelity DNA polymerase
Virkon S

Yeast extract

Yeast t_ RNA solution

Materials and Methods

Beckman Coulter, Brea US

Thermo Fisher Scientific, Karlsruhe Germany
Sigma-Aldrich, St. Louis US

Thermo Scientific, Karlsruhe Germany
Sigma-Aldrich, St. Louis US

Sigma-Aldrich, St. Louis US

Thermo Fisher Scientific, Karlsruhe Germany
Thermo Fisher Scientific, Karlsruhe Germany
Sigma-Aldrich, St. Louis US

AppliChem, Darmstadt Germany

Roche, Mannheim

NeoFroxx, Einhausen Germany

Carl Roth, Karlsruhe Germany

Carl Roth, Karlsruhe Germany
Sigma-Aldrich, St. Louis US

Merck, Darmstadt Germany

AppliChem, Darmstadt Germany

Carl Roth, Karlsruhe Germany

Carl Roth, Karlsruhe Germany

VWR, Darmstadt Germany

Thermo Fisher Scientific, Karlsruhe Germany
Sigma-Aldrich, St. Louis US

Merck, Darmstadt Germany

Carl Roth, Karlsruhe Germany

Thermo Fisher Scientific, Karlsruhe Germany
Thermo Fisher Scientific, Karlsruhe Germany
Macherey-Nagel, Diiren Germany
Macherey-Nagel, Diren Germany
Macherey-Nagel, Diiren Germany

Merck, Darmstadt Germany

Carl Roth, Karlsruhe Germany

Carl Roth, Karlsruhe Germany

Carl Roth, Karlsruhe Germany

Serva, Heidelberg Germany

Honeywell, Offenbach Germany

Fresenius Kabi Deutschland GmbH

Thermo Fisher Scientific, Karlsruhe Germany
Carl Roth, Karlsruhe Germany

Carl Roth, Karlsruhe Germany

Qiagen, Hilden Germany

New England Biolabs, Ipswich England

Du Pont, Neu-Isenburg Germany

Carl Roth, Karlsruhe Germany

Roche, Mannheim
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Table 3: Media composition used in this thesis

Media
LB Agar

LB 0.3 M NaCl

LB Medium

10x Phosphate Buffered Saline
(PBS)

AF Medium

Table 4: Buffer composition

Buffer
TE buffer

Extraction buffer for DNA
extraction

SM buffer

ELISA blocking buffer
ELISA wash buffer

ELISA substrate buffer
ELISA substrate

Components

NaCl

Yeast extract
Tryptone
Agar

NaCl

Yeast extract
Tryptone
NaCl

Yeast extract
Tryptone
NaCl

KCI
Na;HPO4
KH2PO4

Brain Heart Infusion
Trypticase soy broth
Yeast extract

K:HPO,

Hemin

Glucose

Autoclave and add:
Na,CO3

Cysteine hydrochloride
Menadione
Complement inactivated FCS

Components
Tris-Cl

EDTA

Tris

NaCl

EDTA
Components were dissolved in
ddH.0

NaCl
MgSO4xH20
Tris-HCI

1x PBS

BSA

1x PBS
Tween-20
NaH2PO., pH4
Substrate buffer

ABTS
H,0;

Materials and Methods

Gramm per liter

59

59
109
15 g (3g for softagar)
17.53¢g
59
109
5¢

59
109
80g
29
6.19g
244

185¢g
15¢g
5¢
259
1mg
0859

049¢
05¢g
05¢g
3 % of total volume

Concentration
10 mM

1mM

200 mM

200 mM

20 mM

100 mM
8.1 mM
50 mM

2%

0.05%
0.1M

10 ml
1mg
5ul
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Table 5: Antibodies used in this thesis

Antibody, origin

Lipocain-2 capture antibody, rat
Lipocalin-2 detection antibody, rat
Streptavidin-HRP, rat

Table 6: Software used in this thesis

Software

Affinity Designer

Biorender

Excel 2016

Gen 5 microplate reader and imager software
GraphPad Prism 8

Image J

Leica Application Suite X (V. 3.0.0.15697)
LightCycler 96

Word 2016

Materials and Methods

Supplier, dilution
R&D, Part 842440, 1:200
R&D, Part 842440, 1:200
Biolegend 405210

Developer

Serif, Nottingham, Great Britian
Biorender, Toronto Canada
Microsoft, Redmond US

BioTek, Santa Clara US

GraphPad Software, Boston US
Public Domain, BSD-2

Cytek, Fremont, CA, United States
Roche, Mannheim

Microsoft, Redmond US
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3.2 Methods
3.2.1 Bacterial strains and culture conditions

3.2.1.1 Bacterial strains used in this thesis

The following bacterial strains were used in this study to perform the in vitro and in vivo
experiments: Enterococcus faecalis KB1 (DSM 32036), Bifidobacterium animalis YL2 (DSM
26074), Acutalibacter muris KB18 (DSM 26090), Muribaculum intestinale YL27 (DSM
28989), Flavonifractor plautii YL31 (DSM 26117), Enterocloster clostridioformis YL32
(DSM 26114), Akkermansia muciniphila YL44 (DSM 26127), Turicimonas muris YL45 (DSM
26109), Clostridium innocuum 146 (DSM 26113), Bacteroides caecimuris 148 (DSM 26085),
Limosilactobacillus reuteri 149 (DSM 32035), Blautia coccoides YL58 (DSM 26115),
Escherichia coli Mt1B1 (DSM 28618) (Eberl et al., 2019), Extibacter muris JM40 (DSM
28560) (Streidl et al., 2021), S. Tm" SL1344 (SB300) (Hoiseth & Stocker, 1981), S. Tm"
M2707 (Maier et al., 2013), Staphylococcus aureus RG2 (DSM 104437).

3.2.1.2 Preparation of bacterial cryostocks

Bacterial stocks were prepared using a modified Hungate technique utilizing serum bottles as
described before (von Strempel et al., 2023). Therefore, glass serum bottles were filled with 10
mL anaerobic medium (AF medium, : 18 g.I" brain-heart infusion (Oxoid), 15 g.I" trypticase
soy broth (Oxoid), 5 g.I"* yeast extract, 2.5 g.I"* K;HPO4, 1 mg.I"t haemin, 0.5 g.I"* D-glucose,
0.5 mg.I"! menadione, 3% heat-inactivated fetal calf serum, 0.25 g.I" cysteine-HCI x H20 and
closed with an airtight rubber plug and an aluminum crimp, anaerobically. For the stocks, small
glass vials were filled with 500 pL of 20% glycerol + palladium and closed with crimp seals,

anaerobically.

To start a primary culture, 1 ml frozen glycerol stock was added to serum bottle containing AF
medium. To do so, all used serum bottles and cryostocks were first sterilized by burning a few
drops of ethanol added to the rubber lid. Then, a sterile syringe was inserted into an oxygen-
free gas serum bottle and flushed three times to remove oxygen inside. The needle was then
inserted into the bacterial culture bottle through the rubber plug and 0.5 mL of culture was taken
up and transferred into the third bottle containing fresh medium and incubated overnight at
37 °C. To generate cryostocks, using Hungate technique as described before, 500 uL of the
subculture were filled into small glass vials containing 500 pL of 20 % glycerol + palladium,

resulting in a final concentration of 10 % glycerol. The stocks were frozen and kept at -80 °C.
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For quality control of the bacterial cryostocks Gram staining and 16S sequencing were

performed.

3.2.1.3 Culture conditions

As described before (von Strempel et al., 2023), OMM? cultures used for in vitro experiments
were prepared from individual frozen glycerol cryostocks (1 ml, 10 % glycerol + Palladium) in
10 ml AF medium in cell culture flasks and subcultured in another 10 ml of AF medium in cell
culture flasks (flask T25, Sarstedt). Cultures were incubated at 37°C for 24 h without shaking
under anaerobic conditions in an anaerobic chamber (gas atmosphere 7% H>, 10% CO., 83%
N2). From the initial culture, subcultures were started in a 1:100 dilution and again incubated at

37°C for 24 h without shaking under anaerobic conditions.

For mouse infection experiments, S. Tm strains were streaked from frozen stocks on
MacConkey agar plates (Oxoid) containing streptomycin (50 pg/ml) and incubated aerobically
at 37 °C overnight. One colony was then re-suspended in 3 ml LB containing 0.3 M NaCl and
incubated for 12 h at 37 °C on a wheel rotor under constant movement. A subculture (1:20
dilution) was prepared in LB with 0.3 M NaCl and incubated for another 4 h. Bacteria were
washed in ice-cold sterile PBS by centrifugation for 2 min at 12000xg. The supernatant was
removed and the pellet was re-suspended in PBS for gavage and distributed in aliquots (50 pl

each).

3.2.2 Phage isolation and identification

3.2.2.1 Spot assays for phage plaque visualization on E. coli Mt1B1 and E. faecalis KB1

As described before, 1 ml of an exponentially growing bacterial culture, containing the phage
host, was applied on an EBU agar plate, containing Evans Blue (1%) and Fluorescein sodium
salt (1%) to visualize bacterial lysis (von Strempel et al., 2023). On EBU plates, lysis is
indicated by a color change from light green to dark green. Excess liquid was carefully removed
and the plate was dried under the laminar airflow cabinet for 15 minutes. Phage lysates were
serially diluted in sterile PBS and 5 ul of each dilution was spotted on the bacterial lawn. The
plate was then dried again to prevent mixing of the dilutions. The plate was incubated over
night at 37°C. The next day, clear plaques (=dark color of the agar) were visible which indicated

lysis of the bacteria on the plate. Plaques were counted to quantify plaque forming units (PFU).
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3.2.2.2 Isolation of E. faecalis KB1 phages from sewage water

Isolation of phages targeting E. faecalis was done as described before (von Strempel et al.,
2023). For isolation of specific phages, sewage water from different sources was filtered (0.22
pm) to get rid of bacteria and dirt, and mixed with an equal volume of 2 x LB media. Next,
bacterial overnight culture in AF medium was added with a final dilution of 1/100 and incubated
overnight at 37°C without shaking under aerobic conditions. The next day, the cultures were
centrifuged at 6,000 x g for 10 min, filtered (0.22 um) to remove the bacteria and spotted in
serial dilution in PBS on a lawn of E. faecalis KB1 on EBU plates followed by another
incubation at 37 °C overnight. Lysis appeared as a darker color on the plates. If plaques were
visible, individual plaques were carefully picked with a pipet tip and diluted in 100 pl SM buffer
(100 mM NaCl, 8.1 mM MgSO4x H20, 50 mM Tris-HCL (pH 7.5)), added to a fresh bacterial
subculture in 10 ml AF medium and incubated overnight at 37°C without shaking under aerobic
conditions. This was repeated three times to purify the phage. The phage suspension was again
centrifuged and filtered which resulted in a sterile phage suspension which was stored at 4°C

and used for the in vitro and in vivo experiments.
3.2.2.3 Isolation of phages targeting E. clostridioformis YL32 and C. innocuum 146 and

from sewage water

For isolation of phages specific for strictly anaerobic members of the OMM?** consortium, the
same protocol was used in a slightly modified way. Sewage water from different sources was
centrifuged (6000 x g, 15 min) and mixed with an equal volume of 2 x AF media. Next, bacterial
overnight culture was added with a final dilution of 1/10 and incubated overnight at 37°C
without shaking under anaerobic conditions. The next day, the cultures were centrifuged (6,000
X g, 10 min), filtered (0.22 um) and spotted in serial dilution on AF plates overlayed with LB
softagar containing the respective bacterial host, followed by another incubation at 37 °C
overnight under anaerobic conditions. If clear plaques were visible, individual plaques were
picked and diluted in 100 pl SM buffer (100 mM NacCl, 8.1 mM MgSO4 x H20, 50 mM Tris-
HCL (pH 7.5)), added to a fresh bacterial subculture in 10 ml AF medium and incubated
overnight. This was repeated three times to purify the phage. Centrifugation and filtration of
the culture resulted in a sterile phage suspension which was stored at 4°C and used for the in

vitro and in vivo experiments.
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3.2.2.4 Spot assays for phage plaque visualization on E. clostridioformis YL32 and

C. innocuum 146

For phages vB_cin and vB_ccl, spot assays were performed on AF agar plates overlayed with
softagar, since bacterial growth of E. clostridioformis YL32 and C. innocuum 146 was not very
good on plain agar plates and therefore plaques are not visible very well. 0.5 ml of an
exponentially growing bacterial culture, containing the phage host, was mixed with 2.5 ml of
LB softagar (5g/l agar concentration) and poured on an AF agar plate under anaerobic
conditions. After the soft agar hardened (15-30 min), phage lysates were serially diluted in
sterile PBS and 5 pl of each dilution was spotted on the soft agar. The plate was incubated over
night at 37°C. The next day, clear plaques indicating lysis of the bacteria could be detected.

Plaques were counted to quantify plaque forming units (PFU).

3.2.2.5 Generation of phage cocktails targeting E. faecalis KB1 and E. coli Mt1B1

Generation of phage cocktails was done as described previously (von Strempel et al., 2023).
First, 100 pl of purified and sterile phage suspension (prepared as described in 3.2.2.1 and
3.2.2.2) was added to 10 ml of LB media and incubated with 100 ul of overnight culture of their
respective bacterial host overnight at 37°C under aerobic conditions. The next day, the cultures
were centrifuged at 6,000 x g for 10 min, filtered (0.22 um) to remove the bacteria and spotted
in serial dilution in PBS on a lawn of their respective bacterial host on EBU plates. This was

followed by another incubation at 37°C overnight. The next day, plaques were counted and

. . . b l diluti
plague forming units were calculated for the phage suspensions ( ZXn2erof plaquesditution
used phage lysate (ml)

and the phages were mixed together in a concentration of 1x10” PFU/100ul each. The following
phages were used in this study: Mt1B1 P3, Mt1B1 P10, Mt1B1 P17 (Lourenco et al., 2020),
vB_efaS_Strl (vB_EfaS_Strempell, DSM 110103), vB_efaP_Str2 (vB_EfaP_Strempel2,
DSM 110104), vB_efaS_Str6 (vB_EfaS_Strempel6, DSM 110108), vB_SauP_EBHT (DSM
26856) (von Strempel et al., 2023).

3.2.2.6 Generation of phage lysates targeting E. clostridioformis YL32 and C. innocuum
146

For phages vB_cin and vB_ccl, phage lysates were created in a slightly modified way. First,

100 ul of purified and sterile phage suspension (prepared as described in 3.2.2.3) was added to
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10 ml of AF media and incubated with 100 ul of overnight culture of their respective bacterial
host overnight at 37°C under anaerobic conditions. The next day, the cultures were centrifuged
at 6,000 x g for 10 min, filtered (0.22 um) to remove the bacteria and spotted in serial dilution
on AF plates overlayed with softagar containing the respective bacterial host, followed by

another incubation at 37°C overnight. The next day, plague forming units were calculated for

number of plaquesxdilution

the phage suspensions ( ) and the phages were diluted to a

used phage lysate (ml)
concentration of 1x107 PFU/100ul each. The following phages were used in this study:
vB_ccl_YL32 and vB_cin_I46.

3.2.3 Phage genome characterization

3.2.3.1 Genomic DNA extraction from phage lysates

DNA extraction was performed as described previously (Lourenco et al., 2020; von Strempel
et al., 2023). Briefly, the phage lysate (6 ml with at least 107 PFU/mI) was filled into a 15ml
falcon tube. 75 pl of MgCL2 (1 M), 120 pl DNAse (1000 U/ml) and 2.4 pl RNAse (100 mg/ml)
were added. After vortexing carefully, the mixture was incubated at 37 °C for 30 minutes. To
stop the DNAse and RNAse activity, 240 pl of EDTA 0.5 M was added, followed by 30 ul of
ProteinaseK (20 mg/ml) and 300 pl of SDS 10%. Incubation was performed for 30 minutes at
55 °C.

The lysate was transferred into a DNA free 50 ml falcon (Eppendorf) and an identical volume
of PCI (phenol:chloroform:isoamylalcohol 25:24:1) was added. The mixture was centrifuged
at 13 000 x g for 5 min to separate the two phases. The upper phase was carefully transferred
to a new DNA free 50 ml falcon and 6 ml of PCI was added, mixed and centrifuged again. The
upper, aqueous phase was then transferred into a fresh 50 ml falcon and 620 ul of 3M Sodium
Acetate (pH=5.2) and 12.4 ml of ethanol p.a. were added. After slow homogenization the mix
was left on ice to precipitate for 15 minutes, followed by centrifugation at 15 0100 x g for 20
minutes at 4 °C. The supernatant was removed and the pellet was washed with ice cold 70%
ethanol. After drying, the DNA was solubilized in 150 ul TE buffer. Subsequently, gDNA was
purified using the NucleoSpin gDNA clean-up kit (Macherey-Nagel) and stored at -20°C.
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3.2.3.2 DNA sequencing, assembly and annotation

The three phages targeting E. coli Mt1B1 were sequenced and analyzed as described previously
(Lourenco et al., 2020). Shortly, sequencing was performed using Illumina MiSeq Nano.
Assembly was performed using a workflow implemented in Galaxy-Institut Pasteur and phage
termini were determined by PhageTerm. Genbank Accession numbers: MT496969
(Mt1B1_P3), MT496971 (Mt1B1_P10), MT496970 (MtlB1_P17). Visualization was
performed using pharokka (Bouras et al., 2023).

The three E. faecalis KB1 phages were also sequenced previously (von Strempel et al., 2023)
using lllumina MiSeq Nano and assembled with SPAdes (3.12.0) (Bankevich et al., 2012),
NCBI Accession Number: PRINA972641. Annotation was performed using PROKKA
(Seemann, 2014) and taxonomic classification was performed using VICTOR (Meier-Kolthoff
& Goker, 2017) as previously described (Korf et al., 2019). Visualization was performed using
pharokka (Bouras et al., 2023).

Phages vB_ccl_YL32 and vB_cin_146 were sequenced using lllumina MiSeq Nano and the raw
sequence data obtained from sequencing were pre-processed using Trimmomatic (v0.36)
(Bolger, Lohse, & Usadel, 2014) for removing low-quality reads with the parameters of
SLIDINGWINDOW:10:15 MINLEN:25. The quality-filtered sequence reads were assembled
into contigs using de novo assembly using metaviralspades (v3.13) (Bankevich et al., 2012)
with default parameters. Retrieved contigs were verified using viralVerify (v.1.1) (Bankevich
et al., 2012) to identify and assess the quality of the viral contigs. viralVerify predicts genes
using prodigal (Hyatt et al., 2010) in metagenomic mode, then performs hmmsearch (Johnson,
Eddy, & Portugaly, 2010) on the predicted proteins and uses the Naive Bayes classifier (NBC)
(Rosen, Reichenberger, & Rosenfeld, 2011) to classify the contig as viral or non-viral. In
addition, checkV (Nayfach et al., 2021) was used to further assess the quality and completeness
of phage genomes, only phage sequences estimated as high-quality (i.e., >90% genome
completeness) were filtered and used for further analysis. Taxonomic assignment and clustering
of the contigs (VirClusters) were conducted using vConTACT v.2.0 (Gregory et al., 2020) with
“—db ‘ProkaryoticViralRefSeq85-Merged’—pcs-mode MCL-vcs-mode ClusterONE” option
and also taxonomic assignment was verified with Viptree (v1.1.3) (Nishimura et al., 2017).
Blastn (Rosen et al., 2011) was performed to find the closest hit from NCBI. Gene prediction

and visualization was performed using pharokka (Bouras et al., 2023) tool v1.5.

24



Materials and Methods
3.2.4 Growth assays

3.2.4.1 Phage lysis in vitro

Bacterial growth was measured in 96 well plates (Sarstedt TC-cellculture plate) using an
Epoch2 plate reader (GenTech) under anaerobic conditions. Inocula were prepared from an
overnight culture and subculture and diluted in AF medium (Weiss et al., 2022) to a density of
0.01 ODeoo. To determine phage growth and the effect of bacterial lysis, 150 pl of bacterial
culture was added to each well, followed by either 10 pl of PBS as a control or 10 pl of sterile
phage lysate with a defined concentration of active phages (PFU/ml), resulting in a MOI of 0.01
for the phages targeting E. coli and E. faecalis. The other two phages were added in a serial
dilution to the culture of E. clostridioformis and C. innocuum. For a duration of 20 hours in
total, measurements took place every 15 min. The plate was heated inside the reader to 37°C
and a 30 second double orbital shaking step was performed prior to every measurement. (von
Strempel et al., 2023).

3.2.4.2 OMM community cultures in batch culture

OMM communities in batch culture were cultivated as previously described (Weiss et al.,
2022). Shortly, monoculture inocula were derived from an initial culture, then subsequently
subcultured and diluted to an ODsgo 0.1 in AF medium. From this, a community inoculum
comprising all 14 strains in equivalent proportions was generated. The inoculum was distributed
to 24 well plates, thereby diluting the inoculum 1:10 with 0.9 ml AF medium, resulting in an
initial ODggo 0f 0.01 (time = Oh). 24-well plates were incubated at 37°C without shaking under
anaerobic conditions. Samples were collected every 24 hours for qPCR analysis and spot
assays, while the cultures were diluted 1:100 in AF medium. Phages were introduced into the
community 12 hours after the third dilution, at a concentration of 1*10° PFU per phage in 10
pl PBS.
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3.2.5 Animal experiments

3.2.5.1 Inoculation of germ-free mice and establishment of a gnotobiotic OMM?* mouse

line

Germ-free mice bred in our in-house facility were inoculated with OMM?? cryostock mixtures
as described previously (Eberl et al., 2019; von Strempel et al., 2023) and individual frozen
stocks of E. muris JM40 and E. coli Mt1B1. Stocks were thawed in 1% Virkon S (V.P.
Produkte) disinfectant solution to hinder contaminations and used for inoculation of germ-free
C57BI/6 mice in a flexible film isolator. Mice were inoculated twice with 72 h between the
inoculations with the bacterial mixtures and the two single stocks by gavage (50 ul orally, 100
pl rectally). The dual administration should enhance colonization of the bacteria. Mice were
housed and bred in flexible film isolators (North Kent Plastic Cages) under germfree conditions.
For experiments, mice were transferred into isocages (IsoCage P system, Tecniplast) under
sterile conditions. Mice were supplied with autoclaved ddH.O and autoclaved Mouse-Breeding
complete feed for mice (Ssniff) ad libitum. For the following experiments, only mice starting

from generation F1 were used, to ensure stable colonization of the consortium.
3.2.5.2 Phage challenge in vivo

For all experiments, female and male mice between 6-20 weeks were used and animals were
assigned to experimental groups to match sex and age. Mice were kept in groups of at least two
mice and maximum five mice per cage during the experiment. All animals were scored twice
daily for their health status. Phage cocktails or single phages (10’ PFU per phage in 100 pl
PBS) were carefully administered by oral gavage. All mice were sacrificed by cervical
dislocation on the last day of the experiment. Feces and cecal content were immediately
weighed and either dissolved in 500 pl sterile PBS for plating (CFUs, PFUSs) or frozen for later
DNA extraction used for gPCR (von Strempel et al., 2023).

3.2.5.3 S. Tm infection in vivo

Mice were infected with S. Tm by oral gavage with 50 ul of bacterial suspension (approximately
5x107 CFU). All mice were sacrificed by cervical dislocation. Feces and cecal content were
weighed and either frozen for later DNA extraction or dissolved in 500 pul sterile PBS. Bacterial
loads were determined as previously described (von Strempel et al., 2023): “S. Tm and E. coli
Mt1B1 loads were determined by plating in several dilutions on MacConkey agar (Oxoid)
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supplemented with respective antibiotics (vancomycin 7.5 pg/ml for E. coli, streptomycin 50
pg/ml for S. Tm). E. faecalis KB1 loads were determined by plating in several dilutions on BHI
agar (Oxoid), supplemented with polymycin B 50 pg/ml. 100 pl of dissolved intestinal content
were sterile filtered using Centrifuge Tube Filter (0.22 um, Costar Spin-X) and spotted in serial
dilutions in PBS on a lawn of E. coli and E. faecalis on EBU agar plates to determine the phage
loads. Lipocalin-2 was quantified from supernatant of frozen cecal content. For metabolomics,
samples were directly snap frozen in liquid N2 and stored at -80°C until further processing.

Samples for DNA extraction were stored at -20°C after weighing.”

3.2.5.4 DNA extraction from intestinal content

gDNA extraction was performed using a phenol-chloroform based protocol as described
previously (Eberl et al., 2021; Herp et al., 2019; von Strempel et al., 2023). Briefly, the fecal
pellet or cecal content was resuspended in 500 ul extraction buffer (consisting of: 200 mM Tris-
HCI, 200 mM NaCl, 20 mM EDTA in ddH-O, pH 8, autoclaved), 210 ul 20 % SDS and 500 pl
phenol:chloroform:isoamylalcohol (25:24:1, pH 7.9). Furthermore, 500ul of autoclaved
0.1 mm-diameter zirconia/silica beads (Roth) were added to ensure lysis of the cells. Bacterial
cells were then lysed utilizing a bead beater (TissueLyser LT, Qiagen) for 4 min at 50 Hz. After
centrifugation (14,000 x g, 5 min, RT), the aqueous upper phase was transferred into a new tube
and the lower phase was discarded. Then, 500 ul phenol:chloroform:isoamylalcohol (25:24:1,
pH 7.9) were added again and centrifugation was repeated for 5 min at 14000 xg. The resulting
upper aqueous phase was gently mixed with 1 ml 96 % ethanol (p. a.) and 50 ul of 3 M sodium
acetate by inverting the tube carefully for 3-5 times. After centrifugation for 30 min at 14,000
X g at 4 °C, the supernatant was carefully discarded and the gDNA pellet was washed with
500 pl ice-cold 70 % ethanol and again centrifuged (14,000 x g, 4 °C; 15 min). The resulting
gDNA pellet was briefly dried and then resuspended in 100 pl Tris-HCL pH 8.0. Subsequently,
gDNA was purified using the NucleoSpin gDNA clean-up kit (Macherey-Nagel) following

manufacturer’s instructions and stored at -20°C.

All animal experiments were done following the approved grant (Versuchstierantrag) with the
number ROB-55.2-2532.Vet_02-17-120
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3.2.6 Quantitative PCR for bacteria and phages

3.2.6.1 gPCR for bacterial members of the OMM? consortium

Quantitative PCR was established and optimized previously and therefore performed as
described before (for the OMM?? strains and E. coli Mt1B1 see (Brugiroux et al., 2016), for
E. muris JM40 see (Streidl et al., 2021)). Briefly, duplex-assays were conducted in a Roche
LighCycler96® system. DNA extracted from feces (as described before in 3.2.5.4) was diluted
in Gibco water to a final concentration of 2 ng/ul. 2.5 pl of the samples were added as duplicates
in 96 well plates (Roche), mixed with 0.2 pl of respective primers (30 M) and hydrolysis probe
(25 uM), 10 pl 2x FastStart Essential DNA Probes Master (Roche) and 5.5 pl H20 (Gibco).
The following cycler conditions were used: preincubation for 10 min at 95 °C, followed by 45
cycles of 15s 95°C and 60s 60 °C. Fluorescence was recorded after each cycle. Standard
curves using linearized plasmids containing the 16S rRNA gene sequence of the individual
strains were used for absolute quantification of 16S rRNA gene copy numbers of individual

strains. Data were analyzed with the LightCycler96® software package (Roche).
3.2.6.2 gPCR targeting phages

Establishment of the qPCR for the phages was established using a similar protocol as for the
bacteria and was described previously (von Strempel et al., 2023). Probe and primer design for
the phages was done using the software PrimerExpress. As a template, either the phage tail fiber
gene (P3, P10, P17), the phage major capsid protein gene (Strl, Str2), the phage major tail
protein gene (Str6), PhageMinTail protein gene (vB_ccl) or phage holing gene (vB_cin) was
used instead of the bacterial 16S rRNA gene to design probes, primers and plasmids (Table 7).

Designation Sequence (5°- 3") Specificity Purpose Reference
vB_efa_Strl_std_fwd | SGCAAGAACTTATGG | o o o1 .
AACA (maﬁor c_apsi q Amplification | von Strempel
vB_efa_Strl std rev | CTGGGTGTCAAAGTG protein) of gene etal, 2023
- - T~ ATAA
vB_efa_Str2_std_fwd ﬁéCTTACTGGCAACTG vB_efa_Str2 lificati I
(major capsid Amplification | von Strempe
vB_efa_strl_std_rev | TACCTTTTCTTCTGGC protein) of gene etal., 2023
- - - - TCT
TTTACCTCAATGTCCA vB_efa_Str6 Amplification | von Strempel
vB_efa_Str6_std_fwd CcC (major tail protein) of gene etal., 2023
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vB efa Str6_std rev -CI;_CI_TAGCTACATTCGTG
MI1B1 P3_fwd GTCTGGCTTCGATTCT o
T Mt1B1_P3 (phage | Amplification | von Strempel
MtB1 P3_rev _CI_;(C;CTTTTCTACTTCCC tail fibers protein) of gene etal., 2023
Mt1B1_P10_fwd ATCCCACCTCCTTATG MHBL P10 -
CT — Amplification | von Strempel
(phage tail fibers of gene etal. 2023
ATCCC
MtIB1_P17 fwd CTCGGTAACGTCCACA MtBL P17 o
CTA priin Amplification | von Strempel
(phage tail fibers of gene etal., 2023
Mt1B1 P17 rev -(E?GTTGTGGCTTACCT protein) g B
vB_efa_Strl_fwd qPC | AGAAACACGTGCATT
R ACCAGAATC
vB_efa_Strl_rev_qPC | TCTGGGATAATTGCTG vB_efa Strl von Strempel
R - — .
ATGCAT (majr%rt eci?smd gPCR etal. 2023
FAM- P
vB_efa_Strl_Probe TTTGAAGGTGTTAAGT
CTG-BHQ-1
vB_efa_Str2_fwd_gPC | GCCCTAAACAACTAC
R AACCATGAA
vB_efa_Str2_rev_gqPC |CTGAAGACCAGTTCTC vB_efa_Str2 von Strempel
R TCCCAAA (major capsid gPCR | 202p3
rotein) etal.
HEX- P
vB_efa_Str2_Probe TTGGTGCAGCTTGGA-
BHQ1
vB_efa_Str6_fwd_qPC | CGCCTCGTTGTGCTGC
R TA
vB_efa_Stré_rev_gPC | CGTGGTACGGCAGTAT
R TAATCG VvB_efa_Str6 PCR von Strempel
(major tail protein) g etal., 2023
vB_efa_Str6_Probe HEX-
ATCCATTCGCCAAGGT
CGTTCTGTACC-BHQ1
P3_fwd_gPCR GTAATCTGTGCGCCAG
TCGTT
P3 rev_gPCR .(IEAGGGCAGCGCACCA Mt1B1 P3 (phage PCR von Strempel
tail fibers protein) g etal., 2023
FAM-
P3_probe AACTGGTGCCTTCACC
TCCGCAAAA-BHQ1
GCGATCGTGTACCAA
P10_fwd_gPCR GGGATA Mt1B1_P10
e von Strempel
(phage tail fibers gPCR etal 2023
P10_rev_qPCR GGATATTGAGATTGCT protein) ;
GGCCTTA
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HEX-
P10_probe TCTGTGCGCAATACCA
GAAGTCATACCTGC B
HQ1
P17 fwd_gPCR GCGCAGACATGTGAC
TTGTAAAG
P17 rev aPCR GATAACAACGAAGGA Mt1B1_P17
eV AGAACACCAA (phage tail fibers gPCR von Strempel
. et al., 2023
protein)
HEX-
P17_probe CGCAGCCACTTCTCCG
TTGGGA BHQ1
ACACTGAGCGCCATA
vB_146_STD fwd ATAA vB._cin_146 (holin) Ampfllflcatlon This study
GGTGGACTTGACGGA ot gene
vB 146 STD rev ATA
TGTGATGCTAGATGAG
vB_YL32 STD fwd TGGT vB_ccl_YL32 (tail | Amplification .
. This study
AAATCTCCACACACG sheat protein) of gene
vB YL32 STD rev GAA
vB_ccl_YL32_fwd_gPCR | TTTGAATTCCCACACAACC
2 C
vB_ccl_YL32_rev_gPCR | CCATAGAACAGCCCACTAC
2 C
vB_ccl_YL32 (tail .
sheat protein) gPCR This study
FAM-
vB_ccl_YL32_Probe2 | oo T ATATTAAGCATAA
ATACCCAGAATTATCA
GGTGCAGA BHQ1
AGGTGTCGCTAAAAAGG
vB cin 146 fwd gPCR1 | TAATG
vB_cin_146 _rev_qPCR |TTCCTCGCTTTCTTCGTT
1 TC
vB_cin_146 (holin) gPCR This study
vB_cin_l46_Probel HEX-
CTAAGATGGGACTACCTGT

GCCGCAA_BHQ1

Table 7: Primers and probes used for phage gPCR in this study

Primers used to generate a template were chosen to amplify approximately 1000-1500 bp of the

chosen gene. PCR was conducted using a Q5 polymerase for proofreading and blunt ends. After

visualization of the PCR product (with Q5 polymerase) on a 1% Agarose Gel, purification was

performed using the NucleoSpin Gel and PCR Clean-Up Kit. The purified Products are then

eluated in NE buffer and DNA concentration is determined with the Nanodrop. For the Ligation,
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1-2 pl of PCR product (appr. 75ng), 2x Reaction Buffer, 1 ul pJET1.2/blunt Cloning vector (50
ng/pl). T4 DNA Ligase and nuclease-free water (to 20pl, all products from the CloneJet PCR
Cloning Kit from Thermo Scientific) were gently mixed together and incubated at room
temperature for 30 min. Next, 200ul of chemocompetent DH5a are thawed on ice and 5 pl of
ligation product were added, followed by an incubation on ice for 30 min. Then, the cells were
heat shocked (45 sec, 37°C) and immediately put on ice for 2 min. 800 pl of LB-media was
added and incubated at 37 °C for 1h (650rpm). 50 pl of the mixture was plated on LB agar
plates containing Ampicillin (100 pg/ml) and colonies were picked and re-streaked for
purification the next day. Several colonies were then put in liquid culture (5 ml LB + Amp, 100
pg/ml), incubated over night at 37°C and pelleted (5000xg, 15 min, 4°C). The plasmid was
extracted using the Nucleospin Plasmid Mini Kit (Machery Nagel) and send for Sanger
Sequencing to check for the right insert. Once at least one clone is proven to contain the right
insert, it is re-streaked and a 75 ml overnight culture (LB + Amp) was prepared. The plasmid
was extracted using the Plasmid Plus Midi Kit (Quiagen) and linearized with the restriction
enzyme Notl that cleaves the pJET1.2 backbone once (30 ug of plasmid, 2 pl Notl (Fermentas),
10pl buffer (Fermentas), Water up to 100 pl, overnight 37 °C). The linearized plasmids were
cleaned up with the NucleoSpin Gel and PCR clean up kit and diluted to concentrations between
108-10° gene copies/ml. Absolute quantification was conducted as for the bacterial qPCR
(Brugiroux et al., 2016).

3.2.7 Lipocalin-2 quantification

Lipocalin-2 levels in feces and cecal content were determined by an enzyme-linked
immunosorbent assay (ELISA) kit and protocol from R&D Systems (DY1857, Minneapolis,
US), following manufacturer’s instructions as described before (von Strempel et al., 2023).
Briefly, first the ELISA 96-well plates are coated with the capture antibody (rat o mouse
lipocalin-2/NGAL capture mab) overnight at 4°C. The next day, the plates are washed with
wash buffer (0.05% Tween-20 in PBS) three times followed by incubation with blocking buffer
(2%BSA inPBS) for 1h at RT. Plates were washed again three times before the standards and
samples were added. For this, a standard dilution in blocking buffer was prepared (40 ng/ml
starting concentration) and 50ul was added per well. The feces were first dissolved in 500pl
PBS and then added in several dilutions, also 50 ul per well. After the samples and the standards

are added, the plate was incubated for 1 h at RT, followed by another washing step with wash
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buffer, this time six times. Then, detection antibody was added ( rat a mouse lipocalin-2/NGAL
detection mab biotinylated), incubated for 1h at RT, washed six times, followed by addition of
streptavidin-HRP. After another incubation for 1h at RT and another wash step, the samples
were developed with substrate (1 mg ABTS + 10 ml substrate buffer and 5 pul H202) for 30-45

min at RT and the absorbance in E405 is measured using a plate reader.

3.2.8 Hematoxylin and eosin staining (HE staining) and histopathological

scoring

HE staining was performed as described previously (Eberl et al., 2021; Herp et al., 2019; von
Strempel et al., 2023). Cecal tissue, which was immediately frozen in O.C.T, was sliced into
5 um sections using a cryotome (Leica) and positioned onto Superfrost Plus glass slides
(Hartenstein). The sections were left to dry overnight and then treated with Wollman solution
(95 % ethanol, 5 % acetic acid) for fixation for 30 seconds, followed by rinsing in running tap
water (1 minute) and a final rinse in dH2O. Subsequently, the slides were exposed to Vectors’s
Héamalaun (Roth) for 20 minutes, washed in running tap water (5 minutes), immersed in de-
staining solution (70 % ethanol with 1% HCI) once, washed again in running tap water
(5 minutes), and finally rinsed in dH2O with subsequent rinses in 70 % and 90 % ethanol. The
slides were briefly dipped for 15 seconds in alcoholic eosin (90 % ethanol) with Phloxin
(Sigma-Aldrich), rinsed in dH20, and dehydrated successively in 90 % ethanol, 100 % ethanol,
and xylene. The sections were directly mounted with Rotimount (Roth) and left to dry

completely.

Histopathological scoring of cecal tissue was performed as described previously (Stecher et al.,
2007; von Strempel et al., 2023). “Submucosal edema (0-3), infiltration of polymorphonuclear
neutrophils (PMNSs) (0-4), loss of goblet cells (0-3) and epithelial damage (0-3) was evaluated
and all individual scores were summed up to give a final pathology score: 0-3 no inflammation;

4-8 mild inflammation; 9-13 profound inflammation.”
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3.2.9 Phylogenetic trees

3.29.1 Generation of a 16S rRNA gene-based phylogenetic tree for the OMM

consortium

The genomes of the twelve strains of the OMM?®2 consortium (Garzetti et al., 2017) were
accessed via DDBJ/ENA/GenBank using the following accession numbers: CP022712.1,
NHMR02000001-NHMR02000002, = CP021422.1,  CP021421.1,  NHMQO01000001-
NHMQO01000005, NHTR01000001-NHTR01000016, CP021420.1, NHMP01000001-
NHMP01000020, CP022722.1, NHMUO01000001-NHMU01000019, NHMTO01000001-
NHMT01000003, CP022713.1, CP028714, KR364761.1 and annotated using Prokka (default
settings) (Seeman, 2014). The 16S rRNA sequences of all strains were obtained. Using these
sequences, the phylogenetic tree was prepared as followed (von Strempel et al., 2023): ”These
rRNA FASTA sequences were uploaded to the SINA Aligner v1.2.11 (Pruesse, Peplies, &
Glockner, 2012) to align these sequences with minimum 95% identity against the SILVA
database. By this, a phylogenetic tree based on RAXML, GTR Model and Gamma rate model
for likelihood was reconstructed. Sequences with less than 90% identity were rejected. The
obtained tree was rooted using midpoint.root() in the phytools package (Revell, 2012) in R and
visualized using iTOL online (Letunic & Bork, 2007).”

3.2.9.2 Generation of a genome-based tree for different Enterococcus strains

As described before (von Strempel et al., 2023), the genomes of all Enterococcus strains that
were tested in this study regarding the host range of the phages and selected reference type
strains of the family Enterococcaceae, were accessed via DDBJ/ENA/GenBank using the
following accession numbers: PRJEB50452, GCA _002221625.2, JABAFUO000000000,
VUMKO00000000, VUMLO00000000. A Maximum Likelihood tree was constructed with
PhyloPhlAn 3.0 (Asnicar et al., 2020). The tree was exported in Newick tree format and
annotation was done using iTOL online (Letunic & Bork, 2007).

3.2.10 Statistical analysis

Statistical details for each experiment are indicated in the figure legends and was performed as
described before (von Strempel et al., 2023): “Mann-Whitney U test and Kruskal-Wallis test

were performed using the software GraphPad Prism version 5.01 for Windows (GraphPad
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Software, La Jolla California USA, www.graphpad.com). P values of less than 0.05 were
considered as statistically significant and only those are indicated in the figures (*P<0.05,
**p<0.01, ***P<0.001).”

3.2.11 Data analysis and Figures

The data generated in this thesis was analyzed and plotted using GraphPad Prism
(Version 9.5.1). Or plotted with Microsoft Excel (Version 1808). Figures were partly generated
using BioRender (https://biorender.com) if indicated in the figure legends. Affinity Designer

(Version 1.10.4.1198). was used to build the final figures using the graphs made in GraphPad
Prism (von Strempel et al., 2023).

34


https://biorender.com/

4. Results

4.1 Workflow

Results

The experimental setups used for isolation, characterization and functional studies of phages

can be described as followed.
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Fig 5: Workflow for isolating and characterizing bacteriophages targeting members of the OMM**

community

The workflow can be separated into three different steps. First, the isolation of phages specifically targeting

members of the OMM?. Second, characterization of the phages, followed by functional studies aiming to

investigate the influence of phages on their hosts and the community in vitro and in vivo.

Figure created with Biorender.

First, isolation of phages was done as shown. Sewage water samples were centrifuged and

filtered to get rid of dirt and bacteria and then mixed with a bacterial monoculture. If virulent

phages specific for this bacterial strain were present in the sewage water sample, they amplified

by lysis of the bacteria. After overnight incubation, this culture was filtered again to get rid of
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any bacteria, and the presence of phages was checked by spot assays on a lawn of the respective
bacteria. Phages would then be visible as clear plaques which indicates lysis of the bacteria.
After isolation, phages were characterized regarding their lysis behavior in single culture, their
host range and their morphology via electron microscopy. Further, genome analysis was done
and a phage specific gPCR was established. Next, their impact on community structure,
dynamics and function was evaluated in a more complex setup in vitro and in the mouse gut in

Vivo.

4.2 Isolation and characterization of virulent phages targeting

bacteria of a synthetic bacterial community

4.2.1 Isolation and characterization of phages targeting E. coli Mt1B1

To target E. coli MtlB1, | chose three virulent phages: MtlB1 P3, Mtl1B1 P10 and
Mt1B1 P17 (short: P3, P10 and P17). These phages have been previously isolated from sewage
water and characterized and found to target and coexist with their host strain in gnotobiotic
OMM?*? mice (Lourenco et al., 2020), which makes them great tools to use for this study. The
phages exhibit different plaque morphologies when spotted on a lawn of their host. P3 forms
big plaques with a light halo around, whilst phage P10 forms smaller plagues but with the same
halo around. P17 however forms very small plaques which are almost not visible. This already
shows how different the lysis behavior of the phages is (Fig 6).

P10 P17
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Fig 6: Plague morphology of phages P3, P10 and P17

Plague morphology of the three phages targeting E. coli Mt1B1. Phage lysates were spotted in serial dilutions on
a lawn of E. coli and incubated overnight. Bacterial lysis by phages can be detected as clear spots in the bacterial

lawn.

To get a better understanding of the genomic features, genome sequencing of all the isolated
phages was performed. Taxonomic analysis by mapping the genome against existing datasets
showed that P3 and P10 are podoviruses and belong to the genus Teseptimavirus and
Zindervirus, respectively, whereas P17 shows characteristic features of a myovirus (Table 8,

(Lourenco et al., 2020; von Strempel et al., 2023).

For P3, more than half of the genome is annotated with genes encoding proteins of known
function. Most genes which encode proteins with known functions are classified to DNA and
RNA metabolism, but also into structural proteins with head and packaging functions (Fig 7A).
For P10, similar results can be seen (Fig 7B). P17 has the biggest genome of the E. coli phages,
with over 150 kb, and has over 90% genes encoding proteins of unknown function (Table 8).
The rest of the genes is mostly predicted to be involved in DNA and RNA metabolism and tail
proteins (Fig 7C). All phages encode proteins related to lysis like holins or endolysins, which

is consistent with their virulent behavior we observe.

Phage P3 P10 P17 Strl Str2 Stré

Host strain E. coli Mt1B1 | E.coli Mt1B1 | E.coli Mt1B1 | E.faecalis KB1 E.faecalis KB1 E.faecalis KB1
Family Podoviridae Podoviridae Myoviridae Siphoviridae Podoviridae Siphoviridae
Genus Teseptimavirus | Zindervirus unclassified Efquatrovirus Saphexavirus Copernicusvirus
Genome size (kb) 40.3 45.4 151.2 41.6 18.1 57.7
Number of predicted

OFRs 47 54 284 19 11 22
Genes unknown

function (%) 404 64.3 947 72 59 74

Table 8: Characteristics of phages isolated in this study (modified from von Strempel et al., 2023)
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Fig 7: Genomes of phages

P3, P10 and P17

Annotated genomes of phages targeting E. coli Mt1B1. (A) P3, (B) P10 and (C) P17. Turquoise color indicates

genes encoding proteins with unknown functions, other colors indicate genes that encode proteins with known

functions (see legend for further information).
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To detect relationships to other phages that were already isolated, a contact analysis using
vVonTACT v2.0 was conducted, which is using existing viral databases (NCBI) for taxonomic
assignment and clustering. In the VirContact analysis, all E. coli phages isolated in this study
(marked in pink) are part of big clusters of phages but don’t cluster together in the same one
(Fig 8) showing that their genomic features are not very similar. For P3, most phages that are
in the same cluster target other E. coli strains, as well as Pseudomonas spp. (Fig 8A). For P10
this is also the case, but the overall cluster contains less phages (Fig 8B). P17 is almost only
clustering together with other E. coli phages, as well as with some Salmonella and Klebsiella
phages (Fig 8C).
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Fig 8: Clustering of phages P3, P10 and P17

VirCluster of phages targeting E. coli Mt1B1 (marked in pink). (A) P3, (B) P10 and (C) P17. Clusters were formed
by a contact analysis using vConTACT v2.0. Phage genomes from NCBI marked in blue.
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Next, phages were characterized regarding their impact on growth of E. coli in liquid culture.
For this, phages were added to a liquid culture of E. coli in early stationary phase and growth
was measured under anaerobic conditions in a plate reader. Consistent with Lourenco et al., |
could show that each of the three phages individually reduced the growth of E. coli Mt1B1 in
liquid culture in vitro, showing the strongest inhibition when added together (Fig 9A). For all
phages, the lysis of bacteria became apparent within 30 minutes after treatment, resulting in a
significant decrease in bacterial density. For P3 and P10, E. coli recovered after approximately
one hour and shows an increase in growth which results in a lower OD than the control. For
phage P17 and all three phages combined, the bacterial growth is strongly decreased for around
8 hours and only then followed by an up growth of E. coli. The phages added as a cocktail show
the strongest initial growth inhibition, but after 10h the growth curve recapitulates the effect of

phage P17 alone (von Strempel et al., 2023).

In a previous study, | tested the host range of the individual phages against several different
E. coli strains (Afrizal Afrizal, 2022) (Fig 9B). For this, undiluted phage lysates of phages P3,
P10 and P17 were added to a lawn of the respective strain and if a strain was susceptible, lysis
was observed on plate. The results showed, that P17 exhibited the broadest host range, lysing
17 out of 19 tested strains, whereas the host range of P3 and P10 was narrow. Surprisingly,
these two phages were only able to lyse the same strains. They exhibited a very similar lysis
curve on E. coli Mt1B1 (Fig 9A), which might hint towards the same infection mechanisms
and therefore the ability to infect the same strains. Furthermore, E. coli isolates that were

susceptible to P3 and P10 clustered closely together in the phylogenetic analysis.
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Fig 9: Growth effect and host range of phages P3, P10 and P17

(A) In grey: growth curve of E. coli Mt1B1 in LB medium measured under anaerobic conditions at 37°C,
challenged with phage P3 (red), P10 (blue), P17 (green) and all three phages combined (black). Colored lines
indicate median, error bars show standard deviation. (B) Host range of phage P3, P10 and P17 on different E. coli

isolates, filled circle indicate observed lysis in spot assays, empty circles indicate resistance.

Figures and figure legend modified from von Strempel et al., 2023 (A) and Afrizal et al., 2023 (B).
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4.2.2 Isolation and characterization of phages targeting E. faecalis KB1

Further, three phages targeting E. faecalis KB1 (DSM 32036) were isolated from different
sewage water sources: vB_EfaS_Strempell (short: Strl, DSM 110103), vB_EfaP_Strempel2
(Str2, DSM 110104), vB_EfaS_Strempel6 (Str6, DSM 110108) (von Strempel et al., 2023).
Spotted on a lawn of E. faecalis, different plague morphologies can be detected (Fig 10). While
Strl and Str6 form clear plaques, phage Str2 exhibits bigger, turbid plaques. Further, Strl and
Str2 were successfully displayed using electron microscopy (EM), showing a long tail and a
big capsule for Strl, which are characteristics of siphoviruses, whilst Str2 has no tail and a
smaller head capsule, characteristic for podoviruses. Unfortunately, it was not possible to
visualize Str6 in the EM.

Str1 Str2 Stré

Fig 10: Plaque morphology and electron microscopy of phages Strl, Str2 and Str6

Plague morphology of the three phages targeting E. faecalis KB1. Phage lysates were spotted on a lawn of
E. faecalis and incubated overnight. Bacterial lysis by phages can be detected as clear spots in the bacterial lawn.

Pictures below were done using electron microscopy.
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As done with the phages targeting E. coli, these phages were also genome sequenced to
understand their genomic features. By blasting to existing databases (NCBI), we could show
that Str2 is a podovirus and belongs to the Copernicusvirus genus whilst Strl and Str6 are
members of the genus Efquatrovirus and Saphexavirus, respectively, and show characteristic
features of siphoviruses (Table 8) (von Strempel et al., 2023). There are 68 putative ORFs
predicted by PROKKA for Strl, with 72% of unknown function (genome size 42 kb) (Table 8,
Fig 11A). For Str2, having the smallest genome of the three phages with 18 kb, 59% of the
putative 27 genes encode for proteins of unknown function and Str6, the phage with the biggest
genome of 58 kb, has 95 genes of which 74% encode for proteins of unknown function
(Table 8). The genes which could be annotated to encode proteins with known functions can
be categorized into several functional modules, including phage replication, DNA and RNA
metabolism, lysis and phage structural protein (Figure 11). All three phages carry genes
encoding for head and tail proteins and phage Strl and Str2 carry a gene encoding for holin, a
protein involved in degrading bacterial cell walls at the end of the lytic cycle. The genomes of
Str2 and Str6 encode for a DNA polymerase, a function which is not annotated in the genome
of Strl (Fig 11BC).

Again, a VirCluster analysis was done to detect relations between the phages. This showed, that
the clusters for all E. faecalis phages contained less phages then for the E. coli phages (Fig 12),
indicating that there are less phages targeting E. faecalis in the existing data bases. Especially
phage Str6 only clustered together with 16 other phages, of which 3 were also isolated in our
lab on the same bacterial host (marked in orange, not published) (Fig 12C). The cluster of Strl
was larger but consists almost exclusively of other Enterococcus phages and three
Staphylococcus phages (Fig 12A). Similar results were seen for phage Str2, which clustered in
the biggest network but is also only connected to other Enterococcus and Staphylococcus
phages (Fig 12B). Of note, all three clusters include several phages that were isolated in our
laboratory for a different study (marked also in orange) on the same host strain E. faecalis KB1,

but almost 4 years apart from sewage water sources from different of Germany.
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Fig 11: Genomes of phages Strl, Str2 and Str6
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Fig 12: Clustering of phages Strl, Str2 and Str6

VirCluster of phages targeting E. faecalis KB1 (marked in orange). (A) Strl, (B) Str2 and (C) Str6. Clusters were
formed by a contact analysis using vConTACT v2.0. Phage genomes from NCBI marked in blue, other phages

isolated in our lab also marked in orange.

Next, theses phages were also characterized regarding their impact on the growth of E. faecalis
KB1 in liquid culture. For this, phages were added to an early exponential culture of E. faecalis
and growth was measured under anaerobic conditions using a plate reader. All three phages
inhibited E. faecalis KB1 growth with different lysis profiles in liquid culture. Strl, Str2 and
all three phages together showed a strong lysis after 30 min whereas phage Str6 exhibited lysis
a bit later but was then depleting bacterial growth for almost 15 hours. In all treatments except

for Str2 alone, the growth of E. faecalis is strongly reduced until 7 hours after phage treatment
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or even longer for Str6, followed by an up growth of E. faecalis to different degrees. All three
phages added together mostly recapitulate the lysis profile of Strl (Figl3B). These results
suggest, that in our case the phage cocktail might not be more efficient in reducing bacterial
loads, but resemble the lysis patterns of the most efficient phage in the cocktail (von Strempel
etal., 2023).

A Growth of E. faecalis KB1
0.9

0.8

0.7

0.6

ODEOO

0.4

03

0.2

0.1

0 5 10 15 20
Time [h]
—5trl Str2 ——-Str6 ——combined ——Control (no phage)

B

Tree scale: 0.01 ———1

vB_efaP_Str2
vB_efaS_Stré

vB_efaS_Str1

mouse
pig
human

Lactobaciilus acidophilus DSM 20079
Streptococcus porci DSM 23759
Catellicoccus marimammalium DSM 18331
Bavariicoccus seileri DSM 19936

Enterococcus avium DSM106040
Enterococcus faecium DSM105332
Enterococcus faecium DSM 20477'

Enterococcus faecium DSM100907
Enterococcus faecium DSM100905
Enterococcus faecalis DSM32036
Enterococcus faecalis DSM29488
Enterococcus faecalis DSM 20478"
Enterococcus faecalis DSM111623
Enterococcus faecalis CLA-AA-H229
Enterococcus faecalis DSM106192
Enterococcus fagcalis DSM110077
Enterococcus faecalis DSM100906

(NN EN ] (.
| ENEEEEN I
L) Coeer o

Fig 13: Growth effect and host range of phages Str1, Str2 and Str6

(A) Growth curve of E. faecalis KB1 in BHI medium (grey) measured under anaerobic conditions at 37°C,
challenged with phage Strl (blue), Str2 (orange), Str6 (green) and all three phages combined (black). Colored lines
indicate median, error bars show standard deviation. (B) Host range of phages Strl, Str2 and Str6 on different E.
faecalis and E. faecium isolates, displayed as a family tree of the bacteria. Filled circles stand for susceptibility on

plate, empty circles stand for resistance. Boxes indicate origin of the respective isolate.

Figure and figure legend modified from von Strempel et al., 2023.
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To display the host range of the phages, undiluted phage lysates were spotted on a variety of
Enterococcus faecalis and Enterococcus faecium isolates and susceptibility was measured via
visible lysis of the bacteria on plate. When tested against 12 E. faecalis and E. faecium strains
isolated from different sources (mouse, pig and human), phage Strl was highly strain-specific
and only produced visible lysis on E. faecalis KB1 (Fig13D), the strain it was originally isolated
on. In contrast, Str6 exhibited the broadest host range by targeting 5 out of 12 isolates, whereas
Str2 was able to lyse 3 out of 12 isolates on plate (Fig13D). Further, only phage Str6 was able
to inhibit growth of a bacterial isolate that was isolated from a human sample, whereas no phage
was able to target the E. faecalis isolate originating from a pig sample (von Strempel et al.,
2023). Since the three phages also exhibited different lysis patterns on E. faecalis KB1, this is
matching with their different host ranges.

In addition, none of the six phages targeting E. coli and E. faecalis targeted the Salmonella

strains used for the following experiments.

4.2.3 Isolation and characterization of phages targeting E. clostridioformis
YL32 and C. innocuum 146

To target more bacterial members of the OMM? consortium, | set out to isolate additional
phages from environmental sewage samples. Two virulent phages were successfully isolated,
targeting E. clostridioformis YL32 (vB_ccl _YL32, short vB_ccl) and C. innocuum 146
(vB_cin_146, short: vB_cin). Both phages exhibited visible plaques on their bacterial hosts in
spot assays on plate under anaerobic conditions (Fig 14). The plaque size and morphology
differed between the phages. vB_ccl exhibited well visible, clear plaques on its host, whereas
vB_cin produced very little plaques on plate with a slight halo around. Using electron
microscopy, morphology of the phage vB_ccl revealed more about its taxonomy, showing
characteristics of Siphoviridae by having a long tail (Fig 14, Table 9). For vB_cin however, no

image could be obtained because of low quality of the sample.
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vB_ccl vB_cin

100 nm
—

Fig 14: Plaque morphology and electron microscopy of phages vB_ccl and vB_ccl

Plaque morphology of phages targeting E. clostridioformis YL32 and C. innocuum 146. Phage lysates were spotted
on a lawn of their bacterial hosts in soft agar and incubated overnight. Bacterial lysis by phages can be detected as

clear spots in the bacterial lawn. Pictures below were done using electron microscopy.

Genome sequencing and assembly revealed genome sizes between 16 kb (vB_cin) and 64 kb
(vB_ccl). Consequently, the number of predicted ORFs also varied, with vB_ccl having the
most with 91, whilst vB_cin only had 23 predicted genes (Table 9, Fig 15). The number of
genes encoding proteins with unknown function was high, which was to be expected from
previous results from the phages targeting E. coli and E. faecalis. The annotations of the genome
of vB_ccl revealed mostly phage related genes that encode for proteins like phage tail or phage
capsid proteins, but also several genes that encode for DNA/RNA and nucleotide metabolism
(Fig 15A). Further, two endolysins are encoded in the genome, which is expected for a virulent
phage. For phage vB_cin, one gene encoding a DNA polymerase can be found, as well as a
major head protein, one terminase and one endolysin (Fig 15B). Since the genome is quite
small, only five genes could be annotated with known functions. Further taxonomic
classification of the phages was done by blasting the genomes against existing databases

(NCBI), showing that vB_ccl and vB_cin can be classified in the genus Caudoviricetes.
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All in all, less genes than for the phages targeting E. coli and E. faecalis could be annotated

with known functions, which could be due to the novelty of these phages targeting anaerobic

gut bacteria.

Phage vB_ccl_YL32 vB_cin_l46

Host strain E. clostridioformis YL32 | C.innocuum 146

Family Siphoviridae unclassified

Genus Caudoviricetes Caudoviricetes

Genome size (kb) 64 16.2
Number of predicted OFRs 91 26
Genes unknown function (%0) 79 74

Table 9: Characteristics of phages targeting members of the OMM?** isolated in this study
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Fig 15: Genomes of phages vB_ccl and vB_cin

Annotated genomes of phages targeting (A) E. clostridioformis YL32 and (B) C. innocuum 146. Turquoise color
indicates genes encoding proteins with unknown functions, other colors indicate genes that encode proteins with

known functions (for further information see legend).

The VirCluster analysis could not identify any cluster for vB_ccl, hinting towards a lack of
related phages in the used viral databases. Isolating phages targeting strictly anaerobic bacteria
is more labor intensive and therefore the database for these phages is not as big as for aerobic
lab strains like E. coli. Nevertheless, vB_cin is clustering in a large network, revealing the
connection to mostly Bacillus phages (Fig 16).

50



Results

Bacillus~phage~Baseball_field
Bacil»=~phage~SerPounce

Baeillus~phage~Stitch
Bacillus~virus=SRT01hs

Bacilus<ohaiResia et T ] Weissella~phage~phiYS61

Bacillus~phage~Harambe i Bacilus~virus~B103
Bac“us_phage~VMy223acilllxs~phsge-vB_8veP-Goe6
Bacillus~phage~BeachBum
Bacillus~ KonjoTroubl ]
Bacillus<phage -G © 0 "’B"a;‘l’l‘:se ARNES Dy
Arthrobacier-piaRSme Badillus~phage-vB_BthP-Goed

Bacillus~phage~vB_BsuP-Goe 1
Bacillus~phage~Claudi Bacillus-phsge—-vB_B_pu_Pumm

Bacillus~phage~vB_Bpu_PumA2 Bacillus~phage~Nf

Badillus~phage~DLc1- Bacillus=phage~GA1

Bacillus~phage~Karezi

Bifidobacterium~phage~BadAargau2 Streptococcus~phage~Cp1

Bifidobacterium~phage~BadAziec Badillus~phage~Thomton
Bacillus~phage~DK1
Streptococcus~phage~CP-7 . Arthrobacter~phage~Mendel! Bacillus~phage~PZA

Actinomyces~virus~Av1
= Bacillus~phage ~Judiacillus~phage~Aurora

illus~ hi
Enterococcus~phage~EF62phi Flaciius ‘phage~phio

Bacillus~phage~DK3

vB_cin_l46

Fig 16: Clustering of phage vB_cin

VirCluster of phages targeting C. innocuum 146 (marked in green). Clusters were formed by a contact analysis
using vConTACT v2.0. Phage genomes from NCBI marked in blue.

The effect of the phages on growth of their host bacteria was determined in liquid culture. Phage
lysates were added in different concentrations to an early exponential culture of bacteria and
growth was measured under anaerobic conditions using a plate reader. The phages did not
exhibit a strong lysis on their bacterial hosts. E. clostridioformis YL32 is not affected in growth
when the phage is added in low concentrations, but a slight decrease in late exponential growth
can be detected when the phage is added in high numbers (Fig 17A). Phage vB_cin only showed
an effect on its host C. innocuum 146 in high numbers in early stationary phase, where bacterial
loads decreased in comparison to the control (Fig 17B), but this effect is not visible when the
phage is added in lower numbers. In summary, the phages targeting the two Clostridia strains
YL32 and 146 don’t show strong lysis on their host bacteria in liquid culture, but form visible

plagues on plate.
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Fig 17: Growth curve of E. clostridioformis YL32 and C. innocuum 146 with phages

Growth curve of E. clostridioformis YL32 (A) in AF medium (grey) measured under anaerobic conditions at 37°C,
challenged with phage vB_ccl in different concentrations (dark orange= highest concentration, light orange=
lowest concentration). (B) Growth curve of C. innocuum 146 in AF medium (grey) measured under anaerobic
conditions at 37°C, challenged with phage vB_cin in different concentrations (dark green= highest concentration,

light green= lowest concentration). Colored lines indicate median, error bars show standard deviation.
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4.2.4 Establishing a strain specific qPCR for 30M“B! 3@X®! vB ccl and
vB cin

After DNA sequencing, the annotated genomes of the phages were used to establish a strain
specific gPCR to target each single phage during the experiments without the need to do spot

assays. Further, distinguishing the phages by plaque morphology does not give reliable results.

The primer and probes for the bacterial qPCRs were designed using the 16s rRNA gene, since
this is very conserved but still unique for each strain. Since there is no such gene for phages,
other genes were used as templates which are thought to be preserved during phage infection
but still unique to one phage. Annotation of the phages targeting E. coli revealed several phage
specific genes (Fig 7). For all three phages, one phage tail protein was chosen, and primers
were designed to amplify between 1000 and 1500 bp of the respective gene, since this is
comparable to the size of a 16s rRNA gene. Primer and probes used for the gPCR were then
designed on the chosen DNA fragment (Table 7). Phages targeting E. faecalis also had a few
annotated phage specific genes, which were used as templates to design primer and probes
(major head protein gene (Strl, Str2), tail protein gene (Str6), Fig 11). Although the two phages
targeting E. clostridioformis and C. innocuum did not have a lot of known genes, there were
still phage specific genes which were used for the gPCR. For vB_ccl, the tail sheath protein
gene was chosen, and the holin gene for vB_cin (Fig 15). After establishing a standard dilution
using pJET cloning (see methods), primer and probe combinations were tested on their
efficiency and specificity. For this, a standard curve ranging between 108 copies/pl and 10°
copies/pl of the respective gene was diluted in Gibco water containing yeast t-RNA (100 ng/ul)
and measured in the Lightcycler (Roche). From three independent technical replicates, the
efficiency was calculated using the equation E=-1+100%51°P¢)_For the following measurements,
only one standard dilution (10 copies/ul) was added to each plate and concentrations were
calculated with the Lightcycler software using the respective efficiency for each primer/probe
pair. Specificity and detection limit was tested by adding each primer and probe pair to a pool

of 108 copies/pl standard dilutions containing all OMM** members and all phages.
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4.3 Impact of phages on their hosts in a synthetic bacterial

community in vitro

4.3.1 Phages specifically target their host strains E. coli and E. faecalis

without interfering the community composition

Next, we proceeded to investigate the effects of the isolated phages that target E. coli Mt1B1
and E. faecalis KB1 in the OMM community in vitro. To get the strongest effect on their
bacterial host, the phages were not added single but together as a cocktail, with all phages
present in equal numbers, resulting in two phage cocktails (3®M“B! and 3®XB). The 14
community members (OMM#) were added at equal ratios (ODsoo) to anaerobic media (AF
medium, (Weiss et al., 2022)) and diluted (1:100) every 24 h in batch culture for three days.
12 h after dilution, phages were added to the batch culture with a rough multiplicity of infection
(MOQI) of 0.01 and incubation was prolonged for three days while the batch culture was diluted
every 24 h (Fig 18A).

A significant drop in E. coli CFUs was observed 36h after phage cocktails treatment, followed
by an increase of E. coli density after 60 h almost up to levels in the control group (Fig 18B).
The same was observed for E. faecalis levels after phage cocktail treatment, which dropped
significantly by approximately two orders of magnitude below control levels after 36 h and
resulting in a regrowth after 60 h (Fig 18C). All phage titers monitored by spot assays increased
after 36 h, in accordance with the drop in their host bacterial populations (Fig 18D).
Furthermore, phages were also tracked by specific gPCR since the different phages were hard
to distinguish via plaque morphology. gPCR results revealed, that all three E. coli phages as
well as E. faecalis phages Strl and Str2 replicate in the batch culture environment in similar
levels, whereas phage Str6 was undetectable after 60 h (Fig 18EF) (von Strempel et al., 2023).
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Fig. 18: Phages specifically target their hosts within a bacterial community in vitro

(A) Experimental setup for the batch culture. The OMM?* strains were first grown in monoculture, mixed at the
same ODsgqo ratio and diluted every day 1:100 in AF medium. 12 hours after the third passage, phage cocktails
3PMUBL or 3DKB were added to each well. Samples were taken for plating and qPCR before dilution. Scheme
made with Biorender. (B) E. coli Mt1B1 and (C) E. faecalis KB1 loads determined by plating (Log10 CFU/mlI)
on agar plates containing selective antibiotics. (D) Phage loads determined via spot assays (E) Abundance of
phages P3, P10 and P17 and (F) phages Strl, Str2 and Str6, determined by gPCR. Statistical analysis was
performed using the Mann-Whitney Test comparing the treatment groups (N=10) against the control group (N=10)
(* p<0.05, ** p<0.01, *** p<0.001). Each dot represents one well, black lines indicate median, dotted lines indicate
detection limit (DTL). The experiment was conducted in two biological replicates with ten technical replicates in

total.

Figure and figure legend modified from von Strempel et al., 2023.
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The community composition was also monitored by strain specific g°PCR on three time points
and remained stable over three days and between the replicates (Fig 19). E. coli Mt1B1 and
Blautia coccoides YL58 showed the highest absolute abundances as 16S rRNA copies per ml
culture in the community as previously observed (Weiss et al., 2022). Three strains remained
below the detection limit of the gPCR (Bifidobacterium animalis YL2, Acutalibacter muris
KB18 and Limosilactobacillus reuteri 149) which was seen in previous experiments in our lab
(Weiss et al., 2022) but all other strains were detected and showed minimal changes in their
absolute abundance before and after phage treatment (Figl9 A-C). General fluctuations in all
treatment groups are visible in the batch culture setup after 60h (Figl9 C), but addition of the
two phage cocktails did not affect the overall composition of the OMM* community members,
suggesting that these phages can be used as strain-specific tools for community manipulation
(von Strempel et al., 2023).

56



Results

A 12h
10124
u
o T
é 1010 pid
3 i " eft
s 'If oh4 4 4
E 10 1|8 H
= T L
Q@ 'l‘ ol
SERULE T I Al I el
(SR R P D I DU DR U U E B B PP S PR,
LY T S SR CEPETE! SUNR PRPPRY PECIEE I PUOUris N R SR
1044
o )
B 36h E. fae_cané KB1
® B. animalisYL2
A. muris KB18
10124
xx M. intestinale YL27
g 1010 wwx 'IQ L L F.plautiilY!_31 .
= Iy = ® E. clostridioformis YL32
3 L se|el4 1[8®
€ 1084* | I‘ I !! llg H 4 '.‘ A. muciniphilaYL44
2 : t * !;? ° T muris YL45
2 i 4 S
& 108+ : ‘ 'li B e 3 ® C.inocuum |46
© T emad === e LT SXLIEE R PRPPH B A A A ® B. caecimuris 148
1044 e L. reuferi 149
® B. coccoidesYL58
E. coli Mt1B1
C 60h ® E muris JM40
1079 @ PBS (CTRL)
x .3(DMt1B1
10104 o8, |- - A 3pket
E s8, ALY "NE- . -
? o Rt ERE 8245 1t
'g)_ 105854 cli 1e [ 2|0EE ol
3 ’.3 e[ 'If 'H
1064 '.i ...... pa— ==t
""" £ ]
LT Ll D EEEEEE S @ebeeoemad b T
104_

Fig. 19: Phages specifically target their hosts without changing the overall community composition

Community composition 12 h (A), 36h (B) and 60h (C) after phage addition from experiment shown in Fig.18,
determined via strain-specific g°PCR and absolute abundances plotted as 16S rRNA copy numbers per ml culture.
Statistical analysis was performed using the Mann-Whitney Test comparing the treatment groups (N=10) against
the control group (N=10) (* p<0.05, ** p<0.01, *** p<0.001). Each dot represents one well, black lines indicate

median, dotted lines indicate detection limit (DTL)..

Figure and figure legend modified from von Strempel et al., 2023.
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4.3.2 Phages specifically target their host strains E. clostridioformis and C.
innocuum in a batch culture setup without interfering the community
composition

After investigating the effect of the two phage cocktails targeting E. coli and E. faecalis, | also
wanted to test the efficiency of the two phages vB_cin and vB_ccl on targeting their hosts in a
bacterial in vitro community. The setup was the same as for the previous batch culture
experiment. First, all 14 community members (OMM?*) were added at equal ratios (ODsgoo) t0
anaerobic media (AF medium, (Weiss et al., 2022)) and diluted (1:100) every 24 h in batch
culture for three days. 12 h after dilution, phages were added to the batch culture as undiluted
phage lysates (10° phages in 10 pl) and incubation was prolonged for three days with dilution
every 24 h (Fig 20A). 12h after phage addition, E. clostridioformis shows a significant drop in
abundance in the phage treatment group compared to the control group (Fig 20B). This drop in
bacterial loads recovers within 24h and after 36h, the bacterial loads showed no significant
change between the treatment groups anymore. C. innocuum did not show any changes in
abundance in any of the treatment groups (Fig 20C). Nevertheless, phage vB_cin is able to stay
present in the batch culture until the end of the experiment, showing that it is still able to amplify
without decreasing its hosts abundance. Also, phage vB_ccl is detected via gPCR in stable loads
until 60h after addition to the batch culture (Fig 20D).
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Fig. 20: Phages specifically target their hosts within a bacterial community in vitro

A) Experimental setup for the batch culture. The OMM? strains were grown in monoculture, mixed at the same
OD600 ratio and diluted every day 1:100 in AF medium. 12 hours after the third dilution, phages vB_cin and
vB_ccl were added to each well. Samples were taken for plating and gPCR before dilutions. Scheme made with
Biorender. (B) E. clostridioformis YL32 and (C) C. innocuum 146 loads determined by gPCR (Log10 copies/ml).
(D) Phage loads were determined via gPCR (log10 copies/ml) .Statistical analysis was performed using the Mann-
Whitney Test comparing the treatment groups (N=5) against the control group (N=10) (* p<0.05, ** p<0.01, ***
p<0.001). Each dot represents one well, black lines indicate median, dotted lines indicate detection limit (DTL).

The experiment was conducted in two biological replicates with five technical replicates in total.

Figure legend modified from von Strempel et al., 2023.

The community composition was monitored by strain specific gPCR on three time points as in
the previous batch culture experiment to see, if the phages influence the general community
structure. A seen bevor, the overall community composition remained stable over 3 days and
between the treatment groups. meaning that also these phages target their hosts and replicate

within the community without disturbing the overall community composition (Fig 21).
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Fig 21: Phages specifically target their hosts without changing the overall community composition

Community composition 12 h (A), 36h (B) and 60h (C) after phage addition from experiment shown in Fig. 20,

absolute abundance of each strain was determined using a strain-specific qPCR and plotted as 16S rRNA copy

numbers per ml culture. Statistical analysis was performed using the Mann-Whitney Test comparing the treatment

groups (N=5) against the control group (N=10) (* p<0.05, ** p<0.01, *** p<0.001). Each dot represents one well,

black lines indicate median, dotted lines indicate detection limit (DTL).

Figure legend modified from von Strempel et al., 2023.
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4.4 Impact of phages on their hosts in a synthetic bacterial

community in vivo

4.4.1 E. coli Mt1B1 and E. faecalis KB1 are specifically targeted by phage-

cocktails in gnotobiotic OMM14 mice

Next, we conducted an experiment to examine the effects of the phage cocktails targeting E. coli
and E. faecalis (3®M"B1and 30*B) on their host bacteria in vivo. For this purpose, we established
a stable colony of gnotobiotic OMM* mice. Adult germfree mice kept in a sterile isolator were
inoculated twice with live bacterial cultures of all 14 bacteria orally and rectally (50 ul each).
Successful colonization was checked via qPCR and the mice were used for breeding. Offspring
of the colonized mice showed a stable colonization over several generations of twelve out of
the 14 bacteria (Fig 22). B. longum subsp. animalis YL2 and A. muris KB18 were not detected,
consistent with previous findings in OMM?*? mice (Afrizal Afrizal, 2022; Eberl et al., 2019);
these strains either do not colonize or, much rather, fecal levels are below the detection limit of

the gPCR since these bacteria were initially isolated from mice.
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Fig. 22: The OMM?® colonize mice in a stable manner over several generations

Absolute abundance of all 14 bacteria across multiple breeding generations (F1, F2, F3, F5 and F6, displayed by
different shapes), assessed via strain-specific gPCR in 16S rRNA copies per gram feces. Each dot represents one

mouse, black line indicates median, dotted lines indicate DTL.

Figure and figure legend modified from von Strempel et al., 2023.

Using the OMM!* mouse model, we studied changes in the microbial community composition
and the targeted bacteria following a single oral challenge of 3dM1B% or 381 (1 x 10’ PFU of
each phage in 100ul PBS or only PBS as control without phages, n = 4-6, Fig 23A). Absolute
abundances of the targeted bacteria and their phages in the feces was monitored from day 0
(before phage challenge) throughout 4 and day 7 post phage challenge (p.c.) via strain- and
phage-specific gPCR. As a first result | showed, that the treatment with 3®M!8! significantly
reduced E. coli Mt1B1 loads on day 1-4, followed by a recovery of the bacterial populations
which reached basal levels again by day 7 as seen as16S rRNA gene copy numbers (Fig 23C).
The reduction of E. faecalis KB1 loads was more pronounced at day 2 after treatment with
30KB! showing a decrease in absolute numbers of almost 2 orders of magnitude, but the
population also recovered by day 7 p.c. (Fig 23D). Treatment with the respective other phage
did not change absolute abundance of these bacteria (von Strempel et al., 2023).
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Fig. 23: E. coli Mt1B1 and E. faecalis KB1 can be specifically targeted by phages in OMM?* mice

(A) Experimental setup, stably colonized OMM?* mice were challenged with phage cocktails 3DM18! or 3PKBL
or PBS as control (107 PFU per phage) orally. Feces were collected every day. Mice were sacrificed on day 7 via
cervical dislocation. (B) Phage loads (PFU/g feces) were determined via spot assays. (C) E. coli Mt1B1 and (D)
E. faecalis KB1 loads were determined by qPCR in fecal samples at different time points p.c.. (B) Abundances of
the single phages in the phage cocktails 3®M18% and (C) 3®KB?, determined by specific qPCR. Different shapes
show different phages. Statistical analysis was performed using the Mann-Whitney Test comparing the treatment

groups (N=6) against the control group (N=4) (* p<0.05, ** p<0.01, *** p<0.001). Each dot represents one mouse,
black lines indicate median, dotted lines indicate limit of detection.

Figure and figure legend modified from von Strempel et al., 2023.
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Total phage levels (PFU/g feces) which were determined via spot assays were comparable
between the phage cocktails 3®MB! and 3dMKBL, reaching a maximum on day 1 p.c. with
approximately 10’ PFU/qg feces, followed by stable levels between 10° PFU/g feces -10° PFU/g
feces until day 7 p.c. (Fig 23B). Interestingly, in contrast to the results from the batch culture,
gPCR revealed that only one of the three E. coli phages, namely phage P10, was detectable at
high levels in the feces (Fig 23E). Levels of this phage remained stable over time at
approximately 108 copies/g feces, whereas the other two phages showed much lower
abundances as in the batch culture. Phage P3 was only detectable on day 1 and 2 p.c. and then
decreased below the detection limit of the gPCR. Phage P17 was only detectable at early time
points (day 1 and day 2) in half of the mice (3 out of 6) at very low abundances (10° copies/g
feces - 10° copies/g feces) which is close to the detection limit of the gPCR. On the other hand,
the phages in the cocktail targeting E. faecalis displayed a different outcome. All three phages
were detectable in feces via gPCR until day 7 of the experiment in relatively high numbers (Fig
23F). Str2 and Str6 were highly abundant (107 copies/g feces - 10° copies/g feces) and only
showed a slight decrease in numbers at day 4 and day 7, whilst abundances of Strl was lower
but still above the detection limit in most of the mice during the whole experiment (von
Strempel et al., 2023).

Furthermore, the absolute abundance of the whole community was also monitored via qPCR
over time (Fig 24A-C). Despite the significant drop of E. coli and E. faecalis in the respective
phage treatment groups on day 2 (Fig 24B), no changes could be observed between the
treatment groups for the other bacteria, showing that the phages only specifically target their

hosts also in vivo (von Strempel et al., 2023).
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Absolute abundances of the OMM? community from the experiment shown in Fig. 23, determined by strain-

specific gPCR on day 0 (A), on day 2 p. c. (B) and day 7 p.c. (C). Each color represents one bacterial strain,

different shapes represent different experimental groups. Each dot represents one mouse, black line indicates

median, dotted lines indicate DTL. Statistical analysis was performed using the Mann-Whitney Test comparing

the treatment groups against the control group (* p<0.05, ** p<0.01, *** p<0.001). Each dot represents one mouse,

black lines indicate median, dotted lines indicate limit of detection.

Figure and figure legend modified from von Strempel et al., 2023.
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4.4.2 Administration of phage cocktails targeting E. coli and E. faecalis

leads to decreased colonization resistance of OMM? mice against S. Tm

From former studies in our lab, it was already known that E. coli and E. faecalis next to others
are important in mediating colonization resistance in OMM?*? mice (Eberl et al., 2021). These
experiments were conducted in drop out mice, where the respective bacteria were missing from
the mice from the start of colonization. Since the phage cocktails used in this study only reduced
and not depleted their host, | wanted to investigate if this effect is enough to have a functional
impact on the colonization resistance against Salmonella. In order to evaluate this, an avirulent
Salmonella enterica serovar Typhimurium strain (S. Tm?"") was used, which colonizes the gut
but does not induce inflammation due to the lack of functional type Il secretion systems 1 and 2
(Brugiroux et al., 2016). OMM?** mice (n = 6-8) were orally infected with S. Tm®'" (1x10” CFU)
and immediately thereafter received either the 3dM!B! or 30XB! phage cocktail (1x10” PFU of
each phage in PBS) or PBS control without phage (Fig 25A). Fecal samples were collected on
day one and two post infection (p. i.) with S. Tm and total bacterial loads were scored by plating
the feces on agar plates containing selective antibiotics. As observed in the previous
experiment, E. coli Mt1B1 and E. faecalis KB1 loads significantly decreased at day one p.c. by
about one (E. coli) and two (E. faecalis) orders of magnitude (Fig 25BC). Phages were
detectable in the gut for two days via spot assays, with total loads ranging between 4.2x10*
PFU/g feces and 7.07x10" PFU/g feces which was also seen in the previous experiment.
(Fig 25D) which showed the reproducibility of the effect of the phages (von Strempel et al.,
2023).
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Fig. 25: Decrease of E. coli and E. faecalis by treatment with specific phages leads to increased S.

Tm loads after infection of OMM? mice

(A) ) Experimental setup, stably colonized OMM?* mice were challenged with phage cocktails 3®M1BL or 3PKBL
or PBS as control (107 PFU per phage) orally. Feces were collected every day. Mice were sacrificed on day 2 via
cervical dislocation. (B) E. coli Mt1B1 and (C) E. faecalis KB1 loads (CFU/g feces) were determined in feces by
plating on agar containing selective antibiotics. (D) Phage loads (PFU/g feces) were determined by spot assays.
(E, F) S. Tm®" |oads at day 1 and 2 after phage challenge (= day 1 and 2 post infection (p.i.)). Statistical analysis
was performed using the Mann-Whitney Test (* p<0.05, ** p<0.01, *** p<0.001, N=6-8). Each dot represents one

mouse, black lines indicate median, dotted lines indicate limit of detection.

Figure and figure legend modified from von Strempel et al., 2023.
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One day post infection, there was no difference in S. Tm loads between the control groups
(median: 4.4x10* CFU/g (Fig 25E), median: 1.5 x10* (Fig 25F)) and any of the phage treatment
groups (median: 4.9 x10* CFU/g (Fig 25E), median: 2.9 x10* CFU/g (Fig 25F)) although loads
of E. coli and E. faecalis were already significantly decreased. Strikingly, at day two p. i., S.
Tm loads were significantly increased in mice challenged with either of the phage cocktails
(median: 5.5x10° CFU/g (Fig 25E), median: 1.1 x10” (Fig 25F)) compared to the control groups
(median: 1.5x10° CFU/g (Fig 25E), median: 1.8 x10* (Fig 25F)). This effect was particularly
pronounced in the case of mice treated with 3®XB!, where the presence of the E. faecalis specific

phages led to a two-order-of-magnitude increase in S. Tm loads (Fig 25F).

Furthermore, we confirmed via qPCR that also the infection of S. Tm?'" and addition of phages
together does not affect the absolute abundance of the other bacteria two days p.i. (Fig 26). The
members of the OMM* community did not show any changes in between the treatment groups

on day two (von Strempel et al., 2023).
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Fig. 26: Abundance of OMM?* community member in feces

Absolute abundances measured with strain-specific gPCR on day 2 p.i. in feces of all 14 bacteria shown in Fig.
25. Each color represents one bacterial strain, different shapes represent different experimental groups. Each dot

represents one mouse, black line indicates median, dotted lines indicate DTL.

Figure and figure legend modified from von Strempel et al., 2023
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Next, we wanted to test if both phage cocktails applied at the same time cause an additive effect
on colonization resistance. For this, we orally infected OMM®* mice (n=5) with S. Tm?" (1x10’
CFU), directly followed by all phages together (3®M“Bl and 3dXB!, 1x107 PFU of each phage
in PBS) or PBS control (Fig 27A). The significant declines in E. coli Mt1B1 and E. faecalis
KB1 levels on day one and day two p. c. (Fig 27BC) were similar to the outcomes observed
with phage cocktails targeting individual bacteria (Fig 25). ahe measured phage loads in fecal
spot assays ranged between 10° and 108 PFU/g feces, which were also comparable (Fig 27E).
Intriguingly, S. Tm loads on day 1 p.i. already are significantly elevated (median: 2.4x10°
CFU/g versus control median: 1.1x10° CFU/g, Fig 27D), a phenomenon which was not
observed with treatment with the single phage cocktails (Fig 25) (von Strempel et al., 2023).

Onday 2 p. i., S. Tm loads in the phage treatment group exhibited further upgrowth (median:
6.3x107 CFU/g versus control median: 1.7x10% CFU/g, Fig 27D). However, in contrast to
treatment with the single phage cocktail, the overall loads and the discrepancy from the control
group were not notably more pronounced, suggesting a lack of clear additive effect from the

two phage cocktails..
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Fig. 27: Treatment with both phage cocktails together doesn’t show an additive effect on the

impairment of the colonization resistance

(A) Experimental setup: OMM?* mice were infected with S. Tm®"" (5x107 CFU) and directly after orally
challenged with phage cocktails (3OM“Bl and 3@KBL, 1x107 PFU of each phage in PBS) or PBS as control (n=5).
Feces were taken at day one and two p.c. and mice were sacrificed at day two p.c.. (B) E. coli Mt1B1 and (C) E.
faecalis KB1 loads (CFU/g feces) were determined in feces by plating. (D) S. Tm®" loads at day 1 and 2 after
phage challenge (= day 1 and 2 post infection (p.i.)). (E) Phage loads (PFU/g feces) were determined by spot
assays. Statistical analysis was performed using the Mann-Whitney Test (* p<0.05, ** p<0.01, *** p<0.001, N=5).

Each dot represents one mouse, black lines indicate median, dotted lines indicate limit of detection.

Figure and figure legend modified from von Strempel et al., 2023
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Again, the community composition was monitored via strain specific g°PCR. In contrast to our
previous results, a significant change in several bacteria was observed. Four bacteria
(C. innocuum 146, L. reuteri 149, B. coccoides YL58, E. muris JM40) showed a significant
increase in total abundance in mice treated with both phage cocktails at the same time (Fig 28)
which was not observed when the cocktails were added separate. This suggests, that adding
phages that target more than one bacterium in a community might lead to disturbance of the
general community composition (von Strempel et al., 2023).
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Fig. 28: Abundance of OMM?* community member in feces

Absolute abundances in feces of all 14 bacteria from the experiment shown in Fig. 27, determined by strain-
specific qPCR on day 2 p. c.. Each color represents one bacterial strain, different shapes represent different

experimental groups. Each dot represents one mouse, black line indicates median, dotted lines indicate DTL.

Figure and figure legend modified from von Strempel et al., 2023

71



Results

4.4.3 Phage treatment impairs colonization resistance independently of the

abundance of protective bacteria

Since the phages targeting E. coli and E. faecalis were able to stay in the gut for 7 days and
coexist with their hosts, | aimed to investigate whether phages also have an impact on
colonization resistance during co-existence. For this, OMM* mice were inoculated with either
30MIBL or 30XB! (or PBS control) on day 0, followed by an infection with S. Tm®"" (1x10’
CFU) on day seven p.c. (Fig 29A). On this timepoint, no significant differences in E. coli
Mt1B1 or E. faecalis KB1 loads were observed between the treatment groups anymore (Fig
29BC), but spot assays revealed that the phages were still present at steady numbers in the feces
(Fig 29D). Furthermore, the overall OMM?* composition shows no difference between the
groups and the timepoints (Fig 30AB). Fecal samples were collected on day one and two post
infection (p. i.) to determine the Salmonella loads. Strikingly, S. Tm?/" loads at day 8 and 9 p.c.
(corresponding to day one and two p.i.) were significantly elevated in both phage-treated groups
compared to the control group (Fig 29E). For 3®KB! this effect is not as pronounced as on day
2 p.c. (Fig 25F), but still significantly different to the control group. This suggests that phages
can also impair colonization resistance without detectable impact on the abundance of their
target bacteria or overall composition of the microbiota. The community composition shows no
differences between day 0 and day 7 of the experiment and between the treatment groups (Fig
30AB), showing that this effect is solely dependent on the addition of the phages (von Strempel
etal., 2023).
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Fig. 29: Phages impair colonization resistance at late time points independently of changing

abundance of protective bacteria

(A) Experimental setup, OMM?* mice were challenged with phage cocktails (3®M"B! and 30KXB!, 1x107 PFU of
each phage in PBS) or PBS as control and infected with S. Tm®" (5x107 CFU) at day 7 p.c.. Feces were taken at
day 1, 2, 7, 8 and 9 p.c. and mice were sacrificed at day 9 p.c. (corresponding to day two p.i.). (B) E. coli Mt1B1
and (C) E. faecalis KB1 loads (CFU/g) were determined in feces by plating. (D) Phage loads (PFU/g feces) of
3DOMUBL and 3KBlwere determined by spot assays in fecal samples at different time points p.c.. (E) S. Tm® loads
atday 8 and 9 p.c. (=day 1 and 2 p.i.). Statistical analysis was performed using the Mann-Whitney Test (* p<0.05,

**p<0.01, *** p<0.001, N=4-6). Each dot represents one mouse, black lines indicate median, dotted lines indicate

limit of detection.

Figure and figure legend modified from von Strempel et al., 2023.
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Fig. 30: Abundance of OMM?* community member in feces

Absolute abundances of all 14 bacteria from the experiment shown in Fig. 29, assessed via strain-specific g°PCR
on day 0 (A) and day 7 p. c. (B). Each color represents one bacterial strain, different shapes represent different

experimental groups. Each dot represents one mouse, black line indicates median, dotted lines indicate DTL.

Figure and figure legend modified from von Strempel et al., 2023.

4.4.4 Treatment with a phagecocktail targeting E. faecalis KB1 in OMM?*

mice facilitates development of S. Tm-induced colitis

As a next step we wanted to test, whether phage-mediated disruption of colonization resistance
in OMM* mice would also enhance the severe symptoms of a S. Tm-induced colitis. In all
previous experiments, mice did not have colitis symptoms, since the S. Tm strain used was
avirulent. Therefore, OMM* mice were infected with S. Tm" (1x10” CFU) and with either
3OM1BL or 30XBL phage cocktail immediately after (1x10” PFU of each phage in PBS or PBS
control; Fig 31A). Fecal samples were collected from day 0 until day 4 post infection (p. i.) and
mice were sacrificed on day 4. After sacrifice, also the spleen, liver and mesenteric lymph nodes
were sampled to determine S. Tm loads. In this experiment, loads of E. coli Mt1B1 significantly

decreased only at day one p. c. and then showed an increase in abundance, supposedly as a
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reaction to the inflamed conditions in the gut. E. faecalis KB1 loads were significantly

decreased at day 1- 4 p. c. (Fig 31BC) as observed in previous experiments.
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Fig. 31: Treatment with phage cocktail targeting E. faecalis impairs colonization resistence against
S. Tmwt

(A) Experimental setup, OMM* mice were challenged orally with phage cocktails 3®M“B! or 3®KB! or PBS as
control (107 PFU per phage) and infected with S. Tm"* (5x10” CFU). Feces were taken at day 1-3 p.c. and mice
were sacrificed at day 4 p.c. (B) E. coli Mt1lB1, (C) E. faecalis KB1 and (D) S. Tm*" loads (CFU/g) were
determined in feces by plating. Statistical analysis was performed using the Mann-Whitney Test (* p<0.05, **
p<0.01, *** p<0.001, N=6-8). Each dot represents one mouse, black lines indicate median, dotted lines indicate

limit of detection.

Figure and figure legend modified from von Strempel et al., 2023

Furthermore, S. Tm"! loads showed a significant increase on day two and three p. c. only in the
group treated with E. faecalis 3®*B! phage cocktail compared to the control group (Fig 32D)

but not in the group treated with 3®MB! which was not observed in previous experiments.
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Fig. 32: Treatment with phage cocktail targeting E. faecalis facilitates S. Tm induced colitis in
OMM* mice

(A) Phage loads in feces from experiment shown in Fig. 31, determined by spot assays. (B) S. Tm"t loads in spleen,
liver and mesenteric lymph nodes (MLN), determined by plating on agar plates with selective antibiotic. (C)
Histopathological score of the cecum at day 4. (D) Inflammation levels were determined by measuring the
Lipocalin-2 (ng/mg feces) levels in the feces, utilizing a specific ELISA. Each dot represents one mouse, black

line indicates median, dotted lines indicate DTL.

Figure and figure legend modified from von Strempel et al., 2023

Strikingly, in the group which was treated with phages targeting E. faecalis, S. Tm inflammation
was enhanced as determined by increased fecal lipocalin-2 levels at day 3 p. i. (Fig 32D). This
effect was only visible on day 3, marking a faster onset of the inflammation in this treatment
group. No difference was found anymore at day 4 p. i. both in lipocalin-2 levels and cecal
histology (Fig 32CD). Phage levels were comparable to the previous in vivo experiments and
stayed stable until day four p. c. despite the strong inflammation in the gut (Fig 32A) and the
presence of the wildtype S. Tm. In the group treated with E. coli 3dM"B! phage cocktail, no

significant difference in S. Tm inflammation or S. Tm loads was observed compared to the
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control group. Also, the S. Tm loads in the organs (spleen, liver and mesenteric lymph nodes)
did not show any differences between the treatment groups on day 4 (Fig 32B) but display high
loads independent from the treatment (von Strempel et al., 2023).

The absolute abundances of all members of the OMM®* consortium was determined by gPCR
(Fig 33). In general, overall bacterial levels were stable on day 0 (Fig 33A), followed by a
strong variation in abundance in all treatment groups on day four (Fig 33B) which was not seen
in the experiments with the avirulent S. Tm. This effect is likely due to the severe S. Tm-induced

gut inflammation.

In conclusion, | could show that phage treatment targeting E. faecalis accelerates not only
pathogen invasion but also disease onset in case of the 3d*B! phage cocktail (von Strempel et
al., 2023).
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Fig. 33: Abundance of OMM?* community member in feces

Absolute abundances of all 14 bacteria shown in Fig. 31 and 32, determined by strain-specific gPCR on day 0 (A)
and day 4 p. c. (B). Each color represents one bacterial strain, different shapes represent different experimental

groups. Each dot represents one mouse, black line indicates median, dotted lines indicate DTL.

Figure and figure legend modified from von Strempel et al., 2023
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4.4.5 Treatment with a phage targeting no member of the community does

not impair the colonization resistance against Salmonella

To make sure, that the introduction of phages alone is not the cause for the impaired
colonization resistance, we conducted experiments to determine whether a phage, unable to
amplify in OMM* mice due to the absence of its host strain S. aureus would influence the
susceptibility to S. Tm infection. OMM?* mice were orally administered either a single phage
strain (vB_SauP_EBHT, 1x10’ PFU in 100uL PBS), targeting Staphylococcus aureus (strain
EMRSA-15) or 100uL PBS and infected them with S. Tm®" (Fig 34A). Previously, spot assays
confirmed that vB_SauP_EBHT did not target any of the OMM?* strains in vitro (von Strempel
etal., 2023).

The results revealed no significant difference in S. Tm®" loads between the control group
(p = 0.42) and those treated with phage vB_SauP_EBHT (Fig 34B), indicating that the phage
treatment alone did not modify susceptibility to S. Tm colonization. Also, loads of E. coli
Mt1B1 and E. faecalis KB1 determined by plating remained unaffected by the addition of the
phage (Fig 34CD). Phage loads were determined via spot assays on S. aureus, but were only
detectable in low numbers at day 1 p.c. (Fig 34E), confirming the expectation that the phage

was not able to replicate in absence of its originate host bacterium (von Strempel et al., 2023).
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Fig. 34: Treatment with an unspecific phage does not impair the colonization resistance against
S. Tmair

(A) Experimental setup: OMM? mice were challenged orally with phage vB_SauP_EBHT (107 PFU) or PBS as a
control and at the same time challenged with S. Tm®i (5x107 CFU). Feces were taken every day and mice were
sacrificed on day 2 p. i.. (B) S. Tm®" loads, (C) E. coli Mt1B1 loads and (D) E. faecalis KB1 loads were monitored
via plating. (E) phage loads were determined via spot assays on S. aureus. Each dot represents one mouse, black

line indicates median, dotted lines indicate DTL.

Figure and figure legend modified from von Strempel et al., 2023.
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4.4.6 Phages targeting strictly anaerobic members of the OMM?** also show

an effect on their hosts in vivo without disturbing the community

We next wanted to characterize the other two phages | isolated on two members of the OMM**
in vivo regarding their ability to target their host bacteria and their impact on the overall
community. For this, | took mice that are stably colonized with the OMM?** and gavaged them
with a single phage (vB_ccl YL32, targeting E. clostridioformis YL32 or vB_cin_l46,
targeting C. innocuum 146, 1x10” PFU in 100uL PBS) or 100uL PBS (Fig 35A). Feces for
gPCR were taken on day 1-4 p.c. and mice were sacrificed on day 7. E. clostridioformis is
present in high numbers in the mouse gut. When phage vB_ccl was added, no effect was
detectable until day 2 p.c.. On day 3, a slight but significant drop in the phage treatment group
can be detected, which is not observed at day 7 anymore. Although the effect on the bacterial
host is not as pronounced as for the other phages tested in this study, strain specific gPCR
showed that phage vB_ccl was present in the gut in high numbers for the time of the experiment
(Fig 35D). For C. innocuum, no significant effect of the phage on the bacterial loads could be
detected in the feces (Fig 35C). Surprisingly, gPCR data revealed, that the corresponding phage
was still able to replicate in the gut and was detectable for the time of the experiment (Fig 35D).
Furthermore, the addition of the respective other phage did not affect the abundance of neither

of the two strains.
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Fig. 35: Phages vB_cin and vB_ccl are able to amplify in the gut

(A) Experimental setup, OMM?* mice were challenged orally with phage vB_ccl or VB_cinor PBS as control (107
PFU per phage) and feces were collected every day. On day 7 post phage challenge (p.c.), the mice were sacrificed.
(B) E. clostridioformis loads, (C) C. innocuum and (D) phage loads were determined by gPCR in fecal samples at
different time points p.c.. Statistical analysis was performed using the Mann-Whitney Test comparing the
treatment groups (N=5) against the control group (N=5) (* p<0.05, ** p<0.01, *** p<0.001). Each dot represents

one mouse, black lines indicate median, dotted lines indicate limit of detection.

Figure legend modified from von Strempel et al., 2023.

The absolute abundance of the other members of the OMM?** community showed no significant
changes in the treatment groups compared to the control. g°PCR data showed, that already on
day 0 some fluctuations can be detected within the treatment groups, which is to be expected in
mice (Fig 27A) but this did not change with time or with treatment (Fig 27BC).
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different experimental groups. Each dot represents one mouse, black line indicates median, dotted lines indicate

DTL.

Figure legend modified from von Strempel et al., 2023.
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5. Discussion

Phages are the predominant entity in the gut microbiome (Breitbart et al., 2008; Guerin & Hill,
2020) and get taken up continuously via the ingestion of food and drinks. Most of the phages
in the gut follow a lysogenic lifestyle, but also virulent phages stably co-exist with their
bacterial hosts over long periods of time and thereby play an important role in shaping bacterial
communities (De Sordi, Khanna, & Debarbieux, 2017; Marbouty, Thierry, Millot, & Koszul,
2021). Most of our knowledge on phages in the gut stems from large metagenomic data sets,
but there are only few experimental studies addressing the functional role of phages in

managing bacterial populations, impacting the host and overall microbiome functionality.

In my thesis, | generated experimental tools and a model system to study the impact of virulent
phages on a synthetic bacterial gut community. Therefore, | isolated phages for bacterial
members of the Oligo Mouse Microbiota (OMM) syncom and characterized them with respect
to their phylogeny, morphology and impact on bacterial growth. Further, | developed methods
for specific absolute quantification to validate the abundance of the single phages and their

target bacteria within a bacterial community in different setups.

Using this system, | showed, that virulent phages exhibit very different plaque morphologies,
genomic features and lysis behaviors. Via specific absolute quantification | saw, that not all
phages amplify equally well in the gut. Further, | showed that virulent phages transiently reduce
their bacterial target population, followed by co-existence over longer times. This first drop in
abundance generated niches in the gut that alleviated colonization resistance (CR) and allowed
invasion of pathogens. This effect could also be shown when phages and their host bacteria

stably co-exist.

Overall, my work established a novel toolbox to target and manipulate the microbiome and to
allow experimental testing of hypothesis derived from metagenomics data. | showed the
functional importance of phages in generating transient invasion niches in the microbiome

which impacts colonization resistance.
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5.1 Diversity and phylogeny of the isolated phages

5.1.1 Characterization In vitro

Characterization in vitro revealed, that the three phages targeting E. coli and E. faecalis
respectively showed very different qualities regarding their plaque morphology, genomic
features, the effect on growth of their bacterial hosts and their host range. This shows, in
accordance to recent publications (Dion, Oechslin, & Moineau, 2020; Sausset, Petit, Gaboriau-
Routhiau, & De Paepe, 2020), that phages can exhibit variable characteristics although isolated

on the same bacterial host.

Phages targeting E. faecalis have been isolated and characterized before since this bacterium
can cause health threads in food and become pathogenic in humans. Therefore, phages have
already been considered promising tools to specifically target harmful Enterococci since most
of them are considered harmless commensals (Rodriguez-Lucas & Ladero, 2023). Phage
therapy was already successful in some studies, for example in removing E. faecalis biofilm on
the surface from chicken meat (Jin et al., 2023). Nevertheless, functional studies on how E.

faecalis phages behave in the gut are still missing.

For E. coli, there are also many phages already isolated and characterized with bacteriophage
T4 being one of the model phages for research (Barry & Alberts, 1994). While many E. coli
strains are part of the normal flora of the intestine, some strains can cause disease in humans
and animals and the idea to treat these infections with phages was made already quite early.
Several studies could already successfully show that especially E. coli induced urinary tract

infections can be treated with phages (Bhargava et al., 2023).

While many virulent phages could be isolated for E. coli and E. faecalis, only two virulent
phages could be isolated for the remaining OMM members, namely C. inocuum and
E. clostridioformis respectively, from sewage water. Reasons for that can be the anaerobic
metabolism of the bacteria (Hernandez & Vives, 2020) and low density of phages targeting
these bacteria in the sewage water. In general, only little phages targeting obligate anaerobic

gut bacteria have been isolated and described.

The vast majority of phages targeting anaerobic gut bacteria occurs in the genus Clostridium,
especially in clinically important species as C. perfringens and C. difficile where phages are
isolated to target and decrease pathogenic bacteria (Hargreaves & Clokie, 2015; Seal, 2013).

Besides, several OMM strains encode one or more prophages, which show different activity in
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vitro and in vivo (Lamy-Besnier et al., 2023). Prophages can protect their host from additional
phage infections, which might further hinder the process of isolating virulent phages for these
bacteria.

All of the phages targeting E. coli, E. faecalis and E. clostridioformis exhibited clear plaques,
which is typical for virulent phages. Plagues formed by vB_cin were very small surrounded by
a halo and therefore not clearly distinguishable if they were clear or rather turbid. Turbid
plagues may indicate the ability to lysogenize the host cells (Jiang, Kellogg, & Paul, 1998).
Phage P3 shows characteristics of a “bulls-eye” plaque morphology, forming plaques with
greater turbidity towards the plaque peripheries. This might be a consequence of decreasing
Iytic efficiency caused by aging of the bacterial lawn (Jurczak-Kurek et al., 2016), which is
consistent with our observations in vivo, where this phage shows the lowest abundance and
therefore allegedly the lowest infection efficiency. Phage Str2 and P10 exhibited a halo (semi-
transparent zone) around clear plaques. This could stem from phage-derived soluble enzymes
which diffuse around the plaque and destroy the cell envelope from neighboring cells (Jurczak-
Kurek et al., 2016). Further, plague size is known to correlate with the head size of the phages,
resulting in phages with bigger heads forming smaller plagues because they diffuse more slowly
in the bacterial lawn (Jurczak-Kurek et al., 2016). Phage Strl and vB_ccl exhibited small
plaques, and the EM picture revealed structure of a siphoviridae with a big head for both phages,
supporting this hypothesis. Further, phage Str2, which forms much bigger plaques, has a smaller
head when imaged via EM. Unfortunately, no EM pictures could be obtained for the phages
targeting E. coli, but phage P17, which formed the smallest plaques, showed the biggest genome
with 150kb, which might lead to a bigger head, therefore also matching the hypothesis.

Next, the phages were characterized regarding their lysis behavior on their bacterial host in
liquid culture. When added separately, the phages targeting E. coli did not exhibit extremely
different lysis behaviors. Notably, the strongest effect on the growth was detected when the
phages were added together. Nevertheless, E. coli showed fast adaption to the phage predation
and exhibited growth after few hours, although the optical density did not resemble the control.
This fast adaptation hints towards resistance mechanisms that the bacteria can acquire in an
easy and fast way, like point mutations in genes encoding for surface receptors (Chapman-
McQuiston & Wu, 2008), for example OmpC, which was characterized as a primary receptor
during phage infection in E. coli before (Yu & Mizushima, 1982). Further, variation of receptor
molecules (Porter et al., 2020) or other mechanisms including translational changes of proteins
which are important for phage infection and attachment can lead to resistance. This is supported
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by the fact, that the bacterial growth is still impaired by the phage and did not recover
completely, indicating a fitness defect on cost of the phage resistance which was already seen
before for E. coli (Mangalea & Duerkop, 2020). Nevertheless, more work would be needed to
proof the emergence of these mutations and if they have an impact on the fitness of the bacteria.
Further, the three phages exhibited differently broad host ranges when tested on a variety of
E. coli isolates, indicating that although their lysis behavior seemed to be similar in the liquid

culture, their infection mechanism might still vary a lot.

For the three phages targeting E. faecalis, similar results can be seen. In enterococci, the
enterococcal polysaccharide antigen has been proposed as a phage receptor necessary for phage
adsorption, and mutations in genes encoding for this antigen reduce phage adsorption and
efficiency (Teng, Singh, Bourgogne, Zeng, & Murray, 2009), which might explain the fast
adaption of E. faecalis to the phage predation in our experiments. When all three phages are
added together, the lysis curve resembles very much the curve of phage Strl alone. This phage
exhibits the fastest and strongest lysis on its host, which might impose a strong selection on
E. faecalis to develop phage resistance (Koonjan, Cardoso Palacios, & Nilsson, 2022),
explaining the high up growth after almost complete depletion by the phage and the fact that
the phage cocktail did not show a stronger impact on growth then the phage alone. Also, these
phages exhibited different host ranges when tested on several Enterococcus isolates.
Interestingly, phage Strl only infected its host strain KB1, although it exhibited the strongest
lysis of all three phages. Since we saw fast adaptation of E. faecalis in liquid culture, resistance
against this phage might already be widespread in several Enterococci. Further investigation
would be needed to evaluate this, like sequencing of the isolates to find specific phage-

resistance related mutations.

Although vB_cin and vB_ccl exhibited clearly visible plaques on their hosts, their effect on
growth in liquid culture was weak compared to the other phages isolated in this study. A typical
lysis curve, as observed for the majority of virulent phages, could not be observed and growth
in general was only slightly affected by addition of the phage. This might be due to slower
growth rates of the host bacteria but also lysis and infection features of the phages. The genomes
of these phages could only be poorly annotated, showing that there is still little known about
phages targeting strictly anaerobic gut bacteria. Nevertheless, we were able to also establish a
strain specific qPCR for these phages to be able to track them in the gut which is useful for

further applications.
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5.1.2 Characterization in batch culture and in vivo

We divided phage infection in our experimental setups in two phases. First, the acute infection
phase (1-4 days post challenge), where a transient reduction of the bacterial target population
can be observed. The second phase is characterized by stable co-existence of phages and

bacteria until day 7 p. c. in the gut.

While all phages targeting E. coli and E. faecalis could be detected using specific gPCR in the
in vitro batch culture experiments, abundance of the three different phages in each cocktail
differed vastly in the murine gut. In the phage cocktail targeting E. coli, phage P10 dominated
at all time points whereas the loads of the other two phages rapidly decreased after inoculation.
The abundance of the three phages targeting E. faecalis also differed between the batch culture
in vitro and the mouse gut in vivo, but all phages could be detected with gPCR in the mouse gut
until day 7 p. c.. Different abundances of the phages may be due to burst size, lysis efficiency
and selection of phage-resistant mutants, showing the different abilities of the individual phages
to infect and amplify and the differences between the simple environment in vitro and the
complex gut, as well as the different evading mechanisms of the bacteria in different
environments (Shkoporov & Hill, 2019). In an in vitro system, coevolution normally ends in
the emergence of a resistant bacterial phenotype that the phages cannot overcome. Resistance
in these laboratory environments emerges from de novo mutations most of the times, causing
modifications of bacterial surface molecules that are targeted by the phage, therefore preventing
phage attachment (Dennehy, 2012). In complex environments like soil or the gut, previous
studies showed, that neither the bacteria nor the phage become more resistant or infective over
time. One explanation is, that resistance in complex environments is more costly and would
lead to a decreased fitness of the bacterium, leading to fluctuating dynamics and co-existence
rather than depletion of the bacteria or the phages (Gomez & Buckling, 2013) which explains
the different abundances of the single phages in our setups. To further look into the interactions
of the phages and their respective bacteria in our system, more experiments need to be
conducted, as for example evaluating the emergence of resistance in the targeted bacterial
population and fitness of these strains. Furthermore, the differences between the experimental
setups show, that it might not be enough to characterize phages only on their lysis behaviors in
vitro, since the abundances and effect on their hosts differ between the diverse environments.
Before using phages as tools for targeted microbiome manipulation, this needs to be further

evaluated.
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5.1.3 Phage-bacteria co-existence

Although absolute abundances of the single phages in the phage cocktails varied, | observed
stable coexistence of phage P10, Strl, Str2 and Str6 with their host strains E. coli and E. faecalis
respectively in the mouse gut for 9 days. Phages vB_cin and vB_ccl showed no strong effect
on their hosts when added to mice colonized with the OMM?** as already seen in vitro, only a
slight decrease of E. clostridioformis YL32 can be detected on day 2 p.c.. Nevertheless, via
gPCR I could show, that the phages are still able to amplify and persist in the gut for 7 days,

also co-existing with their bacterial hosts.

Stable co-existence of phages and their host bacteria in the gut can be mediated by several
different mechanisms, one being that the mucus layer can serve as a spatial refuge for part of
the host bacterial population by harboring phage-inaccessible sites (Lourenco et al., 2020).
Another mechanism is, that bacterial populations can differentially regulate their gene
expression to escape phage predation in the gut, which can lead to coexistence (Lourenco et al.,
2022) by allowing part of the population to become infected and killed by the virus, while the
other part stays uninfected. Further, phages can adapt to the mucosal environment via de novo
mutations, which can facilitate phage adherence to the mucus, providing a fitness advantage
against the non-mutated phage, also supporting phage-bacteria co-existence (Chin et al., 2022).
Our observations, an immediate decrease in bacterial abundance followed by a co-existence,
might be the result of coevolution of the phages and their respective bacteria, as a result of
phage adaptation to the bacterial population and the environment in the gut and bacterial
response to phage-mediated selection. In the gut, this can promote high levels of population
diversity in terms of bacterial resistance and phage infectivity and therefore foster co-existence
(Koskella & Brockhurst, 2014).

All in all, these results show the importance to functionally characterize phages to understand
their role on the microbiome. In vitro studies might reveal certain characteristics and lysis
behaviors, but more complex setups are needed to fully understand the interaction with phages
and their hosts within a bacterial community. Before using phages as therapeutic agents to target
specific bacteria in the gut, it is important to evaluate their ability to infect their host in a
complex system and the lysis behavior when added together with other phages in a cocktail.
Moreover, bacterial response to phage predation needs to be further evaluated in vivo, with

respect to evading mechanisms that lead to co-existence and resistance development.
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5.2 Role of phages in alleviating colonization resistance

5.2.1 Influence on colonization resistance in the acute infection phase

We found, that phage-treatment impaired colonization resistance against S. Tm both, in the
acute phase but also the stable co-existence phase. CR in the OMM?*? model has been recently
studied in detail and is mediated by competition for substrates including C5/C6 sugars, oxygen
and electron acceptors for anaerobic respiration (Eberl et al., 2021). As shown in a previous
study, OMM?*! mice lacking S. Tm competitors E. coli Mt1B1 or E. faecalis KB1 exhibit
strongly reduced CR (Eberl et al., 2021). Thus, that transient reduction of these two species in
the acute phase of phage infection might lead to a short-term increase in substrate availability
opening a nutrient niche for pathogen invasion. The concept of this theory is, that the nutrient
landscape determines whether an organism can successfully colonize and persist in the gut. An
invading organism can only stay in an existing and evolved community if it is able to utilize
one or a few limiting nutrients more efficiently than its competitors. If that is not possible, a
nutrient niche needs to be opened to enable establishment of an invading organism in the
community (Pereira & Berry, 2017). In support of the idea, the degree of reduction of the target
population in this study correlates indirectly with increase in pathogen loads, again supporting
the nutrient-niche theory. Further, the absolute abundance of the other OMM?** members did
not change in the mouse gut after addition of 3dM"8! and 3dKBL, showing that the impaired
colonization resistance is only dependent on the decrease of the targeted bacteria E. coli and E.

faecalis.

Of note, the simultaneous application of both phage cocktails let to a reduction of both E. coli
Mt1B1 and E. faecalis KB1 as observed previously but this only resulted in slight elevation of
S. Tm loads at day 1 p.i. and did not strongly affect loads at day 2 p.i. compared to the treatment
with the single phage cocktails. Overall, this suggested that the effect of phage cocktails on
colonization resistance is not additive in our employed system. One explanation might be, that
S. Tm only uses the free nutrients that can be utilized most efficiently, even if more free
nutrients are available. Further, in this experimental setup, several OMM?* members showed
higher abundances in the phage treatment group which might lead to less free nutrients in the

mouse gut which counteracts the up growth of S. Tm.

Besides phage-induced changes in the microbiota, there are several other factors that can impact
colonization resistance. Antibiotic-mediated disruption of the microbiota for example leads to
transiently increases levels of free sugars which can be exploited by pathogens (Ng et al., 2013)
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and a high-fat diet causing bile acid release and microbiota dysbiosis can also facilitate
pathogen invasion (Wotzka et al., 2019). However, this can be excluded as factors influencing
colonization resistance in this study, since all experiments are conducted in a controlled

environment.

For a wildtype S. Tm strain which was previously shown to trigger gut inflammation within 3
days of infection in gnotobiotic mice (Eberl et al., 2021), we observed a faster onset of gut
inflammation in case of treatment with the E. faecalis cocktail 3®®! but not 3®M1B!, The
varying impact of phages on an avirulent versus wildtype S. Tm infections could be attributed
to the utilization of different niches by both S. Tm and E. coli in the healthy versus inflamed
intestine. In general, the invasion of S. Tm in the gut stimulates a complex cascade of immune
responses in the host (Wotzka, Nguyen, & Hardt, 2017), which efficiently reduces S. Tm tissue
loads, but the intestinal environment is drastically changed by the resulting inflammation which
leads to dysbiosis and blooming of Enterobacteriaceae (Stecher, 2015; Stecher et al., 2007),
which explains why the effect of the phage cocktail on E. coli is not as efficient under inflamed
conditions. In addition, a general increase in E. coli abundance corresponding to the increase in
inflammation can be seen in this setup, supporting this theory. Moreover, the respiratory growth
facilitates S. Tm to metabolize otherwise unfavored carbon sources such as ethanolamine,
propanediol, and succinate (Thiennimitr, Winter, & Baumler, 2012) which might influence the
nutritional competition of S. Tm with the OMM?* community and therefore explain the

differences in colonization resistance under normal versus inflamed conditions.

5.2.2 Influence on colonization resistance during co-existence

Surprisingly, at day 7 post phage challenge, mice demonstrated impaired colonization
resistance even when the phages and their target strains co-existed steadily in the gut and no
effect on bacterial loads was detected anymore. This suggest mechanisms to be involved that
also act independently on the reduction of the loads of competing bacteria. Phages may decrease
the target population locally and not evenly throughout the gut (Hoyles et al., 2014), allowing
S. Tm to invade despite no apparent differences in overall bacterial levels are visible anymore.
Furthermore, the presence of phages might induce transcriptional changes in the host strains,
resulting in increased resistance against the phages but decreased overall fitness. These might
include expression of like anti-phage systems or reconditioning of bacterial metabolism (De

Smet et al., 2016) and phage receptors (Lourenco et al., 2022) which might directly or indirectly
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affect CR against S. Tm. Expansion of bacteriophages is linked to exacerbated colitis by
stimulating TLR signaling (Gogokhia et al., 2019), which might also alter bacterial stress or
defense responses and impair CR. Also, it is known, that phages can modulate the gut
metabolome, which leads to changing metabolite levels (Hsu et al., 2019) and therefore might

facilitate S. Tm growth even during co-existence.

Taken together, the ingestion of phages in conjunction with pathogen contaminated food or
water sources could promote pathogen invasion and consequently, could serve as risk factors
for human Salmonella infection. Coliphage content in water varies, ranging from 8x10*
PFU/100mL in wastewater to 30 PFU/100mL for river source waters (Nappier, Hong, Ichida,
Goldstone, & Eftim, 2019), which might be sufficient to target protective bacteria in the gut.

Subsequently, further research will be necessary to elucidate whether the therapeutic
application of phage cocktails against multidrug-resistant E. coli or E. faecalis strains might
also facilitate pathogen invasion in the human host. As such, applications should be approached

with caution and further evaluation will be needed.

In summary, this work elucidated the role of virulent phages on their bacterial hosts and
important community functions in the gut. The results indicate, that phages are effectively
influencing the abundance of their host bacteria in the gut which is a great basis for further
research aiming to evaluate the future use of phages to specifically target and manipulate the

microbiome.

5.3 Future perspectives

To further characterize virulent phages and their role on bacterial communities in the gut, it is
important to elucidate the mechanism underlying stable co-existence. This can be done by
investigating how part of the bacterial population escapes phage predation, if resistance is
arising and how phages evolve to persist in the gut. This might then help to disentangle the
factors which impair colonization resistance not only during acute infection phase but also

during co-existence and further helps to disentangle factors influencing Salmonella infection.

Moreover, using phages to facilitate invasion of novel, potentially beneficial bacteria might be
a great tool for microbiome engineering. Establishing new strains in a complex community is
often prevented as nutrient niches are already occupied by autochthonous bacteria. In this work
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| could show, that phages could be a promising tool to mediate strain invasion which might be
exploited to mediate introduction of beneficial bacteria in the microbiome.

Further, isolating and characterizing more phages targeting anaerobic gut bacteria might help
to understand more of the general interactions of phages and bacteria in the gut and help to

disentangle how phages influence and shape bacterial communities.
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