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1. Introduction

All eukaryotic organisms on earth are metaorganisms, which means they are colonized
from the internally and externally by a multitude of bacteria, viruses, archaea, and
fungi, representing the so-called microbiota. (Bosch, 2021; Turnbaugh et al., 2007).
The term ‘microbiota’ includes all microorganisms that colonize a host, while the
‘microbiome’ also includes the entire genome, the metabolic products, and the
environmental conditions of the microbiota (Marchesi and Ravel, 2015). The
community of host and microbiota can coexist in various forms of symbiosis, such as
commensalism, mutualism, or parasitism, profoundly influencing the host's lifestyle in
a variety of ways (Backhed et al., 2005; Huttenhower et al., 2012; Macpherson and
Harris, 2004). In recent years, several studies have focused on understanding the
importance of the human microbiome in context of health and disease (Hooper et al.,
2002; Matamoros et al., 2013; Schroeder and Backhed, 2016). A key finding from these
studies is that certain bacteria within the microbiota can protect their host from
pathogenic infections (Castaner et al., 2018; Round and Mazmanian, 2009).
Recognizing the complexity and significance of these interactions, the Human
Microbiome Project was launched in 2007 with the goal of identifying and
characterizing the human microbiota and uncovering its roles in health and disease
(Turnbaugh et al., 2007). The increasing capabilities of DNA sequencing allow for the
identification of individual bacterial species and their potential characteristics, which
can influence the host’s physiology, biology, and immunology (Rooks and Garrett,
2016; Turnbaugh et al., 2007). However, it is not only the microbiota that influences
the host; the host itself, along with its lifestyle, also has an significant impact on the
composition of its individual microbiome (David et al., 2014).

One important aspect of this is that each eukaryotic organism has its own unique

microbiota, which varies throughout the course of life (Tuddenham and Sears, 2016).

The human microbiome in context of health and disease

The colonization of the human gut begins at birth (Arrieta et al., 2014; Huttenhower et
al., 2012). During the birthing process, the baby is exposed to the maternal microbiota
for the first time, primarily acquiring microbes from the mother's vaginal and intestinal
microbiota (Dominguez-Bello et al., 2019). Over the first three years of life, the
microbiome develops, gradually stabilizing into a more consistent composition that
typically persists into adulthood (Matamoros et al., 2013). During this initially critical

period, various factors influence the microbiome’s diversity, including breast feeding,



contact with the mother’s skin, and frequent interactions with objects through the
baby's hands, feet, and especially mouth. In general, the composition of the gut
microbiota shifts during these three years from a Bifidobacterium-dominated
microbiome to a Bacteroidaceae-dominated one, which generally remains stable into
adulthood (Arrieta et al., 2014).

The human gastrointestinal tract is colonized by 10-100 trillion microorganisms (Ley et
al., 2006; Turnbaugh et al., 2007), which is equivalent to a mass of up to 1.5 kilograms.
While the majority of the microbiota is found in the gastrointestinal tract, the skin,
urogenital tract, lungs, and even the gallbladder are also colonized by microbes
(Grigoreva and Romanova, 2020; Round and Mazmanian, 2009; Tuddenham and
Sears, 2016). Most of the human microbiota lives in symbiosis with its host, positively
influencing it by extracting and providing nutrients, digesting food, and regulating the
host's metabolism and physiology (Tuddenham and Sears, 2016; Schroeder and
Backhed, 2016). Another major aspect is the influence of the human microbiota on our
immune response (Blander et al., 2017). Research has shown that there is a dynamic
relationship between the gut microbiota and the human immune system, and that
microbiota can influence the host’s immunity in distinct ways (Chiu et al., 2017). One
positive influence is that the microbiota can protect its host from pathogens and
infectious diseases, a phenomenon referred to as ‘colonization resistance’ or
‘microbiota-mediated protection’ as | will call it in my thesis (Buffie and Pamer, 2013;
Caballero-flores et al., 2023; Chiu et al., 2017; Ubeda et al., 2017).

Microbiota-mediated protection

By colonizing the gut, the microbiota can mediate protection for its host against
pathogen infections (Dirksen et al., 2016; Kissoyan et al., 2019). The underlying
mechanisms of this microbiota-mediated protection are complex and can occur in
distinct ways. These mechanisms can be categorized into direct and indirect protection
(Ubeda et al., 2017). Direct protection refers to the capacity of the microbiota to interact
directly with pathogens and protect the host (Kissoyan et al., 2019; Buffie and Pamer,
2013), thus a host independent microbe-microbe interaction (Chiu et al., 2017).
Different mechanisms have been described in the literature such as the production of
antimicrobial substances which can directly inhibit the growth of pathogens (Kissoyan
et al.,, 2019). Additionally, certain microbes can antagonize pathogens by limiting
resources (such as trace metals or nutrients), influencing the pH, producing anti-biofilm

compounds, or interfering with signaling pathways (Chiu et al., 2017). Through these



mechanisms, the microbiota can prevent pathogen colonization, their spread to other
parts of the body, and limit the impact on the host. One example of direct protection is
the capability of Streptococcus epidermidis to inhibit biofilm formation by the human
pathogen Staphylococcus aureus through the production of a serine protease
(Vandecandelaere et al., 2014), thereby inhibiting nasal colonization of the pathogen
(lwase et al., 2010).

Indirect protection is based on microbe-host interactions and is host-dependent. It
refers to the ability of the microbiota to influence both innate and adaptive immunity,
as well as enhanced epithelial barrier function, thus supporting defense reactions
against pathogens (Schaupp et al., 2020; Sorbara and Pamer, 2019; Vogt and Finlay,
2017) The microbiome by itself can modulate multiple signaling pathways (such as
AMP secretion, IgA secretion, and more) to support a balanced immune response. In
this way, it also trains the immune system to distinguish between pathogens and
beneficial microbes (Chiu et al., 2017).

However, while being mainly beneficial, the microbiota can also negatively influence
the host (Frank et al., 2007). A potential disbalance in microbiota colonization can be
associated with diseases of various organ systems, such as the brain, lungs, skin, and
more. This miscolonization can be caused by a variety of factors, including diet, drugs
(especially antibiotics), stress, genetic basis, and many other unknown influences
(Round and Mazmanian, 2009; Tuddenham and Sears, 2016; Turnbaugh et al., 2007).
Several diseases, including autism, obesity, diabetes, and atopic dermatitis, have been
studied, with links to the microbiome established (Bosch, 2021; Hsiao et al., 2014).
The next section focuses on this miscolonization and presents two common diseases

in this context, emphasizing the importance of this work for the medical field.

Diseases associated with the human microbiome

Research in recent decades has revealed multiple associations between the
microbiome and a variety of diseases. These associations are multifaceted and can
involve an altered composition of the microbiota, the function of individual bacteria,
indirect effects on the host through the microbiota, and changes in the intestine itself
(Ley et al., 2006; Lin and Zhang, 2017; Turnbaugh et al., 2009). One example of altered
microbial composition is obesity. Over the last 50 years, obesity has become one of
the most serious issues in healthcare system in the Western world (Abenavoli et al.,
2019; Castaner et al., 2018). The number of people who are overweight has more than

doubled, along with the number of diseases related to obesity. The most common



comorbidities of obesity include high blood pressure, coronary heart disease, ischemic
stroke, and type 2 diabetes (Vermont, 2000). Many of these disorders fall under the
category of cardiovascular diseases, which are the leading cause of death worldwide
(Jokinen, 2015). Furthermore, the psychosocial consequences of obesity are
increasingly important in society (Hartmann and Hilbert, 2013). Focusing on the
bacterial side, it has been shown that the microbiota play a major role in the
development and progression of obesity (David et al., 2014; Vrieze et al., 2014).
People with obesity are primarily associated with changes in the gut microbiota
composition and secondarily with altered metabolic function of the intestinal microbes
(Turnbaugh et al., 2009). Specifically, patients with obesity show an increased number
of Firmicutes and a decreased number of Bacteroidetes (Ley et al., 2006). The
Bifidobacterium species has been shown to reduce anxiety-like behavior and stress
response (Castaner et al., 2018; Vrieze et al., 2012).

The architecture of the intestinal barrier is one of the key factors for maintaining intact
adaptive immune regulation (Turner, 2009). A defect in the gut mucosa is associated
with an altered immune response and an increased risk of developing diseases (Hsiao
et al., 2014). The pathophysiology of autism emphasizes the importance of an intact
intestinal wall. The disease has been extensively studied in experiments with mice,
where it was found that mice with autism symptoms exhibit two specific
pathomorphological signs: First, they show defects in their intestinal barrier, which
occur at a young age (Hsiao et al., 2014). They also demonstrate an altered
composition of the intestinal microbiome (Adams et al., 2011). Interestingly, mice with
autism that were treated orally with the bacterium Bacillus fragilis showed improved
intestinal defects and enhanced intestinal permeability. Furthermore, treatment with B.
fragilis led to changes in tight junctions and cytokines, which are critical for immune
defense. This improvement associated with B. fragilis has been observed in both mice

and humans (Hsiao et al., 2014).

Therapeutic options through the microbiome?

Due to the correlation between the microbiota and the host's immune response, the
microbiota can be considered as an important target for disease therapies. Intensive
research is ongoing into fecal transplantation, in which the stool of a healthy donor is
transferred to a patient to rebuild healthy intestinal flora (Weingarden and Vaughn,
2017). A successful example in this context involves patients with obesity and insulin

resistance who were treated with allogeneic gut microbiota infusion from lean donors.



After the allogeneic transfer, it was observed that the insulin sensitivity of the patients,
as well as the diversity of their microbiota, increased significantly (Vrieze et al., 2014).
As described above, patients with obesity are associated with lower gut microbiota
diversity (David et al., 2014; Turnbaugh et al., 2009). After the allogeneic transfer, it
was observed that the insulin sensitivity of the patients, as well as the diversity of their
microbiota, increased significantly (Siegmund, 2017). However, fecal transplantation
can also negatively affect the health of the recipient and require great caution.
Interestingly, fecal transplantation of microbiota from obese individuals to normal-
weight patients can lead to weight gain in the recipient. This was observed after fecal
transplants for recurrent Clostridium difficile infections, where microbiota
transplantation is a common and successful treatment (Alang and Kelly, 2015).
Although this research shows great therapeutic potential in stool transplants, such
therapies must still be carefully studied to prevent the emergence of new diseases in
patients. The personalization of therapy offers major opportunities, as the microbiome
can differ widely from person to person. Individual analysis of the microbiome may
enable the development of customized therapies tailored precisely to the needs of

each person.

C. elegans as a model organism for microbiota-host interactions

Research and experiments on the human microbiome are characterized by high time
and cost expenses. Subject selection, patient numbers, ethics agreements, and other
factors make basic research enormously difficult, time-consuming, expensive, and
limited in scope when investigating causal mechanisms. The nematode
Caenorhabditis elegans presents an ideal alternative, as it can be used as an effective
model system to later compare and translate mechanistic insights to humans. C.
elegans is a commonly used model organism in various research fields, including
evolutionary biology, cell biology, development biology, physiology, ecology, genomic,
and more (Frézal and Félix, 2015).

C. elegans has a wide range of useful properties: it has a short lifespan of about three
weeks and a life cycle of approximately three days. Its small body length (about 1 mm),
the possibility of self-fertilization, and the ability to freeze make it easy to handle in the
laboratory (Ruszkiewicz et al., 2018). In recent years, C. elegans has proven to be an
eminently suitable model organism for microbiome research, as well as for evolutionary
and ecological studies (Frézal and Félix, 2015; Zhang et al., 2017). Additionally, it has

been shown that the immune system of C. elegans shares many similarities with the



human immune system (Schulenburg et al., 2004).

C. elegans possesses an innate immune system that includes physical barriers,
antimicrobial peptides, and the RNA interference pathway. These mechanisms help
the nematode defend itself against potential infections and ensure its survival
(Ermolaeva and Schumacher, 2014; Martineau et al., 2022; Schulenburg et al., 2004).
One physical barrier is the cuticle, a thick outer protective covering that limits the
penetration of microbes (Martineau et al., 2022). Analogous to the human immune
response, the innate immune system of C. elegans also includes the secretion of
antimicrobial peptides that directly target pathogens (Engelmann & Pujol, 2010;
Ermolaeva and Schumacher, 2014). These peptides attack and destroy the cell
membranes of bacteria, leading to their destruction. Unlike the human immune system,
C. elegans lacks an adaptive immune response (Hirano, 2018). The adaptive immune
system consists of T and B lymphocytes, which produce antibodies to recognize and
combat pathogens. Additionally, the human immune system can develop
immunological memory, enabling a faster, stronger, and more specific immune
response upon re-exposure to the same pathogen (Hirano, 2018).

In its natural habitat, C. elegans can be found in rotting plants and compost piles, where
it is naturally exposed to a high number of microorganisms (Frézal and Félix, 2015;
Petersen et al., 2014; Schulenburg and Félix, 2017). Ever since C. elegans was
introduced into the laboratory by Sydney Brenner, the common food source was the
Escherichia coli strain OP50. Since 2016, the natural microbiome of C. elegans has
been studied and analyzed with increasing intensity. The natural microbiome includes
members of the bacterial genera Pseudomonas, Stenotrophomonas, Ochrobactrum,
and Sphingomonas, among others (Dirksen et al., 2016; Zhang et al., 2017) which
influence the worm to a significant extent. The microbiota of the worm has great
metabolic potential and provides its host with essential nutrients and vitamins. This has
a strong impact on the biology and physiology of the worm (Zimmermann et al., 2020).
Specific members of the microbiota protect C. elegans from pathogen infections
(Dirksen et al., 2016; Kissoyan et al., 2019). For instance, Pseudomonas lurida MYb11,
a natural member of the C. elegans microbiota, directly protects the worm by producing
the natural compound massetolide E, which inhibits the growth of the pathogen
Bacillus thuringiensis (Kissoyan et al., 2019). Important aspects of microbiota-
mediated protection, such as that provided by MYb11, include the evolutionary basis

of a host-microbe association.



Strain level diversity of Pseudomonas lurida MYb11

The basics of host-microbiota interaction are extensive but still largely unexplored. The
foundation of this dissertation is an evolutionary experiment conducted by Dr. Nancy
Obeng, which investigated bacterial evolution in both host and environment, with a
focus on the bacterial perspective. The research focused on the transition of bacteria
from a free-living to a host-associated lifestyle and the impact on bacterial fitness,
particularly traits that enable host association and interactions. Obeng’s experiment
examined the bacterium Pseudomonas lurida MYb11 during a biphasic life cycle,
consisting of a free-living phase on agar plates and a host-associated phase with the
nematode Caenorhabditis elegans MY316 (Figure 1). During the evolutionary
experiment, Pseudomonas lurida MYb11 diversified into distinct colony-forming
variants. The ancestral MYb11 exhibited smooth, round, and brown colonies on agar
plates, while the evolved strains displayed phenotypes ranging from fuzzy and wrinkly
to ancestral-like smooth morphologies (Obeng et al., 2023). These variants of
Pseudomonas lurida MYb11 were termed 'morphotypes' and categorized based on the
morphology they exhibited (Figure 1). To better understand the evolved morphotypes,
further experiments were conducted to investigate the distinct properties of the evolved
bacteria. Interestingly, the morphotypes not only differed in morphology but also
showed functional differences in these subsequent experiments (Obeng et al., 2023).
Obeng examined the properties of the morphotypes in swarming, short-term
persistence, biofilm formation, and colony expansion, and discovered notable
differences (Figure 1). While the ancestral, fuzzy, and smooth morphotypes performed
better in swarming and colony expansion tests, the wrinkly morphotypes exhibited the
best results in short-term persistence and biofilm formation. With the highest
prevalence in the biphasic cycle, the wrinkly morphotypes appeared to be the best

adapted to a host-associated lifestyle.
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Figure 1: Bacterial evolution of Pseudomonas lurida MYb11 morphotypes. To investigate host adaptation and
interactions, MYb11 was studied through a biphasic life cycle, consisting of a host-associated and a free-living
phase. During the evolution experiment, MYb11 diversified into distinct morphotypes, each demonstrating unique
properties in swarming, short-term persistence, colony expansion, and biofilm formation. Wrinkly morphotypes
perform better in biofilm formation and short-term persistence, while ancestral, smooth, and fuzzy morphotypes
perform better in swarming and colony dispersal (Obeng et al., 2023).

The subsequent studies of the evolutionary experiment revealed that the
morphological alterations of the bacteria were accompanied by numerous functional
distinctions among the morphotypes. From this perspective, the question arises as to
what extent the protective function of the wildtype MYb11 evolved during the
experiment. This leads to the question of whether the evolutionary adaptation of the
morphotypes impacted the original protective effect of the bacterial strain MYb11.
Based on this, we wondered whether such functional diversity within a single bacterial
strain could similarly affect the human microbiota and its various influences on our
immune system. With the continuation of the analysis of C. elegans and its microbiota,
there is potential to investigate basic mechanisms in the worm and draw connections

to the human microbiota.



2. Research questions

This dissertation investigates the effects of strain-level diversity on microbiota-
mediated protection in the nematode Caenorhabditis elegans. Pseudomonas lurida
MYb11 is part of the worm’s beneficial natural microbiota and has evolved into different
morphotypes with altered properties during experimental evolution. However, the initial
microbiota-mediated protection against pathogens provided by MYb11 has not been
examined in the evolved MYb11 morphotypes. Therefore, this study aims to determine
whether the protective effect of MYb11 has changed across the different evolved

morphotypes by addressing two primary questions:

1. Has the evolutionary adaptation of MYb11 morphotypes altered their

protective effect on the host?

To address this question, survival assays were conducted with the evolved
morphotypes and the pathogen Bacillus thuringiensis (Bt247). Six distinct
morphotypes, selected from two populations of the evolution experiment, were
compared for their protective effects against the pathogen, relative to wildtype P. lurida
MYb11 and Escherichia coli OP50. This question also explores which bacterial
properties could explain a protective effect against B. thuringiensis and whether there

are differences in protection between the individual morphotypes.

2. Which properties, including growth and colonization of the morphotypes,

could lead to altered protective mechanisms?

To explore this, disc diffusion assays were performed to assess bacterial growth in the
presence of Bacillus thuringiensis Bt247 Additionally, bacterial load assays were
conducted to measure the morphotype and pathogen load in the worm’s intestine. For
visualization, the morphotypes were fluorescently labeled, and their appearance in the
intestine of the worm was examined. In all experiments, wildtype P. lurida MYb11 and
the common food source E. coli OP50 were used as controls and compared with the

evolved morphotypes.



3. Materials and methods

Nematode strain and maintenance

The wildtype Caenorhabditis elegans strain MY316 was used as host organism for all
experiments. The North German worm strain was isolated from a rotten apple in the
Kiel Botanical Garden (Dirksen et al., 2016). C. elegans MY316 was maintained on 9
cm nematode growth medium (NGM) agar plates, which were seeded with the food
source Escherichia coli (OP50). OP50 was streaked out from a frozen stock onto 9 cm
tryptic soy agar plates (TSA) and incubated for 48 hours at 25 °C. One colony was
picked into a 250 ml flask filled with 50 ml tryptic soy broth (TSB) medium and placed
into a shaking incubator overnight at 28 °C. The lawn was prepared by inoculating the
NGM plates with 750 ul of the bacterial culture. After drying the bacterial lawn, the
plates were stored at room temperature for further usage.

After transferring the worms to fresh inoculated 9 cm NGM plates, the worms were
bleached to synchronize them by leaving only the eggs alive. Plates filled with many
eggs and gravid hermaphrodites were bleached by washing them off the plate and
adding the bleach solution containing NaOH and NaclO for about 6 minutes. After
washing the eggs three times to remove any residual bleach solution, they were
pipetted into 2 mL of M9 medium and incubated overnight in a shaking incubator. After
20 hours of incubation, approximately 200-300 grown L1 larvae were spotted on agar

plates containing peptone-free medium (PFM) inoculated with the different bacteria.

Bacterial strains and maintenance

For the experiments, a collection of seven evolved Pseudomonas Ilurida MYb11
morphotypes was investigated and compared with wildtype MYb11 and E. coli OP50.
The morphotypes evolved in a previous evolution experiment and differ in their
morphology and several functions (Obeng et al., 2023). The bacteria collection was
selected from two populations of MYb11 with differing morphologies (Table 1). The
bacteria were streaked out from a frozen stock onto TSA plates. For overnight culture,
one colony of the bacteria was picked into 50 ml TSB medium and placed onto a
shaking incubator at 28 °C. The optical densities (ODesoonm) of the different bacteria
were measured and adjusted to 10. The adjusted bacterial solution was used to
inoculate the PFM plates with 750 pl bacteria solution. These plates were utilized to
grow the worms on the different bacterial strains until they reached larvae stage L4.



Table 1: Evolved Pseudomonas lurida MYb11 morphotypes used in this thesis.

bacterial strains

Pseudomonas lurida MYb11 (ancestral strain)
Escherichia coli OP50 (lab food bacterium)
morphotype id  morphology

MT2 fuzzy

MT3 ancestral-like (smooth)
MT5 wrinkly

MT11 fuzzy

MT12 wrinkly

MT13 ancestral-like (smooth)
MT14 wrinkly

For testing microbiota-mediated protection, the pathogen Bacillus thuringiensis MY -
BT18247 (Bt247) was used. The strain was received by the Agriculture Research
Patent Culture Collection of Microorganism and Cell Cultures (United States
Department of Agriculture, Peoria, lllinois, USA). Bt is a Gram-positive bacterium that
can produce the toxin Cry6Ba, which forms pores by penetrating the cell membrane of
C. elegans (Griffitts et al., 2005). As a non-pathogenic control, the Bt strain Bt407 was
used. Bt407 was received from Christina Nielsen-LeRoux (INRA, France) and is not
able to produce a toxin and form pores (Salamitou et al., 2000). For all experiments,
frozen aliquots were thawed and directly used for the survival, load, and disc diffusion
assays.

To obtain a visual impression of C. elegans gut colonization, evolved MYb11
morphotypes, wildtype MYb11, and E. coli OP50 got fluorescently labeled. The
bacteria were genetically manipulated to express the red fluorescent protein dTomato.
The labeling was performed in cooperation with Anna Czerwinski following the Tn7
protocol (Wiles et al., 2018).

Survival assays

Survival assays were performed to investigate microbiota-mediated protection of
MYb11 morphotypes against pathogen infections in C. elegans. The worms maintained
on the different morphotypes until they reached larvae stage 4 (see chapter “nematode
strain and maintenance). For the infection, 6 cm PFM plates were inoculated with a 75
pl Bt-bacteria mixture, using different pathogen concentrations (Figure 2). For the non-
pathogenic Bt407, the highest concentration of 1:25 dilution was used, whereas for the
pathogenic Bt247 the dilutions 1:25, 1:50, and 1:100 were applied. The inoculated
plates dried overnight at 20 °C. For infection, L4 worms were washed off the 9 cm PFM

plates using M9 buffer, and 30 worms were carefully pipetted to 6 cm PFM plates



containing the Bt-bacteria mixture (Figure 2).

The plates were stored at 20 °C for 24 hours, and afterward, the alive and dead worms
were counted. A worm was considered dead if no movement appeared after touching
it with a sterile platin picker. All samples were randomized using codes on petri dishes
and falcon tubes. GLM was used to test the distinct protective effects of the
morphotypes and wildtype MYb11. The post hoc analyses were done with Tukey test.
RStudio was used for statistical analysis (Version 4.0.0) and results were classified as
significant when the p-value was <0,05. All plots were created with RStudio package
ggplot (Wickham, 2016) and edited with Inkscape (Version 1.0) (Harrington, 2004).
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Figure 2: Testing the protective effect of different Pseudomonas Iurida morphotypes after infection with the
pathogen Bacillus thuringiensis Bt247. C. elegans MY316 was raised on PFM plates inoculated with different
evolved P. lurida morphotypes (MT2, MT3, MT5, MT11, MT12, and MT13, wildtype MYb11, and E. coli OP50). At
larvae stage 4, the worms were infected with pathogenic Bt247 and non-pathogenic Bt407 as controls. Twenty-four
hours post-infection, survival rates of the worms were assessed by counting both dead and alive worms. The
survival rates were analyzed using RStudio (Version 4.0.0).

Disc diffusion assays

The direct microbiota-pathogen interaction was examined by using disc diffusion
assays. These experiments were performed with two approaches. In the first step, a
morphotype culture was placed on a pathogen lawn to investigate the direct growth of
P. lurida morphotypes in pathogen presence. In a second step, the supernatant of the
morphotype overnight cultures was placed on the pathogen plates. This aimed to
investigate whether the bacteria produce a potential substance that inhibits the growth
of the pathogen Bt. For the experiments, Muller Hinton agar (MHA) plates were poured

with 25 ml of agar per plate to ensure a depth of 4 mm. Overnight liquid cultures were



started by picking one fresh bacteria colony into 50 ml TSB medium and placed onto
a shaking incubator at 28 °C. After centrifuging the bacteria for one minute, the
supernatant was filter sterilized with a 0,2 ym Sarstedt filter. The remaining bacteria
pellet was mixed with PBS buffer and adjusted to an optical density (ODeoonm) of 10.
MHA plates were inoculated with Bt by applying the solution with a sterile cotton swab
and spreading it thoroughly over the entire plate (Figure 3). 6 mm Whatman discs were
placed onto MHA plates using sterile tweezers and inoculated with 15 pl of microbiota
adjusted to an OD of 10. In the same way, 15 pl of the filter-sterilized supernatant was
pipetted onto the Whatman discs and placed on the MHA plates (Figure 3). A positive

control of 5 yl ampicillin and a negative control of 5 yl TSB medium were employed.
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Figure 3: Direct interaction between microbiota and pathogen during host absence, investigated via disc
diffusion assays. The experiments focused on (I) direct microbiota growth in the presence of the pathogen and
(I) potential antimicrobial compounds in the microbiota supernatant. Overnight cultures were prepared from
Pseudomonas lurida morphotypes (MT2, MT3, MT5, MT11, MT12, MT13, and MT14), wildtype MYb11, and E. coli
OP50. Bacillus thuringiensis overnight cultures were prepared from the pathogenic strain Bt247 and the non-
pathogenic strain Bt407. After shaking incubation, MHA plates were inoculated with Bt247 and Bt407 using a sterile
cotton swab. Three 6 mm Whatman discs were placed on each plate and inoculated with 15 ul of microbiota solution
or supernatant. Plates were stored at 25°C and photographed after 24 and 48 hours to visualize the inhibition zone
or bacterial growth around the inoculated discs.

The plates were stored at 25 °C and photographed after 24 and 48 hours to visualize
any inhibition zone or bacterial growth around the inoculated discs. The samples were
randomized using codes on the petri dishes and falcon tubes. The diameters of
bacterial growth and inhibition zones were measured with ImagedJ (Version 1.52p). All
plots were created with RStudio package ggplot (Wickham, 2016) and edited with
Inkscape (Version 1.0) (Harrington, 2004).



Confocal laser scanning fluorescence microscopy

To visualize the collection of P. lurida isolates, wildtype MYb11, and E. coli OP50 in
the gut of C. elegans, the bacteria were fluorescently labeled with dTomato. The worms
were grown on different bacteria to larvae stage L4 and then examined under a
microscope to determine whether the bacteria showed divergent colonization. For
microscopy, the worms were washed off the plates and collected in a tube filled with
M9 buffer. After three washes with M9, the worms were left in the buffer for at least two
hours to get rid of all the bacteria sticking outside on the epidermis of C. elegans.
Afterwards, M9 buffer with 25 mM tetramisole+0.025% Triton X-100 was added to
paralyze the worms for microscopy and prevent worms from sticking in the filter tips of
the pipette. 10 yul worm suspension were pipetted onto an objective slide and hedged
with a cover slip. Confocal laser scanning fluorescence microscopy was used to

visualize the worms, and ZEN was utilized to edit the pictures (Version 3.0 SR).

C. elegans MY 316
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Figure 4: Investigation and visualization of microbiota colonization in the gut of C. elegans using confocal
laser scanning microscopy. Worms were maintained on PFM agar plates inoculated with MYb11 morphotypes
(MT2, MT3, MT5, MT11, MT12, and MT13), P. lurida MYb11, and E. coli OP50. After 48 hours, the worms were
washed off the plates and incubated in buffer for at least two hours to remove external bacteria. The worms were
then paralyzed with tetramisole, and intestinal colonization was visualized using confocal laser scanning
microscopy.



Pathogen and morphotype load assays

Colony-forming unit (CFU) assays were performed to quantify the pathogen and
bacterial load in the worm, and to investigate correlations between microbiota-
mediated protection and colonization of the worm's gastrointestinal tract. The worms
were grown and maintained on 9 cm nematode growth medium (NGM) agar plates
inoculated with OP50 (Figure 5). After synchronization with sterile bleach solution, the
worm eggs were pipetted onto the inoculated PFM maintenance agar plates containing
the morphotypes, MYb11, and OP50. Infection plates containing the pathogen Bt were
prepared using 6 cm PFM plates inoculated with 200 pl of a microbiota-pathogen
mixture at a concentration of 1:200. For pathogen infection, worms were washed off
the maintenance plates with M9 buffer and centrifuged for one minute. Afterwards, the
supernatant was discarded, and the worms were washed again with M9 buffer solution.
This washing step was repeated at least three times, ensuring that the supernatant
was clear after the washing. The washed worms were transferred to the infection
plates, pipetting a minimum of 100 worms per infection plate, and stored at 20 °C.
Afterwards, one-day-old adult worms were washed off the infection plates using M9
buffer mixed with 0.025% Triton-X100 to prevent worms from sticking to the pipette
filter tip. Worms were collected in sterile 1,5 ml Eppendorf tubes and let settle by
gravity, so the supernatant could be collected above the worms. They were then
washed again with 1 ml of M9 buffer containing 0.025% Triton-X100.

-
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Figure 5: The pathogen and microbiota load in C. elegans after Bt infection was assessed by CFU assays.
Worms were maintained on PFM agar plates inoculated with the evolved MYb11 morphotypes (MT5 and MT11), P.
lurida MYb11, or E. coli OP50. When the worms reached the L4 larval stage, they were transferred to infection
plates inoculated with Bacillus thuringiensis. Adult worms were washed off the plates and transferred to sterile
Eppendorf tubes. After settling the worms by gravity, the supernatant was removed and replenished with M9 buffer.
The washing step was repeated five times, and after surface sterilization by bleach solution, the worms were
shredded by a bead ruptor. The crushed worm mixture was diluted and plated out on TSA plates. Colony-forming
units were counted after 48 hours of incubation at 25 °C.



After washing five times, the worms were paralyzed with 100 pl of 10 mM tetramisole
and bleached with 200 pl of 2% bleach solution for 2 minutes to sterilize the surface of
the worms. Paralyzing through tetramisole prevented the worm from ingesting the
bleach solution, which would have destroyed bacteria in the intestine.

Thereafter, the supernatant was carefully removed, and the worms were washed two
times with 1 ml PBS buffer and 0.025% Triton-X100. A defined number of worms (50
worms per sample) were transferred to a 1,5 ml Eppendorf tube and filled with 400 pl
PBS and 0.025% Triton-X100. The number of pipetted spots and the worm number
were noted for later calculation. Per worm tube, approximately 30 1 mm Zirconia beads
were added, and the samples were crushed for about 3 minutes at 30 Hz in the 96
Bead Ruptor Elite. The crushed samples were serially diluted with PBS in a 96-well
plate to a concentration of 1:50, 1:100, and 1:200 and plated out 5 yl on quadratic 120
mm TSA plates and TSA + antibiotic nitrofurantoin plates. The TSA plates without
nitrofurantoin were used to count Bt colonies, while the TSA plates with nitrofurantoin
were used to analyze the microbiota since Bt cannot grow on nitrofurantoin. Colony-
forming units were counted under the microscope after incubation for 24 hours at 25
°C. For the calculation of microbiota and pathogen load, the CFU count of the
supernatant was subtracted from the worm samples. All used plates and tubes were
randomized with codes to prevent observer bias. The assay was performed a total of
three times, with two technical replicates each time. The post hoc analyses were done
with Tukey test. RStudio was used for statistical analysis (Version 4.0.0), and results
were classified as significant when the p-value was <0,05. All plots were created with
RStudio package ggplot (Wickham, 2016) and edited with Inkscape (Version 1.0)
(Harrington, 2004).



4. Results

Evolution of P. lurida leads to differences in microbiota-mediated protection
To examine if the evolved morphotypes of Pseudomonas lurida MYb11 have different
effects on the immune defense of the nematode C. elegans, survival assays were
conducted to test the survival rates of the worm after pathogen infection with Bacillus
thuringiensis.

The protective effect of wildtype MYb11 was reproducible across all six independent
runs of the assay (Figure 6A and B), with each run showing a significantly higher
survival rate of worms grown on MYb11 compared to the lab food bacterium OP50 (in
all cases p<0,001, Figure 6). Worms on the fuzzy morphotype MT11 were significantly
more susceptible to the infection with Bt247 compared to ancestral MYb11 in all three
runs (Figure 6B). Worms on the two morphotypes wrinkly MT12 and ancestral-like
MT13 were significantly more resistant to the infection with Bt247 compared to OP50,
but mostly lower than MYb11. Worms on the wrinkly morphotype MT5 were more
resistant to the infection in contrast to MYb11. While at 1:100 and 1:50 Bt
concentrations MT5 and MYb11 generate similar survival rates, MT5 had a higher
survival rate at the maximum pathogen concentration of 1:25 (Figure 6A). This trend
was detectable in all three independent runs but was not statistically significant.
Although the morphotypes evolved in the absence of pathogen pressure, all isolates
from population 1 kept the protection and examined comparable worm survival rates
to the wildtype (Figure 6A).

In summary, most of the evolved isolates have retained their protective effect, although
some individual morphotypes show exceptions, with either increased or decreased

protection.
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Figure 6. Evolved morphotypes of the symbiotic bacterium Pseudomonas Ilurida MYb11 present different
host protection against infection with pathogenic Bacillus thuringiensis (Bt247).

C. elegans MY316 L1 larvae were grown on ancestral MYb11, evolved MYb11 morphotypes, or food bacterium E.
coli OP50 prior to the infection of L4 larvae with the pathogen Bt247. Dead and alive worms were counted 24 hours
post infection. Non-pathogenic Bt407 was used as control. The different Bt strains and tested pathogen dilutions
are shown on the x-axis. The y-axis depicts the proportion of living worms, which was calculated by dividing the
number of living worms by the total number of worms. Six different morphotypes out of two populations (A and B)
were tested in three independent runs and compared with ancestral MYb11. The generalized linear model (GLM)
and Tukey Contrasts were used to statistically compare the different treatments (p-values shown).



P. lurida morphotypes exhibit distinct growth in the presence of pathogen
Bt247 in vitro

To investigate fundamental mechanisms that may be related to the protective
properties, disc diffusion assays analyzed the growth capability of Pseudomonas lurida
MYb11 and evolved isolates in the presence of the pathogen Bt247. Direct interaction
between microbiota and pathogen was investigated using disc diffusion assays,
building on the previous research of Dr. Kohar Kissoyan. In her experiments, Dr.
Kissoyan demonstrated that the cell-free supernatant of MYb11 inhibits the growth of
the pathogen Bt247 (Kissoyan et al., 2019). In this study, in addition to the supernatant,
the direct growth ability of the bacteria in the presence of the pathogen was also
examined by inoculating bacterial cells onto discs on a Bt247 lawn.

In all runs, MYb11, E. coli OP50, and the evolved morphotypes exhibited growth on
agar plates containing the pathogen Bt247 and the non-pathogenic Bt407. Wildtype
MYb11 and most morphotypes showed a higher growth diameter than OP50 (Figure
7). The wrinkly isolates MT5, MT12, and MT14 exhibited similar diameters to the
wildtype in one run, but reduced growth in another independent run. Interestingly, the
non-protective morphotype MT11 (fuzzy morphology) presented a lower growth
capacity compared to MYb11, same as the other isolate MT3 (ancestral-like
morphology). However, in contrast to MT11, MT3 retained host protection in the
survival assays. The other fuzzy isolate MT2 exhibited ancestral growth diameters in
the presence of the pathogen Bt247. When exposed to the non-pathogenic BT407, it
displayed larger diameters in one run and ancestral growth in another independent
run. In addition, some isolates exhibited a clearance or death zone where no pathogen
growth occurred beyond their growth diameter (Figure 8). This inhibition zone was
excluded in the measurement of the diameter and marked in the plots. All evolved
morphotypes, ancestral MYb11, and lab food bacterium OP50 exhibited an inhibition
zone on the non-pathogenic Bt407 lawn. Plates with MT2 (fuzzy morphology), MT13
(ancestral-like morphology), and ancestral MYb11 displayed an inhibition zone after
24 and 48 hours of growth on the pathogenic Bt247. Additionally, the supernatant was
used to test if the worm protection is caused by the secretion of chemical compounds
of the morphotypes, just like the cycling lipopeptide massetolide E (Kissoyan et al.,
2019). In three independent runs, the supernatant of MYb11 and the morphotypes
were examined and no inhibition zone around the inoculated discs was visible (Figure
9).
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Figure 7: Evolved Pseudomonas lurida morphotypes show different growth diameters on plates inoculated
with the pathogen Bacillus thuringiensis (Bt247).

Direct microbiota-pathogen interaction was examined by analyzing different growth properties of MYb11
morphotypes in presence of pathogen Bt247. Ampicillin (amp) was used as positive control. Therefore, disc diffusion
assays were performed in two independent runs. Sterile Whatman discs were inoculated with bacteria and
incubated for 48 h. Photos were taken after 24 and 48 hours with ChemiDoc BioRad and growth diameters were
quantified with ImageJ.
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Figure 8: Clearance zones of tested MYb11 and evolved isolates in the pathogen lawn. Pseudomonas lurida
MYb11 and morphotypes MT2, MT12, MT13 and MT14 exhibited a clearance zone surrounding their growth area,
adjacent to the lawn of pathogen Bt247. Photographs were taken after 24 and 48 hours of incubation using
ChemiDoc, and the diameters were quantified with ImageJ.

supernatant MYb11 control (antibiotic ampicillin)

Figure 9: No growth inhibition of pathogenic strain Bt247 by the cell-free supernatant of Pseudomonas
lurida MYb11 and its evolved isolates. The inoculated discs did not show any growth inhibition (A: disc with cell-
free supernatant from MYb11, representing all tested isolates), whereas the control discs, inoculated with the
antibiotic ampicillin, exhibited a distinct inhibition zone. Photographs were taken after 48 hours of incubation using
ChemiDoc, and the diameters were quantified with Imaged. The experiments were conducted in 3 independent
runs.

Different morphotype colonization, but no different pathogen load in the worm
after pathogen infection.

Bacterial and pathogen load assays were performed to determine whether the distinct
protective effects observed by the MYb11 morphotypes are associated with different
colonization of C. elegans during mild infection (1:200 dilution of Bt247). The
experiments focused on the wrinkly MT5, which demonstrated a higher number of
surviving worms across the survival assays, and the fuzzy morphotype MT11 with a
reduced protective effect.

In all three independent runs, the wrinkly MT5 exhibited a significantly higher and the
fuzzy MT11 a significantly lower bacterial load during mild Bt247 infection. Comparing
the colonization of MYb11 with E. coli OP50, MYb11 consistently displayed higher CFU
counts across all three independent runs (Figure 10A).

In contrast, the pathogen load in worms maintained on evolved MYDb11 isolates
exhibited no significant differences to wildtype MYb11 during mild infection (Figure
10B).
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Figure 10: Different microbiota load (A) in MY316 worms during Bt247 infection, but comparable pathogen
load in the worm’s intestine (B).

For colony-forming units (CFU) assays the worms were washed 24 hours post infection and crushed worm mixture
was plated. Microbiota and Bt cells were separated through plates containing the antibiotic nitrofurantoin. The
wrinkly morphotype MT5 showed a significant higher and fuzzy MT11, a significant lower morphotype load
compared to the wildtype MYb11, while the pathogen load in the worm showed no differences. The data represents
three independent biological replicates and are shown as the averages of two technical replicates. ANOVA, fdr
corrected were used to compare the different treatments statistically followed by Dunnett post-hoc test.

Evolved morphotypes show microscopic differences in colonization of C.
elegans

To investigate coherences between distinct pathogen protection and prospective
colonization of the intestine, worms were analyzed by confocal laser scanning
microscopy. Therefore, the different morphotypes, ancestral MYb11, and E. coli OP50
were tagged with a fluorescent protein (labeled as: MT5::dTomato, MT11::dTomato,
MT12::tomato, MT13::dTomato, MYb11::dTomato, OP50::dTomato). The microscopic
images showed colonization of the worm’s grinder, pharynx, and intestine by some of
the tested isolates (Figure 11 and 12). Furthermore, the density of colonization
between the morphotypes differ from each other. Therefore, the appearance of single
cells and diffuse fluorescent signal in the worm in comparison to the ancestral
Pseudomonas lurida MYb11 were analyzed. Diffuse fluorescent signals and single
cells were detected in all worms exposed to the different evolved isolates and the
ancestral MYb11, except for MT11::dTomato, which showed no individual cells (Figure
12).

The wrinkly morphotypes (MT5::dTomato, MT12::dTomato) exhibited a similar pattern
of single cells and diffuse fluorescence signal as MYb11::dTomato. However, the
intestines of worms exposed to wrinkly morphotypes appeared more swollen
compared to those of worms with MYb11::dTomato. Worms exposed to the fuzzy
morphotype MT11::dTomato displayed a diffuse fluorescence signal at lower intensity

than MYb11::dTomato but showed no individual cells in the intestine. The ancestral-



like morphotype MT13::dTomato exhibited a diffuse fluorescence signal and single
cells in the pharynx, grinder, and intestine, similar to MYb11::dTomato.
OP50::dTomato did not show colonization by single bacterial cells or diffuse
fluorescence signal in the worms’ intestine, with only occasional single cells detected
in the pharynx. In summary, microscopy revealed differences between the

morphotypes regarding the arrangement of individual cells and the presence of a

diffuse fluorescence signal in the worm's gut.

Figure 11: Anatomical representation of grinder, pharynx, and intestine of C. elegans. Worms were grown on
different morphotype isolates, and images were captured using confocal laser scanning microscopy when they
reached the adult stage.
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Figure 12: Proportional differences in C. elegans colonization by various P. lurida morphotypes, ancestral
MYb11, and E. coli OP50. Colonization was visualized using fluorescent-labeled bacteria and confocal laser
scanning microscopy. C. elegans were grown on the different bacteria from the larval stage (L1) to adulthood.
Bacterial colonization of the pharynx, grinder, and intestine was observed. Additionally, variations in colonization
intensity were noted between the morphotypes and in comparison to the ancestral strain MYb11 and OP50.



5. Discussion

The aim of this project was to investigate microbiota-mediated protection in the
nematode Caenorhabditis elegans, focusing on the evolutionary adaption of the
bacteria to their host and potential associated changes in their health-promoting
influence. In a second step, an attempt was made to identify possible underlying
protective mechanisms.

Recent research on the model organism C. elegans and its microbiota has highlighted
the impact on the host's immunity, physiology, and biology (Dirksen et al., 2016;
Kissoyan et al., 2019; Zhang et al., 2017). One member of the natural microbiota,
Pseudomonas lurida MYb11, protects the worm from infection with the pathogen
Bacillus thuringiensis (Kissoyan et al., 2019) and other bacteria and fungi (Dirksen et
al., 2016). In an evolution experiment, MYb11 evolved into distinct morphotypes, that
differ in their phenotype and various properties (Obeng et al., 2023). This dissertation
investigates whether the evolved morphotypes have retained their original protective
effect and which fundamental properties may be associated with this. In the following

chapters, | will elaborate on and discuss the three main findings of my thesis.

Protective effect of the microbiota varies within the bacteria strain P. lurida
MYb11

Survival experiments revealed that the morphotypes have distinct abilities to protect
the worm against infection with Bt247. The ancestral MYb11 is capable of protection
the natural C. elegans strain MY316 against the infection with Bt247 (Figure 6), a
phenotype that has previously only been shown for the standard laboratory worm strain
N2 (Kissoyan et al., 2019). Notably, two types of alterations were observed in this
protective phenotype when testing the different MYb11 morphotypes: a clear loss of
protective ability (MT11) and a trend toward increased protection (MT5) against Bt247
(Figure 6). The evolved fuzzy morphotype MT11 lost the protective effect by presenting
significant lower worm survival compared to MYb11 and even exhibited less protection
than E. coli OP50 at some pathogen concentrations. In contrast, the wrinkly
morphotype MT5 showed a trend toward increased worm protection in all 3 runs
compared to the wildtype. However, the higher protection was not significant, and the
trend was detectable only at the highest pathogen concentration. For analysis under
stronger pathogen pressure, worm survival at higher Bt concentrations needs to be
examined to potentially identify differences between MT5 and MYb11. Assuming that

the differences in protection are most apparent at the highest pathogen concentration,



these experiments could be extended with including a more virulent strain, such as
Bt6479 (Masri et al., 2015). A more virulent strain or a higher pathogen concentration
could potentially provide more room for protection and clarify differences in protective
efficacy. Increased and decreased protection could be explained by different
mechanisms, such as biofilm production or metabolites produced by the bacteria and
will be discussed later in this chapter. The other evolved morphotypes demonstrated
mostly the same protective effect, but without improvement or deterioration compared
to the wildtype. The experiments demonstrate that evolutionary processes and host-
associated adaptations can influence microbiota-mediated protection and thus the
susceptibility of the worm to infection. However, it is unclear whether this is a direct
alteration of a bacterial protective mechanism, or a consequence from other changed
properties, such as less capability of persisting in the worm of fuzzy MT11. These
results raised the question of what other properties on the bacterial side influence the
pathogen-microbiota interaction and thereby provide explanations for the altered

protective effect.

Evolution of MYb11 leads to altered bacterial growth in the presence of the
pathogen

In a second step, | sought to understand which mechanisms might produce variation
in morphotype-mediated protection and affect host-microbiota interaction. The fuzzy
MT11, which lost the protective effect in the survival assays, demonstrated lower
capacity to grow on a pathogen lawn with a reduced growth diameter (Figure 7).
Interestingly, this trend was also observed on the non-pathogenic lawn of Bt407 and
confirms that the growth ability is not dependent on the pathogen itself. One hypothesis
would be that the lower survival rate of the worms on MT11 is due to the lower growth
capacity and thereby a lower amount of potentially protective bacteria in the worm. The
wrinkly morphotypes MT5, MT12, and MT14 presented a related trend to the wildtype
and reached mostly similar growth diameter. Consequently, the higher protection by

MT5 could not be explained by a higher growth capacity of this morphotype (Figure 7).

In addition to the growth spot on the plate, a zone of clearance was visible around the
growth area in almost all morphotypes (Figure 8). These zones mostly appeared after
48 hours of incubation. Wildtype MYb11 produces the cyclic lipopeptide massetolide
E, which directly inhibits the growth of B. thuringiensis Bt247 (Kissoyan et al., 2019).

A possible explanation for the clearance zones could be the massetolide E produced



by the strain. Kissoyan, however, did not test the growth of the direct bacterial cultures
in her experiments, but rather the supernatant from the overnight cultures. She was
able to demonstrate a clear inhibition zone around the discs. In the second step of my
experiments, | also tested the supernatant from MYb11 and the evolved isolates.
However, in three independent experimental runs, it was not possible to reproduce the
inhibition zone of MYb11, as shown by Kissoyan (Figure 9). Furthermore, none of the
supernatants from the morphotypes produced any inhibition zone at all. All
experiments were conducted precisely according to the experimental protocol outlined
by Kissoyan. In several subsequent trials, variations of the protocol were applied, but
these did not lead to reproducibility of the results. A possible reason for the failure to
reproduce the data could be the lack of a reliable method for quantifying the exact
amount of bacteria, and consequently, the amount of supernatant produced. Currently,
the protocol suggests incubating "a few bacterial colonies" from the agar plate without
specifying the size or quantity. A potential source of error could be that the amount of
bacteria used was too small, leading to insufficient production of massetolide E.
Furthermore, it is not yet known under what circumstances massetolide E is produced.
For a stronger validity, the assays should be repeated with more protocols
reconciliation and discussing of higher supernatant concentration. The absolute
amount of bacteria was continuously increased between the test runs, but it may still
have been insufficient. At this point, no definitive conclusions can be drawn regarding
whether the morphotypes produce a compound that leads to an inhibition zone and,
consequently, inhibits pathogen growth.

The assay focused on host-independent direct interactions between microbiota and
pathogens. The underlying assumption was that a reduced growth capacity reduces
the amount of morphotypes in the worm, and the related protective effect. Underlying
direct protection mechanisms are manifold and may include the production of
antimicrobial peptides, niche occupancy, competition for existing nutrients or the
production of anti-biofilm products (Chiu et al., 2017). In connection with the disc
diffusion assays, the separation into contact-dependent and contact-independent
inhibition is essential. In contact-dependent inhibition, a bacterial strain produces a
substance that only has an inhibitory effect on other bacteria when they come into
direct contact with the producing strain (Granato et al., 2019). By placing the bacterial
disc directly on the pathogen lawn, it was tested whether direct contact between the

two leads to inhibition processes. The results of the disc diffusion tests primarily show



that the morphotypes have different growth behavior among themselves, but no direct
correlation to the presence of a pathogen. A direct protective mechanism through
produced antimicrobial compounds and direct pathogen-morphotype interaction could
not be determined with certainty. This brought further focus to the colonization of the
worm and raised the question of whether different protective mechanisms are

associated with colonization differences.

MYb11 morphotypes exhibit altered colonization in their host

To investigate the colonization of the evolved bacteria, | used fluorescent labeled
morphotypes and visualized them in the worms' intestines, were | distinguished
between single bacterial cells and diffuse fluorescent signals. As part of the natural
microbiota of C. elegans, wildtype MYb11 is able to colonize the intestine and protect
the worm from infection (Kissoyan et al., 2019; Dirksen et al., 2016; Zimmermann et
al., 2020). The colonization previously shown in N2 (Pees et al., 2021; Kissoyan and
Peters et al., 2022) could now also be visualized in C. elegans MY316 by microscopy.
Worms fed the wildtype MYb11 had single bacterial cells in their pharynx and intestine
and a continuous, fluorescent signal throughout the intestine (Figure 12). Both the
individual cells and the diffuse signal indicate that MYb11 colonizes the intestine of
MY316.

E. coli, the common lab food source (Dirksen et al., 2016; Zimmermann et al., 2020),
cannot colonize the worms intestine of young adults N2 (Kissoyan and Peters et al.,
2022; Pees et al., 2021). Confirming these findings (Kissoyan and Peters et al., 2022),
| also observed no colonization in MY316 worms and only sporadic single cells in the
worm’s pharynx (Figure 12).

Worms on MT11 exhibit lower diffuse fluorescence signals and fewer single cells in
pharynx and intestine compared to the wildtype and wrinkly MT5. These results confirm
the reduced microbiota load of fuzzy MT11 from the load experiments (Figure 10), and
are consistent with the lowered short-term persistence of MT11 from previous
experiments compared to the wrinkly morphotypes and MYb11 (Obeng et al., 2023).
An interesting experimental addition would be to fluorescently tag the pathogen
Bacillus thuringiensis. Simultaneously visualization the pathogen and morphotype after
infection using fluorescence microscopy would allow for the analysis and comparison
of the colonization patterns of the morphotypes and the appearance of the worms’ gut
during Bt infection. Microscopic images primarily show that the morphotypes, similar

to the wildtype MYb11, are capable to colonize the worm’s intestine (Figure 12).



Notably, MT11 exhibited a significantly lower level of colonization, which may be linked
to its reduced protective effect. However, since microscopy only provides visual
differences in colonization, the next step was to measure the exact bacterial and
pathogen load in the worm.

The load experiments focused on the fuzzy MT11 and wrinkly MT5, which represent
two morphotypes with potentially decreased and increased mediated protection,
respectively (Figure 6). In line with the results of decreased bacteria load of MT11
compared to the ancestral MYb11 (Figure 10), the fuzzy isolates exhibited lower short-
time persistence in C. elegans compared to the wrinkly morphotypes in previous
experiments (Obeng et al., 2023). By colonizing the host intestine, the microbiota
provide direct and indirect protection against pathogens, thereby influencing the
immune response of C. elegans (Dirksen et al., 2016; King and Bonsall, 2017;
Kissoyan et al., 2019; Kissoyan and Peters et al., 2022). The decreased colonization
by MT11 could be related to the lower survival rate of the worm, assuming that less
colonization does not provide the worm with sufficient protection. In worms infected
with the non-pathogenic Bt407, MT11 presented a similar decreased colonization trend
compared to MT5 and the wildtype. This supports the rationale that virulence alone is
not the determining factor for microbiota-pathogen interaction and host protection,
confirming the results of the disc diffusion assays (Figure 7). In the pathogen load
experiments, worms with MT11 showed no significant differences in colonization
compared to the wildtype. This result refutes the assumption, that reduced colonization
by MT11 lead to higher pathogen colonization of the gut. However, if we assume that
low colonization correlates with lower protection, a closer look at the smooth MT3
morphotype is required. MT3, like MT11, is a poor colonizer, but its protective effect
has persisted compared to MT11. Thus, the lack of general colonization ability cannot
be the only factor. A difference in the genetic mutation of MT11 could be an indication
for the reduced protection. MT11 has a mutation that codes for a DD-
metalloendopeptidase (Obeng et al., unpublished). Metalloendopeptidasen can bind
peptidoglycan, which is a component of the cell walls of gram-positive bacteria (Holtje
and Heidrich, 2001). One hypothesis would be that a deficiency of this enzyme could
promote less interaction with pathogens and thus reduce protective behavior.
Pathogen load assays have shown that worms on OP50 have significantly lower
pathogen load compared to wildtype MYb11 (Figure 10). These results are in contrast

to previous experiments with worm strain N2, in which the amount of Bt was higher in



worms growing on E. coli OP50 (Kissoyan et al., 2019). This could be due to the
different timing of tetramisole addition during the tests. In my experiments, the
tetramisole was added later, giving the worms more time to pump out the bacteria,
which would explain a lower amount of pathogens and bacteria.

In the bacterial load assays, the wrinkly MT5 strain showed significantly higher
colonization compared to MYb11 (Figure 10). However, the pathogen load did not differ
significantly from that of MYb11. Consistent with previous experiments, MT5
demonstrated a tendency for higher survival with increased bacterial load compared
to the wildtype (Figure 6). Similar to the survival assays, the bacterial load assays could
be refined by increasing the pathogen concentration or using a different pathogen with
broader pathogenicity. This would provide more opportunities to observe protective
mechanisms and clarify the observed trend (Masri et al., 2015; Zarate-Potes et al.,

2020). This approach could help to identify stronger trends between MT5 and MYb11.

Strain-level diversity links to differences in microbiota-mediated protection
This last paragraph is intended to bring together and discuss the core results of the
work in a wider context. In summary, the experiments revealed that the evolved
morphotypes of Pseudomonas Ilurida MYb11 changed their ability to protect the
nematode C. elegans against pathogen infection. The wrinkly morphotype MT5
exhibited microscopically visible greater colonization of the worm and a tendency
toward increased worm protection with higher bacterial load. One important
consideration is that the increased colonization of the worm’s gut as well as the
improved protective effect could be due to the ability to produce biofilm. A variety of
bacteria have the capacity to form biofilm and persist in it (Smolentseva et al., 2017,
Boyd et al., 2014; Hinsa et al., 2003; Masak et al., 2014). The biofilm, composed of
polysaccharides, proteins, and DNA, provides bacteria with protection from the host
immune system and offers the ability to both protect and harm the host (Vestby et al.,
2020; Karatan and Watnick, 2009). Many biofilm-producing bacteria, such as
Lactobacillus rhamnosus and Bacillus subtilis, have been shown to confer higher
resistance to pathogen infection to their nematode hosts (Smolentseva et al., 2017;
latsenko et al., 2014). It is known from previous experiments that the wrinkly
morphotypes displace the other morphotypes in the worm but not in the agar
environment, and that they also have an increased ability to form biofilms (Obeng et
al., 2023; Schultheiss, research internship, 2019). The basis for the increased biofilm

production are mutations of the wrinkly morphotypes in a regulatory protein for the



universal second messenger cyclic diguanylate (c-di-GMP), which is a key regulator of
forming biofilms (Obeng et al., 2023; Simm et al., 2004; Karatan and Watnick, 2009;
Monds et al., 2007). Based on the genetic mutation and the resulting increased biofilm
production, it can be hypothesized that MT5 could stick in the produced biofilm in the
intestine and thus better colonize and protect the worm. This hypothesis would explain
the increased load results and improved protective effect of MT5. But it is contradicted
by the fact that wrinkly MT12 also has a mutation and has not shown an increased
protective effect. Follow-up experiments could include microbiota and pathogen load
assays of MT12 to see potential differences. Focusing on fuzzy morphotype MT11, the
lower protection and colonization could again be due to potential reduced biofilm
production. MT11 produces less biofilm compared to the wrinkled morphotypes and
MYb11 (Schultheiss, research internship, 2019). In summary, reduced growth capacity
combined with decreased colonization and biofilm production could therefore be one
of the mechanisms for reduced microbiota-mediated protection. However, up to this
point it was not possible to stain potential biofilms in the worm colonized by the
morphotypes and, for further steps it would be desirable to visualize biofilm in the
worm’s intestine with the labeled bacteria. In this way, differences between MT11 and
MT5 could be detected, and conclusions drawn about biofilm-bacteria-mediated
protection.

Another suggestion for increased survival could be that MT5 favors worm metabolism
by producing certain required compounds in the worm gut. The link between
metabolites of the microbiota and the host immune system plays an important role both
in the mammalian gut and in C. elegans (Kissoyan et al., 2019; Rooks and Garrett,
2016; Dirksen et al.,, 2016). An example of this is the provision of vitamin B12
(Zimmermann et al., 2020) or the production of the cyclic lipopeptide massetolide E by
the wildtype MYb11, which protect the worm from pathogen infection (Kissoyan et al.,
2019). One way to measure the amount of massetolide E is by ultra-performance liquid
chromatography (UPLC) in conjunction with high-resolution mass spectrometry
(Kissoyan et al., 2019). In this way, the potential amount of massetolide E of the
morphotypes could be measured and compared with the MYb11. This would also be
interesting for the fuzzy MT11 to investigate a possible connection between reduced
worm survival and a reduced amount of massetolide E. In this context it will be
important to repeat the disc diffusion assays with the supernatant as described earlier

in this text.



6. Conclusion

The focus of this dissertation was to investigate whether the evolution of Pseudomonas
lurida MYDb11 leads to potentially distinct microbiota-mediated protection in the
nematode C. elegans. | investigated the connections between the microbiota and its
host in the context of pathogen infection. Using the model organism C. elegans, | aimed
to better understand the fundamental mechanisms and the role of intestinal bacteria,
drawing parallels to the human microbiota. The human microbiota and its association
with various diseases have been extensively studied in recent years (Bosch, 2021;
Arrieta et al., 2014; Vrieze et al., 2012). Similar microbiota-mediated host protection,
as observed for MYb11 in C. elegans, has been detected in humans and mice (Blander
et al., 2017; Honda and Littman, 2016). For example, some commensal bacteria of the
Clostridial group protect their host from infection with Listeria monocytogenes, a
pathogen which can cause sepsis and meningitis (Becattini et al., 2017). Another
example is Staphylococcus epidermidis, which disrupts biofilm formation by the
pathogen Staphylococcus aureus and inhibits the colonization of the host (lwase et al.,
2010).

The free-living phase, colonization of the host, and excretion from the host are key
factors that require continuous bacterial adaptation. The experiments in this
dissertation demonstrate that evolution can alter the protective effects of bacteria, such
as through genetic mutations that affect biofilm formation, even if the bacteria retain
their species identity. This finding is particularly relevant to the human microbiota, as
bacteria evolve and adapt faster than their host due to their shorter lifespan.
Environmental factors, lifestyle, stress, and other influences shape our gut (Bosch,
2021) potentially affecting bacterial adaptation and microbiota development. When
considering human microbiota's protective role, it is crucial not to categorize bacteria
simply as protective or harmful. Instead, one must consider the broader context of
human living conditions, including lifestyle, environment, and stress. Potential diseases
and therapies involving the microbiota must account for these factors, with particular
attention to the rapid adaptability of bacteria. The results of this work show that host
association, bacterial adaptation, and even small molecular changes within the

microbiota can impact the host’s health and survival.



The findings of this study deepen our understanding of the complex interactions
between the host and its microbiota, highlighting the importance of evolution in the
emergence and maintenance of protective mechanisms against pathogens. It is
evident that bacterial evolution plays a crucial role in regulating microbiota-mediated
protection, and further research is needed to fully understand the mechanisms and

effects of these evolutionary processes.
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8. Abstract

All multicellular organisms live in association with microorganisms that form a complex
microbial network consisting of bacteria, archaea, viruses, and fungi, the so-called
microbiome (Turnbaugh et al., 2007). In recent years, the human microbiota and its
impact on human health have increasingly become a focus of biological and medical
research (Backhed et al., 2005; Hooper et al., 2002). The protective effects of the
microbiota are widely spread across animal-microbe associations and are also present
in the nematode Caenorhabditis elegans and its symbiont, Pseudomonas lurida
MYb11 (Kissoyan et al., 2019). C. elegans is a widely studied model organism, and its
natural microbiota has been characterized in recent years (Dirksen et al., 2020). P.
lurida is a natural and beneficial member of the nematode microbiota and was studied
in an evolutionary experiment (Obeng et al.,, 2023). During a biphasic life cycle,
comprising a free-living and a host-associated phase, P. lurida diversified into different
isolates with diverse morphologies and altered characteristics of these so-called
morphotypes. This thesis subsequently investigated the consequences of the bacterial
lifestyle evolution of P. lurida on microbiota-mediated protection.

| was able to show that the morphotypes differ in their microbiota-mediated protection
of the worm against infection with the pathogen Bacillus thuringiensis, with two trends:
increased and decreased protection compared to the wildtype P. lurida. Furthermore,
| demonstrated that properties that can be associated with protection, such as
colonization and growth capacity, differ between morphotypes. This shows that
evolutionary adaptation processes of bacteria can alter protective properties and

thereby influence the health and survival of the host.



9. Zusammenfassung

Alle mehrzelligen Organismen leben in enger Wechselwirkung mit Mikroorganismen,
die ein komplexes mikrobielles Netzwerk aus Bakterien, Archaeen, Viren und Pilzen
bilden- das so genannte Mikrobiom (Turnbaugh et al., 2007). In den letzten Jahren lag
der Fokus zahlreicher biologischer und medizinischer Studien auf dem menschlichen
Mikrobiom und dessen Einfluss auf Gesundheit und Krankheit (Backhed et al., 2005;
Hooper et al., 2002). Die schitzenden Effekte des Mikrobioms auf den Wirt sind weit
verbreitet und kommen auch bei dem Fadenwurm Caenorhabditis elegans und seinem
Symbionten Pseudomonas lurida MYb11 zum Tragen (Kissoyan et al., 2019). C.
elegans ist ein haufig verwendeter Modellorganismus, dessen naturliches Mikrobiom
erst in den letzten Jahren detailliert charakterisiert wurde (Dirksen et al., 2020). P.
lurida ist ein Bestandteil dieses naturlichen Mikrobioms und in der Lage den Wurm vor
Infektionen mit dem Pathogen Bacillus thuringiensis zu schitzen (Kissoyan et al.,
2019). In einem Evolutionsexperiment evolvierte P. lurida wahrend eines biphasischen
Lebenszyklus, der eine freilebende und eine wirtsassoziierte Phase umfasst, in
verschiedene Isolate mit unterschiedlichen Morphologien und veranderten
Eigenschaften der Bakterien (Obeng et al., 2023).

Im Fokus meiner Arbeit standen die Auswirkungen der Evolution von Pseudomonas
lurida auf den bekannten Mikrobiota-vermittelten Schutz im Fadenwurm C. elegans.
Die Experimente zeigten, dass die evolvierten Morphotypen unterschiedliche
Schutzverhalten aufwiesen. Es traten sowohl Isolate mit erhdhtem als auch
verringerten Schutzeffekt im Kontext von Pathogeninfektionen auf. Darlber hinaus
konnte festgestellt werden, dass sich Eigenschaften, die mit dem Schutz in
Zusammenhang stehen koénnen, wie Kolonisierung und Wachstumsfahigkeit,
zwischen den Morphotypen unterschieden. Diese Ergebnisse verdeutlichen, dass
evolutionare Anpassungsprozesse bei Bakterien die Schutzeigenschaften verandern

und somit die Gesundheit und das Uberleben des Wirtes beeinflussen kdnnen.



10. Protocols and Media

Protocol 1: Survival assays

Day 1: Preparation of the bacteria

Streak out each bacterium onto 9 cm TSA plates and incubate at 25 °C for two
days

In the evening, chunk MY316 worms: cut out a piece of agar from an
NGM/OP50 plate and transfer it to a fresh NGM/OP50 plate. Keep the plates
at 20 °C until bleaching

Day 3: Start of the overnight cultures

Start overnight cultures: pick one single colony from the bacteria (streaked out
on day 1) into 50 ml TSB in a 250 ml flask. Incubate at 28 °C in a shaking

incubator

Day 4: Preparation of PFM maintenance plates and bleaching

Convict the bacteria into 50 ml falcon tubes and centrifuge the bacteria (4000
rom, 20 min, 20 °C)

Discard the supernatant and mix the pellet with 5 ml PBS (pH 7)

Measure ODsoonm: prepare 990 ul PBS and 10 pl bacteria (3 cuvettes per
strain; calculate the average)

Adjust the bacteria to an ODeoonm of 10 (refill with PBS) and do a control
measurement (reference range: 9.5-10.5)

Inoculate the 9 cm PFM plates with 750 ul bacteria suspension per plate

Dry the plates properly under the clean bench

Streak out the adjusted bacteria on TSA plates (as a control for contamination)
and incubate the plates at 25 °C

Store the inoculated plates in a clean box at room temperature

In the afternoon: bleach the worms (see bleaching protocol)

Day 5: Transfer of L1 on plates and start overnight cultures

Early afternoon: pipet ~ 200 L1 larvae per PFM/bacteria plates, let the spots
dry, and seal the plates with parafilm. Incubate the plates for ~ 42 h at 20 °C
Overnight cultures: use the plates from day 1. Pick one single colony from the
streaked-out bacteria from day 1 into 50 ml tryptic soy broth in a 250 ml flask.

Incubate the overnight cultures at 28 °C in a shaking incubator



Day 6: Preparation of Bt plates

Convict the bacteria into 50 ml falcon tubes and centrifuge the tubes (4000
rom, 20 min, 20 °C)

Discard the supernatant and mix the pellet thoroughly with 5 ml PBS (pH 7)
Measure ODsoonm: prepare 990 ul PBS and 10 pl bacteria (3 cuvettes per
strain; calculate the average)

Adjust the bacteria to an ODeoonm of 10 (refill with PBS) and do a control
measurement (reference range: 9.5-10.5)

Mix the adjusted bacteria with pathogenic Bt247 (concentration 1:100, 1:50,
and 1:25) and non-pathogenic Bt407 (concentration 1:25) in 1.5 ml Eppendorf
tubes

Inoculate the PFM plates with 75 pl bacteria-Bt mix in the center of the plate

Day 7: Infection

Wash the worms (L4 stage) off the plates with 5 ml M9 buffer

Collect the worms in 15 ml falcon tubes and centrifuge the tubes (3500 rpm, 1
min)

Pipet the supernatant off and add 5 ml M9 buffer

Repeat the washing at least three times (until the supernatant is clear)
afterwards, add 2 ml M9 buffer

Pipet 30 worms onto the PFM infection plate next to the Bt lawn (not on the

lawn) and store the plates at 20 °C

Day 8: Counting the survival

After 24 hours of infection, count all dead and alive worms

Protocol 2: Disc diffusion assay

Day 1: Preparation of the bacteria

Streak out each frozen bacterium onto 9 cm TSA plates and incubate at room
temperature for two days

Streak out pathogen Bt247 and non-pathogenic Bt407 from a frozen aliquot on
TSA plates and incubate at 25 °C

Day 2: Preparation of MHA plates

Pour MHA plates with 25 ml agar per plate to ensure a depth of 4 mm



Day 3: Preparation of overnight cultures

Pick up ten colonies of streaked-out bacteria from day 1 (MYb11
morphotypes, wildtype MYb11, E. coli OP50, BT247, and Bt407) with a sterile
loop into 20 ml TSB medium (2x 20 ml TSB per bacterium, Bt only 1x 20 m|

TSB) and incubate overnight in a shaking incubator at 28 °C

Day 4: Preparation of MHA plates

Centrifuge the Bt tubes (4000 rpm, 10 minutes)

Discard the supernatant of Bt and resuspend the pellet in 1 ml PBS. Adjust the
Bt suspension to an ODeoonm of 10 with PBS buffer

Inoculate the MHA plates with adjusted Bt247 and Bt407: Use a sterile cotton
swab and thoroughly streak out the Bt solution four times from four sides of
the plate

Place the sterile 6 mm Whatman discs onto the MHA plates with sterile
tweezers

Mix both TSB tubes with bacteria (MYb11 morphotypes, wildtype MYb11, and
E. coli OP50) per strain into one tube to increase the bacteria amount
Centrifuge the tubes (4000 rpm, 10 minutes)

For growth assay: adjust the bacteria to an ODesoonm of 10 with PBS buffer and
inoculate the discs with 15 ul of adjusted bacteria suspension

For supernatant assay: Filter sterilize the supernatant of the bacteria (directly
after centrifuging) with a 0.2-micron filter and pipet 15 pl of the supernatant
onto the discs

Incubate the plates at 25 °C

Day 5: Photos

Take photos of the plates after 24 hours with BioRad ChemiDoc ™Touch

Imaging System

Day 6: Photos

Take photos of the plates again after 48 hours with BioRad ChemiDoc™Touch
Imaging System



Protocol 3: Microscopy

Day 1: Preparation of the bacteria

Streak out each bacterium strain onto 9 cm TSA plates and incubate at 25 °C
for two days

In the evening, chunk MY316 worms: cut out a piece of agar from an
NGM/OP50 plate and transfer it to a fresh NGM/OP50 plate. Keep the plates

at 20 °C until bleaching (see bleaching protocol)

Day 3: Starting overnight cultures

Start overnight cultures: pick one single colony from the bacteria (streaked out
on day 1) into 50 ml TSB in a 250 ml flask. Incubate at 28 °C in a shaking

incubator

Day 4: Preparation of PFM maintenance plates and bleaching

Convict the bacteria into 50 ml falcon tubes and centrifuge the bacteria (4000
rom, 20 min, 20 °C)

Discard the supernatant and mix the pellet with 5 ml PBS (pH 7)

Measure ODsoonm: prepare 990 ul PBS and 10 pl bacteria (3 cuvettes per
strain; calculate the average)

Adjust the bacteria to an ODeoonm of 10 (refill with PBS) and do a control
measurement (reference range: 9,5-10,5)

Inoculate the 9 cm PFM plates with 750 ul bacteria suspension per plate

Dry the plates properly under the clean bench

Streak out the adjusted bacteria on TSA plates (as a control for contamination)
and incubate the plates at 25 °C

Store the inoculated plates in a clean box at room temperature

In the afternoon: bleach the worms (see bleaching protocol)

Day 5: Place L1 on plates

Early afternoon: pipet ~ 200 L1 larvae per PFM/bacteria plates, let the spots
dry, and seal the plates with parafilm. Incubate the plates for ~ 42h at 20 °C

Day 7: Preparation for microscopy

Wash the worms (L4 stage) off the plates with 5 ml M9 buffer

Collect the worms in 15 ml falcon tubes and centrifuge the tubes (3500 rpm, 1
min)

Carefully discard the supernatant and wash the worms with 5 ml M9 buffer per
tube



Repeat the washing at least three times (until the supernatant is clear)
afterwards, add 2 ml M9 buffer

Leave the worms in 2 ml M9 buffer for two hours to get rid of all the bacteria
sticking outside on the epidermis of the worm

Centrifuge the worms (3500 rpm, 1 minute) and carefully discard the
supernatant

Add 1 ml M9 with 25 mM tetramisole and 0.025% Triton X-100

Pipet 5 pl of the worm suspension onto a slide with an agar patch in the

middle and cover it with a cover slide and directly start microscopy

Protocol 4: Pathogen/Microbiota load assay

Day 1: Preparation of the bacteria

Streak out each bacterium onto 9 cm TSA plates and incubate at 25 °C for two
days

In the evening, chunk MY316 worms: cut out a piece of agar from an
NGM/OPS50 plate and transfer it to a fresh NGM/OP50 plate. Keep the plates

at 20 °C until bleaching (see bleaching protocol)

Day 3: Starting overnight cultures

Start overnight cultures: pick one single colony from the bacteria (streaked out
on day 1) into 50 ml TSB in a 250 ml flask. Incubate at 28 °C in a shaking

incubator

Day 4: Preparation of PFM maintenance plates and bleaching

Convict the bacteria into 50 ml falcon tubes and centrifuge the bacteria (4000
rom, 20 min, 20 °C)

Discard the supernatant and mix the pellet with 5 ml PBS (pH 7)

Measure ODsoonm: prepare 990 pl PBS and 10 pl bacteria (3 cuvettes per
strain; calculate the average)

Adjust the bacteria to an ODeoonm of 10 (refill with PBS) and do a control
measurement (reference range: 9.5-10.5)

Inoculate the 9 cm PFM plates with 750 ul of bacteria suspension per plate
Dry the plates properly under the clean bench

Streak out the adjusted bacteria on TSA plates (as a control for contamination)

and incubate the plates at 25 °C



Store the inoculated plates in a clean box at room temperature

In the afternoon, bleach the worms (see bleaching protocol)

Day 5: Place L1 on plates and start overnight cultures

Early afternoon: pipet ~ 200 L1 larvae per PFM/bacteria plate, let the spots
dry, and seal the plates with parafilm. Incubate the plates for ~42 h at 20 °C
Overnight cultures: use the plates from day 1. Pick one single colony from the
streaked-out bacteria from day 1 into 50 ml tryptic soy broth in a 250 ml flask.

Incubate the overnight cultures at 28 °C in a shaking incubator

Day 6: Preparation of Bt plates

Convict the bacteria into 50 ml falcon tubes and centrifuge the tubes (4000
rom, 20 min, 20 °C)

Discard the supernatant and mix the pellet thoroughly with 5 ml PBS (pH 7)
Measure ODsoonm: prepare 990 ul PBS and 10 pl bacteria (3 cuvettes per
strain; calculate the average)

Adjust the bacteria to an ODeoonm of 10 (refill with PBS) and do a control
measurement (reference range: 9.5-10.5)

Prepare a solution with a 1:200 Bt concentration in a 5 ml Eppendorf tube: mix
1995 ul PBS buffer with 5 pyl Bt407/Bt247

Inoculate the 6 cm PFM plates with 200 pl suspension

Let the plates dry and store them at room temperature

Day 7: Infection

Wash the worms (L4 stage) off the plates with 5 ml M9 buffer

Collect the worms in 15 ml falcon tubes and centrifuge the tubes (3500 rpm, 1
min)

Pipet the supernatant off and add 5 ml M9 buffer

Repeat the washing at least three times (until the supernatant is clear)
afterwards, add 2 ml M9 buffer

Pipet a minimum of 100 worms per plate and store the plates at 20 °C

Day 8: Worm surface sterilization and crushing

Harvest 1 day-old adult worms by rising them off a 6 cm plate with 1 ml
M9+Triton into a sterile Eppendorf tube
Let the worms settle by gravity, and carefully remove the supernatant

(containing L1s and worm eggs)



Add again 1 ml M9+Triton and repeat the washing step five times

Pipet 100 pl worm pellet into a new 1.5 ml Eppendorf tube and add 100 ul 10
mM tetramisole

Add 200 pl 2% bleach in M9 and incubate for two minutes

-> 9 samples: 1960 ul M9, 40 ul bleach
-> 27 samples: 5880 ul M9, 120 ul bleach

Remove the supernatant and wash two times with 1 ml PBS+Triton

Carefully pipet a defined number of worms (minimum 50) under the binocular
into a 1.5 ml Eppendorf tube and top up with 400 pyl PBS+Triton (count the
spots and worms)

Pipet 100 pl supernatant into a new Eppendorf tube

Add Zirconia beads to the worm tube and grind the sample

Serially dilute the worm sample with PBS in a 96-well plate (100 ul volume per
well):

- supernatant

- supernatant 1:10

-Bt 1:10

- Bt 1:50

-Bt 1:100

Plate out the sample (5 ul of each well) onto TSA plates and

TSA/Nitrofurantoin plates
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