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Abstract

The intestinal microbiota and their metabolites are known to influence host metabolism, but only few
bacteria involved have been described. In studies with rodents and humans, alterations in host
metabolism have been associated with the presence of Coriobacteriia, which can deconjugate and
dehydrogenate bile acids (BAs) and express lipases. Gnotobiotic mouse experiments performed by a
former PhD student from the lab showed that colonisation with four Coriobacteriia species resulted in
increased plasma cholesterol levels. In addition, white adipose tissue (WAT) mass doubled in
Coriobacteriia-colonised mice fed a diet supplemented with primary BAs. These results indicate that
Coriobacteriia play a causal role in host metabolism, but it remains unclear how. The aim of this PhD
thesis was to investigate whether and how Coriobacteriia, specifically Eggerthella lenta and

Collinsella aerofaciens, mediate changes in host metabolism.

In the first part of this work, the effects of colonising gnotobiotic OMM12 mice with E. lenta on the
liver proteome and gut metabolome were investigated. E. lenta stably colonised the mouse intestine
at high relative abundances. It had no significant effect on liver proteomes, whereas the colon
metabolome differed significantly between colonisation groups. While creatine, sarcosine,
N,N-dimethylarginine, and N-Acetyl-DL-methionine were decreased in E. lenta-colonised mice,

latifolicinin C acid was elevated.

In the second part, the effects of colonising germfree (GF) mice with the four Coriobacteriia species
Adlercreutzia mucosicola, C. aerofaciens, E. lenta, and Lancefieldella parvula (CORIO) in combination
with diets differing in fat content and primary BAs on host metabolism were investigated. However, as
the CORIO strains did not colonise, the GF and specific pathogen-free (SPF) mice fed the different diets
were compared. Most interestingly, GF mice had a significantly elongated small intestine compared to

SPF mice, regardless of diet.

In the third part, C. aerofaciens was studied in more detail. A total of 14 strains, isolated from human
faeces, were analysed and all exhibited a consistent cell-bound lipase activity. Gnotobiotic mouse
experiments were performed with the C. aerofaciens type strain to investigate its effects on intestinal
lipid absorption using stable isotope-labelled lipids. C. aerofaciens successfully colonised all regions of
the gut, with higher cell densities in the caecum and colon. In mice fed chow supplemented with
primary BAs (sampled one hour after gavage of the labelled lipids), and in mice fed chow high in fat
(sampled six hours after gavage), levels of labelled fatty acids (FAs) in plasma were higher in the
C. aerofaciens-monocolonised mice compared to GF and SPF controls. However, statistical significance
was only reached for the C. aerofaciens-monocolonised mice fed the high-fat diet (HFD) and sampled

six hours after gavage compared to corresponding SPF mice.



In the last part, to assess the potential clinical relevance of bacterial lipase, the occurrence of dominant
lipase-positive bacteria, including C. aerofaciens, in the stool microbiota of 338 participants from a
human cohort (16S rRNA gene amplicon profiles) was analysed in relation to host body parameters.
Regression analyses revealed a significant positive association between the cumulative relative
abundance of lipase-positive bacteria and several host metabolic parameters, including higher body

fat content and blood lipids.

The results of this this PhD thesis provide further evidence for the role of Coriobacteriia in metabolic

health. The identification of underlying molecular mechanisms require further investigations.



Zusammenfassung

Es ist bekannt, dass Darm-Mikrobiota und ihre Metabolite den Stoffwechsel des Wirtes beeinflussen,
aber nur wenige der involvierten Bakterien sind bisher beschrieben worden. In Studien mit Nagetieren
und Menschen wurden Verdnderungen des Wirtsstoffwechsels mit der Anwesenheit von
Coriobacteriia, die Gallensauren dekonjugieren und dehydrogenieren kénnen und Lipasen
exprimieren, in Verbindung gebracht. Gnotobiotische Mausexperimente, die von einer ehemaligen
Doktorandin des Labors durchgefiihrt wurden, zeigten, dass die Kolonisierung mit vier Coriobacteriia
Spezies zu erhohten Plasma Cholesterin Werten fiihrte. Darliber hinaus verdoppelte sich die Masse
des weillen Fettgewebes bei den mit Coriobacteriia besiedelt Mausen, die ein mit primaren
Gallensduren angereichertes Futter erhielten. Diese Ergebnisse deuten darauf hin, dass Coriobacteriia
eine kausale Rolle im Wirtsstoffwechsel spielen, aber die zugrunde liegenden Mechanismen sind noch
nicht bekannt. Ziel dieser Doktorarbeit war es, zu untersuchen, ob und wie Coriobacteriia,
insbesondere die Spezies Eggerthella lenta und Collinsella aerofaciens, Veranderungen im

Wirtsstoffwechsel verursachen.

Im ersten Teil dieser Arbeit wurden die Auswirkungen der Kolonisierung von gnotobiotischen OMM12-
Mausen mit E. lenta auf das Leber-Proteom und das Colon-Metabolom untersucht. E. lenta hat den
Darm der Mause stabil und in hoher relativer Abundanz kolonisiert. Dies hatte keine signifikante
Auswirkung auf das Leber-Proteom, wahrend sich das Metabolom im Colon zwischen den
Kolonisationsgruppen signifikant unterschied. Die Werte fiir Kreatin, Sarkosin, N,N-Dimethylarginin
und N-Acetyl-DL-Methionin waren bei Mausen, die mit E. lenta kolonisiert waren, verringert, wiahrend

der Latifolicin-C-Sdure Wert erhoht war.

Im zweiten Teil wurden die Auswirkungen der Kolonisierung von keimfreien Mausen mit den vier
Coriobacteriia Spezies Adlercreutzia mucosicola, C. aerofaciens, E. lenta und Lancefieldella parvula
(CORIOQ) in Kombination mit Didten mit unterschiedlichem Fettgehalt bzw. Supplementierung mit
primdren Gallensdauren auf den Wirtsstoffwechsel untersucht. Da die Besiedlung mit den CORIO
Stdmmen jedoch nicht erfolgreich war, wurden keimfreie und spezifisch pathogenfreie (SPF) Mause,
die die verschiedenen Didten erhielten, verglichen. Interessanterweise hatten die keimfreie Mause im
Vergleich zu den SPF-Mausen einen deutlich verlangerten Diinndarm, unabhangig von den

verschiedenen Diaten.

Im dritten Teil wurde C. aerofaciens detaillierter untersucht. Insgesamt wurden 14 Stamme, die aus
humanen Stuhlproben isoliert wurden, analysiert, und alle wiesen eine konsistente zellgebundene
Lipase Aktivitat auf. Gnotobiotische Mausexperimente wurden mit dem C. aerofaciens Typstamm

durchgefiihrt, um die Einflisse auf die intestinale Lipidabsorption unter Verwendung stabiler



isotopenmarkierter Lipide zu untersuchen. C. aerofaciens kolonisierte erfolgreich alle Darmregionen,
wobei die Zelldichten im Caecum und Colon héher waren. Bei Mausen, die mit Futter angereichert mit
primaren Gallensduren geflttert wurden (Probenahme eine Stunde nach der Gavage mit markierten
Lipiden), und bei Mausen, die mit fettreichem Futter gefiittert wurden (Probenahme sechs Stunden
nach der Gavage), war der Plasmaspiegel an markierten Fettsduren bei den C. aerofaciens-
monokolonisierten Mdusen hoher als bei den keimfreien und SPF Kontrollmdusen. Eine statistische
Signifikanz wurde jedoch nur bei den C. aerofaciens-monokolonisierten Mausen im Vergleich zu den
SPF Mausen, die mit einer fettreichen Diat gefiittert wurden und bei denen die Probenahme sechs

Stunden nach der Gavage erfolgte, erreicht.

Um die potentielle klinische Relevanz der bakteriellen Lipasen zu untersuchen, wurde im letzten Teil
das Vorkommen dominanter Lipase-positiver Bakterien, einschlieBlich C. aerofaciens, in
Stuhlmikrobiota von 338 Teilnehmern einer humanen Kohorte (16S rRNA Gen Amplikon Profile) im
Zusammenhang mit verfligbaren Korperparametern analysiert. Regressionsanalysen ergaben einen
signifikanten positiven Zusammenhang zwischen der kumulativen relativen Abundanz der Lipase-
positiven Bakterien und mehreren Stoffwechselparametern des Wirts, einschlieflich eines hoheren

Korperfettgehalts und erhéhten Blutfettwerte.

Die Ergebnisse dieser Doktorarbeit liefern weitere Beweise fiir die Rolle von Coriobacteriia in der
metabolischen Gesundheit. Die Identifizierung der zugrunde liegenden molekularen Mechanismen

erfordert jedoch weitere Untersuchungen.
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1. Introduction

1. Introduction

This PhD thesis investigated the interactions between specific bacteria from the human gut, the
Coriobacteriia, and host metabolism in mice. Accordingly, this introduction provides background
information about the gut microbiome, its influence on host health and especially metabolism, the
processes underlying intestinal lipid metabolism, bacteria involved in lipid metabolism and those that

play a role in regulating host metabolism in general, including species of the class Coriobacteriia.

1.1 The gut microbiome

A microbiome is a complex ecosystem comprising microbes, their genomes, and environmental factors
(Marchesi et al. 2015). The microbes within a microbiome include bacteria, archaea, eukaryotic
microorganisms, and viruses. The adult human body carries a similar number of prokaryotic cells as
human eukaryotic cells, with approximately 4 x 10*® prokaryotic cells on average, which make up a
mass of approximately 200 g (Sender et al. 2016). The majority of the prokaryotic cells are located in
the intestine (Sender et al. 2016), and the majority of intestinal bacteria are anaerobic or facultative
anaerobic species due to the low partial pressure of oxygen in the gut lumen (Donaldson et al. 2016).
The most dominant bacterial phyla in the human gut are Bacillota (formerly Firmicutes) and
Bacteroidota (formerly Bacteroidetes), but other phyla, including Actinomycetota (formerly
Actinobacteria), Pseudomonadota (formerly Proteobacteria), Fusobacteriota, and Verrucomicrobiota
also represent dominant populations (Arumugam et al. 2011; Eckburg et al. 2005). The composition
and density of the microbial community varies along the length of the intestine. The small intestine
harbours up to 107 cells/g, has a shorter transit time, is more acidic, is characterised by a higher partial
pressure of oxygen and higher concentrations of antimicrobial molecules compared to the colon,
which harbours approximately 10! to 10*? cells/g (Marchesi 2011; O'Hara et al. 2006; Shalon et al.
2023). The phylum Pseudomonadota has a higher relative abundance in the small intestine, whereas
Actinomycetota, Bacteroidota, and Bacillota have an increased relative abundance in stool (Shalon et
al. 2023).

The following section summarises the methods that can be used to study the gut microbiome and its

interaction with the host.

1.1.2 Analysis of the gut microbiome
Microbiome research began with cultivation-based methods, with substantial progress in the 1960s

due to the advent of modern anaerobic techniques (Arank et al. 1969; Killgore et al. 1973). It was
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already possible in the 1970s to identify over 100 distinct bacterial species and subspecies in faecal
samples using anaerobic cultivation techniques (Moore et al. 1974). Cultivation is still a valuable tool
in microbiome research, although a substantial fraction of the gut microbiota is still uncultured
(Almeida et al. 2021; Thomas et al. 2019). In 1977, Woese et al. (1977) published a molecular method
for the phylogenetic analysis of bacteria based on their 16S ribosomal ribonucleic acid (rRNA)
sequence. The 16S rRNA gene is ubiquitous (i.e., present in all prokaryotes) and has both highly
conserved, and hypervariable regions, that enable to distinguish different bacterial taxa. Several
culture-independent techniques based on the 16S rRNA gene became available and have been used
for decades (e.g., denaturing gradient gel electrophoresis, fluorescence in situ hybridisation, or Sanger
sequencing of cloned 16S rRNA genes) (Dave et al. 2012). With the advent of next-generation
sequencing technologies combined with advanced bioinformatics in the mid-2000s, it became possible
to use high-throughput 16S rRNA gene amplicon sequencing for rapid profiling of prokaryotic taxa in
complex samples at lower cost and higher resolution. Whilst 16S rRNA gene amplicon sequencing
approaches target only one bacterial gene, shotgun sequencing (i.e., metagenomics) enables the
analysis of entire genomes from the microorganisms in a sample. Shotgun sequencing facilitates the
analysis of community composition at the strain level (Truong et al. 2017), and the analysis of the
functional potential within microbial communities (Almeida et al. 2021; Quince et al. 2017). These
high-throughput sequencing techniques have facilitated the investigation of the composition and
function of hundreds to thousands of microbiomes. Large-scale sequencing projects (e.g., MetaHit,
HMP) have provided important insights into the associations between microbiota composition and
health and disease (Human Microbiome Project 2012; Qin et al. 2010). Although studies using next-
generation sequencing techniques have been essential in providing important insights into
microbiomes, the results are mainly descriptive, and the methods are prone to technical issues
(Abellan-Schneyder et al. 2021; Reitmeier et al. 2021; Roume et al. 2023). For instance, sequencing-
based studies erroneously proposed the existence of a microbiota in the placenta, which has been
known to be a sterile organ (Blaser et al. 2021; Kennedy et al. 2023; Leiby et al. 2018; Panzer et al.
2023; Perez-Munoz et al. 2017).

Gnotobiotic mouse models can be used to test the causal role of microbiomes or simplified
communities and to study the molecular mechanisms underlying microbe-host interactions under
controlled conditions (Basic et al. 2019). The term gnotobiology is derived from the Greek words
“gnotos”, meaning known, and “bios”, meaning life. Gnotobiotic animals include germfree (GF)
animals and animals that are colonised with defined microorganisms. The first GF animals were created
in the 1890s by George H. F. Nuttall and Hans Thierfelder, who delivered GF guinea pigs by Cesarina
section and fed them sterile milk and feed (Nuttall et al. 1896). GF mice have been available since 1954

(Basic et al. 2019; Pleasants 1959). Gnotobiotic mice can be maintained and bred in positive pressure
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isolators, which provide a closed and sterile environment (Trexler et al. 1957). Alternatively, for short-
term experiments, mice can be housed in airtight, individually ventilated cages with air filters, which
can be opened under biosafety cabinets for mouse handling (e.g., the IsoCage P system from
Techniplast) (Basic et al. 2019). GF mice show multiple physiological changes compared to normally
colonised mice. Among other effects, their caecum is enlarged (Schaedler et al. 1965) and the
development of the immune system is affected by the lack of microbial stimulation (Round et al. 2009).
To study microbe-host interactions, GF mice can be monocolonised with a specific bacterium of
interest. Such a simplified model allows to study how the bacterium affects the host. Mice can also be
colonised with simplified microbial consortia (Basic et al. 2019; Jennings et al. 2024). These mice can
be more like complex colonised mice, but still have a reduced complexity and all members of the
microbiome are known. An example of a simplified microbial consortium is the Oligo-Mouse-
Microbiota (OMM) consortium, consisting of 12 strains representing members of the major bacterial
phyla in the mouse gut. The OMM12 consortium has been shown to provide partial colonisation
resistance against the pathogen Salmonella enterica serovar Typhimurium in mice (Brugiroux et al.
2016). Moreover, GF mice can be colonised with complex microbiota such as faecal samples from
humans or rodents. Several studies have used this method to show that disease phenotypes can be
transmitted via the transfer of the microbial communities (Ridaura et al. 2013; Routy et al. 2018;
Schaubeck et al. 2016). The influence of gut microbes on the health of their host is discussed in more

detail in the following section.

1.1.2 Influence of the gut microbiome on host health

The gut microbiome interacts with the immune system and with metabolic and other physiological
processes. It thereby plays a critical role not only in maintaining health, but also in contributing to
disease development when imbalanced (de Vos et al. 2022; Lynch et al. 2016). In a healthy state, gut
microbes fulfil important functions such as the fermentation of food compounds, the production of
vitamins, protection against pathogens, and stimulation of the immune system (Hillman et al. 2017).
The gut microbiome has been found to play a role in various diseases such as irritable bowel syndrome,
inflammatory bowel disease (IBD), colorectal cancer, obesity, type 2 diabetes (T2D), non-alcoholic fatty
liver disease, cardiovascular diseases, and neurological disorders (de Vos et al. 2022; Hills et al. 2019;
Nesci et al. 2023). The influence of the microbiome can be mediated by microbial components such as
lipopolysaccharides and metabolites such as short-chain fatty acids, BAs or neurotransmitters that can
interact with host receptors (Cani 2018; de Vos et al. 2022). Although numerous descriptive studies
have supported the relationship between gut microbiome composition and disease, there is no
definitive disease-specific consensus on microbial shifts. This is partly due to the enormous complexity

and inter-individual variability of the gut microbiome. Evidence from intervention studies in
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gnotobiotic animal models and humans strongly suggests that the microbiome plays a causal role in
several diseases. It is now important for current research to focus on identification of specific microbial
molecules and description of the underlying mechanisms. Elucidating these details will be crucial to

translating associative findings into targeted strategies for disease prevention or treatment.

Considerable research has been dedicated to the role of the microbiome in the development of
metabolic diseases such as obesity and diabetes. For example, it has been observed that individuals
with a low gut bacterial gene count are characterised by greater overall adiposity, insulin resistance,
and dyslipidaemia (Le Chatelier et al. 2013). The following section provides a more detailed review of

the interactions between the gut microbiome and host metabolism.

1.1.3 Gut microbiome and host metabolism

The relationship between the gut microbiome and host metabolic health has been extensively studied.
Several human studies have linked changes in the gut microbiota to T2D and obesity. For example, Qin
et al. (2012) analysed faecal metagenomes from 345 Chinese individuals to identify markers associated
with T2D, including a decrease in butyrate-producing bacteria, an increase in both, opportunistic
species within the family Enterobacteriaceae and microbial functions related to sulphate reduction and
oxidative stress resistance. Karlsson et al. (2013) studied faecal metagenomes in 145 European women
with T2D, impaired or normal glucose tolerance. They observed compositional and functional changes
in women with T2D, but also emphasised that predictive tools should be population-specific due to
confounding effects of age and geographical location. However, the data of these two studies was
confounded by metformin intake (Forslund et al. 2015). Pedersen et al. (2016) investigated the faecal
microbiome and serum metabolome in 277 non-diabetic Danish individuals. They observed increased
levels of branched-chain amino acids (BCAAs) in serum and an enriched biosynthetic potential for
BCAAs in the microbiome. Segatella copri (formerly Prevotella copri) and Phocaeicola vulgatus
(formerly Bacteroides vulgatus) were identified as the main species responsible for the association
between BCAA biosynthesis and insulin resistance. Wu et al. (2020) studied the microbiota profiles of
nearly 1,500 Swedish individuals naive for antidiabetic treatment. They found that changes in the
overall gut microbiota profiles were associated with insulin resistance, but not with fasting glucose. In
particular, the occurrence of several butyrate-producing bacteria was reduced in both the prediabetes

and T2D groups.

A lot of research has also found associations between human gut microbiome and obesity. For
instance, Ley et al. (2006) observed that the relative abundance of the phylum Bacteroidota (formerly
Bacteroidetes) was decreased, whereas the relative abundance of Bacillota (formerly Firmicutes) was

increased in obese compared to lean subjects. When the obese subjects were placed on a calorie-
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restricted diet for one year and lost weight, the relative abundance of Bacteroidota increased. Since
then, the “Firmicutes/Bacteroidetes ratio” has often been referred to as a marker of obesity. However,
the aforementioned results are based on an analysis of only 12 subjects. Moreover, several studies
have demonstrated that this finding is inconsistent across human studies (Sze et al. 2016; Tims et al.
2013; Walker et al. 2023; Walters et al. 2014; Yun et al. 2017). Turnbaugh et al. (2009) analysed the
faecal microbiome of 154 individuals, including adult female monozygotic and dizygotic twin pairs
concordant for leanness or obesity, as well as their mothers. They identified associations between
obesity and a lower diversity, a decreased relative abundance of Actinomycetota (formerly
Actinobacteria), and an increased relative abundance of Bacteroidota. Fu et al. (2015) examined the
microbiota profiles of participants of the Dutch population cohort LifelLines-DEEP (n = 893) and
identified several bacterial taxa associated with changes in body mass index (BMI) and the blood lipids
high-density lipoprotein (HDL) and triglycerides. For example, members of the genus Eggerthella were
associated with increased triglyceride and decreased HDL levels in blood. Nevertheless, these studies
only describe associations and did not analyse causality (studies that tested causality are summarised

at the end of this section).

Several studies have also compared GF and colonised animals to investigate the relationship between
gut microbiota on host metabolism. Velagapudi et al. (2010) conducted a comparative analysis of the
metabolome in serum and lipidome in serum, adipose tissue, and liver from GF and conventionalised
mice. They found increased levels of metabolites involved in energy metabolism (e.g., pyruvic acid)
and decreased levels of cholesterol and FAs in the serum metabolome of conventionalised mice.
Lipidome analysis revealed decreased triglyceride levels in the serum but an increase in adipose tissue
and liver of conventionalised mice compared to GF mice. Martinez-Guryn et al. (2018) observed an
impaired lipid digestion and absorption in GF compared to SPF mice. Studies using gnotobiotic
zebrafish have also shown that microbiota play a key role in lipid absorption and metabolism. Semova
et al. (2012) observed enhanced FA uptake and lipid storage in enterocytes and hepatocytes in
conventionalised compared to GF zebrafish. Similarly, Sheng et al. (2018) found increased lipid
accumulation and altered expression pattern of genes associated with lipid metabolism in the
intestinal epithelium of conventionalised zebrafish when compared with GF and antibiotic-treaded

zebrafish.

Not only does the presence of the microbiota affect host lipid metabolism, but several studies have
also shown that diet plays an important role in this relationship. Several studies have found that GF
mice can be protected from diet-induced obesity (Backhed et al. 2007; Just et al. 2018; Martinez-Guryn
et al. 2018; Rabot et al. 2010), but this phenotype depends on the type of diet used (Fleissner et al.
2010; Klubeck et al. 2016). Rabot et al. (2010) observed that GF mice fed a lard-based high fat diet had



1. Introduction

lower body weight, excreted more lipids in their faeces and showed improved glucose tolerance and
insulin sensitivity, as well as decreased plasma total cholesterol levels compared to conventionalised
mice. In the study by Backhed et al. (2007), GF mice fed a Western diet high in fat (beef tallow) and
sucrose GF gained significantly less body weight compared to conventionalised mice. Fleissner et al.
(2010) were able to reproduce these results using the same Western diet with beef tallow, but when
using a coconut oil-based HFD, the GF mice gained as much or even more body weight and fat than
the conventionalised mice. Kiibeck et al. (2016) found that mice fed a cholesterol-rich, lard-based HFD
were protected from diet-induced obesity, whereas mice fed a cholesterol-free, palm oil-based HFD

were susceptible.

To further investigate the relationship between intestinal microbiota, obesity and metabolism, various
studies have transplanted obesity-associated microbiota into GF mice. In contrast to the studies
mentioned above, this approach enables the investigation of causality, albeit with some limitations:
for example, the microbiota composition is altered due to the transfer from human to rodents, which
is often not analysed; the number of used human donors is usually very low; changes in the phenotype
of recipient mice may be statistically significant but their amplitude marginal (Walter et al. 2020). In a
study by Turnbaugh et al. (2006), caecal microbiota from obese mice homozygous for a mutation in
the leptin gene and wild type lean control mice were used to colonise GF mice. Transplantation of the
obesity-associated microbiota resulted in a significantly greater increase in body fat (+47% vs. +27%)
over a two-week period. Martinez-Guryn et al. (2018) colonised GF mice with jejunal microbiota from
conventional mice fed either a high-fat or low-fat diet. The mice transplanted with the HFD microbiota
showed increased absorption of radiolabelled lipids compared to the mice transplanted with the low-
fat microbiota, regardless of whether they were maintained on a low- or high-fat diet. Ridaura et al.
(2013) transplanted human faecal microbiota from twins discordant for obesity into GF mice fed a low-
fat diet. The transplantation of faecal material, as well as a culture collection obtained from faeces of
the obese twin led to an increased body and fat mass in the mice. Cohousing of mice transplanted with

the faecal microbiota from the obese and lean twins prevented the increased body and fat mass gain.

In summary, the gut microbiome is known to play a causal role in modulating host metabolism and the
response to HFDs, but the underlying mechanisms remain unclear. Currently, only a limited number of
bacteria with causal effects on host metabolism are known (see section 1.3), and further research is
necessary to gain a deeper understanding. The following section focuses on lipid digestion and
absorption in the intestine, which is one specific aspect of lipid metabolism that can be affected by

microbiota.
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1.2 Intestinal lipid digestion and absorption

The main dietary fats consumed by humans are triglycerides, cholesterol esters, and phospholipids
(Hussain 2014). In addition, endogenous lipids from the bile or shed enterocytes are present in the gut
(Ko et al. 2020; Shiau et al. 1985). Lipid digestion begins in the mouth and stomach but mainly occurs
in the small intestine. Small intestinal lipid digestion, absorption and transport via chylomicrons is
summarised in Figure 1. The first step is the emulsification of large fat droplets by BAs, which increases
the water-lipid surface area, making the lipids more accessible to enzymes produced in the pancreas
and secreted into the duodenum (Ko et al. 2020; Senior 1964). Triglycerides are then hydrolysed by
pancreatic lipases, releasing free FAs, monoacylglycerol, and glycerol (Winkler et al. 1990).
Phospholipids are hydrolysed by the pancreatic enzyme phospholipase A2 to lysophospholipids and
free FAs, whilst cholesteryl esters are hydrolysed by carboxyl ester hydrolase yielding cholesterol and
free FAs (Ko et al. 2020). Together with BAs the hydrolysed lipids form smaller mixed micelles, which
can diffuse to the brush border of the enterocytes. FAs and monoacylglycerols can be taken up into
the enterocytes either by passive diffusion across the apical membrane or by protein-mediated
transport (Chow et al. 1979; Igbal et al. 2009; Mansbach et al. 2007). Cluster of differentiation 36
(CD36) is a key protein involved in the import of FAs into enterocytes (Ko et al. 2020). Along the
intestine, it is mainly expressed in the proximal part of the small intestine (Lobo et al. 2001; Nassir et
al. 2007). The uptake of cholesterol from the intestinal lumen into enterocytes is mediated by
Niemann-Pick C1-like 1 (NPC1L1) protein (Altmann et al. 2004). Inside the endoplasmic reticulum of
enterocytes, FAs, monoacylglycerol, lysophospholipids, and cholesterol are then re-esterified to
triglycerides, cholesterol esters, and phospholipids by a variety of enzymes (Hussain 2014; Ko et al.
2020). The lipid molecules are then either packaged into chylomicrons for excretion, used in FA
oxidation, or stored in cytosolic lipid droplets. Cytosolic lipid droplets consist of a core of neutral lipids
(mainly triglycerides and cholesterol esters) surrounded by a phospholipid monolayer and are
mobilised in fasting state (Demignot et al. 2014; Martin et al. 2006). Chylomicrons are large
lipoproteins which transport dietary lipids to various tissues. Their core mainly consists of triglycerides
and cholesterol esters and is surrounded by a phospholipid monolayer and specific proteins, including
apolipoprotein B-48, which is essential for chylomicrons (van Greevenbroek et al. 1998; Zilversmit
1968). Pre-chylomicrons formation begins in the endoplasmic reticulum and the final modification and
maturation occurs in the Golgi apparatus before the chylomicrons are packaged into versicles and
secreted by exocytosis at the basolateral membrane of the enterocytes (Ko et al. 2020; van
Greevenbroek et al. 1998). The chylomicrons then enter the lacteal and lymphatic system and are
transported to various organs and tissues. Whereas triglycerides are exclusively secreted via the

chylomicron pathway, cholesterol can also be secreted via the HDL pathway (Hussain 2014).
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Figure 1: Summary of lipid digestion, absorption, and transport by chylomicrons in the small intestine. Created in
https://BioRender.com

As previously stated above in section 1.1.3, several studies have demonstrated that the gut microbiota
plays a role in regulating host metabolism and the response to HFDs. However, the underlying
mechanisms remain unclear, and further research is required to identify specific bacteria that causally
affect lipid absorption. A common argument against the influence of bacteria on lipid absorption is
that lipids are efficiently absorbed in the proximal small intestine, where bacterial density and diversity
are low. However, it has been shown that faecal fat excretion increases as dietary lipid amounts
increase (Booth et al. 1961; Cummings et al. 1978; Kasper 1970; Walker et al. 1973). Some studies even
suggested that lipid absorption can take place in more distal parts of the intestine. Snipes (1977)
observed lipid droplets inside the enterocytes of the caecum and colon of mice after force feeding with
large amounts of fat (0.5-1.0 ml three times daily), although, the subsequent processing of fat was
observed to be way less efficient than in the proximal small intestine. Booth et al. (1961) showed that,
when rats were gavage with an increasing amount of radioactively labelled triolein (up to 500 mg), the
percentage of absorption from the ileum and/or colon increased to up to 16% of the administered
dose. Ammon et al. (1973) perfused the colon of 9 healthy human volunteers with electrolyte solutions

with C18 FAs and observed that 350-400 mg FAs per hour were absorbed on average in the colon.
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Although more research is required, some bacteria that can affect lipid absorption have already been
identified. Wu et al. (2024) observed that Megamonas rupellensis colonisation in mice promoted HFD-
induced obesity through enhanced lipid transport and absorption, particularly in the jejunum. They
confirmed that M. rupellensis degrades myo-inositol in vitro and in vivo, which leads to an increase in
lipid transport and absorption. Araujo et al. (2020) used in vitro and in vivo murine models and bacterial
mutants to discover that acetate produced by Escherichia coli promotes FA oxidation in the
enterocytes, and L-lactate produced by Lactobacillus paracasei inhibits lipid oxidation and therefore

increases cytosolic lipid droplet size and amount in enterocytes.

In summary, while the proximal small intestine is the primary site for lipid digestion and absorption,
some evidence suggests that microbial metabolic activities, including those in distal regions of the gut,
may modulate this process in ways that are not yet fully understood. One way in which bacteria can
affect lipid absorption is through the conversion of BAs, a process described in more detail in the

following section.

1.2.1 Bile Acids

BAs play a crucial role in the emulsification and absorption of lipids and fat-soluble vitamins.
Furthermore, they serve as important signalling molecules that regulate lipid and glucose metabolism
and immune signalling (Collins et al. 2023). For instance, BAs engage with nuclear receptors such as
nuclear farnesoid X receptor (FXR) and transmembrane receptors such as G protein-coupled
membrane receptor 5 (TGR5), which play a key role in the regulation of metabolic pathways

(Wahlstrom et al. 2016).

Primary BAs are synthesised from cholesterol in hepatocytes (Russell 2003): cholic acid (CA) and
chenodeoxycholic acid (CDCA) in the human liver; a greater diversity, including alpha-muricholic acid
(aMCA), beta-muricholic acid (BMCA) and ursodeoxycholic acid (UDCA) in the mouse liver (Honda et
al. 2020; Sayin et al. 2013). BAs are conjugated to the amino acids taurine and glycine to enhance their
hydrophilicity. The ratio of glycine- to taurine-conjugated BAs in humans is approximately three to one,
whereas in mice, BAs are predominantly conjugated to taurine (Collins et al. 2023). Conjugated BAs
are then stored in the gallbladder and are released into the duodenum upon stimulation by a meal
(Collins et al. 2023). Approximately 95% of the BAs in the in the small intestine are reabsorbed before
reaching the terminal ileum (Perino et al. 2021; Ridlon et al. 2006). The reabsorbed BAs are transported
back to the liver via the hepatic portal vein, a process known as enterohepatic circulation. The

remaining 5% enter the colon and are excreted within stool.
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The BAs in the small intestine and those escaping the enterohepatic circulation in more distal regions
can be metabolised by bacterial enzymes. In a first step, the BAs are deconjugated through the activity
of bile salt hydrolases (BSHs). BSH is widespread across all major bacterial phyla within the human gut
microbiota, however, the substrate specificity, genetic regulation, and occurrence of isoforms varies
drastically between strains (Collins et al. 2023; Ridlon et al. 2006). The benefit of BA deconjugation for
the bacteria is not clear and multiple hypothesis exist. Glycine and taurine can potentially be used as
nutrient source, or the change in microbiota profiles due to the higher toxicity of the deconjugated
BAs could be beneficial to BSH-expressing species (Guzior et al. 2021; Ridlon et al. 2006). The
deconjugation to free primary BAs enables further metabolism to secondary BAs. Several intestinal
bacterial species express hydroxysteroid dehydrogenases (HSDHs), which are position-specific and
stereo-specific enzymes responsible for the oxidation and epimerisation of the C3-, C7- and C12-
hydroxyl groups of BAs (Guzior et al. 2021; Ridlon et al. 2006). Both a- and B-HSDH are required for
the epimerisation of BAs. For example, the oxidation of CA to the stable intermediate 7-oxoDCA via
70-HSDH can be followed by the reduction to 7-epiCA via 7B-HSDH. HSDHs are widespread throughout
the gut microbiome. Lucas et al. (2021) found that more than half of 70 common human intestinal
bacterial species tested possessed HSDH activity. The advantage of BA dehydrogenation for the
bacteria may be the reduced hydrophobicity and toxicity, or it may be useful for energy production
(Ridlon et al. 2006). Furthermore, primary BAs can be metabolised by bacteria via dehydroxylation at
the C7 position. Several enzymes encoded in the bai operon are responsible for this modification. CA
can be metabolised to deoxycholic acid (DCA), CDCA to lithocholic acid (LCA), and muricholic acid
(MCA) to murideoxcholic acid (MDCA) (Collins et al. 2023). Compared to HSDHs, the bai operon is less
widespread among bacterial species of the human microbiome. Vital et al. (2019) conducted a
metagenomic analysis of two datasets and found that MAGs exhibiting the bai gene accounted for
0.51-0.73% of the total MAGs present in stool samples. In 2020, it was discovered that BAs also can
be re-conjugated to amino acids by microbial enzymes (Quinn et al. 2020). Lucas et al. (2021)
demonstrated that these microbial bile salt conjugates can be formed from both primary and
secondary BAs and 15 different amino acids. They found that 28 of the 70 common human intestinal
bacterial species tested were able to produce microbial bile salt conjugates, especially members of the
families Bifidobacteriaceae, Lachnospiraceae, and Bacteroidaceae. The reason for the re-conjugation
of BAs by bacteria remains unclear; potential explanations include the export of toxic intracellular BAs,
specific roles in bacterial metabolism, or the production of BA metabolites that harm other bacteria
and provide a growth advantage (Ay et al. 2022). The chemical transformation of BAs by bacteria alters
their solubility, toxicity, and signalling functions, impacting their role in lipid and glucose metabolism,
as well as immune regulation. For example, Paik et al. (2022) discovered that the secondary BAs

3-oxoLCA and isoLCA inhibit the differentiation of pro-inflammatory T helper 17 cells, which play a key
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role in IBD. Lynch et al. (2023) found that the heterologous expression of Turicibacter BSH genes in
Bacteroides thetaiotaomicron was sufficient to alter host lipid metabolism in monocolonised mice,
including decreased serum triglycerides and WAT mass. Similarly, Joyce et al. (2014) found that
colonisation of GF mice with Escherichia coli heterologously expressing Lactobacillus salivarius BSH

genes altered gene expression of key regulators of lipid metabolism in the ileum and liver.

Besides the influence of gut microbes on the BA pool, BAs can influence the composition, diversity,
and metabolic activity of the gut microbiota (Collins et al. 2023). Due to their amphiphilic structure,
BAs can be toxic to bacteria. Antimicrobial toxicity increases with increasing hydrophobicity and free
BAs are generally more toxic than their conjugated counterparts (Sannasiddappa et al. 2017; Sung et
al. 1993; Tian et al. 2020). Gram-negative bacteria and bacteria expressing BA-modifying enzymes and
BA exporters show greater tolerance towards BAs (Collins et al. 2023). For example, Pedersen et al.
(2022) found that co-cultivation with E. lenta alleviated the CA and CDCA-induced growth inhibition of
strains such as Thomasclavelia ramosa (formerly Clostridium ramosum), probably due to the formation

of oxidised and epimerised BAs by E. lenta.

In summary, BAs play a crucial role in lipid absorption, metabolic signalling, and immune regulation
and their composition and function are significantly influenced by microbial transformations, which
include deconjugation, oxidation and epimerisation, 7a-dehydroxylation, and re-conjugation. These
modifications impact BA toxicity, solubility, and signalling functions, and consequently shape host
metabolism and gut microbiota composition. Beyond the critical role of BAs in lipid absorption,
microbial lipases may also contribute to the digestion and absorption of lipids in the gut. The next

section reviews the influence of microbial lipases on lipid digestion and absorption.

1.2.2 Influence of microbial lipases

Lipases are serine hydrolases that catalyse the hydrolysis of triglycerides into glycerol and FAs by acting
at the oil-water interface. Microbial lipases are expressed by bacteria, fungi and yeasts and are used
in various industries (e.g., detergents, biofuels, food) and for environmental applications (Javed et al.
2018; Kanmani et al. 2015). Lipase-expressing bacteria are widespread in the human gut microbiome.
Hoyles (2009) screened approximately 4,000 isolates from the stool of 15 human donors and identified
378 strains with lipase activity, representing 0.1% to 18.5% of the total isolates per donor. An analysis
of metagenome-assembled genomes (MAGs) from different human body sites showed that the
majority (75%) of lipase-positive species originated from stool samples and belonged to the dominant

phyla of the human gut microbiome (Hitch et al. 2020).

The role of bacterial lipases in the digestion and absorption of fat in the gut is not well understood,

although some studies have suggested that they play a role. Feeding lipase isolated from Burkholderia
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plantarii to dogs with pancreatic duct ligation resulted in increased absorption of dietary lipids (Suzuki
et al. 1999; Suzuki et al. 1997). In addition, Drouault et al. (2002) found that the consumption of
Lactococcus lactis heterologously expressing lipase from Staphylococcus hyicus increased lipid
absorption in pigs with pancreatic duct ligation. Ran et al. (2015) found that supplementation with
Acinetobacter lipase resulted in increased weight gain of carp fed a diet rich in palm oil. In addition to
bacterial lipases, lipases expressed by other gut microbes, such as yeast, have been found to influence
lipid metabolism: Feng et al. (2022) identified the high lipase-expressing yeast strain Trichosporon
asahii Y2 which, when fed to SPF mice, increased intestinal lipase activity and exacerbated HFD-

induced obesity and hyperlipidaemia.

Microbial expression of lipase may confer benefits such as enhanced nutrient acquisition and
modulation of microbial composition and can play a role in pathogenesis. Some bacteria, such as
species of the genera Bilophila and Alistipes, can utilise the released FAs for growth (Agans et al. 2018).
Many bacteria may also be able to use the released glycerol as carbon and energy source (da Silva et
al. 2009). Hitch et al. (2020) reported a higher fraction of lipase-positive species that contained the
genes for the glycerol degradation pathway Il compared with the beta-oxidation pathway. Some
bacteria can also metabolise glycerol to acrolein, an antimicrobial compound and toxin that can alter
microbial composition (Cleusix et al. 2007; Ramirez Garcia et al. 2021; Zhang, Sturla, et al. 2018).
Furthermore, bacterial lipases can act as virulence factors and play a role in pathogenesis (Chen et al.

2019; Ghadimi et al. 2024).

In summary, the specific contributions of microbial lipases to lipid digestion and absorption in the gut
remain poorly understood. While evidence from a few animal models indicates that microbial lipases
may influence lipid absorption and metabolism, particularly in combination with a HFD, further

research is needed to gain a deeper understanding.

1.3 Bacteria with a causal impact on host metabolism

While many studies investigating the influence of bacteria on host metabolism have found associations
between the occurrence of certain bacteria and changes in host metabolism, only a few specific
bacterial species with causal effects are known. Some bacterial species with known causal effects on
host metabolism are described below and summarised in Table 2.

Akkermansia muciniphila has been shown to have beneficial effects on metabolic health by modulating
various physiological processes (loannou et al. 2024). For instance, Plovier et al. (2017) showed that
the administration of pasteurised A. muciniphila reduced fat mass, insulin resistance and

dyslipidaemia, and improved intestinal barrier function in mice fed a HFD. This was due to the outer
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membrane protein Amuc_1100, which interacts with Toll-Like Receptor 2. In addition, A. muciniphila
was found to secrete another protein, P9, which induces GLP-1 secretion and increases thermogenesis
in brown adipose tissue (Yoon et al. 2021). Another specific bacterium is the probiotic strain
Lactobacillus rhamnosus GG, which was shown to compete with the host for FA absorption in the gut,
resulting in reduced body weight, fat mass and lipid accumulation in the liver in mice (Jang et al. 2019).
In contrast, one example of a potentially detrimental species in terms of host metabolism is T. ramosa,
which enhanced diet-induced obesity in gnotobiotic mice (Woting et al. 2014). This was linked to
elevated levels of glucose transporter 2 (Glut2) and FA translocase (CD36), leading to increased
nutrient absorption. Using monocolonised mice, cell lines and organoids, Mandic et al. (2019) further
showed that T. ramosa can stimulate serotonin secretion from intestinal enterochromaffin cells,
leading to increased intestinal lipid absorption. Monocolonisation of mice with Enterobacter cloacae
has also been shown to enhance HFD-induced obesity in mice, including elevated serum endotoxin
levels and increased systemic inflammation (Fei et al. 2013). In addition, Yan et al. (2016) found that
E. cloacae monocolonisation of mice on a HFD altered gene expression in colon tissue related to
inflammation and metabolism. Finally, Chen et al. (2021) discovered that colonisation of GF mice with
S. copri induced chronic inflammation via TLR4 and mTOR pathways and promoted fat accumulation
by upregulating lipogenesis genes and downregulating genes associated with lipolysis, lipid transport

and muscle growth.
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Table 2: Overview of bacteria with a causal impact on host metabolism. This table summarises the observed impacts on the
host, and key findings and mechanisms for each described bacterial species.

Bacterium

Impact on host

Key findings and mechanisms

Literature

A. muciniphila

- reduction in body fat

- improved insulin resistance
- reduced dyslipidaemia

- improved intestinal barrier

function

- surface protein Amuc_1100
interacts with TLR2

- secretion of protein P9 enhances
GLP-1 secretion and promotes
thermogenesis in brown adipose

tissue

loannou et al. (2024)
Plovier et al. (2017)
Yoon et al. (2021)

L. rhamnosus GG

- reduced body weight and fat mass
-reduced hepatic lipid

accumulation

- competition with the host for FA

absorption in the gut

Jang et al. (2019)

T. ramosa - enhanced HFD-induced obesity - increased expression of Glut2 and  Mandic et al. (2019)
- increased absorption of nutrients CD36 Woting et al. (2014)
and lipids - stimulation of serotonin secretion

from intestinal enterochromaffin
cells

E. cloacae - enhanced HFD-induced obesity - elevated serum endotoxin levels Fei et al. (2013)

- increased inflammatory processes - increased systemic inflammation Yan et al. (2016)
markers
- altered gene expression in colon
tissue (inflammation and
metabolism related)
S. copri - induced chronic inflammation - activation of TLR4 and mTOR Chen et al. (2021)

- increased fat accumulation

signalling pathways

- upregulation of lipogenesis genes
- downregulation of genes involved
in lipolysis, lipid transport and

muscle growth

However, S. copri is a good example of the importance of studying intra-species diversity, which can

be observed in several bacterial species (Chen-Liaw et al. 2025). De Filippis et al. (2019) have shown

how dietary habits can drive the selection of specific strains of S. copri with different functional

potentials. Strains associated with an omnivorous diet had a higher prevalence of genes related to

branched-chain amino acid biosynthesis, whilst those associated with a fibre-rich diet had an increased

potential for carbohydrate catabolism. Sorbara et al. (2020) analysed the genomes of 273 isolates of

the family Lachnospiraceae and also observed intra-species diversity in pathways that could potentially

play a role in host health. Strain-level diversity, although relatively understudied, has the potential to

explain discrepancies in associations between bacterial species and their impact on host metabolism.
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In summary, despite some reports on specific bacteria with causal effects on host metabolism, there
is no data on many commensal gut species. The following section focuses on the class of Coriobacteriia,

whose presence has been associated with alterations in host metabolism.

1.4 Coriobacteriia

Coriobacteriia is a class of bacteria belonging to the phylum Actinomycetota (formerly Actinobacteria).
Formerly, all members of the Coriobacteriia belonged to a single order (Coriobacteriales) and a single
family (Coriobacteriaceae) (Gupta et al. 2013). After reclassification, the family Coriobacteriaceae was
split into several families within the class Coriobacteriia, including Atopobiaceae and
Coriobacteriaceae, both belonging to the order Coriobacteriales, and Eggerthellaceae, belonging to
the class Eggerthellales (Gupta et al. 2013; Nouioui et al. 2018). Coriobacteriia are usually Gram-
positive, non-motile, non-spore-forming, non-haemolytic, mesophilic bacteria that are typically
shaped like rods or coccobacilli and grow as single cells, pairs, or chains (Clavel et al. 2014). Most
Coriobacteriia are obligate anaerobes, but some species are also known to be aerotolerant,
microaerophilic or facultative anaerobe (Clavel et al. 2009; Clavel et al. 2014; Kraatz et al. 2011;
Rodriguez Jovita et al. 1999). Actinomycetota, including Coriobacteriia, are often underrepresented in
16S rRNA gene amplicon sequencing because of factors such as extraction methods and primer
selection, which may be due to their hydrophobic cell walls and high G+C content of deoxyribonucleic
acid (DNA) (Maukonen et al. 2012; Sim et al. 2012; Thorasin et al. 2015). Nonetheless, their presence
and abundance has been linked to alterations in host metabolism in several studies with rodents and

humans (described in the following paragraphs).

Several studies found increased relative abundance of Coriobacteriia associated with HFD feeding and
obesity in rats and mice (Campbell et al. 2019; Chen et al. 2018; Feng et al. 2024; Lin et al. 2024; Park
et al. 2020; Tang et al. 2024; Zhao et al. 2017). Furthermore, Claus et al. (2011) observed a strong
correlation between Coriobacteriaceae (and Coriobacteriales), increased hepatic triglycerides and
decreased hepatic glucose and glycogen levels in mice. Martinez et al. (2013) observed significant
correlations between Coriobacteriaceae and host lipid metabolism in hamsters. The relative
abundance of Coriobacteriaceae was associated with increased cholesterol absorption, plasma
cholesterol, plasma triglycerides and liver cholesterol, and decreased cholesterol synthesis and liver

triglycerides.

Studies in humans have also highlighted associations between the occurrence of Coriobacteriia and
metabolic disorders such as obesity (Cancello et al. 2019; Nirmalkar et al. 2018; Zhang et al. 2009) or
diabetes (Afolayan et al. 2020; Crusell et al. 2018; Doumatey et al. 2020; Lv et al. 2023). Romo-Vaquero

et al. (2019) reported a positive correlation between Coriobacteriaceae and BMI, as well as total
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cholesterol, low-density lipoprotein (LDL) and apolipoprotein A-1 blood levels (n = 249, healthy adult
individuals). Similarly, Gallardo-Becerra et al. (2020) observed a positive correlation between the
relative abundance of Coriobacteriia and BMI and blood triglycerides, while noting a negative
correlation with blood HDL in a cohort of 27 children. Morales et al. (2022) found that Actinomycetota
and Coriobacteriaceae had a significantly higher relative abundance in hypercholesterolemic
individuals compared to controls (n = 57, adult individuals). Additionally, Castro-Mejia et al. (2022)
reported that increased levels of total cholesterol and LDL was linked to higher relative abundances of
Coriobacteriaceae (n = 262, adult individuals). However, it is important to note that some studies have
reported conflicting results. For example, Kim et al. (2020) studied a cohort of overweight and obese
adult individuals (n = 747), categorised into metabolically healthy and unhealthy groups, and found
that Coriobacteriaceae were more prevalent in the metabolically healthy subgroup. Furthermore, Hu
et al. (2021) observed a decreased relative abundance of Coriobacteriaceae in pregnant women with

gestational diabetes mellitus (n = 402).

Collinsella aerofaciens and Eggerthella lenta are the two Coriobacteriia species that are the focus of
this thesis and are described in more detail below. They are among the best-studied members of the
bacterial class of Coriobacteriia and dominant and prevalent members of the human intestinal

microbiome (Almeida et al. 2019; Qin et al. 2010).

Collinsella aerofaciens, formerly Bacteroides aerofaciens or Eubacterium aerofaciens, was first
isolated from human faeces by Eggerth in 1935. The species is Gram-positive, non-flagellated, non-
spore-forming, obligate anaerobic and the cells are typically rod to cocci shaped, variable in size
(approximately 0.3-0.7 x 1.2-4.3 um) and form chains (Eggerth 1935; Kageyama et al. 1999).
C. aerofaciens has been shown to display in vitro lipase activity in the rhodamine B agar plate assay
(Just 2017; Streidl 2021; Thorasin et al. 2015). In addition, the species is known to express BA-modifying
enzymes, including BSH and 3a-, 7B- and 12a-HSDH (Liu et al. 2011; Lucas et al. 2021; Wegner et al.
2017). The experiments of Lucas et al. (2021) suggested that C. aerofaciens may also have 7a-HSDH
activity and may be able to re-conjugate BAs with the amino acids glycine, alanine, phenylalanine, and
leucine. The occurrence of C. aerofaciens has been associated with various diseases, including
metabolic disorders. For example, Companys et al. (2021) reported that C. aerofaciens was more
abundant in obese compared to lean individuals (n = 128). Gallardo-Becerra et al. (2020) observed that
C. aerofaciens had a higher relative abundance in obese children with metabolic syndrome compared
to normal weight and obese children without metabolic syndrome (n = 27). Notably, they also
identified a significant positive correlation between the relative abundance of C. aerofaciens and blood
triglyceride levels, in addition to a negative correlation with HDL. Liu et al. (2021) observed increased

relative abundance of C. aerofaciens in children with type 1 diabetes (n = 98). Moreover, Purohit et al.
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(2024) reported an increased relative abundance of C. aerofaciens in individuals with non-alcoholic
fatty liver disease compared to healthy controls (n = 47).

Eggerthella lenta, formerly Bacteroides lentus or Eubacterium lentum, was also first isolated from
human faeces by Eggerth in 1935. The bacterium is Gram-positive, non-flagellated, non-spore-forming,
obligate anaerobic and the cells are rod-shaped, measuring approximately 0.2-0.4 x 0.2-2.0 um in size
and often form chains (Eggerth 1935; Wade et al. 1999). E. lenta strains are functionally very versatile.
E. lenta is able to metabolise BAs via the enzymes BSH, and 3a-, 3B-, 7a- and 12a-HSDH (Harris et al.
2018; Ridlon et al. 2006; Wegner et al. 2017). Moreover, E. lenta strains are able to metabolise
neurotransmitters (Maini Rekdal et al. 2020), hormones (Bokkenheuser et al. 1977; McCurry et al.
2024), drugs (Haiser et al. 2013; Maini Rekdal et al. 2019; Saha et al. 1983) and dietary phytochemicals
(Bess et al. 2020; Clavel et al. 2006; Takagaki et al. 2015; Woting et al. 2010). Paik et al. (2022) showed
that E. lenta is capable of metabolising the secondary BA LCA to 3-oxoLCA and isoLCA, which suppress
Tyl7 cell differentiation, a mechanism potentially relevant to the pathophysiology of IBD. However,
Alexander et al. (2022) found that E. lenta activates Ty17 cells in gnotobiotic mice via the bacterial
enzyme cardiac glycoside reductase 2 (Cgr2) and that dietary arginine supplementation prevents this
inflammation induction due to Cgr2 sensitivity to this substrate. The relative abundance of E. lenta has
also been associated with metabolic disorders. For example, Qin et al. (2012) analysed the gut
metagenomes of 345 individuals and reported an enrichment of E. lenta in individuals with T2D,
however, their results were confounded by metformin intake (Forslund et al. 2015). Also Koh et al.
(2018) observed an increased relative abundance of E. lenta in individuals with T2D (n = 33) compared

to controls (n = 43) and linked this to the ability of the species to produce imidazole.

In summary, the presence of Coriobacteriia has been associated with changes in lipid metabolism,
obesity, and diabetes. Several studies suggest that alterations in the relative abundance of
Coriobacteriia may be linked to metabolic dysregulation, although there are also conflicting results,

and no underlying mechanisms have been reported yet.

A former PhD student from the lab studied the effect of a minimal consortium consisting of the four
Coriobacteriia species A. mucosicola, C. aerofaciens, E.lenta, and L. parvula (CORIO) on host
metabolism in gnotobiotic mice (Just 2017). The mice colonised with CORIO were compared to GF and
SPF controls. They were fed with one of the following three experimental diets for a duration of 16
weeks: synthetic control diet (CD), palm oil-based HFD, or CD supplemented with primary BAs (0.1%
CA and 0.1% CDCA). The colonisation of the CORIO mice in the different gut regions was examined by
gPCR at the endpoint. All four CORIO strains were detected, though at rather low densities and inter-
individual differences were observed. C. aerofaciens and E. lenta colonised at higher densities than the
other two strains, and all strains tended to be more abundant in the proximal part of the intestine and

in the HFD-fed mice. Independent of diet, CORIO mice showed elevated cholesterol levels in plasma.
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Notably, the WAT mass increased twofold in CORIO mice fed the BA-supplemented diet, independent
of the body weight. Additionally, the plasma levels of insulin and leptin, the leptin expression in WAT,
and the hepatic triglyceride and total FA levels were increased in CORIO mice fed the BA diet. In
addition to the literature aforementioned, these results from this gnotobiotic experiment indicate that

Coriobacteriia play a causal role in host metabolism, which was the basis of this PhD thesis.
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2. Hypothesis and aims of the thesis

In my PhD thesis | focus on the role of Coriobacteriia, because their occurrence has been linked to
alterations in host metabolism in studies with rodents and humans. Furthermore, a previous
gnotobiotic mouse experiment from the lab showed that colonisation with a consortium of four
Coriobacteriia strains (CORIO) in combination with a diet supplemented with primary BAs resulted in

increased WAT mass.

Here, we hypothesise that Coriobacteriia, in particular E. lenta and C. aerofaciens, which can

deconjugate and dehydrogenate BAs and express lipases, have causal effects on host metabolism.

In the first part, | studied how colonisation of gnotobiotic OMM12 mice with E. lenta influences the

liver proteome and gut metabolome.

In the second part, | aimed to investigate how colonisation with the CORIO consortium (A. mucosicola,
C. aerofaciens, E. lenta, L. parvula) in combination with diets varying in fat content and primary BAs
influences host metabolism. However, as colonisation of the intestine with the CORIO strains failed,

GF and SPF mice fed the different diets were compared.

In the third part, | investigated whether specific colonisation of GF mice with C. aerofaciens in
combination with diets high in fat or supplemented with primary BAs affects intestinal lipid absorption

using stable isotope-labelled lipids.

In the fourth and final part, | assessed the potential clinical relevance of dominant lipase-positive
bacteria, including C. aerofaciens, by analysing their occurrence in the stool microbiome of 338

participants from a human cohort in relation to host body parameters.
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3. Material and Methods

In this part the technical and methodological background of the work performed during my PhD thesis
and the contributions made by collaborators are described in detail. The first section describes the
general handling procedure for anaerobic bacteria and the following sections (3.2; 3.3; 3.4; 3.5)

present the different experiments that correspond to the main results sections.

3.1 Handling of anaerobic bacteria

In multiple parts of the project, anaerobic bacteria were used. Here | describe the general preparation
of anaerobic culture media and the procedures used to grow bacteria under anaerobic conditions and

to store them.

3.1.1 Media preparation

The Hungate technique was used for anaerobic liquid cultures (Hungate et al. 1966). For the
preparation of media in Hungate tubes, all ingredients, except L-cysteine and 1,4-Dithiothreitol (DTT)
(see concentrations below), were dissolved in deionised water and heated to 100°C to remove soluble
oxygen. Afterwards, L-cysteine and DTT were added. Each Hungate tube was filled with the heated
medium (9 ml), gassed with 89.3% N,, 6% CO,, and 4.7% H, for 3 min, and sealed with a rubber stopper
and a screw cap. The Hungate tubes were then autoclaved (121°C, 20 min) and stored at room

temperature.

For the preparation of solid media, 1.5% (w/v) agar was added. All ingredients, except L-cysteine, DTT
and other heat-sensitive ingredients, such as rhodamine B, were dissolved in deionised water and
autoclaved at 121°C for 20 min. After cooling down to approximately 55°C, heat-sensitive ingredients
were added from filter-sterilised stock solutions. The medium was then poured into Petri dishes under
a laminar flow cabinet to ensure sterility. The medium was left to stand for approx. 30 min to solidify
and the plates were stored at 4°C. Before use for anaerobic cultivation, the plates were imported into

the anaerobic chamber (MBraun; 89.3% N,, 6% CO,, 4.7% H,) at least 24 h before starting the work.

Unless otherwise stated, all media for anaerobic cultivation were supplemented with 0.05% (w/v)
L-cysteine and 0.02% (w/v) DDT as reducing agents, and 0.0001% (1 mg/L) resazurin as redox potential

indicator.
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3.1.2 Cultivation and storage

For anaerobic cultivation, the strains were either incubated on agar plates at 37°C in an anaerobic
chamber (MBraun, Garching, Germany; 89.3% N, 6% CO», 4.7% H,) or in broth in Hungate tubes. For
subculturing outside the anaerobic chamber, the rubber stopper of the Hungate tubes was flamed
twice using ethanol, and a sterile, gassed syringe was used to transfer bacterial suspensions from one
tube to the other under a laminar flow cabinet. Depending on the experiment, Hungate tubes were
inoculated in different ways: using freshly thawed cryo-stocks, existing liquid cultures, or cell material
obtained from a single colony grown on agar plate. In the latter case, inoculation occurred within the

anaerobic chamber by manually removing the stopper and screw cap.

For long time storage of bacterial strains, fresh liquid cultures were mixed 1:1 with sterile, anoxic
medium containing 40% glycerol in a gassed syringe under a laminar flow cabinet. The mixture was

aliquoted (ca. 500 pl) into screw cap tubes, then placed on dry ice and stored at -75°C.

3.1.3 Contributions
The general handling of anaerobic bacteria was done by myself. Student assistants (AG Clavel) helped

with the preparation of media that were routinely used.
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3.2 Influence of Eggerthella lenta on liver proteome and gut metabolome

In this chapter, samples from a previous gnotobiotic mouse experiment were analysed to study the
effect of the Coriobacteriia species E. lenta on liver proteome and gut metabolome. The content of this

chapter is already published under Viehof et al. (2024).

3.2.1 Gnotobiotic mouse experiment

The gnotobiotic mouse experiment was conducted by Theresa Streidl in the context of her own PhD
thesis (Streidl 2021). The experiment was ethically approved by the local authority (Regierung von
Oberbayern, approval no. 55.2-1-54-2532-156-2013) and was performed in the mouse facility of ZIEL -

Institute for Food & Health at Technical University of Munich.

In brief, GF male C57BL/6N mice (n = 6-8 per group) were colonised with microbial suspensions
containing the strains of the synthetic community OMM12 (Brugiroux et al. 2016) with or without the
CORIO strains (A. mucosicola DSM 19490", C. aerofaciens DSM 3979, E. lenta DSM 22437, and
L. parvula DSM 204697) via oral gavage three times within one week at the age of five weeks. From
week eight onwards, the diet was changed from autoclaved standard chow to a semi-synthetic control
diet (CD) for two weeks. Thereafter, the mice were fed either CD, CD supplemented with the primary
BAs CA (0.1%) and (0.1%) CDCA (CD-BA), lard-based HFD with 48% energy from fat (HFD), or HFD
supplemented with BAs CA (0.1%) and (0.1%) CDCA (HFD-BA) for eight weeks. Before euthanising the
mice with CO,, they were fasted for a minimum of 6 h and blood glucose was measured. During
necropsy, systemic EDTA-plasma was obtained from vena cava and content of the caecum and colon,

and liver lobes were snap frozen.

3.2.2 Metabolomics of colon content

Colon content was mixed with 5x acetonitrile (ACN):H20 solvent and 4 steel beads for subsequent
extraction in the bead mill (10 min, 30 Hz). After centrifugation (14,000 rpm, 2 min), 100 pl of the
supernatant were added to 500 ul MeOH:ACN:H20 (2:3:1) and vortexed thoroughly for 5 min. After
sonication for 5 min, samples were centrifuged (14.000 rpm, 5 min), 550 ul were transferred to a new
tube, evaporated to dryness (SpeedVac, Eppendorf) and kept at -80°C until further use. Prior to
analysis, samples were resuspended in 100 ul 0.1% FA and 1% ACN in water. Samples measured in

positive and negative ionisation mode were further diluted 1:10.

For measurement, 10 or 5 pl (positive and negative ionisation, respectively) of each extract was

injected into a HPLC system coupled online with a 6546 UHD Accurate-Mass Q-TOF (Agilent
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Technologies). Metabolites were separated with an Agilent Zorbax Eclipse Plus C18 column (2.1 x 100
mm, 1.8 um) equipped with a matching pre-column (2.1 x 50 mm, 1.8 um). The autosampler was kept
at 5°C and column oven was set to 45°C. Separation was achieved using a binary solvent system of A
(0.1% FA in water) and B (0.1% FA in ACN). The gradient was as follows: 0-5.5 min: 1% B; 5-20 min: 1-
100% B; 20-22 min: 100% B; 22-22.5: 100-1% B; 22.5-25 min: 1% B. Metabolites were eluted at a
constant flow rate of 0.3 ml/min with the autosampler at 5°C and column oven at 45°C. Eluted
compounds were measured with the QTOF operated in centroid mode. Full scan data was generated
with a scan range of 50-1000 m/z in both ionisation modes. Out of the survey scan, the 2 most
abundant precursorions with charge state = 1 were subjected to fragmentation. The dynamic exclusion

time after two acquired spectra was set to 0.1 min.

The spectral data (.d files) were imported into the Progenesis Ql software (Non-Linear Dynamics). The
two ionisation modes were analysed separately. The adduct ions were [M+H] and [M+H-H20] for
positive mode and [M-H], [M-H20-H] and [M+FA-H] for negative mode. Chromatograms were aligned
using an automatically chosen reference chromatogram from the dataset. The following software-
guided peak-picking tool resulted in a data matrix including retention time, mass-to-charge ratio, and
corresponding normalised peak area. For the in silico database search, the Fecal Metabolome Database
was used as resource. After exporting the results (compound measurement and putative
identifications) for all measured compounds, the data was further processed by only keeping peaks
which were putatively identified with an MS2 fragment spectrum and a minimum Progenesis score of
40. Only those annotations with the highest Progenesis score were kept if peaks were annotated to

multiple compounds.

Principal component analysis (PCA) of metabolome peaks was done in R with significance of group
differences calculated by PERMONOVA using the adonis2 function in the R package vegan (Oksanen et
al. 2022). Differences in annotated metabolites were calculated by a Kruskal-Wallis test with correction
for multiple testing by Benjamini-Hochberg method followed by posthoc Dunn-test for pairwise

comparisons using R.

3.2.3 Proteomics of liver tissue

Proteins from liver samples were extracted by adding 800 pl ice-cold lysis buffer (150 mM NaCl, 10 mM
Tris (pH 7.2), 0.1% SDS, 1% Triton X-100, 1% deoxycholate, 5 mM EDTA, pH 7.4, cOmplete™ protease
inhibitor) to frozen samples, followed by bead milling (10 min, frequency 30) and 1 h incubation on ice.
Lysates were centrifuged (12,000 rpm, 15 min, 4°C), supernatants were recovered, and protein
concentration was determined by DC protein assay (BIO-RAD) according to the manufacturer’s

instructions.
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For each sample, 20 ug protein lysate was used for sample preparation, as described previously (Wang
et al. 2021). Briefly, proteins were reduced with tris(2-carboxyethyl)phosphine hydrochloride and
alkylated with iodoacetamide. A protein clean-up was conducted using paramagnetic beads in 70%
ethanol and ACN without acidification of the samples, as described previously (Wang et al. 2021).
Proteins were then proteolytic cleaved using Trypsin (Promega) in a 1:50 ratio (trypsin:protein) for 16 h
at 37°C. Next, samples were labelled using 5x tandem mass tags (TMT, TMT-10plex, Thermo Scientific)
for 1 h at room temperature, followed by adding 1 ul 5% (v/v) hydroxylamine in 100 mM TEAB to
qguench the labelling. Samples were combined into 7 mixes, each containing 1 replicate of the different
treatments. After peptide clean-up with 100% ACN, peptides were eluted in 2 fractions using 87% ACN
in 10 mM ammonium formate (pH 10, Sigma Aldrich) for fraction 1 and 2% dimethylsulfoxide (Sigma
Aldrich) for fraction 2.

LC—MS/MS analysis was then performed using an UltiMate 3000 RSLChano system (Dionex), coupled
online to a Q Exactive HF mass spectrometer (Thermo Fisher Scientific) by a chip-based electrospray
ionisation source (TriVersa NanoMate, Advion), as previously described (Streidl et al. 2021; Wang et
al. 2021). First, peptides were loaded on a trapping column with 5 puL/min by using 98% water / 2%
ACN / 0.05% trifluoroacetic acid (Acclaim PepMap 100 C18, 3 um, nanoViper, 75 um x 5 cm, Thermo
Fisher Scientific) and peptides were then separated on an analytical column (Acclaim PepMap 100 C18,
3 um, nanoViper, 75 um x 25 cm, Thermo Fisher). A 150 min non-linear gradient was applied starting
from 0.1% formic acid in water to 80% ACN/ 0.08% formic acid in water. From each MS, the top 15

precursor ions were selected with an isolation window of 0.7 m/z.

MS raw data were processed against the Mus musculus UniProtKB reference proteome from 16th
November 2021 using ProteomeDiscoverer 2.2 with carbamidomethylation. TMT set as fixed, and
methionine oxidation and acetylation of protein N-terminus set as variable modifications. Reporter ion
intensities were corrected according to the manufacturer’s instructions. A total of 1,914 proteins were
identified. Samples were normalised against a pool control containing a mixture of all samples included
in each TMT mix. Samples were filtered for proteins quantified in at least four replicates per condition

resulting in 1,710 proteins.

For proteomics, after log2-transformation, fold changes were calculated to the respective controls
with adjusted p-values calculated with the Benjamini-Hochberg method. Proteins were considered
significantly altered with an adjusted p-value < 0.05. The analysis was conducted in R-3.5.0 using the
following packages: mixOmics (Rohart et al. 2017), ggplot2 (Wickham 2016b), gpcR (Spiess 2018),
corrplot (Wei et al. 2017), PerformanceAnalytics (Peterson et al. 2014), calibrate (Graffelman et al.
2005), dendsort (Sakai et al. 2014), dendextend (Galili 2015), ComplexHeatmap (Gu et al. 2016), limma
(Ritchie et al. 2015), plyr (Wickham 2016a), reshape2 (Wickham 2007), xlIsx (Dragulescu et al. 2018),
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DEP (Zhang, Smits, et al. 2018), ggsci (Xiao 2018), ggpubr (Kassambara 2023), pheatmap (Kolde 2012),
circlize (Gu et al. 2014).

3.2.4 Contributions

The gnotobiotic mouse experiment was conducted by Theresa Streidl in the context of her own PhD
thesis (Streidl 2021). Proteomics and metabolomics measurements were performed at the
Department of Molecular Systems Biology at Helmholtz Centre for Environmental Research (UFZ) in
Leipzig, Germany. Sample preparation and metabolomics measurements were conducted by Beatrice
Engelmann. Raw data processing and statistical analysis of this data was conducted by Sven-Bastiaan
Haange. Proteomics measurement and raw data processing was done by Kristin Schubert. | performed

all downstream data analysis and statistics, interpreted the data, and wrote the manuscript.
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3.3 Comparison of gut physiology and metabolism in germfree and SPF mice on different
diets

Due to our previous experiments indicating that a consortium of four CORIO strains in combination
with primary BAs in diet modulated host metabolism (Just 2017), we conducted a new gnotobiotic

mouse experiment to further study the effects of CORIO.

3.3.1 Preparation of gavage suspensions

Mice were colonised with fresh cultures of A. mucosicola DSM 194907, C. aerofaciens DSM 3979’,
E. lenta DSM 2243", and L. parvula DSM 20469" (CORIO consortium). The four strains were each grown
in Hungate tubes containing anoxic BHI medium without resazurin. For each batch of mice, fresh cryo-
aliquots were used for reactivating the strains and then subcultured at least twice. On the day of
gavage, cultures grown for approx. 48 h were mixed in sterile and gassed Hungate tubes in a ratio of
2:1:1:1 (A. mucosicola: C. aerofaciens: E. lenta: L. parvula). This fresh bacterial mixture was then used

to gavage the mice inside an isolator (NKP isotec).

3.3.2 Gnotobiotic mouse experiment
This mouse experiment was performed under LANUV ethical approval 81-02.04.2018.A292. Mice

colonised with the CORIO consortium aforementioned were compared to GF and SPF mice.

The detailed experimental design is depicted in Figure 2A. GF C57BL/6N mice originated from our own
breeding colony (University Hospital of RWTH Aachen, Germany, LANUV approval no. 81-
02.04.2018.A396) and were housed in a flexible film isolator type 2D (NKP isotec). To obtain SPF mice
with the same genetic background, GF mice were colonised passively by cohousing with SPF mice and
were bred in individually ventilated cages (IVC, GM500, Tecniplast). Mice of the first generations were
used as SPF control mice in this experiment. The mice were fed a standard chow ad libitum (GF and
gnotobiotes: y-irradiated ssniff Spezialdidten ref. V1124-927; SPF: autoclaved ssniff Spezialdidten ref.
V1124-300) and were given autoclaved tap water. Mice were weaned in the fifth week of life and only

male mice were used for this experiment due to their sensitivity to HFD-induced metabolic changes.

The CORIO mice were colonised with 200 pl of fresh bacterial culture (see 3.3.1) via oral gavage three
times at intervals of approx. 48 h during the seventh week of life. From the age of 8 weeks on, all mice
were fed with one of four different experimental diets for 12 weeks: control diet (CD; ssniff
Spezialdidten ref. S5745-E902), CD supplemented with the primary BAs CA (0.1%) and CDCA (0.1%)
(CD-BA,; ssniff Spezialdidten ref. S$5745-E905), lard-based HFD with 48 kJ% fat (HFD; ssniff Spezialdidten

26



3. Material and Methods

ref. S5745-E930), or HFD supplemented with the primary BAs CA (0.1%) and CDCA (0.1%) (HFD-BA;
ssniff Spezialdiaten ref. S5745-E935).

During allocation of the mice into groups, attention was paid to obtain a distribution of littermates
across multiple cages and experimental groups (diet, colonisation) while minimising the number of
imports into the isolators to minimise the risk of contaminations. The litters used for this experiment
were generated in eleven batches throughout a period of eight months. GF and SPF mice were bred
separately, as SPF mice were colonised with complex microbiota from birth on. The distribution of mice

within the experimental groups according to cages and litters is displayed in Figure 2B.
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Figure 2: Experimental design and distribution of the mice into the experimental groups. A Experimental design of the
gnotobiotic experiment. GF and SPF C57BL/6N mice were bred separately in an isolator or IVC cages, respectively. Mice were
weaned during the fifth week of life. In the seventh week of life, CORIO mice were colonised three times via oral gavage with
200 pl of a mixture of fresh bacterial cultures (A. mucosicola, C. aerofaciens, E. lenta, and L. parvula). From the eighth week
of life onwards, they were fed with one of four experimental diets for a period of twelve weeks: control diet (CD), CD
supplemented with the primary BAs CA and CDCA (CD-BA), lard-based high-fat diet with 48 ki% fat (HFD), or HFD
supplemented with the primary BAs CA and CDCA (HFD-BA). At the end of the experiment, mice were fasted for 16 h followed
by an OGTT and uCT scan. They were then culled for organ sampling. This part of the figure is created with BioRender.
B Distribution of the mice into the experimental groups (colonisation, diet) according to cages and litters. GF and SPF mice
were bred separately, as SPF mice used were colonised with complex microbiota from birth on. Litters were generated in 11
batches. The rectangles represent individual cages, and the ovals represent individual mice. Identical numbers within the
ovals indicate mice that originated from the same litter. Only male mice were used in this experiment due to their sensitivity
to HFD-induced metabolic changes. Ovals with a dotted frame represent mice that had to be separated in individual cages
due to severe fighting behaviour. Ovals with a grey filling represent mice that died suddenly or had to be removed from the
experiment due to reaching a too high burden score before the end of experiment.
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At the end of the experiment, mice were exported from the isolator into isocages (ISO30P, Tecniplast)
and fasted for 16 h. An oral glucose tolerance test (OGTT) was then performed. Therefore, the mice
were gavaged with a sterile 40% glucose solution (2 mg glucose/ g body weight) and blood glucose was
measured after 0, 15, 30, 60, and 120 min. A small drop of blood from the tail was used for

measurement with a glucose meter (Freestyle Freedom Lite, Abbott).

Next, micro computed tomography (UCT) scans were done to quantify the visceral and subcutaneous
fat volume. In vivo uCT imaging was performed using a uCT optical imaging system (MlLabs B.V.) with
the ultra-focus fast scan mode. The X-ray tubes of the uCT were operated at a voltage of 65 kV with a
current of 0.13 mA. To cover the entire mouse, a continuous rotation scan was performed with one
full rotation, exposure time of 75 ms and total scan duration of 27s. Animals were anaesthetised using
2% isoflurane in air for the entire imaging protocol (flow rate 1 L/min). After acquisition, volumetric
data sets were reconstructed using MlLabs Auto Rec 1.6. Organs and fat were segmented using
Imalytics Preclinical 2.1.9.11 (Gremse-IT) (Gremse et al. 2016). The volumetric fat percentage was

computed as the ratio of (subcutaneous and visceral) fat volume to the entire body volume.

Once the UCT scan was finished, the mice were culled by isoflurane overdose and subsequent final
blood withdrawal from the vena cava. The blood was put on ice for at least 5 min and then centrifuged

(4,500 rpm, 10-15 min, 4°C). The serum was then aliquoted, frozen on dry ice, and stored at -75°C.

The whole gut was collected and divided into small intestine, caecum, and colon. The caecum was
weighed, and the length of small intestine and colon were measured with a ruler after being carefully
placed in a straight position with only slight stretching. For the small intestine, the length was rounded
to values with 0.5 cm intervals. An example for the methodology of small intestine length
measurement is depicted in Figure 3. Then content from the different gut regions was collected and
frozen on dry ice. Small tissue pieces of the distal small intestine and proximal colon were either
directly frozen on dry ice or fixed in formalin for downstream analyses. The liver was also weighed, and
parts were frozen on dry ice or fixed in formalin for downstream analyses. Inguinal and epididymal
WAT were weighed. Samples of mesenteric, inguinal and epididymal WAT were frozen on dry ice. All

frozen samples were stored at -75°C.
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Figure 3: Example picture illustrating the methodology for measuring the length of the small intestine. The small intestine
was excised immediately after the stomach and at the junction with the caecum. It was then measured with a ruler after
being folded into two parts with the same length and carefully placed in a straight position with only slight stretching. The
proximal end (junction to the stomach) and the distal end (junction to caecum) of the small intestine are marked with arrows.

3.3.3 DNA isolation

Metagenomic DNA was isolated from frozen caecum content of the SPF mice. Therefore, a modified
version of the protocol by Godon et al. (1997) was performed as followed: The caecum content was
re-suspended in 600 pl Stool DNA Stabilizer (STRATEC). The suspension was then transferred into screw
cap tubes with 500 mg zirconium beads (0.1 mm diameter; Carl Roth). Next, 250 pl 4M guanidinium
thiocyanate and 500 pl 5% N laurolylsarcosine were added and mixed by vortexing followed by
incubation at 70°C for 60 min. Afterwards, samples were subjected to mechanical disruption using a
bead-beater FastPrep-24 5G (MP Biomedicals) for three times with each cycle of 40 seconds at a speed
of 6.6 m/s. Between cycles, dry ice was added into the cooling adaptor to prevent overheating of the
samples. After cell lysis, 15 mg polyvinylpolypyrrolidone was added to the samples that were then
mixed by vortexing. After centrifugation (15,000 g, 4°C, 3 min), supernatants were transferred into
new tubes; this step was done twice in a row and the two supernatants of any given sample pooled.
5 ul RNase (10 mg/ml) was added to 500 pl of the clear supernatant followed by incubation at 37°C for
20-30 min with shaking (700 rpm). Finally, the isolated DNA was purified using the NucleoSpin® gDNA

Clean-up kit (Machery-Nagel, Germany) according to manufacturer’s instruction.

3.3.4 High-throughput 16S rRNA gene amplicon sequencing

The V3 and V4 regions of 16S rRNA genes were amplified using primers 341f and 785r (Klindworth et
al. 2013) and a 2-step (15 + 10 cycles) procedure to limit amplification bias (Berry et al. 2011). Libraries
were purified using the AMPure XP system (Beckmann Coulter), pooled in equimolar amounts, and
sequenced in paired-end modus using a MiSeq system (lllumina) according to manufacturer’s
instructions. Raw amplicon sequences were processed using the IMNGS pipeline (Lagkouvardos et al.

2016), which is based on the UPARSE approach (Edgar 2013). Analysis parameters were: number of
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allowed mismatches in the barcode: 1; minimum quality score for trimming of unpaired reads: 20;
sequence length: 350-500; maximal rate of expected errors in paired sequences: 0.005; maximum
mismatches during merging of reads: 50; length of trimming: 20; minimum abundance cut off: 0.0025.
Operational Taxonomic Units (OTUs) were clustered at 97% sequence similarity. Sequence alignment
and taxonomic classification was done by SINA 1.6.1, using the taxonomy of SILVA release 138.1
(Pruesse et al. 2012), as part of the IMNGS pipeline. Although some of the taxonomic classifications
are not up to date, the names provided by the IMNGS pipeline have been used and the correct
taxonomic names are given in the text. Further analysis was done in R using Rhea (Lagkouvardos et al.

2017).

3.3.5 Histological analysis of the small intestine

A 1.5 cm piece of the distal small intestine (0.5 cm before caecum) was fixed in formalin for 24 h and
then moved into 70% ethanol for storage. After paraffin embedding, samples were cut into 4 um thick
sections and mounted on microscope slides. Sections were stained with haematoxylin and eosin and

covered with a glass cover slip.

3.3.6 Contributions

The mouse experiment and sampling were conducted by myself and Theresa Streidl (AG Clavel,
University Hospital of RWTH Aachen, Germany). The uCT scans were done and analysed by Diana
Mockel, Ramona Briick, and Sarah Schraven at the Institute for Experimental Molecular Imaging (ExMI)
at RWTH in Aachen, Germany. DNA isolation and 16S rRNA gene amplicon sequencing was done by
Ntana Kousetzi and Nicole Treichel (AG Clavel). Preparation of the histological samples was conducted
at the Immunohistochemistry Facility of the Interdisciplinary Center for Clinical Research (1ZKF) within
the Faculty of Medicine at RWTH Aachen University, Germany. Analysis of the histology samples was
done by Roman Biilow (Institute of Pathology, University Hospital of RWTH Aachen, Germany). |
analysed all host-derived data, performed 16S rRNA gene amplicon data analysis, and created the

figures.
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3.4 Influence of Collinsella aerofaciens on lipid absorption

In this chapter, two gnotobiotic mouse experiments were performed to test whether C. aerofaciens
alters lipid absorption. Beforehand, strains of this species were isolated from human stool and tested

phenotypically to assess intra-species differences.

3.4.1 Strain level diversity of Collinsella aerofaciens

As part of Emily Richter's Master’s thesis titled “Characterizing the lipase activity of Collinsella
aerofaciens strains, isolated from human feces”, 14 in-house C. aerofaciens isolates from human faecal
samples, which have available draft genome sequences, along with the C. aerofaciens type strain (DSM
3979") used in all mouse experiments, were tested for their lipolytic activity and their capacity to

metabolise CA.

Rhodamine B plate assay: Isolates were qualitatively screened for lipolytic activity, as described by
Kouker et al. (1987). The BHI agar plates contained 37 g/L BHI base, 15g/L agar, 10 mg/L rhodamine B
(Sigma-Aldrich), 25 ml/L olive oil, 250 pL/L Tween®80 (Carl-Roth), 0.5 g/L L-cysteine, and 0.2 g/L DTT.
Before pouring the agar into Petri dishes, the medium was mixed well on a magnetic stirrer and shaken
to homogenise the medium. The isolates and a lipolytic-negative strain of Escherichia coli (negative
control) were plated on the agar and incubated anaerobically at 37°C for one to three days. After
colonies were grown on the plaes, 20 uL of porcine pancreatic lipase (20 g/L stock solution; Sigma-
Aldrich) was pipetted onto a free spot on the agar and served as a positive control. Plates were then
incubated aerobically at 37 °C for 2 h. Fluorescence, caused by lipolytic activity and interactions of the
released FAs with rhodamine B, was examined under UV light (302 nm) using the GelStudio SA (Analytic

Jena).

To determine whether lipolytic activity was present in culture supernatants or the pellet fraction,
isolates were grown in Hungate tubes with BHI medium supplemented with 1% olive oil and 200 pL/L
Tween®80 for 7 to 8 d at 37 °C. Cultures were shaken by hand once a day, to facilitate emulsification.
Under sterile aerobic conditions, cultures were centrifuged at 12,000 g for 10 min. 50 pL of the
supernatant was pipetted onto rhodamine B olive oil agar plates, and 2 full inoculation loops of
pelleted cell material was spread onto rhodamine B olive oil agar plates. Additionally, the remaining
pellet material was washed once in Dulbecco’s Phosphate Buffered Saline (PBS) and 2 full inoculation
loops of the washed pellet were spread onto rhodamine B olive oil agar. As in the regular rhodamine
B plate assay, E. coli was grown on the plates as a negative control (1 day anaerobic incubation at 37°C)

and porcine pancreatic lipase was used as a positive control (20 pL of 20 g/L stock solution, incubated
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aerobically for 2 h at 37°C). Fluorescence screening was performed as for the regular rhodamine B

plate assay.

Search for in silico predicted lipase genes in C. aerofaciens isolates: In the context of the PhD thesis
of Theresa Streidl (Streidl 2021) five potential lipase genes were predicted in silico for C. aerofaciens
DSM 3979". This was done by annotating the identified open reading frames against the databases
eggNOG (Huerta-Cepas et al. 2019), UniProt (Consortium 2019), and the Lipase Engineering Database
(Fischer et al. 2003) with the following filtering: subject-cover >40%; query-cover 240%; percentage ID
240%. Subsequently, the sequences were analysed for lipase motifs using InterPro (Mitchell et al.
2019) and MotifFinder (Ogiwara et al. 1996). The results showed that four of the five potential lipase
genes were identified as members of the a/p hydrolase fold superfamily, which is a superfamily of

hydrolytic enzymes including lipases.

On the basis of these findings and based on the observation that all 14 analysed C. aerofaciens isolates
showed lipolytic activity, it was investigated in how far the in silico predicted lipase genes were present
in the in-house sequenced genomes of all C. aerofaciens isolates. A protein BLAST was performed to
compare the potential lipase protein sequences to protein sequences encoded within the genome of
the 14 C. aerofaciens isolates. Genome nucleotide sequences were translated into amino acid
sequences using Prodigal (Hyatt et al. 2010), whereas the lipase gene sequences were translated using
MEGA 7, both with default settings. A sequence identity score greater than 30% was considered as a
positive match. The potential lipase genes were furthermore checked for transmembrane regions, by
submitting the protein sequences to the online tool TMHMM (Transmembrane Hidden Markov Model,

version 2.0) (Sonnhammer et al. 1998).

Cholic acid metabolism: To determine whether C. aerofaciens is capable of metabolising CA, the
C. aerofaciens isolates were grown anaerobically in liquid BHI medium supplemented with 50 uM CA
for 48 h. Therefore, 100 L of a sterile filtered stock solution with 1.08 g/L CA sodium (Sigma-Aldrich)
was added to autoclaved Hungate tubes containing 4.4 mL of liquid anaerobic BHI medium with 0.2 g/L
DTT and 0.5 g/L L-cysteine, resulting in a final concentration of 50 uM CA per culture. Each Hungate
tube was inoculated with 0.5 ml of a freshly grown overnight culture. Sterile PBS was used as a negative
control. Two positive controls were used: (i) 500 pL of the secondary BA producing species Clostridium
scindens; (ii) 500 pL of human faecal slurry (diluted approximately 1:20 in BHI). Before (To) and after
48 h of incubation at 37 °C under anaerobic conditions (T4g), 500 uL culture was sampled from each
Hungate tube using a syringe, and centrifuged at 11,000 g for 5 min. Two 200 pL aliquots of the
supernatants were stored at -75 °C. The samples were sent to Tarek Moustafa (Medical Department
of Gastroenterology and Hepatology, Medical University Graz) and the concentrations of CA and DCA

were measured by HPLC/MS. The decrease in CA concentration after the 48 h of incubation was
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calculated for all C. aerofaciens isolates. Since not all To samples of the C. aerofaciens cultures were
measured, the mean of the measured T, concentrations (n = 4) was used. A unique To value was used
only in the case of strain CLA-ER-H11, as the CA concentration at To was very different from the To

concentrations in all other cultures.

Phylogenetic tree: A maximum likelihood (ML) phylogenetic tree was constructed using all in-house
sequenced genomes of the 14 isolates and the C. aerofaciens type strain (n = 15), multiple species of
the genus Collinsella (n = 13) and Coriobacterium glomerans (the type species of the type genus within
family Coriobacteriaceae), using Phylophlan (Asnicar et al. 2020). The results were visualised with the

online tool iTOL (interactive Tree Of Life) (Letunic et al. 2021).

3.4.2 Preparation of the bacterial gavage suspensions
In the two gnotobiotic mouse experiments described in section 3.4.4, GF mice were colonised with

either C. aerofaciens DSM 3979" or SPF microbiota.

For C. aerofaciens colonisation, fresh bacterial cultures were used. Therefore, C. aerofaciens DSM
3979" was cultured at 37°C in anoxic BHI medium in Hungate tubes. For each batch of mice, a new
cryo-aliquot was used to prepare the working culture. After activation of the cryopreserved bacteria,
the culture was transferred into a new Hungate tube min. two and max. five times before it was used
for colonisation. Mice were gavaged with a fresh and densely grown bacterial culture (6-16 h

incubation at 37°C).

For colonisation with complex SPF microbiota, frozen aliquots of gut content from SPF mice were used.
For preparation of the frozen aliquots, six SPF mice were culled (for scientific procedures in accordance
with the German Animal Protection Law (TierSchG)), and their entire gut content (including small
intestine, caecum and colon) were emptied into a 50 ml screw cap tube under a laminar flow cabinet.
Anaerobic FMT medium (18.75% maltodextrin, 6.25% trehalose, 0.5% ascorbic acid, and 0,05%
L-cystein in 0.9% NaCl solution; filter sterilised) (Burz et al. 2019) was added in a 1:4 ratio (w/v; gut
content: FMT medium). After vortexing, the mixture was aliquoted into screw cap tubes and
immediately frozen on dry ice. The aliquots were stored at -75°C until further use. New SPF gut content
aliquots were prepared for each of the two animal experiments. The SPF donor mice were held under

the same hygiene conditions, but a difference in microbiota profiles is expected.
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3.4.3 Preparation of the deuterium-labelled lipid gavage solutions

To quantify lipid absorption in gnotobiotic mice, stable isotope-labelled lipids (i.e., deuterium-labelled
FAs and triglycerides) were used. Deuterium is a natural non-radioactive isotope of hydrogen that
enables clear and detailed tracking of metabolic pathways. In this experiment we used palmitic acid
labelled with five deuterium atoms (hexadecanoic-15,15,16,16,16-d5 acid; CND Isotopes, item no. D-
5397) and tripalmitin labelled with 93 deuterium atoms (glyceryl tri(hexadecanoate-d31; CND

Isotopes, item no. D-5213), later referred to as D5-palmitic acid and D93-tripalmitin, respectively.

The gavage solution was prepared as follows: A isooctane:isopropanol 3:1 (v/v) mixture was added to
the weighed D5-palmitic acid (13 mg/ml) and D93-tripalmitin (15 mg/ml). The solution was sonicated
at 37°C in an ultrasonic water bath (Sonorex super RK 102H, Bandelin) until the lipids were fully
dissolved and 200 pl portions were aliquoted into 1.5 ml tubes. The solvent was then fully evaporated
from the tubes using a vacuum concentrator (Concentrator plus, Eppendorf). Lipid aliquots were then
stored in the dark at 4°C and 100 pl olive oil (“Italienisches Natives Olivendl Extra”, Rewe Beste Wahl)
was added 1-3 days before they were used for gavage. The final gavage solution contained 99 mM D5-

palmitic acid and 33 mM D93-tripalmitin.

On the day of the experiment, the aliquots were sonicated at 37°C for 30 min in an ultrasonic water
bath and it was made sure that all residues are dissolved. Afterwards, the aliquots were kept at 37°C

in a water bath and were briefly sonicated in an ultrasonic water bath for 1 min prior to gavage.

3.4.4 Gnotobiotic mouse experiments

These mouse experiments were performed under LANUV ethical approval 81-02.04.2018.A292. In
both experiments, GF C57BL/6N mice were either colonised with fresh culture of C. aerofaciens DSM
39797 or SPF gut microbiota, or they stayed GF. Both experiments were very similar, with the following
differences: male mice only were used in Experiment 2; mice in Experiment 2 originated from the
Charles River Laboratories breeding and not from our own GF breeding colony (due to a contamination
and the need to reset our facility); the feeding started in the fifth or sixth week of life in Experiment 1

or 2, respectively. The next two paragraphs describe each of the experiments separately.
Experiment 1:

The experimental design is depicted in Figure 4A. The mice originated from our own GF breeding
colony (University Hospital of RWTH Aachen, Germany, LANUV approval no. 81-02.04.2018.A396).
Both male and female mice were used. After weaning during the fifth week of life, the mice were
immediately exported from the breeding isolator (flexible film isolator type 2D, NKPisotec) into

isocages of the ISOcage P System (ISO30P, Tecniplast; GF or C. aerofaciens colonisation) or IVC-cages
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(GM500, Tecniplast; SPF colonisation). Mice were given autoclaved tap water and fed for two weeks
with either: (i) normal breeding chow (chow; ssniff Spezialdidten ref. 1124-90); (ii) breeding chow
supplemented with 0.1% CA and 0.1% CDCA (chow-BA; ssniff Spezialdidten ref. S0382-P910), or (iii)
breeding chow-based HFD with 48 kJ% from palm oil (chow-HFD; ssniff Spezialdidten ref. 50382-5910).
All diets were sterilised by irradiation (2 x 25 kGy). For colonisation with C. aerofaciens or SPF
microbiota, mice were given the bacteria (see preparation of gavage suspension in section 3.4.2) orally
(100 pl) and rectally (50 ul) three times (every second day) during the first week of feeding and one
more time in the middle of the second week. Mice with a body weight below 15 g were gavaged with
a decreased total volume of 10 pl/g body weight. For each cage, a fresh culture of C. aerofaciens in

Hungate tube or a freshly thawed cryo-aliquot containing SPF gut content suspension was used.

At the end of the experiment mice, were gavaged orally with 100 ul olive oil containing 2.6 mg D5-
palmitic acid (hexadecanoic-15,15,16,16,16-d5 acid) and 3.0 mg D93-tripalmitin (glyceryl
trilhexadecanoate-d31)). One or six h after the gavage with the deuterium-labelled lipids, mice were

culled for organ sampling.

During allocation of the mice into groups (Figure 4B), attention was paid to obtain a distribution of
littermates across multiple cages while minimising the risk of cross-contaminations. Additionally, an

equal distribution of male and female mice within each group was intended.
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Figure 4: Experimental design and distribution of mice within the experimental groups of lipid absorption experiment 1.
A Experimental design of the gnotobiotic experiment. During the fifth week of life, GF C57BL/6N mice bred in our own facility
were weaned and exported from the breeding isolator into isocages (GF, C. aerofaciens) or IVC cages (SPF). After the export,
mice were fed with one of three different diets for two weeks: chow, chow supplemented with 0.1% CA and 0.1% CDCA
(chow-BA), or chow with 48k% from palm oil (chow-HFD). During these two weeks, the mice were given either C. aerofaciens
or SPF microbiota in total four times or stayed GF. At the end of the experiment, mice were gavaged orally with 100 pl olive
oil containing 2.6 mg D5-palmitic acid (hexadecanoic-15,15,16,16,16-d5 acid) and 3.0 mg D93-tripalmitin (glyceryl
tril(hexadecanoate-d31)). They were culled for organ sampling either 1 or 6 h after lipid gavage. This part of the figure is
created with BioRender. B Distribution of the mice within the experimental groups (colonisation, diet, sampling timepoint),
taking into account cages and litters. Litters were generated in multiples batches (numbers on the left) throughout a period
of nine months. The rectangles represent individual cages, and the ovals within the cages represent individual mice. Identical
numbers within the ovals indicate mice that originated from the same litter. Mice were housed in sex-specific cages (violet,
female; blue, male). The filling colour of the ovals represents the sampling timepoint after lipid gavage (white, 1 h; grey, 6 h;
green, sampled for colonisation control).
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Experiment 2:

The experimental design is depicted in Figure 5A. The GF C57BL/6N mice originated from the Charles
River Laboratories (item no. 24105930). In this experiment only male mice were used due to sex
differences observed for some FA data in experiment 1. Mice arrived in Aachen at an age of 4-5 weeks
and were imported into a GF isolator (flexible film isolator type 2D, NKPisotec). After one week of
acclimatisation time, mice were exported into isocages of the ISOcage P System (ISO30P, Tecniplast;
GF or C. aerofaciens colonisation) or IVC-cages (GM500, Tecniplast; SPF colonisation). They were given
autoclaved tap water and fed for two weeks with either: (i) breeding chow supplemented with 0.1%
CA and 0.1% CDCA (chow-BA; ssniff Spezialdidten ref. S0382-P910), or (ii) a breeding chow-based HFD
with 48 k% from palm oil (chow-HFD; ssniff Spezialdidten ref. S0382-5910). All experimental diets were

sterilised by irradiation (2 x 25 kGy). Mice were colonise as described for experiment 1.

At the end of the two-week long experiment, mice were gavaged orally with 100 ul olive oil containing
2.6 mg D5-palmitic acid (hexadecanoic-15,15,16,16,16-d5 acid) and 3.0 mg D93-tripalmitin (glyceryl
tri(hexadecanoate-d31)). Mice fed with chow-BA were culled 1 h after lipid gavage and mice fed with

chow-HFD were culled 6 h after gavage.

Information about the litter affiliation was not available for the mice in experiment 2. The mice arrived
in two batches and during allocation of mice into groups a distribution across multiple cages was
considered while minimising the risk of cross-contamination. The distribution of mice to cages and

groups is displayed in Figure 5B
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Figure 5: Experimental design and distribution of mice within the experimental groups of lipid absorption experiment 2.
A Male GF C57BL/6N mice ordered from Charles River arrived in Aachen at an age of approx. five weeks. After one week of
acclimatisation time in an isolator, mice were exported into isocages (GF, C. aerofaciens) or IVC cages (SPF). After the export,
they were fed for two weeks with either chow supplemented with 0.1% CA and 0.1% CDCA (chow-BA), or chow with 48kJ%
from palm oil (chow-HFD). During these two weeks, the mice were given either C. aerofaciens or SPF microbiota in total four
times or stayed GF. At the end of the experiment, mice were gavaged orally with 100 pl olive oil containing 2.6 mg D5-palmitic
acid (hexadecanoic-15,15,16,16,16-d5 acid) and 3.0 mg D93-tripalmitin (glyceryl tri(hexadecanoate-d31)). Mice fed with
chow-BA were culled 1 h after lipid gavage and mice fed with chow-HFD were culled 6 h after gavage. This part of the figure
is created with BioRender. B Distribution of the mice within the experimental groups (colonisation, diet, sampling timepoint)
according to cages. Mice arrived in Aachen in two batches. The rectangles represent individual cages, and the ovals within
the cages represent individual mice. The filling colour of the ovals represent the sampling timepoint after lipid gavage (white,
1 h; grey, 6 h; green, sampled for colonisation control). Only male mice were used in this experiment. Ovals with a dotted
border represent mice that had to be separated into individual cages due to severe fighting behaviour.
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In both lipid absorption experiments, faecal samples of GF mice were taken whenever possible and
checked for sterility by Gram-staining and aerobic and anaerobic cultivation on complex media agar
plates. To confirm that the colonisation with C. aerofaciens was successful, faecal samples of the
corresponding mice were treated the same. Successful colonisation was assumed if colonies grew on
the anaerobic but not on the aerobic agar plates and cells with the expected shape were visible under

the microscope after Gram-staining.

3.4.5 Sampling procedure

Mice were culled with an isoflurane overdose and subsequent blood withdrawal by heart puncture
using a syringe fitted with a 24 G cannula flushed with EDTA. To obtain plasma, EDTA blood was
centrifuged for 10 min at 4,000 g and 4°C. If the gall bladder was filled, the bile was removed with a
fine dosage syringe and snap frozen. Before further organ sampling, the liver was perfused with 0.9%
NaCl solution. Therefore, the portal vein was cut close to the liver and 0.9% NaCl solution was injected
in the vena cava until the liver lost its red colouring. Parts of the perfused left liver lobes were snap
frozen. Samples of mesenteric, inguinal, and epididymal WAT were also snap frozen. The gut was taken
out and handled on a sampling board cooled with ice. The length of the intestine was measured, and
it was divided into three sections (proximal, middle, distal) as depicted in Figure 6. The length of the
colon and the weight of the caecum were measured. The content of each of the three small intestine
sections, caecum, and colon was emptied into separate reaction tubes. Afterwards the gut tissues were
flushed with 0.9% NaCl solution and the middle 2 cm of each small intestine part and the colon were

snap frozen. All samples were stored at -75°C until further use.

proximal middle distal
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stomach small intestine caecum

Figure 6: Sampling scheme for the small intestine. The small intestine was divided into three sections: a proximal 8 cm
segment after the stomach; a distal 8 cm segment before the caecum; and a middle section. After removal of the proximal
and distal part, 2 cm from each end were excluded and the rest was collected as the representative middle segment of the
small intestine. This figure is created with BioRender.
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3.4.6 CFU counts for colonisation check

To test for colonisation with C. aerofaciens, extra mice were sampled and the number of CFUs per g
gut content was determined in the different gut regions. In the lipid absorption Experiment 1, the
guantitative colonisation check was conducted with three mice fed with the chow diet. In Experiment
2, three mice fed with chow-BA or chow-HFD were used. After culling, the body was disinfected with
70% ethanol and moved under a laminar flow cabinet. Only sterile or disinfected instruments and
materials were used for sampling. The gut was removed and divided into three sections of the small
intestine (proximal, middle and distal, see Figure 6), caecum, and colon. The content of the gut sections
was emptied into 2 ml reaction tubes, mixed well, and a smaller portion was moved into a new reaction
tube. These gut content samples were weighed and transferred into the anaerobic chamber (MBraun).
Samples were then diluted with anaerobic PBS in 1:10 steps. Subsequently, 10 pl of the 10 to 10®
dilutions were pipetted onto BHI agar plates in duplicates and then tilted to spread the drops over the
plate. Plates were incubated at 37°C in the anaerobic chamber and colony forming units (CFUs) were
counted after 2 to 4 days. Only dilutions that resulted in a CFU number > 5 and < 50 were considered

for calculation of the mean number of CFUs per g gut content for each gut section and mouse.

3.4.7 Fatty acid analysis

The FA analysis was done as described previously in Ecker et al. (2012).

3.4.8 DNA isolation
For experiment 2 metagenomic DNA was isolated from frozen caecum content of the C. aerofaciens

and SPF mice. The DNA isolation protocol is described in section 3.3.3.

3.4.9 High-throughput 16S rRNA gene amplicon sequencing

Amplification and sequencing of the 16S rRNA gene was performed as described in section 3.3.4.

The parameters used for the IMNGS pipeline (Lagkouvardos et al. 2016) were: Number of allowed
mismatches in the barcode: 1; minimum quality score for trimming of unpaired reads: 20; sequence
length: 350-500; maximal number of expected errors in paired sequences: 0.005; maximum
mismatches during merging of reads allowed: 50; length of trimming: 20; minimum abundance cut-
off: 0.0025. OTUs were clustered at 97% sequence similarity. The negative control did not show any
contamination (< 100 reads). Analysis for the C. aerofaciens-monocolonised and SPF mice was done

separately. Further analysis was done in R using Rhea (Lagkouvardos et al. 2017).

41



3. Material and Methods

3.4.10 Contributions

The work on strain-level diversity was performed by Emily Richter, who did her Master’s thesis titled
“Characterizing the lipase activity of Collinsella aerofaciens strains, isolated from human feces” under
my supervision. During the animal experiments and sampling, | received help from Atscharah Panyot,
Esther Wortmann, and Susan Jennings (AG Clavel, University Hospital of RWTH Aachen, Germany). FA
measurement and analysis was done by Johannes Plagge, Sven Hermeling, and Josef Ecker at the
Research Group Lipid Metabolism at the ZIEL Institute for Food & Health, Technical University in
Munich, Germany. DNA isolation and 16S rRNA gene amplicon sequencing was done by Ntana Kousetzi
and Nicole Treichel (AG Clavel). | planned and performed the mouse experiments and analysed all the

data.
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3.5 Occurrence of lipase-positive bacteria in human stool from a population study

In this last chapter, | investigated whether there is an association between the relative abundance of
lipase-positive bacteria, including C. aerofaciens, and metabolic parameters and host body
composition of individuals within a nested cohort (n = 348) of the KORA population study (Cooperative
Health Research in the Region of Augsburg). An initial statistical analysis of the KORA cohort was
performed in the PhD thesis of Theresa Streidl (Streidl 2021). While the focus of her analysis was on
correlations between the relative abundance of Coriobacteriia and metadata variables, the focus of
this analysis was on regression analysis of the relative abundance of the lipase-positive fraction in
faecal microbiota. | analysed the data of 338 participants with available body composition data from

MRI scans, faecal microbiota profiles with > 5,000 reads per sample, and not taking antibiotics.

3.5.1 DNA isolation

The extraction of DNA from stool samples of KORA subjects, which was partly performed by myself, is
also described in the PhD thesis of Theresa Streidl (Streidl 2021). The isolation protocol was similar to
that described in 3.3.3 with additional enzymatic steps to increase the DNA yield from Coriobacteriia.
15 mg lysozyme dissolved in 40 pl Tris-EDTA buffer were added to 500 pl of the stool samples stored
in Stool DNA Stabilizer (STRATEC) and incubated at 37°C for 30 min. Then 50 pl 10% sodium dodecyl
sulfate (Carl Roth) and 600 pg proteinase K (Carl Roth) were added followed by a 1 h incubation at
50°C. Next, 250 ul 4M guanidinium thiocyanate and 500 ul 5% N laurolylsarcosine were added, mixed
by vortexing, and the suspension was then transferred into screw cap tubes containing 500 mg
zirconium beads (0.1 mm diameter; Carl Roth). After incubation at 70°C for 60 min, samples were
subjected to mechanical disruption using a bead-beater FastPrep-24 5G (MP Biomedicals) for three
times with each cycle of 40 seconds at a speed of 6.6 m/s. Between cycles, dry ice was added into the
cooling adaptor to prevent overheating of the samples. After cell lysis, 15 mg polyvinylpolypyrrolidone
was added to the samples that were then mixed by vortexing. After centrifugation (15,000 g, 4°C,
3 min), supernatants were transferred into new tubes; this step was done twice in a row and the two
supernatants of any given sample pooled. 5 pl RNase (10 mg/ml) was added to 500 pl of the clear
supernatant followed by incubation at 37°C for 20-30 min with shaking (700 rpm). Finally, the isolated
DNA was purified using the NucleoSpin® gDNA Clean-up kit (Machery-Nagel, Germany) according to

manufacturer’s instruction.
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3.5.2 High-throughput 16S rRNA gene amplicon sequencing
The amplification and sequencing of the 16S rRNA gene is described in the PhD thesis of Theresa Streidl
(Streidl 2021). Raw amplicon sequences were processed using the IMNGS pipeline (Lagkouvardos et

al. 2016), which is based on the UPARSE approach (Edgar 2013).

The parameters | used for the final IMNGS-based analysis (Lagkouvardos et al. 2016) were: Number of
allowed mismatches in the barcode: 1; minimum quality score for trimming of unpaired reads: 20;
sequence length: 350-500; maximal number of expected errors in paired sequences: 0.005; maximum
mismatches during merging of reads allowed: 50; length of trimming: 20; minimum abundance cutoff:
0.0025. OTUs were clustered at 97% sequence similarity. Samples less than 5000 reads were removed,
and the analysis was repeated. Further analysis of the 16S rRNA gen amplicon data, including de novo

clustering, was done in R using Rhea (Lagkouvardos et al. 2017).

3.5.3 Calculation of the lipase-positive fraction

To calculate the cumulative relative abundance of lipase-positive bacteria, the results of a screening of
bacteria isolated from human faecal samples for lipolytic activity in the rhodamine B plate assay done
by Johannes Masson (AG Clavel, University Hospital of RWTH Aachen) were used. This screening
resulted in 15 lipase-positive isolates (14 species), including the Coriobacteriia species C. aerofaciens.
The 16S rRNA gene sequences of these lipase-positive isolates were used in a BLAST search against the
OTU sequences of the amplicon data from the 338 analysed KORA participants and the following
filtering was applied: min. identity, 97%; min. query coverage, 80%. A total of 10 OTUs had >97%
identity with one of the lipase-positive isolates. The cumulative relative abundance of these OTUs was

calculated and is referred to as the lipase-positive fraction.

3.5.4 Statistical Analysis

The statistical analysis of the cohort data was done in IBM SPSS Statistics (version 29.0.0.0 (241)).
Redundant variables were removed before doing the statistical analysis and all variables included in
the analysis are listen in Table S2 and Table S3. To test whether there were differences in variables
between the three de novo clusters computed for the microbiota profiles in R using Rhea
(Lagkouvardos et al. 2017), a one-way ANOVA followed by Benjamini-Hochberg was performed for
numerical variables and a Chi2 test (performed separately for cluster 1 vs. 2, 1 vs. 3, and 2 vs.3)
followed by Benjamini-Hochberg was performed for categorical variables. Next, a multiple linear

regression analysis corrected for age and sex was performed (model including a constant term), with
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the relative abundance of the lipase-positive fraction and the confounding factors age and sex as

independent variables.

3.5.4 Contributions

The KORA study was initiated and financed by the Helmholtz Zentrum Miinchen — German Research
Center for Environmental Health, which is funded by the German Federal Ministry of Education and
Research (BMBF) and by the State of Bavaria. The KORA Study Group consists of Annette Peters, Birgit
Linkohr, Harald Grallert, Margit Heier, and their co-workers, who are responsible for the design and
conduct of the KORA studies. Initial planning of the analysis and the first statistical analysis of the data
was done by Theresa Streidl (AG Clavel, University Hospital of RWTH Aachen, Germany). DNA isolation
was done by Ntana Kousetzi (AG Clavel) and myself. 16S rRNA gene amplicon sequencing was done by
Ntana Kousetzi and Nicole Treichel (AG Clavel). | conducted the downstream analysis of 16S rRNA gene
amplicon data. The screening of bacterial strains isolated from human faecal samples for lipolytic
activity was conducted by Johannes Masson. Statistical analysis was done by myself with advice from
Caroline Schneider and Thriveni Basavanapura Raju (AG Schneider, Medical Clinic Ill, University

Hospital of RWTH Aachen, Germany).
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4. Results

The results are divided into four main chapters, all focussed on studying the class Coriobacteriia, which
includes dominant gut bacteria. Chapter 4.1 reports the influence of E. lenta colonisation of OMM12
mice on the liver proteome and gut metabolome. In Chapter 4.2, GF and SPF mice fed with different
diets were compared, as the four CORIO strains did not colonise the gnotobiotic mice. In Chapter 4.3,
the influence of C. aerofaciens on intestinal lipid absorption was studied in mice. In Chapter 4.4, the
occurrence of dominant lipase-positive bacteria, including C. aerofaciens, in the stool of human KORA

participants was analysed in relation to host body parameters.

4.1 Influence of Eggerthella lenta on liver proteome and gut metabolome

This chapter presents the analysis of samples derived from a gnotobiotic mouse experiment conducted
as part of the PhD thesis by Theresa Streidl (Streidl 2021). The data presented here has been published
under Viehof et al. (2024). In the gnotobiotic mouse experiment, GF mice were colonised with
cryopreserved caecal suspensions of OMM12 mice, either with or without the CORIO consortium, and
were fed with four different experimental diets for eight weeks. The diets varied in fat content and
primary BA supplementation: experimental control diet (CD), CD supplemented with 0.1% CA and 0.1%
CDCA (CD-BA), lard-based high-fat diet (HDF), or lard-based high-fat diet supplemented with 0.1% CA
and 0.1% CDCA (HFD-BA). The experiment was terminated upon completion of the feeding

intervention, at which point the mice had reached 18 weeks of age.

The presence of the OMM12 and CORIO species in the caecum was evaluated by 16S rRNA gene
amplicon sequencing. Beta-diversity analysis demonstrated that the microbial communities primarily
differed between the two colonisation groups (p = 0.001, PERMANOVA; Figure 7A). The influence of
the dietary intervention resulted in statistically significant differences in overall microbiota profiles for
only two comparisons (E.L HFD vs. E.L HFD-BA, adj. p = 0.0482; MM CD vs. MM CD-BA, adj. p = 0.028).
Although all four CORIO strains were present in the gavage solution as tested by 16S rRNA gene
amplicon sequencing (data not shown), only E. lenta successfully colonised the intestine of the mice
with a median relative abundance of 27.5% (Figure 7B). The relative abundance of E. lenta was
increased in the diet groups with primary BA supplementation, reaching statistical significance
compared to the HFD group. Out of the twelve OMM12 strains ten were detected in the gavage
solution and caecum of the mice. Bifidobacterium animalis DSM 26074 and Acutalibacter muris DSM
26090" were not detected, which agrees with previous mouse studies (Brugiroux et al. 2016; Eberl et

al. 2019).
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Figure 7: Caecal colonisation profiles by 16S rRNA gene amplicon sequencing. A Beta-diversity analysis of colonisation/diet
groups shown as a multidimensional scaling plot of generalised UniFrac distances (p = 0.001; PERMANOVA). B Relative
abundance of the CORIO strains in the E.L mice. Each dot is corresponding to an individual mouse, black bars indicate the
median values. Statistics: only results for the detected CORIO strain E. lenta were compared statistically using Mann-Whitney
tests with Benjamini-Hochberg adjustment. Stars indicate significant differences between colonisation groups (*adj. p <0.05).
Abbreviations: MM, mice colonised with the mouse synthetic community OMM12; E.L, mice colonised with OMM12 and
E. lenta; CD, control diet; CD-BA, control diet supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-based high-fat diet; HFD-
BA, HFD supplemented with 0.1% CA and 0.1% CDCA. A previous version of this figure was published in the PhD thesis by
Theresa Streidl (Streidl 2021) and in Viehof et al. (2024).

To investigate the effects of colonisation and diet on the host, a proteomics analysis of the liver was
conducted. Principal component analysis (PCA) demonstrated that diet, but not colonisation, had a
significant effect on the liver proteomes (Figure 8). The fat content of the diets was identified as the

main contributing factor.
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Figure 8: Effects of E. lenta-colonisation and diet on liver proteomes. A Principal component analysis (PCA) of liver
proteomes according to colonisation group (p = 0.582; PERMANOVA). B PCA of liver proteomes according to diet groups (p =
0.001; PERMANOVA). Abbreviations: MM, mice colonised with the mouse synthetic community OMM12; E.L, mice colonised
with OMM12 and E. lenta; CD, control diet; CD-BA, control diet supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-based
high-fat diet; HFD-BA, HFD supplemented with 0.1% CA and 0.1% CDCA. A previous version of this figure was published in
Viehof et al. (2024).
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A comparison of fold-changes in single proteins between the two colonisation groups for each of the
four diets revealed no significant differences in protein expression due to the colonisation with E. lenta.
In contrast, the diet had significant effects on individual proteins. A comparison of the mice fed the
diets with a low-fat content compared with the HFDs revealed multiple significant changes (Figure 9).
An examination of the top ten upregulated or downregulated proteins for the comparisons between
CD vs. HFD and CD-BA vs. HFD-BA in both colonisation groups revealed that five proteins were
consistently altered across all comparisons (Figure 9C and D). Fatty acid-binding protein 5 (UniProtkB
ID: Q05816), which facilitates the intracellular transport of long-chain FAs and related active lipids, was
consistently upregulated in the low-fat diet fed mice and had the highest Log2(FC) in all comparisons,
ranging from 4.23 to 4.84. Furthermore, the following proteins were consistently upregulated in the
low-fat diet groups: cytoplasmic aspartate aminotransferase (UniProtKB ID: P05201), which plays a key
role in amino acid metabolism; ATP-citrate synthase (UniProtkKB ID: Q3V117), which catalyses a critical
step in cholesterol and FA synthesis; and thyroid hormone-inducible hepatic protein (UniProtKB ID:
Q62264), which plays a role in in the regulation of lipogenesis and is important for the biosynthesis of
triglycerides with medium-length FA chains. Whereas cholesteryl ester hydrolase (UniProtkB ID:
Q9Z0MS5), which is crucial for the intracellular hydrolysis of cholesteryl esters and triglycerides, was

consistently upregulated in the HFD groups.
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Figure 9: Effect of fat supplementation on liver proteomes for each colonisation group. A Volcano plots of proteins altered
in MM mice fed diets without vs. with additional fat (48kJ%). Significant up- and downregulated proteins are displayed as
coloured dots and their numbers are shown in the top corners of the graphs. B Same as in panel A, for E.L mice. C Top ten
significantly up- and downregulated proteins with the highest Log2(FC) values for MM mice. D Same as in panel C, for E.L
mice. Abbreviations: MM, mice colonised with the mouse synthetic community OMM12; E.L, mice colonised with OMM12
and E. lenta; CD, control diet; CD-BA, control diet supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-based high-fat diet;
HFD-BA, HFD supplemented with 0.1% CA and 0.1% CDCA. A previous version of panel A and B of this figure was published in

Viehof et al. (2024).

The supplementation of primary BAs also had a significant effect on individual proteins in the liver

(Figure 10), although this effect was less pronounced than that observed with fat supplementation. It

was not possible to identify any proteins that were consistently altered across all comparisons. When

comparing CD vs. CD-BA in OMM12 mice, only two significantly changed proteins were observed.

Retinal dehydrogenase 1 (UniProtKB ID: P24549), which catalyses the oxidation of retinal to retinoic

acid, was upregulated in liver of mice fed CD, and haloacid dehalogenase-like hydrolase domain-

containing protein 3 (UniProtkB ID: Q9CYW4) was downregulated. The protein cysteine sulfinic acid

decarboxylase (UniProtKB ID: Q9DBEOQ), which catalyses the decarboxylation of specific amino acids,

exhibited the most substantial upregulation, and serum amyloid A-4 protein (UniProtKB ID: P31532),
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which functions as an acute-phase protein involved in the immune response, exhibited the most
substantial downregulation in HFD vs. HFD-BA fed mice of the OMM12 colonisation group. In the
E. lenta-colonised mice, peroxisomal acyl-coenzyme A oxidase 1 (UniProtkB ID: Q9ROHO0), which
catalyses the initial rate-limiting step of peroxisomal R-oxidation, was found to be the most
substantially upregulated protein in CD vs. CD-BA fed mice. The protein corticosteroid 11-
betadehydrogenase isozyme 1 (UniProtkKB ID: P50172), which is involved in the conversion of
biologically active glucocorticoids into corticosterone, was most substantially downregulated in
E. lenta-colonised mice fed the CD diet. A comparison of HFD vs. HFD-BA in the OMM?12 and E. lenta
colonised mice revealed only a single significantly altered protein: mitochondrial carbamoyl-phosphate
synthase [ammonia] (UniProtkKB ID: Q8C196), which is involved in the urea cycle and plays an important

role in removing excess ammonia from the cell, was found to be downregulated in HFD vs. HFD-BA fed

mice.
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Figure 10: Effect of primary bile acid supplementation on liver proteomes in each colonisation group. A Volcano plots of
proteins altered in MM mice fed diets with or without primary BAs (0.1% CD and 0.1% CDBA). Significant up- and
downregulated proteins are displayed as coloured dots, and their numbers are shown in the top corners of the graphs. B
Same as in panel A, for E.L mice. C Top ten significantly up- and downregulated proteins with the highest Log2(FC) values for
MM mice. D Same as in panel C, for E.L mice. Abbreviations: MM, mice colonised with the mouse synthetic community
OMM12; E.L, mice colonised with OMM?12 and E. lenta; CD, control diet; CD-BA, control diet supplemented with 0.1% CA and
0.1% CDCA; HFD, lard-based high-fat diet; HFD-BA, HFD supplemented with 0.1% CA and 0.1% CDCA. A previous version of
panel A and B of this figure was published in Viehof et al. (2024).
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As E. lenta is a functionally versatile bacterial species, we investigated whether E. lenta colonisation
had an effect on metabolomes in the colon. The use of non-targeted metabolomics allowed the
identification of 381 and 576 metabolite peaks in positive and negative ionisation mode, respectively.
Of those peaks, 71 and 87 could be annotated, respectively. PCA of all detected metabolite peaks
revealed significant differences between the colonisation groups in the positive ionisation mode
(p=0.001, PERMANOVA; Figure 11A), but not in the negative ionisation mode (p = 0.548,
PERMANOVA; Figure 11C). A significant effect of diet on the overall metabolome was observed for
both ionisation modes (p = 0.001, PERMANOVA; Figure 11B and D).
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Figure 11: Effects of E. lenta-colonisation and diet on metabolomes in the colon of gnotobiotic mice. PCA of all identified
metabolite peaks detected in positive ionisation mode according to A colonisation, B diet. C Same as in panel A, for negative
ionisation mode. D Same as in panel B, for negative ionisation mode. Abbreviations: MM, mice colonised with the mouse
synthetic community OMM12; E.L, mice colonised with OMM12 and E. lenta; CD, control diet; CD-BA, control diet
supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-based high-fat diet; HFD-BA, HFD supplemented with 0.1% CA and
0.1% CDCA. A previous version of this figure was published in Viehof et al. (2024).

Differences in the detection of individual annotated metabolites between the colonisation groups
were analysed for each diet group. A Kruskal-Wallis test was conducted, followed by a post hoc Dunn’s
test to examine pairwise comparisons. A total of 33 metabolites in positive ionisation mode and 32
metabolites in negative ionisation mode exhibited significant alterations due to E. lenta-colonisation
in at least one diet group (Figure 12A and B). Five metabolites were consistently altered as a result of
colonisation in at least three of the four diet groups. These metabolites are marked in grey in panels A
and B of Figure 12, while the peak intensity for each individual mouse is plotted in panels C and D of
Figure 12. The metabolites creatine (detected in both ionisation modes), sarcosine, N,N-
dimethylarginine, and N-Acetyl-DL-methionine were significantly decreased in E. lenta-colonised mice,

while latifolicinin C acid was significantly increased in E. lenta-colonised mice.
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Figure 12: Effects of E. lenta-colonisation on annotated metabolites in the colon. A Annotated metabolites with significant
differences between E.L and MM mice within at least one dietary group as measured in positive ionisation mode. The symbols
after metabolite names indicate those detected in the two ionisation modes and statistically significant in both (*) or only in
the specific ionisation mode (#). The first coloured column indicates significance according to multi-group comparisons
(Kruskal-Wallis with Benjamini-Hochberg adjustment). The remaining columns indicate the results of post hoc Dunn’s test for
comparisons between E.L and MM mice per diet. The colour gradient (pale yellow to brown) shows the strength of
significance, and the grey arrows indicate the direction of changes as specified in the figure legend. B Same as in panel A, for
negative ionisation mode. C Peak intensity of the individual metabolites exhibiting significant pairwise comparisons between
the two colonisation groups in at least three of the four diets, measured in positive ionisation mode. These metabolites are
marked with grey boxes in panel A. Dots represent the values for individual mice; black bars indicate median values; within
each group, mice housed in different cages are indicated with empty or filled circles. Statistics: **p-adj. < 0.01, **** p-adj. <
0.0001, Kruskal-Wallis; for each metabolite, different letters indicate significance between the corresponding groups, Dunn’s
test. D Same as in panel A, for negative ionisation mode. Abbreviations: MM, mice colonised with the mouse synthetic
community OMM12; E.L, mice colonised with OMM12 and E. lenta; CD, control diet; CD-BA, control diet supplemented with
0.1% CA and 0.1% CDCA; HFD, lard-based high-fat diet; HFD-BA, HFD supplemented with 0.1% CA and 0.1% CDCA. A previous
version of this figure was published in Viehof et al. (2024).
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In summary, E. lenta stably colonised the mouse caecum at high relative abundances. The presence of
E. lenta had no significant effect on the liver proteome when compared to the effects of diets, whilst

the colon metabolome differed significantly between the colonisation groups.
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4.2 Comparison of gut physiology and metabolism in germfree and SPF mice on different
diets

This chapter reports a gnotobiotic mouse experiment originally conducted to investigate the impact of
colonisation with the CORIO consortium on host metabolism. GF mice were gavaged with a mixture of
fresh cultures of the four CORIO strains: A. mucosicola, C. aerofaciens, E. lenta, and L. parvula. These
CORIO mice were compared to GF and SPF mice. The mice were fed with four different semi-synthetic
experimental diets for 12 weeks, which differed due to their fat content and the addition of primary
BAs: experimental control diet (CD), CD supplemented with 0.1% CA and 0.1% CDCA (CD-BA), lard-
based HFD (HDF), or lard-based HFD supplemented with 0.1% CA and 0.1% CDCA (HFD-BA). In a
previous mouse study, CORIO mice were found to have higher plasma cholesterol levels, regardless of
diet. Furthermore, WAT mass doubled and leptin levels increased in CORIO mice fed a diet
supplemented with primary BAs (Just 2017). In the present mouse experiment however, the CORIO
strains did not colonise the mouse gut. Further investigations have pointed at the semi-synthetic
control diet hindering the engraftment of CORIO strains in the gut. Due to this, only the data obtained

for the SPF and GF mice is presented in the following paragraphs.

The anatomy of the gut showed some marked differences between GF and SPF mice. The weight of
the caecum was significantly reduced in SPF mice regardless of diet (Figure 13A). The diet also
influenced the caecum weight in GF mice: the caecum weight of GF mice fed the CD diet was
significantly higher than that of the GF mice fed all other diets (enriched in fat and/or BAs). Whilst the
colon length was not affected by colonisation or diet, the small intestinal length was significantly and
markedly decreased in SPF mice, regardless of diet (Figure 13B). Histological analysis of H&E-stained
transversal sections of the distal small intestine did not reveal differences in villi length or width due
to colonisation (Figure 13C). The only significant alteration was thicker villi in GF mice fed HFD-BA

compared to GF mice fed CD-BA.
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Figure 13: Differences in gut physiology of GF and SPF mice. A Weight of the caecum in g. B Length of the colon and small
intestine in cm. C Mean villi length and width in um measured from haematoxylin and eosin-stained sections of the distal
small intestine. Five villi were measured per slide and one slide per mouse was analysed. Autolytic samples were excluded.
In all figure panels, dots represent the values for individual mice and black bars indicate mean values. Statistics: * adj. p <
0.05, ** adj. p < 0.01, ***adj. p < 0.001, ****adj. p < 0.0001; two-way ANOVA followed by Tukey test; significant differences
are only indicated for comparisons between the same colonisation or diet groups. Abbreviations: CD, control diet; CD-BA,
control diet supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-based high-fat diet with 48 ki% fat; HFD-BA, high-fat diet
supplemented with 0.1% CA and 0.1% CDCA.

Due to our previous results linking host metabolic phenotypes to gut colonisation with CORIO, an OGTT
was conducted after 16 h fasting at the end of the experiment (12 weeks of feeding) prior to a uCT
scan to quantify body fat volume. Regarding body weight before fasting, only SPF mice fed the lard-
based HFD were significantly heavier than their GF counterparts (Figure 14A). In the other diet groups,
no statistically significant differences of body weight before fasting were observed due to colonisation.
Body weight was also significantly influenced by diet after the 12 weeks of experimental feeding.
However, the changes observed were unexpected. In the GF groups, mice fed CD were heavier than
those fed HFD or HFD-BA. Similarly, in the SPF groups, CD-fed mice had the highest body weight; it was
significantly higher than the body weight of mice fed CD-BA or HFD-BA. All mice lost body weight during
the 16h fasting, but the GF mice lost slightly more body weight then the SPF mice (12% vs. 9% mean
body weight loss). After fasting, SPF mice fed the CD or HFD were significantly heavier than their
respective GF counterparts. SPF mice fed the CD diet had a significantly higher body weight than SPF
mice fed the CD-BA or HFD-BA. No significant differences of fasted body weight due to diet were

observed in the GF group.
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In contrast to the small differences in body weight due to colonisation (above), the percentage of
subcutaneous and visceral fat was higher in SPF mice compared to GF mice for all diet groups, even
though the values did not reach statistical significance in CD-BA mice (Figure 14B). In the SPF mice,
visceral fat was increase in CD-fed compared to CD-BA-fed mice. Blood glucose levels over the course
of the OGTT are plotted in Figure 14C. In general, blood glucose levels decreased faster in GF than in
SPF mice. These observations were also confirmed by calculating the area under the curve (AUC), which
was significantly higher for the SPF mice compared to the GF mice in all four diet groups, indicating a
poorer glucose tolerance. No significant differences due to diet were observed for GF mice. For SPF
mice, the AUC was significantly increased for mice fed HFD or HFD-BA compared to mice fed the CD or

CD-BA diet, indicating that the high fat content of the diets resulted in impaired glucose tolerance.

The results of the uCT scans could also be used to quantify the lung volume and femur density of the
mice (supplementary Figure S1). Lung volume was significantly increased in SPF compared to GF mice
in all diet groups except HFD-BA. Some variation within the groups could be observed for femur
density, with only one significant difference between GF mice fed CD-BA and HFD (higher in HFD-fed

GF mice).
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Figure 14: Effect of complex colonisation and diet on host metabolism. A Body weight measured at the end of the
experiment before and after fasting of the mice. B Subcutaneous and visceral fat in % of the total body volume measured via
UCT scans. C Blood glucose levels over the course of the OGTT shown as mean value for each colonisation/diet group. And
the area under the curve (AUC) calculated for each mouse. In all figure panels, dots represent the values for individual mice
and black bars indicate mean values. Statistics: * adj. p < 0.05, ** adj. p < 0.01, ***adj. p < 0.001, ****adj. p < 0.0001; two-
way ANOVA followed by Tukey test; significant differences are only indicated for comparisons between the same colonisation
or diet groups. Abbreviations: CD, control diet; CD-BA, control diet supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-
based high-fat diet with 48 kl% fat; HFD-BA, high-fat diet supplemented with 0.1% CA and 0.1% CDCA.
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As small intestine shortening occurred in all SPF mice, no matter which diet they were fed, we aimed
to characterise their microbiota to assess the spectrum of microbial diversity and composition
associated with the phenotype. Colonisation profiles in the caecum of the SPF mice were investigated
by high-throughput 16S rRNA gene amplicon sequencing. An average of 36,431 + 12,595 high-quality,
assembled sequences were obtained per sample. The microbiota of the HFD-BA-fed mice were less
diverse compared to the other diet groups, both in terms of richness and Shannon effective counts
(Figure 15A). Beta-diversity analysis based on generalised UniFrac distances showed that the microbial
communities differed significantly due to diet (p-value = 0.001, PERMANOVA) (Figure 15B). All six
possible pairwise comparisons between the diet groups revealed statistically significant differences in
microbiota profiles (adj. p-value <0.05, PERMANOVA). The following five phyla were detected, in
descending ranking of relative abundances without significant changes between the diet groups:
Firmicutes (current valid name: Bacillota), Bacteroidota, Desulfobacterota (current valid name:
Pseudomonadota), Deferribacterota, and Proteobacteria (current valid name: Pseudomonadota)
(Figure 15C). At the family level however, four families with minor significant differences were
identified (Figure 15D). Oscillospiraceae, Marinifilaceae (other taxonomic placement:
Odoribacteraceae), and Ruminococcaceae had the highest relative abundance in mice fed the CD-BA

diet, while Tannerellaceae had the highest relative abundance in the HFD-BA group.
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Figure 15: Caecal colonisation profiles in SPF mice fed different diets as analysed by 16S rRNA gene amplicon sequencing.
A Alpha-diversity shown as normalised richness and Shannon effective counts. Dots represent individual mice, and black bars
indicate median values. Results of Kruskal-Wallis test with and without Benjamini-Hochberg correction are stated on top of
the graphs. Pairwise comparison was done by Mann-Whitney tests and significant results are indicated by stars (* adj. p <
0.05). B Beta-diversity analysis of diet groups shown as a multidimensional scaling plot of generalised UniFrac distances.
C Stacked bar plots for phyla that were detected with a minimum prevalence of 30% mice in at least one group and a minimum
relative abundance of 0.5%. Phyla names marked with stars are not validly published. The current valid names are: Bacillota
(synonym Firmicutes); Pseudomonadota (synonym Desulfobacterota); Pseudomonadota (synonym Proteobacteria).
D Families with significant alterations between the diet groups. Data visualisation and statistical analysis are as in panel A.
The family name Marinifilaceae is marked with a star as the correct taxonomic classification is Odoribacteraceae.
Abbreviations: CD, control diet; CD-BA, control diet supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-based high-fat
diet with 48 kl% fat; HFD-BA, high-fat diet supplemented with 0.1% CA and 0.1% CDCA.
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In summary, due to the lack of colonisation of the CORIO strains, only the GF and SPF control mice
were compared in this experiment. The small intestine was significantly elongated in GF mice
compared to SPF mice regardless of diet and varying microbiota profiles in the SPF mice. The
percentage of subcutaneous and visceral fat was increased in SPF mice, and OGTT results indicated a

poorer glucose tolerance in SPF mice, particularly in the HFD groups, compared to GF mice.
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4.3 Influence of Collinsella aerofaciens on lipid absorption

This chapter presents the results of experiments conducted to specifically investigate the influence of
the lipase-positive Coriobacteriia species, C. aerofaciens, on lipid absorption in the gut. Following an
examination of 14 in-house C. aerofaciens isolates and the type strain regarding lipase activity and
their ability to metabolise CA, two gnotobiotic mouse experiments were conducted to study the effect

of C. aerofaciens DSM 3979" on lipid absorption in vivo.

C. aerofaciens strains isolated from human faecal samples (n = 14) and the type strain (DSM 39797)
were analysed to test for differences in their lipolytic activity. Figure 16 shows a phylogenetic tree with
all isolates analysed together with additional Collinsella genomes from the literature. Only one isolate
per faecal sample was included unless a clear difference in colony morphology or growth features in
liquid culture was observed between two strains isolated from the same donor. All 14 in-house isolates
and the type strain showed lipolytic activity in vitro using the rhodamine B plate assay with olive oil.
Exemplary results are presented in Figure 17A. It was further tested whether the lipolytic activity could
be detected in the supernatant or pellet of bacterial cultures grown in BHI medium with olive oil. All
isolates showed lipolytic activity in the pellets (also when washed), whereas no activity was observed
in the supernatant (Figure 17B and C). This may indicate that the lipolytic activity is cell-bound. For the
type strain, five potential lipase genes had previously been predicted in silico by Streidl and Hitch
(Streidl 2021). To determine whether the isolates also encoded for these genes, a protein BLAST was
performed to search for matches between the five protein sequences and genes within the isolate’s
genomes. The potential lipase genes #1 and #3 had positive matches for only a few isolates, whereas
lipase genes #2, #4 and #5 were identified in all isolates. Submission of the five potential lipase genes
sequences to the transmembrane helices prediction tool TMHMM indicated that only gene #5 had a
high probability of containing a transmembrane region, which could be a reason for the observed cell-

bound lipase activity.

Due to C. aerofaciens DSM 3979 being also able to metabolise BAs, conversion of the primary BA CA
was also tested. The reduction in CA concentration in the medium was quantified after 48 hours of
incubation in anaerobic BHI broth containing 50 uM CA. The concentration of CA was decreased in all
cultures, yet variations in the efficacy of conversion were observed. The lowest decrease in CA
concentration occurred with strain CLA-ER-H9 (1%), while the greatest decrease was observed for

strain CLA-AA-H167 (40%). Most of the isolates exhibited a CA decrease between 10 and 20%.
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Figure 16: Genome-based phylogenetic tree of the C. aerofaciens isolates and additional Collinsella genomes. The tree
(maximum likelihood method) was created with Phylophlan and visualised in iTOL. The tree is rooted to Coriobacterium
glomerans (genome accession GFC_000195315.1). In-house strains isolated from the same individual have the same color in
row 1. All in-house isolates showed in vitro lipolytic activity in the rhodamine B (RhB) plate assay (violet boxes in row 2).
BLASTp matches to protein sequences of predicted lipases 1-5 are displayed in dark grey boxes, while light grey boxes indicate
negative results (row 3-7). The decrease in CA concentration after 48 hours incubation is indicated by a green colour gradient
(row 8; see legend for the values).
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A strains grownon plate B pellet C supernatant

Figure 17: Lipolytic activity of exemplary C. aerofaciens isolates using the rhodamine B agar assay. Lipolytic activity indicated
by fluorescence on rhodamine B plates with olive oil detected under UV light (302nm). Fluorescent areas appear white on
the images of the agar plates, which otherwise have a grey background. E. coli used as negative control is marked with a red
line with a minus symbol (-); 20 pL porcine pancreatic lipase [20 g/L] used as positive control is marked with a green plus
symbol (+). A Exemplary C. aerofaciens isolates (CLA-ER-H4, CLA-ER-5, CLA-ER-6, CLA-ER-7, CLA-ER-H8) were grown on the
plate. B Unwashed pellets and pellets washed in PBS (marked with # symbol) were applied to the plate for four exemplary
C. aerofaciens strains (CLA-ER-H4, CLA-ER-5, CLA-ER-6, CLA-ER-7) and the negative E. coli control. C Corresponding culture
supernatant was pipetted onto the plate, showing no lipolytic activity.

As no variation in the lipolytic activity of C. aerofaciens isolates could be observed, the two gnotobiotic
mouse experiments were conducted with the type strain C. aerofaciens DSM 39797, which was also
used in the previous mouse experiments (Chapter 4.2 and Just 2017). All mice were either colonised
with C. aerofaciens DSM 39797, SPF gut microbiota, or remained GF and were fed with two different
diets for a period of two weeks: chow diet supplemented with 0.1% CA and 0.1% CDCA (chow-BA), or
chow diet with 20% palm oil (chow-HFD). At the end of the experiment, mice were gavage with
deuterium-labelled lipids and subsequently sampled after one (chow-BA) or six (chow-HFD) hours to
investigate the absorption of the isotope-labelled lipids. The time points were chosen due to previous
experiments in the laboratory of our collaborator (AG Ecker; personal communication). The gavage
consisted of 100 pl of olive oil supplemented with a mixture of D5-palmitic acid and D93-tripalmitin.
While D5-palmitic acid can be absorbed directly by the enterocytes, D93-tripalmitin must be
hydrolysed by lipases before the resulting D31-palmitic acid can be absorbed. Due to the different
number of deuterium atoms (D5 vs. D31), mass spectrometric methods can be used to determine
whether the absorbed and metabolised palmitic acid molecules originate from the free FA or the

triglyceride. In this way, both the absorption of FAs and the influence of lipases can be analysed.

The combined results of the two mouse experiments are presented below. The main differences
between the experiments were: (i) the first experiment was carried out with both, male and female
mice, whilst the second experiment included only male mice; (ii) mice in the second experiment were

obtained from Charles River rather than our own GF breeding colony (due to a contamination) and

63



4, Results

they were slightly older at the start of the experiment (six vs. five week of age); (iii) more diet-time
point combinations were investigated in the first mouse experiment (three diets with two time points
each), whilst the second experiment included only the most interesting groups (chow-BA sampled one

hour after gavage, and chow-HFD sampled six hours after gavage).

Prior to analysing lipid absorption, it was important to assess the colonisation status of the mice. To
quantify C. aerofaciens colonisation in the different gut regions, the number of CFUs was calculated
for three mice per diet group (Figure 18A). C. aerofaciens was detected in all gut regions. The number
of CFUs was expectedly lower in the small intestine than in the caecum and colon. When comparing
the mice fed the chow-BA and chow-HFD diets (experiment 2), a higher count of CFUs was observed
in the caecum and colon of the mice due to a higher fat content in chow-HFD. In addition, the caecum
content of C. aerofaciens-monocolonised mice was analysed by 16S rRNA gene amplicon sequencing.
Only one OTU with 100% similarity to C. aerofaciens DSM 3979 and no other contaminants were
detected (data not shown). Also, colonisation profiles in the caecum of SPF mice from experiment 2
were analysed using 16S rRNA gene amplicon sequencing to investigate whether the different diets
led to large differences in the microbiota profiles of the SPF mice, which could possibly influence lipid
absorption. The mean number of high-quality, assembled sequences obtained per sample was 27,442
+ 6,060. Beta-diversity analysis based on generalised UniFrac distances revealed a significant
separation between the microbiota profiles of the two diet groups (chow-BA and chow-HFD,
PERMANOVA p=0.009, Figure 18B). Mice fed the chow-HFD had a significantly higher richness
compared to the mice fed chow-BA (Figure 18C). Among the phyla with significant differences between
the two diet groups, Bacteroidota and Proteobacteria (current valid name: Pseudomonadota) were
increased in the chow-BA group, while Firmicutes (current valid name: Bacillota) was decreased (Figure
18D). At the family level, Muribaculaceae and Tannerellaceae (both phylum Bacteroidota) were
increased in the chow-BA group, while Lachnospiraceae (phylum Firmicutes) and Rikenellaceae

(phylum Bacteroidota) were decreased (Figure 18E).
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Figure 18: Colonisation of C. aerofaciens-monocolonised and SPF mice. A Colony forming units (CFUs) per gram of gut
content from C. aerofaciens-monocolonised mice in different gut regions. Data for experiment 1 (chow, female mice) and 2
(chow-BA and chow-HFD, male mice) are shown separately. Symbols represent individual mice, and black bars indicate mean
values. Stars indicate significant results using two-way ANOVA followed by Tukey test for comparisons between diet groups
within the same gut region (* adj. p < 0.05, ** adj. p < 0.01). B-E Caecal colonisation profiles in SPF mice in experiment 2 as
analysed by 16S rRNA gene amplicon sequencing. B Beta-diversity analysis of diet groups shown as a multidimensional scaling
plot of generalised UniFrac distances. C Richness. Symbols represent individual mice, filled and non-filled triangles represent
different cages (male mice only). Black bars indicate median values. Significant results of Mann-Whitney tests are indicated
by stars (* adj. p <0.05, ** adj. p < 0.01). D Phyla with significant changes between the diet groups. Phyla names marked with
stars are not validly published. The current valid names are: Bacillota (synonym Firmicutes) and Pseudomonadota (synonym
Proteobacteria). Data visualisation and statistical analysis are as in panel C. E Families with significant changes between the
diet groups. Data visualisation and statistical analysis are as in panel C. Abbreviations: chow-BA, chow diet supplemented
with 0.1% CA and 0.1% CDCA; chow-HFD, chow with 20% palm oil.
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To study the effect of C. aerofaciens and diet on lipid absorption, the FA profiles in the plasma of the
mice were measured (combined data from experiment 1 and 2). PCA showed that the combination of
diet and timepoint (Figure 19A), but not colonisation (Figure 19B), influenced the overall FA profiles.
Furthermore, no separation was observed between colonisation groups when analysing each diet

group separately (Figure 19C-D).
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Figure 19: Effects of C. aerofaciens-monocolonisation and diet on fatty acid profiles in the plasma of gnotobiotic mice.
Principal component analysis (PCA) of all measured fatty acids (FAs) for mice fed with chow-BA, sampled after one hour, and
those fed chow-HFD, sampled after six hours. The combined data set was derived from experiments 1 and 2. A PCA according
to diet. B PCA according to colonisation. C PCA only for mice fed with chow-BA, sampled after one hour, according to
colonisation status. D PCA only for mice fed chow-HFD, sampled after six hours, according to colonisation. Abbreviations:
chow-BA, chow diet supplemented with 0.1% CA and 0.1% CDCA; chow-HFD, chow with 20% palm oil.

We then investigated the occurrence of FA categories and single FAs, especially those labelled with

stable isotopes, in the plasma of the mice. The median concentrations of total FAs, saturated FAs
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(SAFAs), monounsaturated FAs (MUFAs), and polyunsaturated FAs (PUFAs) were highest for
C. aerofaciens mice and lowest for SPF mice, with the exception of the MUFA concentration in mice
fed the HFD, which exhibited the highest median concentration in GF mice (Figure 20A). However,
nearly all comparisons did not reach statistical significance, likely due to marked inter-individual
differences, with the exception of SAFA concentrations, which were significantly increased in the
plasma of C. aerofaciens vs. SPF mice fed the HFD and sampled six hours after gavage with the labelled
lipids. A similar trend (highest concentrations in the blood of C. aerofaciens-monocolonised mice) was
observed for the concentrations of deuterium-labelled FAs from the gavage solution (Figure 20B).
However, results did not reach statistical significance for the mice fed the chow-BA diet sampled one
hour after gavage. In the plasma of the mice fed the chow-HFD and sampled after six hours, the D5-
palmitic acid concentration was significantly increased in both the C. aerofaciens-monocolonised and
GF mice compared to the SPF mice. Similarly, the D31-palmitic acid concentration was significantly
elevated in the C. aerofaciens-monocolonised mice compared to the SPF mice. To assess the role of
lipase in the absorption of the deuterium-labelled lipids, the log2 of the ratio between D31-palmitic
acid, which originates from D93-tripalmitin hydrolysed by lipases, and free D5-palmitic acid was
calculated (Figure 20C). For the mice fed the chow-BA diet and sampled one hour after gavage, all
median values were <0, indicating that there was more uptake from the free FA D5-palmitic acid. In
contrast, the median values for the mice fed the chow-HFD and sampled six hours after gavage were
all >0, indicating a greater uptake of FAs originating from the triglyceride D93-tripalmitin than from the
already free FA D5-palmitic acid. No significant differences were observed between the colonisation

groups.

In general, the data from experiments 1 and 2 were comparable and merged (as illustrated by lighter
and darker colour of the symbols in Figure 20). In the initial experiment, sex differences were observed,
particularly for the concentration of D5- and D31 palmitic acid in the plasma of C. aerofaciens-
monocolonised mice fed the chow-BA diet and sampled after one hour (dots in the lighter colour
represent female mice and triangles in the lighter colour represent the male mice in experiment 1 in
Figure 20). The data from experiment 2, which was conducted only with male mice, tended to cluster
together with the data of the female mice, rather than with the high value of male mice in

experiment 1.
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Figure 20: Effects of C. aerofaciens-monocolonisation on fatty acids composition and absorption of isotope-labelled fatty
acids measured in plasma. Fatty acids (FAs) measured in plasma of mice fed with a chow-BA, sampled after one hour, and
mice fed a chow-HFD, sampled after six hours. The combined data set was derived from experiments 1 and 2, symbols in
lighter and darker colour, respectively. Dots represent female mice and triangles represent male mice. Filled and non-filled
triangles in the darker colour represent different cages in experiment 2. Black bars indicate median values. Statistics: Kruskal-
Wallis followed by posthoc Dunn test for pairwise comparisons (* adj. p < 0.05, ** adj. p < 0.01). A General FA composition
in plasma: total FAs, saturated FAs (SAFAs), monounsaturated FAs (MUFAs), and polyunsaturated (PUFAs). B Deuterium-
labelled FAs that were absorbed from the gavage solution: palmitic acid labelled with 5 deuterium atoms (FA16:0[D5]), and
palmitic acid labelled with 31 deuterium atoms (FA16:0[D31]) originating from the labelled triglyceride. C Ratio of
FA16:0[D31] to FA16:0[D5]. Abbreviations: GF, germfree mice; C.A, C. aerofaciens-monocolonised mice; SPF, mice colonised
with microbiota from SPF mice; chow-BA, chow diet supplemented with 0.1% CA and 0.1% CDCA; chow-HFD, chow with 20%
palm oil.

The FA profiles were also measured in colon tissue from the mice in experiment 2 fed the chow-HFD
and sampled six hours after the gavage (Figure 21). The colon tissue of mice fed the chow-BA diet and
sampled one hour after gavage was not analysed, as it was not expected to detect any of the labelled
lipids in the colon tissue within only one hour after the gavage. In the colon tissue of mice fed the
chow-HFD, the concentrations of total FAs, SAFAs, MUFAs and PUFAs were all lowest in C. aerofaciens-
monocolonised mice and highest in SPF mice, although the differences reached statistical significance
only in the case of MUFA concentrations (Figure 21A). The deuterium-labelled FAs D5- and D31-
palmitic acid had also the lowest concentrations in the colon of C. aerofaciens-monocolonised mice,
though the differences were not statistically significant (Figure 21B). The values for the log2 of the
ratio between D31-palmitic acid and D5-palmitic acid also exhibited no significant differences between
the colonisation groups (Figure 21C). The median value for the C. aerofaciens mice was close to 0O,
while the median values for GF and SPF mice were observed to be >0, indicating equal or higher uptake

of D31- vs. D5-palmitic acid, respectively.

The FA profiles were also measured in liver tissue of the mice from experiment 1 and in the epididymal
WAT of chow-HFD fed mice from experiment 2 (data not shown). No statistically significant differences
were observed between the colonisation groups regarding the concentrations of the deuterium-

labelled FAs.
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Figure 21: Effects of C. aerofaciens-monocolonisation on fatty acids composition and absorption of labelled fatty acids
measured in colon tissue. Fatty acids (FAs) measured in colon tissue of mice from experiment 2 fed a chow-HFD, sampled
after six hours. Filled and non-filled triangles in the darker colour represent different cages. Black bars indicate median values,
and symbols individual mice. Statistics: Kruskal-Wallis followed by posthoc Dunn test for pairwise comparisons (* adj. p <
0.05). A General FA composition in colon tissue: total FAs, saturated FAs (SAFAs), monounsaturated FAs (MUFAs), and
polyunsaturated (PUFAs). B Deuterium-labelled FAs that were absorbed from the gavage solution: palmitic acid labelled with
5 deuterium atoms (FA16:0[D5]), and palmitic acid labelled with 31 deuterium atoms (FA16:0[D31]) originating from the
labelled triglyceride. C Ratio of FA16:0[D31] to FA16:0[D5]. Abbreviations: GF, germfree mice; C.A, C. aerofaciens-
monocolonised mice; SPF, mice colonised with microbiota from SPF mice; chow-HFD, chow with 20% palm oil.

In summary, all 14 in-house C. aerofaciens isolates analysed possessed cell-bound lipolytic activity and
were able to metabolise CA (albeit with different efficacy in the latter case). In the gnotobiotic
experiments performed to study lipid absorption in the gut, the C. aerofaciens type strain colonised all
regions of the gut, with higher cell densities in the caecum and colon. In mice fed chow-BA and sampled
one hour after gavage, and in mice fed chow-HFD and sampled six hours after gavage, the median
levels of total FAs and deuterium-labelled FAs were highest in the blood of C. aerofaciens-
monocolonised mice, with statistical significance only for chow-HFD fed mice sampled six hours after

gavage compared to SPF mice.
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4.4 Occurrence of lipase-positive bacteria in human stool from a population study

In this chapter, a nested cohort (n = 348) of the KORA population study (Cooperative Health Research
in the Region of Augsburg) was analysed to investigate whether the presence of lipase-positive bacteria

in human stool, including C. aerofaciens, was associated with host metabolic parameters.

The KORA cohort is a population-based study in the Augsburg region (Germany), focusing on diabetes,
cardiovascular diseases, health in old age, allergies and the environment (Bamberg et al. 2017; Holle
et al. 2005). In total, 17,602 participants are included in KORA (baseline surveys from 1984 to 2001),
but for this analysis, 338 participants with available faecal microbiota profiles and body composition
data from MRI scans were examined. Participants taking antibiotics were excluded from the analysis.
All participants were adults aged between 39 and 73 years, with the majority being 40-69 years of age
(Figure 22A). The cohort was slightly skewed towards males (58%) (Figure 22A). According to BMI
classification, only one participant was underweight (BMI <18.5), 27% were in the normal range (BMI

>18.5 - <25), 42% were overweight (BMI 225 - <30), and 31% were obese (BMI 230) (Figure 22A).

Faecal colonisation profiles were analysed by 16S rRNA gene amplicon sequencing. Samples with less
than 5,000 reads per sample were excluded from the analysis. The mean number of high-quality,
assembled reads obtained per sample was 35,994 + 17,846. The median normalised richness for all
participants was 71.5 (Figure 22B). The top five detected phyla were as follows (Figure 22C): Firmicutes
(current valid name: Bacillota) was the most abundant phylum with a median relative abundance of
73%, followed by Bacteroidota (16%), Actinobacteriota (current valid name: Actinomycetota) (6%),
Proteobacteria (current valid name: Pseudomonadota) (0.9%), and Verrucomicrobiota (0.1%). To
identify potential confounding variables that were influenced by microbiota profiles, de novo clustering
was applied, identifying three native microbiota clusters (Figure 22D), which differed in their relative
abundance of the genera Prevotella/Segatella (cluster 3), Bacteroides (cluster 2), and Ruminococcus
(cluster 1) (Figure 22E). One-way ANOVA analysis was then performed to identify variables (i.e., host
parameters) with significant differences between the three clusters. After correction for multiple
testing using the Benjamini-Hochberg test, none of the tested variable showed statistically significant
differences between the clusters. Descriptive statistics and the results of the one-way ANOVA are
shown in supplemental Table S1. In addition, a Chi® test was performed to test for differences between
the microbiota clusters for categorical variables, such as the intake of antidiabetic medication (test was
performed separately for cluster 1 vs. 2, 1 vs. 3, and 2 vs.3). Again, all adjusted p-values (Benjamini-
Hochberg) were >0.05. As no confounders associated with the microbiome could be identified with
this method, the results of regression analysis were corrected only for the standard confounding

factors age and sex.
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Figure 22: Description of the nested KORA cohort analysed in this work. A Pie charts displaying the distribution of age, sex
and BMI of the 338 participants. B-E Faecal colonisation profiles analysed by 16S rRNA gene amplicon sequencing. Thick black
lines in the violin plot indicate the median, and thin black lines the quartiles. B Alpha-diversity shown as normalised richness.
C Relative abundance of the top five phyla. Phyla names marked with stars are not validly published. The current valid names
are: Bacillota (synonym Firmicutes); Actinomycetota (synonym Actinobacteriota); and Pseudomonadota (synonym
Proteobacteria). D Beta-diversity analysis of three de novo clusters (cluster 1, n = 109; cluster 2, n = 140; cluster 3, n = 89)
shown as a multidimensional scaling plot of generalised UniFrac distances. E Relative abundances of the genera
Prevotella/Segatella, Bacteroides, and Ruminococcus for the three de novo clusters. Significant results of Mann-Whitney tests
are indicated by stars (** adj. p <0.01, **** adj. p <0.0001).

To calculate the cumulative relative abundance of lipase-positive bacteria, the results of an in vitro
screening of human gut bacteria (www.hibc.rwth-aachen.de) for lipolytic activity in the rhodamine B
plate assay were used. This screening resulted in 15 lipase-positive strains, including C. aerofaciens.
The cumulative relative abundance of all OTUs with >97% identity to these lipase-positive strains was
calculated and is referred to as the lipase-positive fraction (see material and methods section 3.5.3 for

details).
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The relative abundance of the lipase-positive fraction in the stool of all 338 participants ranged from
2.8% to a maximum of 65.1% with a median value of 25.7% (Figure 23A). The lipase-positive fraction
was significantly higher in male compared to female participants. No significant correlation was
observed between participants age and the lipase-positive fraction (Figure 23B). The baseline
characteristics of the analysed 338 participants stratified by quartiles of the lipase-positive fractions

are listed in Table S2 for all categorical variables and Table S3 for all continuous variables.
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Figure 23: Distribution of the lipase-positive fraction of bacteria in human stool. A Relative abundance of the lipase-positive
fraction for all 338 analysed KORA participants. B Plots of the potential confounders sex and age in relation to the lipase-

positive fraction [%]. Dots represent individual participants, and the black bars mark the median. Significant results of Mann-
Whitney test are indicated by stars (** p <0.01).

To investigate whether the lipase-positive fraction in faecal microbiota of the KORA participants was
associated with metabolic parameters, a multiple linear regression analysis was performed. As
mentioned above, the regression analysis was corrected for the standard confounders age and sex, as
no microbiome related confounders were identified when comparing the three de novo clusters. The
p-value of the lipase-positive fraction corrected for age and sex, was < 0.05 for eleven of the dependent
variables (Table 3 and Figure 24). The most significant results were observed for the visceral fat at the
level of the naval (p-value < 0.001); blood triglyceride levels were also highly significant (p-value =
0.002). The remaining dependent variables with statistically significant results (p-values between 0.018
and 0.045) were: fat content of the right liver lobe, insulin levels measured two hours after an OGTT,
total fat from femoral head to cardiac apex, dietary fibre intake, visceral fat from femoral head to
cardiac apex, fat content of the left liver lobe, mean fat content at the level of the portal vein, BMI,
and LDL cholesterol. For ten of the eleven variables with a significant result, a positive relationship to
the lipase-positive fraction was observed. Fibre intake was the only variable negatively associated with

the lipase-positive fraction (i.e., higher fibre intake was linked to lower lipolytic fraction). Figure 24
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depicts the relationship between the aforementioned variables and the lipase-positive fraction in dot

plots.

Table 3: Multiple linear regression analysis for the lipase-positive fraction of bacteria in stool corrected for age and sex.
Results are shown for dependent variables with significant results. The regression coefficient B and the p value corrected for

age and sex are shown. Results are sorted by p value.

Dependent variable Regression p value
coefficient B
Visceral fat at the level of the navel [cm?] 1.428 <0.001
Triglycerides (mg/dl) 1.383 0.002
Right liver lobe fat content, HISTO measurement [%] 0.107 0.018
Total fat from femoral head to cardiac apex [I] 0.068 0.020
Insulin (mU/1) 2h after OGTT 0.879 0.020
Dietary fibre [mg/d] -58.556 0.023
Visceral fat from femoral head to cardiac apex [l] 0.027 0.024
Left liver lobe fat content, HISTO measurement [%] 0.088 0.031
Mean fat content of the liver at the level of the portal vein [%] 0.093 0.035
Body Mass Index (kg/m2) 0.053 0.044
LDL cholesterol (mg/dl) 0.357 0.045
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Figure 24: Visualisation of the regression analysis for the lipase-positive fraction of bacteria in human stool. Dot plots with
regression line for the lipase-positive fraction [%] and the variables with a significant result in the linear regression analysis
corrected for age and sex (Table 3). RZ and p-value are given for the results of a simple linear regression analysis (without

correction for sex and age).

In summary, the relative abundance of lipase-positive bacteria in human stool was positively

associated with several metabolic parameters, especially higher body fat content and blood lipids.
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5. Discussion

5.1 Influence of Eggerthella lenta on liver proteome and gut metabolome

Gnotobiotic mice were gavaged with OMM12 and four Coriobacteriia strains. It was repeatedly shown
that the OMM12 community is permissive to colonisation with additional bacterial species (Herp et al.
2019; Marion et al. 2020; Streidl et al. 2021; Studer et al. 2016). However, out of the four Coriobacteriia
species, only E. lenta successfully colonised the gut of the gnotobiotic mice as a dominant member of
the community. A. mucosicola, C. aerofaciens, and L. parvula were not detected by 16S rRNA gene
amplicon sequencing. As the C. aerofaciens type strain originates from the human gut, its origin may
have hampered colonisation in the mouse gut, which has been shown to be influenced by the host
origin of bacterial strains (Frese et al. 2013; Seedorf et al. 2014). However, colonisation with the same
strain was successful in other studies (Desai et al. 2016; Kasahara et al. 2018; Kovatcheva-Datchary et
al. 2019) and the E. lenta type strain, which successfully colonised the mouse gut in this experiment,
also originated from the human gut. A. mucosicola has also been shown to colonise the murine gut as
part of an extended version of OMM with 19 strains, though at low relative abundance (Afrizal et al.
2022). The reasons for unsuccessful colonisation in this work are not known and it cannot be excluded
that the three strains colonised as members of subdominant populations, which could not be detected
by high-throughput 16S rRNA gene amplicon sequencing. Despite this, as E. lenta colonised as a
dominant member of the community, the two colonisation groups with different community profiles
allowed us to investigate the effects of the presence of E. lenta on the liver proteome and gut

metabolome.

Although E. lenta has important metabolic functions and colonised at high relative abundance, liver
proteomic data did not indicate E. /enta-induced changes in liver function. In contrast, diet had
significant effects on the liver proteomes, especially the addition of fat. Five proteins, which are
involved in lipid and amino acid metabolism, were constantly under the top 10 differentially expressed
proteins in the liver of mice fed low- vs. high-fat. Similar effects of HFD feeding on the liver proteome
have been reported in other studies (Benard et al. 2016; Kirpich et al. 2011). The addition of primary
BA to the diet also induced significant changes in the liver proteomes, albeit not as pronounced as the

effects of fat.

Non-targeted metabolomics analysis of colon contents revealed significant changes due to both
E. lenta-colonisation and diet. It is noteworthy that colonisation with E. lenta consistently altered the
levels of five metabolites in at least three of the four diet groups. Latifolicinin C acid was elevated,
while creatine, sarcosine, N,N-dimethylarginine, and N-Acetyl-DL-methionine were decreased in the

E. lenta-colonised OMM12 mice. The elevated levels of latifolicinin C acid could be explained by the
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ability of multiple gut bacteria, including E. lenta, to metabolise tyrosin to latifolicinin C acid
(Beloborodova et al. 2012; Beloborodova et al. 2009). The reduced levels of the metabolites creatine,
sarcosine, N,N-dimethylarginine, and N-Acetyl-DL-methionine indicate the capacity of E. lenta to
degrade them. It has been reported that gut bacteria express enzymes involved in creatinine and
creatine degradation (Wyss et al. 2000) and the gene encoding for creatininase, which catalyses the
reversible conversion of creatinine to creatine, was detected in the E. lenta genome
(GCA_000024265.1 01172, WP_009304706.1). The enzyme creatinase facilitates the further
transformation of creatine to urea and sarcosine, which can then be degraded to glycine by sarcosine
oxidase or sarcosine dehydrogenase. Sarcosine levels were also found to be significantly decreased in
E. lenta-colonised mice, but the genes catalysing these reactions were not detected in the genome of
E. lenta. Another significantly reduced metabolite was N,N-dimethylarginine, which is an analogue of
L-arginine, a known substrate of E. lenta (Sperry et al. 1976). Increased N,N-dimethylarginine levels
have been observed in plasma of humans with hypercholesterolemia (Boger et al. 1998), diabetes
mellitus (Abbasi et al. 2001), atherosclerosis (Miyazaki et al. 1999), hypertension (Surdacki et al. 1999),
chronic heart failure (Zairis et al. 2012), and chronic renal failure (Jacobi et al. 2008). N,N-
dimethylarginine can be metabolised to dimethylamine and L-citrulline by dimethylarginine
dimethylaminohydrolase (DDAH) (Santa Maria et al. 1999), and the gene encoding for DDAH was found
in the genome of E. lenta (GCA_000024265.1_02955). Citrulline was reported to be produced (Noecker
et al. 2023) and further metabolised (Sperry et al. 1976) by E. lenta, however, in this experiment no

significant differences were observed for citrulline levels between the colonisation groups.
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5.2 Comparison of gut physiology and metabolism in germfree and SPF mice on different
diets

In this experiment mice were gavaged with the four Coriobacteriia strains A. mucosicola,
C. aerofaciens, E. lenta and L. parvula, but none of them successfully colonised the intestine of the GF
mice. It was shown that the colonisation ability is influenced by the host origin of bacterial strains
(Seedorf et al. 2014; Frese et al. 2013) and only A. mucosicola was originally isolated from the mouse
microbiome. However, colonisation has been successful in previous gnotobiotic experiments with a
very similar experimental setup (Just 2017). The diet used may also play a role in successful bacterial
colonisation. Forinstance, it was shown that different diets, e.g. with varying fibre contents, influenced
microbiota profiles in gnotobiotic mice (Faith et al. 2011; Kovatcheva-Datchary et al. 2019; Weitkunat
et al. 2015). Furthermore, in a diet intervention study with 14 overweight men, the relative abundance
of C. aerofaciens was significantly decreased when volunteers were on a low carbohydrate diet
compared to diets rich in complex plant polysaccharides (Walker et al. 2011). In the experiments
discussed in this chapter, the feeding of semi-synthetic experimental diets was started immediately in
the week following initial colonisation by gavage. In the original experiment with successful
colonisation of the four Coriobacteriia strains (Just 2017), the mice were fed with a chow diet for 2
weeks after initial association with the consortium, before being switched to the semi-synthetic
experimental diets. The prolonged feeding with chow may have supported an initial stable
colonisation. In addition, at least for monocolonisation with C. aerofaciens in the lipid absorption
experiments, successful colonisation of mice fed with chow-based diets was achieved (see 4.3). These
results may suggest that feeding a chow diet with a higher fraction of undefined fibres is more likely
to promote successful colonisation with the Coriobacteriia strains than feeding a synthetic

experimental diet, but further experiments are needed to prove this.

The influence of colonisation on gut physiology was investigated by comparing the SPF to GF mice on
the different diets. As expected, the caecum weight was significantly increased in the GF mice. An
enlarged caecum in GF mice is normal and happens because undegraded mucopolysaccharides attract
water into the caecal lumen (Basic et al. 2019; Wostmann 1981). The colon length, which is often used
as an indication for colonic inflammation and injury, was not affected by colonisation. However, a
significantly elongated small intestine was observed in the GF mice, independent of the diet used.
Histological analysis of the distal small intestine did not indicate differences in villi length or width due
to colonisation. It cannot be excluded that differences could have been observed in more proximal
parts of the small intestine, however, no further tissue samples for histological analysis had been
sampled. The small intestine was markedly and significantly shortened in SPF mice of all diet groups,
although the caecal microbiota profiles analysed via 16S rRNA gene amplicon sequencing were

significantly different between the four diet groups. Complex colonisation seems to be sufficient for
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shortening of the small intestine, even if microbiota profiles vary. The elongated small intestine in GF
mice has also been reported by others. Some studies showed that colonisation with synthetic
communities can be sufficient to reduce small intestinal length. For example, van Tilburg Bernardes et
al. (2020) reported that colonisation of C57BI/6J mice with the OMM12 community resulted in a
significantly decreased small intestinal length compared to GF mice (mean of 45.5 cm vs. 41.9 cm; 10
weeks old, colonised from birth); however, colonisation with five yeast strains was not sufficient to
shorten the small intestine. Slezak et al. (2014) reported similar results: Colonisation of GF PRM/AIf
and C3H/He mice with the simplified human microbiota (SIHUMI) community shortened the small
intestine in comparison to GF mice (16.4% for PRM/AIf and 9.7% for C3H/He mice; 8 weeks old,
colonised from birth). The reasons for the small intestinal shortening in GF mice are still unclear; the
increased surface area may improve nutrient absorption, or bacterial metabolites or the immune
system could play a role. Further studies are needed to study the mechanisms underlying this

phenotype.

The effect of microbiota colonisation and diet on the mouse metabolism was also studied. The
subcutaneous and visceral fat volume measured by whole body imaging were increased in SPF mice
compared to GF mice in all diet groups but CD-BA, although, the body weight (after 16h fasting) was
only significantly increased for SPF mice fed the CD and HFD compared to their GF counterparts. The
results of the OGTT revealed a reduced glucose tolerance in SPF compared to GF mice in all diet groups,
which agrees with previous results reported by Just et al. (2018) and Rabot et al. (2010). In addition to
the effects of microbiota colonisation, HFD feeding also influenced the metabolism of the mice.
Feeding of the HFDs for twelve weeks to the GF mice did not lead to increased body weight or fat
volume, which is consistent with data from Kibeck et al. (2016) who showed that GF mice are
protected from lard-based HFD induced obesity. However, it was surprising that the SPF mice fed the
HFD did not show a significant increase in body weight or fat volume. In other studies, increased body
weights were already observed after similar (8 weeks) or shorter feeding periods (Kiibeck et al. 2016;
Rabot et al. 2010). Nevertheless, a significant impairment of glucose tolerance was observed in the
OGTT as an effect of both HFDs on the SPF mice. For the fat volume of SPF mice, marked inter-individual
differences were observed. The split between HFD-BA fed SPF mice was linked to cage effects, but it
was only partially the case for the HFD fed SPF mice. However, the mice with the higher fat volume
and body weight in both groups had to be separated into individual cages due to severe fighting

behaviour, which could have led to better feed access or less movement.
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5.3 Influence of Collinsella aerofaciens on lipid absorption

C. aerofaciens has previously been reported to have lipolytic activity in vitro (Just 2017; Streidl 2021;
Thorasin et al. 2015), and it has been observed that genomic diversity within the species C. aerofaciens
is high (Lin et al. 2023). To identify potential differences between C. aerofaciens strains with respect
to lipolytic activity, 14 in-house isolates with available draft genomes and the type strain were
analysed. All strains showed in vitro cell-bound lipolytic activity. As the rhodamine B plate assay used
is not quantitative, it cannot be excluded that the strength of lipolytic activity varies between the
strains. Five potential lipase genes were previously predicted in the genome of C. aerofaciens DSM
39797 by Steidl and Hitch (Streidl 2021). But only the potential lipase gene #5 had a predicted
transmembrane region and was identified in all analysed strains, making it the most likely candidate
gene responsible for the lipolytic activity. However, further tests such as the heterologous expression
of the potential lipase gene in a lipase-negative strain, or a knockout of the gene in C. aerofaciens
would be required to prove this. As C. aerofaciens has been reported to express BA-modifying
enzymes, including 3a-, 7a-, 7B- and 12a-HSDH (Liu et al. 2011; Lucas et al. 2021; Wegner et al. 2017),
the ability of the analysed strains to convert the primary BA CA was also tested. All strains were able
to reduce the CA concentration after 48 hours of incubation, but variations in the efficacy of conversion
were observed (1-40% reduction in CA concentration). CA was probably metabolised to 3-oxoCA, 7-
oxoDCA, 7-epiCA, or 12-oxoCDCA by HSDH enzymes; however, it was not possible for us to measure

these secondary BAs with the analytics available.

To study the influence of C. aerofaciens on lipid absorption, mice were monocolonised with
C. aerofaciens DSM 3979" and compared with GF and SPF mice. They were fed with chow-BA or chow-
HFD for two weeks and, at the end of the experiments, they were gavaged with a mixture of deuterium-
labelled palmitic acid and tripalmitin and sampled one (chow-BA) or six hours (chow-HFD) after the

gavage.

To quantify C. aerofaciens colonisation along the gut regions of the monocolonised mice, the number
of CFUs per g of gut content was determined. As expected, the highest numbers of C. aerofaciens were
observed in the caecum and colon. HFD feeding led to a significantly increased CFU count, which is in
accordance with other studies observing an increased relative abundance of Coriobacteriia in HFD fed
mice (Chen et al. 2018; Feng et al. 2024; Just 2017; Lin et al. 2023; Park et al. 2020; Tang et al. 2024).
Although at lower density, C. aerofaciens also colonised the small intestine of the monocolonised mice,

where lipid absorption mainly occurs.

No major difference in the overall plasma FA profiles due to colonisation were observed between
chow-BA fed mice one hour after gavage and chow-HFD fed mice six hours after gavage. In contrast,

some differences were observed for the labelled lipids. In the GF mice, higher levels of the absorbed
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labelled lipids were observed compared to SPF mice, however differences were only significant for D5-
palmitic acid concentration measured in HFD fed mice six hours after gavage. These results hint at a
decreased lipid absorption due to complex microbial colonisation in SPF mice. Similar results were
found by Plagge (2023), who reported an reduced uptake of the same deuterium-labelled lipids (D5-
palmitic acid and D93-tripalmitin) in plasma and epididymal WAT of SPF and OMM12 compared to GF
mice. Their results indicate that higher TCA levels in colonised mice lead to enhanced phospholipase
A1l activity in the bile, resulting in increased phosphatidylcholine degradation and thus reduced fat
absorption in the intestine. However, Martinez-Guryn et al. (2018) reported contrary results. They
observed an increased absorption of the radiolabelled lipids triolein and cholesterol in SPF compared
to GF mice, and that HFD feeding further increased absorption in SPF mice, but not in GF mice. The
median plasma levels of the labelled FAs were highest in C. aerofaciens-monocolonised mice,
indicating increased lipid absorption due to C. aerofaciens colonisation. However, results reached
statistical significance only for C. aerofaciens-monocolonised compared to SPF mice fed the HFD and
sampled six hours after gavage. As the differences between GF and C. aerofaciens-monocolonised mice
were not significant, further experiments with more mice would be needed to validate the potential

effects of C. aerofaciens colonisation on lipid absorption.

As described in section 1.2 of the introduction, there is evidence from studies in the 1960s and 1970s
that lipids can also be absorbed in distal regions of the gut, especially when large amounts of fat are
available (Ammon et al. 1973; Booth et al. 1961; Snipes 1977). Because the high bacterial density in
the colon could potentially lead to differences in the uptake of FA into epithelial cells, FAs were also
measured in colon tissue for the mice fed with chow-HFD and sampled six hours after gavage with the
labelled lipids. However, we observed only a trend towards lowest levels in C. aerofaciens-
monocolonised mice (the opposite of the trend towards highest levels of labelled lipids in the plasma
of these mice) without statistical significance. Faster systemic absorption of lipids in the colon of
C. aerofaciens-monocolonised mice could explain these observations. To draw definitive conclusions,
it would have been necessary to extend the measurements of lipids to additional time points in colon

tissue and other compartments.

To study the influence of C. aerofaciens on lipid absorption, the results of two gnotobiotic experiments
were combined. In the first experiment a separation of measured FA levels due to sex was observed in
some groups, therefore the second experiment was done with male mice only. Especially for D5-
palmitic acid and D31-palmitic acid measured in plasma of C. aerofaciens-monocolonised mice fed
chow-BA diet and sampled one hour after gavage, a clear separation of data from male and female
mice was observed in experiment 1. However, when combining the results of both experiments, the
values of the male mice in experiment 2 clustered together with the values of the female mice in

experiment 1, suggesting a cage rather than a sex effect, despite considering litter and cage effects
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during experimental planning. In general, some inter-individual variation was observed, but the
measured FA values from experiment 1 and 2 clustered well together, confirming the accuracy of the

measurements.
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5.4 Occurrence of lipase-positive bacteria in human stool from a population study

Associations between the occurrence of lipase-positive bacteria in human stool and host metabolic
parameters were analysed using data from 338 participants of the KORA population study. The
analysed participants were aged between 39 and 73 years old, slightly dominated by men (58%), and
more than 70% were obese or overweight. Faecal microbiota profiles were determined using 16S rRNA
gene amplicon sequencing, and individuals taking antibiotics were excluded to avoid confounding
effects. Use of the antidiabetic drug metformin is also known to alter the gut microbiota composition
and may be a potential confounding factor, especially in studies involving T2D (de la Cuesta-Zuluaga et
al. 2017; Forslund et al. 2015). However, in this analysis no significant difference between the three
microbiome de novo clusters and metformin intake was found. Therefore, metformin intake was not
considered a confounding factor. Also, no other confounders influenced by the microbiota profiles
were identified, and the regression analysis was only corrected for the standard confounding factors

age and sex.

The overall relative abundance of lipase-positive bacteria ranged from 2.8% to a maximum of 65.1%
with a median value of 25.7%. This potentially high lipase-positive fraction of the microbiota highlights
the importance of studying their effect on host metabolism. Linear regression analysis revealed highly
significant positive associations between the relative abundance of lipase-positive bacteria and visceral
fat at the level of the naval and blood triglyceride levels. Significant positive associations were also
identified for other visceral and total fat mass variables, fat content in the liver, BHI, and the blood
parameters LDL cholesterol and insulin levels two hours after OGTT. Previous studies have already
found links between changes in the microbiota profiles and body weight, BMI, or blood parameters
associated with lipid metabolism, but the potential role of lipase-positive bacteria in this was not
studied. For example, Fu et al. (2015) studied participants of the LifeLines-DEEP population cohort
(n=893) and found that that the gut microbiota explains 4.5% of the variance in BMI, 6% in
triglycerides and 4% in HDL, independent of age, sex, and host genetics. Also, Yun et al. (2020) found
significant associations between gut microbiota diversity and composition and triglyceride levels
(n=1,141). Interestingly, fibre intake was the only variable negatively associated with the lipase-
positive fraction in our analysis, suggesting a potential dietary influence on gut microbial composition
and lipolytic activity. Dietary fibre is known to impact gut microbiota ecology, host physiology and
health (Makki et al. 2018). Our results indicate that a fibre-rich diet could antagonize lipase-positive
bacteria or enhance the growth of lipase-negative bacteria, however, further investigations would be
needed to confirm this assumption. The overall results indicate a link between the relative abundance
of lipase-positive bacteria in stool and host metabolic parameters, related to body composition (e.g.,
visceral fat and liver fat content) and lipid metabolism-related blood parameters. The occurrence of

lipase-positive bacteria could possibly lead to a modulation of lipid digestion and absorption in the
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intestine by modulating the amount of available free FAs in the intestinal lumen. Alternatively indirect
effects could play a role, or the relative abundance of lipase-positive bacteria could be only a proxy for

different microbiota profiles affecting lipid metabolism through unknown mechanisms.

While the findings are promising, the analysis has some limitations. The faecal microbiota profiles were
analysed by 16S rRNA gene amplicon sequencing, with subsequent BLAST searches at a 97% cutoff for
species identification. This approach, however, offers only limited taxonomic resolution. The use of
shotgun metagenomic sequencing would enable the analysis of community composition at the strain
level and the analysis of the functional potential of the microbiota, which could provide additional and
more precise information on the relative abundance of lipase-positive bacteria. Furthermore, the way
to calculate the relative abundance of the lipase-positive fraction is relying on the assumption that all
OTUs with 97% identity to known lipase-positive bacteria (V3-V4 region of the 16S rRNA gene) are also
lipase-positive. On the one hand, this assumption could overestimate the number of lipase-positive
bacteria, as it is not clear whether all bacteria with 97% identity in the 16S rRNA gene actually have
lipase activity. On the other hand, the calculation is based on a screening of a limited number of isolates

for lipase activity, which could lead to an underestimation of the lipase-positive bacteria.
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6. Conclusion and outlook

The aim of my PhD thesis was to understand whether and how Coriobacteriia have causal effects on
host metabolism. In the four parts of this thesis, | explored the complex interactions between gut
microbiota, lipid metabolism and absorption, and host physiology, with a particular focus on the

Coriobacteriia species E. lenta and C. aerofaciens.

The addition of E. lenta to the synthetic community OMM12 triggered significant changes in the colon
metabolome of mice. The observed increase in latifolicinin C acid levels and reductions in creatine,
sarcosine, N,N-dimethylarginine, and N-Acetyl-DL-methionine suggest that E. lenta possesses unique
enzymatic capacities that could have implications for host metabolism and health. However, further
proof is needed and the mechanisms are unclear. The liver proteome was not affected by E. lenta
colonisation. However, the different diets had a significant effect on both colon metabolome and liver
proteome. These findings highlight the complexity of host-microbe interactions, with diet having a key
influence on metabolic outcomes. Genetic tools and phages available for targeted manipulation of
E. lenta could help to accelerate future research into its role in gut microbiome-host interactions

(Bisanz et al. 2020; Dong et al. 2022; Sprotte et al. 2022).

The colonisation experiments performed with A. mucosicola, C. aerofaciens, E. lenta, and L. parvula
highlighted the challenges associated with colonising GF mice with Coriobacteriia. Despite previous
successes in similar experimental setups, none of the four strains were able to successfully engraft in
the gut. Factors such as the host origin of the bacterial strains and dietary composition may influence
the success of colonisation. Additional investigations would be needed to determine why the strains
failed to colonise the mice and to identify alternative strategies that might improve colonisation.
Although colonisation with four Coriobacteriia strains was unsuccessful, the differences between GF
and SPF mice in terms of intestinal physiology and metabolism could be investigated. Most
interestingly, small intestinal length was reduced by complex colonisation regardless of diet groups,
which were associated with significantly different colonisation profiles. However, the reason and
underlying mechanisms for this phenotype remain unclear and further work is needed. For instance,
GF mice could be treated with filtered faecal water to investigate whether bacterial metabolites are

sufficient to induce the small intestinal shortening.

C. aerofaciens has in vitro lipolytic activity. To investigate whether it influences intestinal lipid
absorption in combination with diets high in fat or supplemented with primary BAs, deuterium-labelled
lipids were gavaged to monocolonised mice and their levels in plasma and other tissues were
measured after one or six hours. Although a trend towards increased lipid absorption was observed,

statistical significance was not achieved compared to GF mice. Further studies with more animals
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would be needed to validate the potential effect of C. aerofaciens on lipid absorption. In addition, to
analyse the specific role of bacterial lipolytic activity, genetic engineering to knockout or overexpress
the C. aerofaciens lipase gene would be required. Although this study has not definitively proven that
C. aerofaciens plays a role in improving lipid absorption, it provides a foundation for further research

in this direction.

To elucidate the potential clinical relevance of dominant lipase-positive bacteria, including
C. aerofaciens, their relative abundance in human stool was studied in 338 participants from the KORA
cohort in relation to host body parameters. There was an association between the lipase-positive
fraction of faecal microbiota and several metabolic parameters related to fat distribution and lipid
metabolism. However, further research is needed to confirm these associations across larger cohorts
and to investigate the underlying mechanisms. The results of this analysis highlight the importance of
the gut microbiota for metabolic health and lay the groundwork for future research. Understanding
these relationships may in the future open new avenues for interventions targeting the intestinal

microbiota to modulate lipid metabolism and improve metabolic health.

In summary, multiple gnotobiotic mouse experiments and the analysis of data from a human cohort
were conducted to investigate the influence of intestinal Coriobacteriia, which can metabolise BAs and
express lipases, on host metabolism. One major challenge was the difficulty to colonise GF mice with
these bacteria. Our findings indicate that E. lenta colonisation can affect metabolites in the gut. Trends
related to changes in lipid absorption due to C. aerofaciens require additional validation. The analysis
of the occurrence of dominant lipase-positive bacteria within human stool revealed associations with
metabolic body parameters, underscoring their relevance to human health. Overall, the results of this

this PhD thesis provide further evidence for the role of Coriobacteriia in metabolic health.
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Figure S1: Effect of complex colonisation and diet on lung volume and femur density. A Lung volume in mm?2 measured via
UCT scans. B Femur density in Hounsfield units measured via puCT scans. In all figure panels, dots represent the values for
individual mice and black bars indicate mean values. Statistics: * adj. p < 0.05, ** adj. p < 0.01; two-way ANOVA followed by
Tukey test; significant differences are only indicated for comparisons between the same colonisation or diet groups.
Abbreviations: CD, control diet; CD-BA, control diet supplemented with 0.1% CA and 0.1% CDCA; HFD, lard-based high-fat

diet with 48 kl% fat; HFD-BA, high-fat diet supplemented with 0.1% CA and 0.1% CDCA.
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Table S1: Descriptive statistics and results of one-way ANOVA for the analysed KORA sub-cohort by three de novo clusters
of the faecal colonisation profiles. Faecal colonisation profiles were analysed by 16S rRNA gene amplicon sequencing and
de novo clustering was applied, identifying three native microbiota clusters. The first columns show the descriptive statistics
for the three clusters, including the number of participants (n), the mean, and the standard deviation. The last two columns
show the results of the one-way ANOVA with Benjamini-Hochberg adjustment, performed to identify variables with
significant differences between the three clusters.

descriptive statistics
one-way ANOVA
cluster 1 cluster 2 cluster 3

variable

standard standard standard p- adjusted

n mean P n mean . as n mean P

deviation deviation deviation | value p-value
Appendicular muscle mass |, 7.65 112 | 140 7.92 127 | 89 8.09 136 | 0.040 0.461
index [kg/m2] (Kyle)
HOMA-IR (homoeostasis
model assessment of 100 2.52 1.66 | 129 2.82 201 | 84 3.30 2.66 | 0.045 0.461
insulin resistance)
Lean Body Mass Index 109 18.39 227 | 140 18.93 257 | 89 19.30 2.75 | 0.037 0.461
[kg/m2] (Kyle)
Physical Activity in 109 211 1.07 | 140 245 114 | 89 253 123 | 0.019 0.461
Categories
::ltj'/"l)g Insulin in Serum 109 10.47 6.78 | 139 10.81 671 | 89 12.86 9.32 | 0.057 0.467
Waist-Hip-Ratio 109 0.90 0.09 | 140 0.92 0.09 | 89 0.93 0.09 | 0.086 0.588
Body Mass Index (kg/m2) 109 27.37 4.84 | 140 28.25 469 | 89 28.73 519 | 0.133 0.723
'(;';‘;'T';' in Serum (2h after 99 59.82 51.07 | 128 65.89 7433 | 80 79.75 74.76 | 0.141 0.723
Alcohol onsumption (g/day) | 109 18.12 2235 | 140 16.78 2537 | 89 2033 23.91 | 0.553 0.742
Age [years] 109 56.07 8.63 | 140 55.11 9.19 | 89 57.25 10.15 | 0.235 0.742
Dietary Cholesterol 87 285.65 66.09 | 111 294.03 69.35 | 72 296.58 64.82 | 0.546 0.742
[mg/day]
Dietary MUFAs [mg/day] 87 2645942  5409.96 | 111 2765599  6507.82 | 72  27489.25  5709.03 | 0.342 0.742
Energy (kilojoule) [k1/d] 87 753057 149468 | 111  7798.68  1880.11 | 72 7772.98  1562.05 | 0.498 0.742
Energy (kilocalories) 87 1797.83 356.73 | 111 1862.23 449.19 | 72 1855.71 373.24 | 0.495 0.742
[kcal/day]
Dietary Fat [mg/day] 87 7478854 1484310 | 111 7820071 1737306 | 72 7785611 1490035 | 0.287 0.742
Left liver lobe fat content,
HISTO measurement [5] 107 7.09 672 | 135 8.29 8.44 | 86 8.62 8.38 | 0.348 0.742
Right liver lobe fat content, | , 8.68 733 | 136 10.13 9.73 | 86 10.28 8.99 | 0.346 0.742
HISTO measurement [%]
(F:;I':')ass Index [kg/m2] 109 8.99 3.49 | 140 9.33 3.09 | 89 9.43 3.40 | 0.601 0.742
Pack Years 108 13.08 18.60 | 133 14.15 2039 | 88 11.48 17.88 | 0.598 0.742
Total Cholesterol (mg/dI) 109 221.00 38.04 | 140 216.71 35.03 | 89 217.21 3425 | 0.615 0.742
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Total fat from femoral head

R 105 12.01 5.03 | 136 12.85 5.27 | 84 12.95 5.77 | 0.379 0.742
to cardiac apex [l]
Dieraty SAFAs [mg/day] 87 33703.23 7138.14 | 111 35444.88 7967.81 | 72 35166.42 6644.91 | 0.230 0.742
HDL cholesterol (mg/dl) 109 63.77 17.65 | 140 61.59 18.04 | 89 60.99 17.05 | 0.488 0.742

HOMA-beta (homoeostasis
model assessment of beta- 100 105.02 56.25 129 109.64 56.32 84 118.13 66.20 | 0.320 0.742
cell function) in %

hs C-reactive protein (EDTA

c 107 2.53 3.83 | 139 1.98 2.46 | 89 2.40 3.58 | 0.380 0.742
plasma) in mg/L

Dietary Carbohydrates, 87 186144.69 4033616 | 111 196870.65 58597.64 | 72 195702.43 47784.94 | 0.293 0.742
absorbable [mg/day]

Dietary PUFAs [mg/day] 87 962431 233165 | 111 1002112  2562.18 | 72 9996.90  2545.89 | 0.489 0.742

Mean fat content of the
liver at the level of the 107 7.56 7.16 136 8.75 9.11 84 9.33 8.82 0.326 0.742
portal vein [%]

Dietary Omega-3 fatty acids

87 1542.10 494.43 | 111 1490.78 389.15 | 72 1555.32 46757 | 0.574 0.742
[mg/day]
Dietary Omega-6 fatty acids | o, 8072.81  2028.22 | 111 852057 227330 | 72 8432.27  2180.95 | 0.334 0.742
[mg/day]
subcutaneous fat at the 106 271.72 114.74 | 137 291.11 113.17 | 85 281.72 119.74 | 0.430 0.742
level of the navel [cm?]
subcutaneous fat from
femoral head to cardiac 105 7.73 3.44 136 8.36 3.52 84 8.18 4.18 | 0.413 0.742
apex [I]
Visceral fat at the level of 107 146.29 87.00 | 138 149.63 86.63 | 85 158.40 83.02 | 0.611 0.742
the navel [cm?]
Visceral fat from femoral 107 431 263 | 138 455 272 | 85 482 259 | 0.417 0.742
head to cardiac apex [l]
Dietary Fibre [mg/day] 87  16724.16  4380.97 | 111 1624005 431491 | 72 1640894  4097.91 | 0.730 0.828
Glucose value 2 in serum
100 113.82 34.18 | 128 112.98 4235 | 80 117.41 4239 | 0.726 0.828

(after OGTT) (mg/dl)
LDL cholesterol (mg/dl) 109 14137 34.80 | 140 138.51 3279 | 89 140.53 3142 | 0.782 0.828
(F:g'}:f)G'"mse in Serum 109 104.67 30.14 | 139 102.76 17.29 | 89 104.03 16.75 | 0.788 0.828
Triglycerides (mg/dl) 109 126.96 93.15 | 140 134.53 88.94 | 89 132.51 68.12 | 0.780 0.828
Dietary Protein [mg/day] 87  69234.04 1426569 | 111  70343.61 1464199 | 72  69699.25 14216.43 | 0.863 0.863

)
Body Fat Percentage [%] 109 31.94 7.37 | 140 32.42 6.65 | 89 32.11 6.74 | 0.857 0.863

(Kyle)
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Table S2: Baseline characteristics of the analysed KORA sub-cohort by quartiles of the lipase-positive fractions for
categorical variables. The total number of participants with available data and the number of participants in each category
are shown in the first column (N). Following, the percentage of participants in each category are shown for each quartile of
the lipase-positive fraction (Q1-4).

Characteristics N Qi1 Q2 Q3 Q4
Sex 338

male 196 48.8 56.5 58.8 67.9

female 142 51.2 43.5 41.2 321
Physical activity in categories 338

regularly more than 2 hours per week 98 32.1 28.2 24.7 31.0

regularly approx. 1 hour per week 106 31.0 31.8 43.5 19.0

irregularly approx. 1 hour per week 48 9.5 16.5 12.9 17.9

almost no or no sporting activity 86 27.4 235 18.8 32.1
Smoking behaviour 338

regular smoker 57 17.9 21.2 10.6 17.9

irregular smoker 10 3.6 2.4 2.4 3.6

ex-smoker 148 41.7 38.8 49.4 45.2

never smoker 123 36.9 37.6 37.6 33.3
Metabolic Syndrome 338

yes 125 34.5 32.9 31.8 48.8

no 213 65.5 67.1 68.2 51.2
Myocardial infarction treated as an inpatient 338

yes 0 0.0 0.0 0.0 0.0

no 338 100.0 100.0 100.0 100.0
Angina Pectoris 336

yes 18 6.0 4.8 4.7 6.0

no 318 94.0 95.2 95.3 94.0
Stroke treated as an inpatient 338

yes 0 0.0 0.0 0.0 0.0

no 338 100.0 100.0 100.0 100.0
Metformin Intake 338

yes 23 8.3 3.5 8.2 7.1

no 315 91.7 96.5 91.8 92.9
Intake of digestives 338

yes 1 0.0 0.0 1.2 0.0

no 337 100.0 100.0 98.8 100.0
Intake of medication for neurological diseases 338

yes 21 7.1 4.7 5.9 7.1

no 317 92.9 95.3 94.1 92.9
Medication intake in the last 7 days 338

yes 253 73.8 74.1 70.6 81.0

no 85 26.2 25.9 29.4 19.0
Antidiabetic medication 338

yes 25 9.5 4.7 8.2 7.1

no 313 90.5 95.3 91.8 92.9
Intake of proton pump inhibitors 338
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yes 20 2.4 7.1 5.9 8.3
no 318 97.6 92.9 94.1 91.7
Intake of antihypertensives 338
yes 85 29.8 22.4 21.2 27.4
no 253 70.2 77.6 78.8 72.6
Intake of lipid-lowering agents including herbal
substances 338
yes 37 11.9 11.8 8.2 11.9
no 301 88.1 88.2 91.8 88.1
Intake of antidepressants 338
yes 15 4.8 3.5 4.7 4.8
no 323 95.2 96.5 95.3 95.2
Antineoplastic and immunomodulating agents 338
yes 5 0.0 2.4 3.5 0.0
no 333  100.0 97.6 96.5  100.0

Table S3: Baseline characteristics of the analysed KORA sub-cohort by quartiles of the lipase-positive fractions for
continuous variables. The total number of participants with available data and the mean of the variables for each quartile of
the lipase-positive fraction (Q1-4) is shown.

Characteristics N Ql Q2 Q3 Q4
Age [years] 338 56.99 57.07 55.33 54.54
Body Mass Index (kg/m2) 338 27.09 28.15 27.99 29.15
Waist-Hip-Ratio 338 0.91 0.91 0.91 0.93
Body Fat Percentage [%] (Kyle) 338 32.32 32.39 31.59 32.46
Fat Mass Index [kg/m2] (Kyle) 338 8.96 9.30 9.03 9.69
Lean Body Mass Index [kg/m2] (Kyle) 338 18.13 18.86 18.96 19.46
Appendicular muscle mass index 338 7.51 7.86 7.95 8.18
[kg/m2] (Kyle)

Pack Years 329 13.86 15.21 11.05 12.11
Alcohol consumption (g/day) 338 15.90 19.38 17.38 19.92
Fasting Glucose in Serum (mg/dl) 337 101.10 103.48 105.74 104.53
Glucose value 2 in serum (after OGTT) 308 111.23 116.25 112.05 117.86
(mg/dl)

Fasting Insulin in Serum (mU/I) 337 10.14 11.64 10.90 12.31
Insulin in Serum (2h after OGTT) 307 56.69 66.13 64.49 82.48
HOMA-IR (homoeostasis model 313 2.48 2.99 2.75 3.17
assessment of insulin resistance)

HOMA-beta (homoeostasis model 313 104.93 112.11 108.72 115.79
assessment of beta-cell function) in %

Total fat from femoral head to 325 11.63 12.74 12.11 13.93
cardiac apex [l]

Visceral fat from femoral head to 330 4.00 4.57 4.38 5.22

cardiac apex [I]
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subcutaneous fat from femoral head 325 7.72 8.18 7.75 8.82
to cardiac apex [I]

Visceral fat at the level of the navel 330 128.98 151.75 143.30 179.09
[em?]

subcutaneous fat at the level of the 328 266.17 285.14 273.19 305.22
navel [cm?]

Right liver lobe fat content, HISTO 329 7.79 10.09 8.74 12.07
measurement [%]

Left liver lobe fat content, HISTO 328 6.65 7.94 7.54 9.74
measurement [%]

Mean fat content of the liver at the 327 7.10 8.65 7.58 10.61
level of the portal vein [%]

Total Cholesterol (mg/dl) 338 214.48 218.55 219.99 219.87
HDL cholesterol (mg/dl) 338 66.48 62.28 60.23 59.57
LDL cholesterol (mg/dl) 338 136.87 139.02 142.20 141.74
Triglycerides (mg/dl) 338 105.88 128.18 137.63 154.52
hs C-reactive protein (EDTA plasma) 335 2.05 2.29 2.02 2.71
in mg/L

Dietary SAFAs [mg/day] 270 34108.08 33896.28 35742.68 35463.80
Dietary MUFAs [mg/day] 270 26609.03 26566.57 27903.10 27805.77
Dietary PUFAs [mg/day] 270 9701.22 9724.61  10249.59 9867.02
Dietary Omega-3 fatty acids [mg/day] 270 1581.51 1533.58 1514.10 1469.19
Dietary Omega-6 fatty acids [mg/day] 270 8110.45 8182.08 8725.52 8387.92
Dietary Cholesterol [mg/day] 270 288.23 288.91 302.61 288.20
Energy (kilocalories) [kcal/day] 270 1807.56 1796.95 1872.23 1880.96
Dietary Protein [mg/day] 270 69284.98 68842.83 71727.23 69373.39
Dietary Fat [mg/day] 270  75400.78 75195.45 79070.79 78316.99
Dietary Carbohydrates, absorbable 270 191165.43 188671.67 195687.61 196756.89
[mg/day]

Dietary Fibre [mg/day] 270 17037.67 16383.19 16962.61 15379.14
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