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Prelude

The present manuscript summarizes the outputs of my research activities in the field
of gut microbial ecology since the official start of my Habilitation in May 2010. It is a
cumulative work based on scientific papers published within the last 4 years. There
should be no need of saying this, but as the rewards of collaborative effort in science
get sometimes lost, | wish to make this clear from the start: | have been the major
driver of the research outputs presented throughout the text, but | received of course
intellectual, technical and infrastructural input from mentors, colleagues, team
members in my junior group, and external collaborators, most of whom appear in the

author lists of selected publications.

Part | of this Habilitation manuscript is divided into three chapters that respectively
introduces some key concepts in the field, summarizes results, and gives some
perspectives. Chapter 2 (the presentation of results and my research strategy) is the
core of part | and is also divided into three sections according to my main research
interests: (1) Microbiota diversity; (2) Nutrition and microbiome; and (3) Microbe-Host
interaction. For the sake of clarity, each page of these sections is marked with the
appropriate number (1, 2 or 3) in the right margin. In each of these three sections, |
not only present major findings of my research on the corresponding topic, | also
explain the rationale behind the work, detail some major accomplishments, and give
opinions. That is, the present manuscript can be considered as the foundation of my

research in the next few years.

Part Il is the compilation of peer-reviewed original work published in scientific
journals or as book chapters, which make up the backbone of part |. These
publications are sorted as well into the three sections (1) “Microbiota diversity”,
(2) “Nutrition and microbiome”, and (3) “Microbe-host interaction”. As in part I, for the
sake of clarity, each page of these papers is numbered in the right margin according

to the section to which the given publication belongs.
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Summary

The gut microbiota refers to the communities of microorganisms living in our
intestine. When taking their genomes into account, the term in use is microbiome.
Pioneering work with germfree animals already highlighted the importance of the gut
microbiota for host physiology in the 1960’s. However, it has received a lot of
attention again over the last decade, mainly due to major developments in the field of
metagenomics. However, the time has come to provide specific and mechanistic
evidence for the role of gut microbes in health, which must go beyond general and

descriptive assessment of the ecosystem.

My primary interests in the field of microbial ecology are the study of intestinal
bacterial diversity and the interactions between commensal bacteria and their
environment (diet and host). | now see the chance to build on my expertise in the
study of gut microbiota using both molecular and classical techniques in order to
develop new lines of research on the implementation of novel metagenomics and
culture-based approaches, as well as the impact of gut microbiota on molecular
mechanisms underlying metabolic disorders. In the present work, my aim is to
highlight the importance of cultivating bacteria, besides the need to improve the
resolution of molecular tools (in vitro and in silico) for description of global and
sample-specific diversity. | will show that the study of diversity can serve the purpose
of translational research in experimental models for investigating specific features of
the gut microbial ecosystem in relation to diet and the host. In particular, | will present
data on the interaction between bacteria and plant polyphenols as well as the effect
of dietary fat on bacterial communities, thereby highlighting special features of one

specific bacterial family in the mammalian gut, the Coriobacteriaceae.
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Zusammenfassung

Der Mensch besteht aus korpereigenen Zellen und Billionen von Mikroorganismen,
die viele seiner Korperteile kolonisieren. Der Darm beherbergt das dichteste dieser
mikrobiellen Okoysteme, die sogenannte Darmmikrobiota. Bakterien sind
Hauptbestandteile dieser Mikrobiota und haben komplexe und dynamische
Wechselwirkungen mit dem Darm-assoziierten Immunsystem. Daruber hinaus steht
die Physiologie des Wirtes unter permanentem Einfluss des Wechselspiels zwischen
Bakterien im Darm und Lebensmittelbestandteilen aus der Nahrung. Dadurch
beeinflussen Darmbakterien die Entstehung von vielen Infektionen und chronisch
entzindlichen Erkrankungen (z.B. Allergien, Krebs, Darmentzindungen und
Diabetes). Die Einsetzung therapeutischer bzw. praventiver Interventionen zur
gezielten Modulierung der Darmmikrobiota scheint vielversprechend zu sein, ist aber

aus zwei Hauptgrinden eingeschrankt:

- Viele Bakterien im Darm sind immer noch unbekannt. Neuste Entwicklungen im
Bereich der molekularen Analyse von mikrobiellen Populationen haben wichtige
Einsichten in die Vielfalt der Darmmikrobiota ermdglicht, jedoch auf Kosten von
klassischen Kultivierungsmethoden. Weitere Untersuchungen zur Identifizierung
und Beschreibung von Darmbakterien durch die Kombination von molekularen und
Kultur-abhangigen Techniken sind notwendig.

- Studien Uber das Zusammenspiel zwischen Nahrung und Darmbakterien und Uber
die Rolle der Darmmikrobiota fur die Aufrechterhaltung der Gesundheit bzw. die
Entstehung chronisch entzindlicher Erkrankungen sind sehr haufig deskriptiv, d.h.
unterliegende molekulare Mechanismen bleiben unerforscht. Untersuchungen
mussen spezifisch werden und dazu dienen, dass mehr detaillierte mikrobielle

Mechanismen zur Regulierung von gezielten Wirtsfunktionen identifiziert werden.

Zusammenfassend lasst sich sagen, dass die Erforschung der Darmmikrobiota von
hoéchster Relevanz fir die Gesundheit des Menschen ist. Diese Habilitationsschrift
fasst die Ergebnisse meiner Arbeit der letzten vier Jahren im Bereich der bakteriellen
Diversitat, der Interaktion zwischen Nahrung und Darmbakterien, und der Rolle von

Darmbakterien in metabolischen Erkrankungen zusammen.
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Résumé

Le microbiote intestinal des mammiferes est un écosystéme complexe et dynamique,
qui regroupe une diversité trés importante de microorganismes, notamment des
bactéries. Ces bactéries jouent un rble prépondérant dans la régulation d’une
multitude de fonctions physiologiques de l'espéce hoéte, telles que les réponses
immunitaires et les réactions métaboliques. Ces dix derniéres années, I'avénement
de techniques moléculaires d’analyse a haut-débit du microbiote intestinal a
révolutionné notre vision de la complexité et du potentiel fonctionnel des
communautés bactériennes. Cela a logiquement conduit a un regain d’intérét pour le
microbiote intestinal vis-a-vis de possibles applications dans le domaine de
alimentation et de la médecine. Cependant, la recherche dans le domaine a d’ores
et déja atteint certaines limites, notamment par 'accumulation de données purement
descriptives et le manque d’évidences fonctionnelles détaillant les mécanismes

précis d’interaction entre I'hote et son microbiote.

Ce manuscrit résume les résultats de mes recherches dans le domaine du
microbiote intestinal au cours des quatre derniéres années. Ces résultats ont pour
but d’illustrer I'importance de développer de nouvelles approches robustes d’analyse
du microbiote, non seulement vis-a-vis de I'exploitation des quantités massives de
données accumulées dans les bases de données, mais aussi de la pertinence
d’intensifier les efforts de recherche sur la base de techniques traditionnelles de
culture. En effet, les travaux de culture permettent d’accroitre notre connaissance de
la diversité bactérienne ainsi que les possibilités d’études transverses dans le
domaine de la nutrition et de la santé. Je vais ainsi présenter mes travaux en cours
sur I'établissement de consortiums bactériens modélisant un écosystéme complexe
basé sur la premiére collection-type de souches originaires de l'intestin de souris. Je
vais également exposer les données obtenues sur l'interaction entre le microbiote,
les micronutriments (polyphénols) et surtout les macronutriments (acides gras) de
'alimentation, détaillant plus particulierement l'intérét d’étudier le métabolisme de
composés dérivés du cholestérol par une famille particuliére de bactéries, les

Coriobacteriaceae.

13



Thomas Clavel Chapter 1 - Introduction

PART |

Chapter 1 - Introduction

1 Background information

Mammals are supra-organisms.

Microorganisms are fascinating from many aspects: they are precursor forms of life
that are found everywhere on earth;" 2 they represent a tremendous biomass and
their incredible diversity, boosted by the ability to evolve rapidly, make them a
timeless reservoir of Iife;3' 4 and, they have accompanied the emergence of more
complex organisms and thereby developed a wide array of relationship behaviors
with them, from parasitism to symbiosis.’ Following the work of pioneers such as
Louis Pasteur and Robert Koch, the last century of research on microorganisms has
been dominated by medical microbiology.® The heritage thereof was the consent that
communities of endogenous bacteria, referred to as “microflora”, are present yet
functionally not very important. In other words, many microbes explore niches for
growth in and on our body and are ignored (or tolerated) by the immune system, but
their functions were not given any particular attention. It has changed! Over the last

20 years, thanks to innovative technology-driven and experimental approaches, the
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Thomas Clavel Chapter 1 - Introduction

importance of mammalian body microbiota has become undeniable.” From an
evolutionary perspective, the human body can thus be considered as a supra-
organism made of not only own eukaryotic cells, but also the hundred trillions of
microorganisms that colonize various body sites such as the skin and the genital,
respiratory and gastrointestinal (Gl) tract. The Gl microbiota is referred to as the
assemblage of microbial communities and associated genomes (the microbiome)
colonizing all niches from the oral cavity to the rectum. These communities represent
a large pool of immune-activating molecules and carry out important metabolic
functions such as the conversion of host- and food-derived substrates, thereby
producing a broad variety of bioactive metabolites. For these reasons, the Gl
microbiota is known to influence host physiology, in particular metabolic and immune

homeostasis.® °
The gut microbiota is a complex and dynamic ecosystem.

In our intestine, communities of microbes are heterogeneous from proximal to distal
parts and from luminal to mucosal sites. However, a hallmark of these communities
along the Gl tract is the dominance of bacteria, even though Archaea (e.g. the
methane-producing species Methanobrevibacter smithii), eukaryotic microorganisms
such as fungi and protozoa as well as viruses are also present. When compared to
other environments, the intestinal microbiota consists primarily of only five of the 30
known bacterial phyla, i.e., the highest taxonomic level within the superkingdom
Bacteria (see www.bacterio.cict.fr or www.ncbi.nlm.nih.gov/Taxonomy), namely: the
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia.'
However, the diversity at low taxonomic levels is relatively high. Most recent
molecular studies refer to a thousand different bacterial species in total and even
more individual strains. This speaks in favor of intricate co-evolutionary forces that
have shaped microbe-host relationships in the gut. It is important to keep in mind that
most of the Gl microbiome research has been performed on fecal communities.
However, much of the dynamics occurring in the gut is most likely not reflected by
this type of analysis. Hence, the spatial distribution of intestinal bacterial populations

is a main issue that has started to be addressed in details."" 2
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As often in biology, the efficacy of one complex system (the Gl microbiota) is greater
than the sum of its biologically active parts (bacterial strains). For instance, one key
asset of the high diversity of our intestinal microbiota is that several bacterial species
can carry out one given function. This is referred to as “functional redundancy” (one
bacterium can take over the function of another if under environmental pressure the
latter is deemed to disappear), which ensures flexibility and is crucial to achieve
stability and ecosystem equilibrium overtime upon influence of various exogenous
stimuli.™ Hence, this is the high diversity of our intestinal microbiota that helps us
coping with the high diversity of exogenous chemical compounds that we ingest, and
helps us also priming our immune system properly. Still, in spite of this high diversity,
there are a few bacterial species (approx. 50), and by extension a few associated
bacterial functions, that make up the so called “core microbiome”, ie., the
assemblage of species/functions that are dominant (occur at high density) and show
a high prevalence (they are found in most individuals).’® " Despite this notion of a
core microbiome, each human being harbors its own Gl microbiota, as in the sense
of a personalized fingerprint. There are large inter-individual differences in both
intestinal bacterial composition (proportion of taxa) and diversity (qualitative pattern
of taxa), ie., even dominant bacterial groups are characterized by marked

quantitative variations between gut samples from different individuals.® "> 1

Individual GI microbiota profiles in adulthood depend on series of events affecting the
ecosystem throughout life, especially early life. At birth, the human body gets
colonized by microorganisms from the environment. Primary colonizers (aerobic or
facultative anaerobic bacteria) help establishing a reduced environment suitable for
subsequent colonization by strict anaerobes, which largely dominate the ecosystem
in adulthood. In infants below 1-2 years of age, the Gl microbiota is unstable and
composition highly fluctuates.'” Environmental factors have of course a key influence
in shaping gut bacterial communities, and nutrition plays an important role. For
instance, breast- vs. formula-feeding influences microbial colonization patterns,'® '
and the introduction of solid food has a strong impact on the diversity and functions
of the GI microbiome.?® In adults too, diet-microbiome interactions play important
roles. Fifteen years ago, the consensus was that the Gl ecosystem is table overtime
without major changes in diet."® 2" Next-generation sequencing generated the

concept that microbiota diversity and composition are associated with long-term
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dietary habits,?? but most of all that diet can also rapidly create important shifts in the
Gl microbiota.?> One likely interpretation of these discrepancy is that diet-induced
variations in the Gl microbiota depend on bacterial populations (most prevalent and
dominant species are likely to be more stable) and on the amplitude of changes in
diet (daily variations in food intake do not drastically change individual-specific Gl
microbiota profiles, at least as analyzed in a cumulative manner in fecal materials).
Nevertheless, it is also very likely that variations within the ecosystem follow a much

faster dynamic at the functional level.?* 2°

The Gl microbiome influences health, but molecular mechanisms are not well

characterized.

Environmental factors that shape the gut microbiota are of course not restricted to
nutrition. The old-friends hypothesis states that the loss of stimuli by exogenous
microbes in Western societies, due for instance to high hygiene status and the
abusive use of antibiotics in the last decades, has perturbed hard-wired molecular
mechanisms that control host physiology development, thereby contributing to the
increasing incidence of chronic immune-mediated and metabolic diseases such as
diabetes, allergies, inflammatory bowel diseases, and even neurodegenerative
disorders.?® This is supported for example by the fact that infants born in rural vs.
urban environments in developed countries are at lower risk for allergic disorders
such as asthma.?” Delivery mode at birth (vaginal delivery vs. caesarian section)
influences microbial colonization patterns,?® and children born by caesarian section
have a higher risk to develop allergies, showing that early life events can dictate the
health becoming of an individual.? In infancy, and very often thereafter, the intestinal
ecosystem is challenged by infectious agents and antibiotic therapies. In most cases
in adult subjects, the ecosystem shows resilience thanks to its diversity, i.e., it comes
back to its original state after challenge. However, in some cases, and likely more
frequently during infancy where microbial populations are not yet fully stabilized, the
ecosystem or at least specific community niches can be permanently affected.*
Altogether, this variety of colonization and challenging events partly explains why
certain individuals harbor specific bacteria in their gut and others do not, and the
latter group of subjects obviously lacks the functions expressed by absent or
subdominant bacterial species. In combination with genetic predispositions, this can

favor the development of chronic diseases.

17



Thomas Clavel Chapter 1 - Introduction

The use of potentially beneficial bacteria (primarily from food) to improve health was

investigated more than a century ago.®'

However, our understanding of the
importance of endogenous microflora really started to change in the 1960’s. By using
innovative approaches based on anaerobic culture techniques and gnotobiology,
pioneer scientists including Dubos, Holdemann, Hungate, Moore, Savage, and
Schaedler generated important findings on the role of commensal bacteria in the
control of host physiology, including energy homeostasis and the exclusion of
pathogens.**® This work has been overruled in recent years by the incredibly high
interest in the scientific community and broadcast media driven by major advances in
molecular microbial ecology and by the establishment of large-scale research
consortia studying microbiomes.” ' However, this came at a cost: whereas the
research community has been really good at describing the gut microbial ecosystem
in depth, there is still a paucity of functional data on microbial components of
particular importance and associated mechanisms of actions. The use of antibiotics,
fecal microbial transplantation, and gnotobiology has demonstrated the causal role of
microbiomes in health. For instance, studies on the transfer of gut contents to
recipient hosts proved that the presence of specific exogenous microbial
communities in the intestine can cause changes in host metabolic phenotypes.®
Moreover, state-of-the-art experimental studies highlighting the role of certain types
of bacteria and component thereof in regulating immune responses and metabolism
have also been published: short-chain fatty acids produced in the gut by bacterial
fermentation have multiple bioactive properties such as cell cycle regulation or
modulation of inflammatory and metabolic responses via the GPR41 receptor;37
polysaccharide A from Bacteroides fragilis was reported to influence CD4+ T-cells
differentiation;*® segmented filamentous bacteria are very effective in inducing Th17

responses;>®

a consortium of clostridia was shown to trigger expansion of Treg
populations;40 and other bacteria such as Akkermansia muciniphila and
Faecalibacterium prausnitzii may be beneficial to the host with respect to metabolic
health and inflammatory processes.*! > Nevertheless, the field has drown a lot of
attention on the complexity and importance of gut microbiomes, and the challenge is

now to provide more functional proof and to explain molecular mechanisms in details.
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2 Questions and objectives

We know to date that the gut microbiota is a complex ecosystem that is important for
health. We can also describe the ecosystem at the functional level (genes, proteins,
or metabolites), and have good knowledge of many of its dominant bacterial
members. Moreover, a number of particular species and associated mechanisms of
interactions with the host have been identified. In other words, the field is in good
shape, but a lot remains to be done. There is still a lot of microbial diversity that is
unexplored. Moreover, contradictory data have been published on the impact of diet
on GI microbial communities. Also, strong statements have been made on the major
impact of gut microorganisms on a variety of diseases, which contrasts with the few
corresponding molecular mechanisms that have been described, especially in the
field of obesity and associated co-morbidities. Hence, at least three main question

categories are still highly relevant to the field:

= Which bacteria other than species already described are in the gut and what do
they do? To what extent can we improve our view of gut microbial ecosystems via
the implementation of innovative culture-based and molecular approaches?

= What is the impact of dietary components on microbial communities, and inversely
what is the impact of bacterial metabolism on the fate of dietary compounds?

= Which molecular mechanisms explain that the Gl microbiome influences energy

homeostasis and the development of metabolic diseases such as type-2 diabetes?

In agreement with the questions addressed above, my main motivations in the field
are the study of gut bacterial diversity (from generation of hypotheses using
descriptive molecular tools to functionality using culture), the impact of dietary
components (primarily polyphenols, fat, fibers, pre- and probiotics) on intestinal
bacterial communities, and the impact of gut microbiota on host health, in particular
energy homeostasis and the development of metabolic diseases. The latter aspect of
my research relies on the use of state-of-the art human cohorts for assessment of the
clinical relevance of specific gut microbes for glucose homeostasis, and of
experimental models for translational research towards the understanding of
molecular mechanisms, especially via the establishment of model bacterial consortia
and the study of the gut-liver axis by using Coriobacteriaceae as models. In the next

chapter, | present milestones of my research of the last 4 years on these topics.
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Chapter 2 -

Main research activities and achievements

This chapter gives an overview of main results that | obtained recently doing
research on the gut microbiome. It is primarily based on the findings contained in the
compilation of publications shown below in part Il, including primarily own projects
but also work in collaboration (e.g. paper 7 and 8). However, the chapter also goes
beyond these findings as | present some of my main achievements at TUM, include
some yet unpublished data, and put results into perspectives. Hence, chapter 2 is the
core of the present Habilitation manuscript and can be seen as the foundation of my
research in the very near future. According to the objectives aforementioned, chapter
2 is divided into the following three main sections (selected publications in part Il are
categorized using these sections too): 1) the study of bacterial diversity in gut
environments using both culture-based and molecular approaches; 2) the interaction
between diet and the gut microbiome, including the biotransformation of dietary
components by gut bacteria and the impact of dietary factors on bacterial
communities; and 3) molecular mechanisms underlying microbe-host interactions in
health and diseases, with a primary focus on metabolic disorders and the gut-liver
axis. Of course, work in all three areas is inter-connected, i.e., the study of microbiota
diversity and composition by sequencing helps generating hypotheses and the use of
culture-based approaches is helpful to obtain specific bacteria, both of which are
relevant to topic 2 and 3. As a consequence, selected publications may be relevant
to several aspects of my research although placed in only one specific section in

part Il.
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1 Microbiota diversity

For a microbial ecologist, one prime, yet so far still unachievable quest is to gain an
exhaustive view of all community members in a given environment. To know what
types of microorganisms are present in a sample is a good start for appreciating the
functional potential of the community. Both culture-based and molecular techniques
allow description of diversity at various levels, each having particular strengths and
weaknesses as detailed below. The advent of high-throughput molecular methods
combined with explorative bioinformatics approaches now challenge the rationale
and conventions behind classical taxonomy to favor genome-wide function-based
classification of microorganisms. Scientists may argue about the most efficient and
unbiased system to be use for microbial classification, but one can at least agree on
the necessity to divide the continuum of highly variable microbial entities in a specific
environment into units that share a given similarity so as to have a common ground
for exchange of information. That being said, one should always remember that
microbial systems are in motion, for example via rapid exchange of genetic materials,
and do not mind classification norms established by microbiologists for the sake of
clarity. One additional point worth addressing here is that microbial ecosystems
consist of various microorganisms, including not only bacteria, but also viruses, fungi
and protozoa. Especially in the field of gut microbiology, the shortcut from microbiota
to bacteria is very often made. Even though bacteria seem to be most dominant
members of intestinal microbial communities, and bacteria are the focus of my
research, the influence of other types of microorganisms should always be
considered. In this context, in the next two sub-sections, | will detail the work | have
been doing on the description of gut bacterial diversity and composition using both

culture methods and omics technologies.
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1.1 Culturing is worth the effort

Gut bacteria are indeed very important for health homeostasis and the development
of chronic inflammatory diseases, and molecular tools have revolutionized our way to
look at gut microbial ecosystems. However, the massive accumulation and resource-
demanding analysis of data obtained in the course of non-targeted, high-throughput
molecular work has become a very narrow bottleneck. Major challenges of the
current post-omics era not only relate to meaningful interpretation of large-scale
descriptive datasets obtained by non-targeted studies (see below; sub-section 1.2;
p22), but also to the mechanistic understanding of ecological processes underlying
microbe-microbe and microbe-host interactions in hypothesis-driven manners. In the
latter case, classical culture-based approaches are very important. However, the
study of mammalian gut bacteria using culture techniques has been neglected in
recent years. The rush on using new molecular tools led to the misleading
assumption that culturing bacteria is not worth the effort. Obtaining bacteria in culture
is not only of benefit to omics approaches in the long run thanks to the amendment of
genomic databases via description and characterization of novel taxa, it is also
essential for the establishment of simplified models to study bacterial functions of
particular relevance. | believe that the field does need classic microbiological

expertise to feed requirements for state-of-the-art functional studies.

When compared with frequent and misleading statements made in the literature on
the vast majority of gut bacterial communities being not cultivable, state-of-the-art
work by Goodman et al.** reported that 56 % of 16S rRNA reads in a human fecal
sample belong to readily cultured species, and this proportion will increase thanks to
additional culturing effort.** A recent review paper by Walker and colleagues* also
nicely illustrated that most of the dominant molecular species detected by molecular
analysis actually have representative strains in culture. That being said, many less
dominant species, which may also carry out important metabolic functions for
instance, are still unknown. It is of course also true that culture-based work is biased;
but so is molecular description of the ecosystem. Instead of repeatedly stating that
bacteria are not cultivable, we must take on the challenge to discover new taxa for
the purpose of improving our view of bacterial diversity. One of my main contributions

to the field of gut microbial ecology in recent years has been the identification and

22



Thomas Clavel Chapter 2 - Main research activities and achievements

characterization of novel bacteria from the human and mouse intestine, including the
study of their genomes and metabolic functions. Hence, | have described new
species and genera within the phylum Firmicutes, e.g., Acetatifactor muris (PAPER
3) and Streptococcus danieliae (PAPER 5). | have also contributed to the recent
bloom in description of novel members of the family Coriobacteriaceae, with for
example the new genera Enterorhabdus (PAPER 2) and Parvibacter (PAPER 4).
More details on this particular family of bacteria is provided below in section 3 (from
p35 on).

As an example of the relevance of culturing bacteria for downstream analysis of their
functions in vitro, we have isolated and characterized one novel butyrate producer
from the mouse gut, Intestinimonas butyriciproducens (PAPER 6). Interestingly,
collaborators at the Wageningen University isolated one strain of the same species
from human feces. Since there is evidence from the literature that the origin of
bacterial strains matters for the development of immune functions and the adaptation
of bacteria to colonization,*® *’ | currently focus on comparative functional analysis of
these bacteria as well as the effect of colonization of mice by the two strains (human
vs. mouse). One other example refers to the study of inflammation onset in an
experimental model. Collaborators at the John Hopkins School of Medicine in
Baltimore used our new species Bacteroides sartorii (PAPER 1) and showed that it
was less efficient in colonizing the gut and did not induce spontaneous colitis when
compared with the type strain of Bacteroides thetaiotaomicron in mice deficient in
core 1-derived O-glycans, which have a defective mucus layer.*® Although
mechanisms remain unknown, these findings support the notion of differential effects

in the ability to colonize and trigger inflammation depending on strains.

As a spin-off of the work aforementioned at the level of single strains, taking into
account the reported importance of the host species of origin of bacterial strains,*®
and that it is still very difficult for researchers that study molecular mechanisms
underlying bacteria-host interactions in gnotobionts to gain easy access to gut
bacterial isolates for the sake of experimental studies, | am currently in the process of
establishing the Mouse intestinal Bacterial Collection (MiBC). Thereby, | aim at
providing the first exhaustive repository of bacterial species and strains from the
mouse intestine in collaboration with colleagues from the German Collection of

Microorganisms and Cell cultures (DSMZ) and from the priority program SPP 1656 of
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the German Research Foundation. The collection includes so far more than 80
species and 24 families across the 6 phyla known to cover most of the bacterial
diversity in the mouse gut: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Verrucomicrobia, and Tenericutes. The phylogenetic distribution of MiBC members
reflects the dominance of Firmicutes in the mouse gut. Within this phylum, orders that
are best represented in the collection (i.e., they contain a substantial number of
species) include the Clostridiales and Lactobacillales. A closer look at the phylogeny
and taxonomy of members of the Lachnospiraceae revealed the urgent need to re-
classify many species in this family. Importantly, already 15 isolates from the
collection represent novel taxa on the basis of nearly full length 16S rRNA gene
sequence analysis, and these isolates are currently under description. All species of
the collection will have validated names with standing in nomenclature and the
genome of most dominant and prevalent members as well as novel taxa will be

deposited for the sake of database implementation.

MiBC will of course serve the purpose of own key functional projects to study
particular metabolic or pathophysiological relevant functions of candidate bacterial
strains in vivo, but will also open ways for fruitful collaborations taking into account
the strong interest of many researchers in obtaining mouse bacterial commensals.
One logical application of MiBC is the establishment of a model minimal microbiome
that best mimics the entire ecosystem. Indeed, the high diversity of the gut microbial
ecosystem and the substantial proportion of still unknown gut bacteria hampers good
understanding of basic principles behind microbe-microbe interactions and changes
affecting communities in relation to dietary challenges or pathological conditions. The
idea of establishing such a model microbiome is of course not new, and bacterial
consortia such as the altered Schaedlar flora*® or the simplified human intestinal
microbiota (SIHUMI)®® have been described. However, there is room for improvement
in several aspects: 1) in the case of the Schaedlar flora, strains are not easily
accessible, which prevents wide-spread use of the model; 2) SIHUMI consists of
strains from the human gut, which may show some limitations in mouse models; 3) in
both cases, the selection of species was based on rational thinking with respect to
the dominance and functional importance of bacteria, yet we propose that true
ecological and genome-based analysis of the candidate species will provide a better

model. Hence, we will assess the prevalence and abundance of all species from the
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collection using existing gut sample datasets. Preliminary analysis of the prevalence
of a subset of MiBC strains is shown below in Figure 1. Selection will subsequently
be refined by functional analysis of most dominant, prevalent, and mouse-specific

species on the basis of metagenomic coverage.

To conclude this part, it is important to remember that culture studies are biased and
time-consuming, but that they allow to fill holes in the puzzle of diversity and that they
open ways to very useful functional studies in vitro and in vivo. Especially in the gut,
cultivability is not as limiting as in environmental ecosystems (e.g. soil, water). In any
cases, it is unfair to deny the use of culture-based approaches on the sole reason
that they are old-fashioned and laborious, especially with respect to strictly anaerobic
species. Nevertheless, although innovative approaches with a high-throughput
potential have been developed,*® culture reaches its limits when comes the time to
analyses large number of samples and make interpretation on the functional potential
of ecosystems. Moreover, the boundaries created by bacterial taxonomy (which by
the way have dreadful consequences also for the interpretation of 16S rRNA gene
amplicon datasets) do not reflect the spectrum of diversity and dynamism inherent to
gut bacterial communities. In these respects, the need for molecular methods is

undeniable as it allows global assessment of microbial community functions.
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1.2 The need for molecular studies

As already introduced above, the development of tools and approaches that bypass
bottlenecks inherent to traditional culturing techniques (growth impairment, low
throughput) revolutionized the study of microbial communities.®? Analysis of the
model phylogenetic marker in use to date, the 16S ribosomal RNA gene, started
already in the 1980’s.>®> However, advances in the field of molecular microbial
ecology have been boosted in the last decade by breakthroughs in new generation
sequencing and mass spectrometry technologies. Most of all, these developments
have allowed investigations at the functional level, thereby providing novel insights

into so far unexplored facets of microbial communities.

Nevertheless, there is still a lack of gold standards in metagenomics with respect to
sample collection and processing as well as data analysis, which hampers
comparative analysis between studies and contributes to the accumulation of
doubtful sequence datasets. This lack of standards is partly due to the various
technologies available, to the complexity of the workflow and ensuing high number of
steps to be considered, and to the fact that this is a very quickly evolving field of
research. Hence, there is an urgent need for the sustainment of expertise to
accommodate the increasing demand by the research community for analysis of
microbial communities using next-generation sequencing in a multitude of research
areas. One top-priority task of my work over the last year has been the establishment
of a sequencing platform for 16S-based molecular analysis of intestinal samples
based on the lllumina technology. | supervised the establishment of experimental
workflows (from sample collection and preparation to data analysis) that are now
used for high-throughput analysis of samples from own and third party studies. A
schematic view of the platform and main methodological features are presented

below in Figure 2.
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Reproducibility is one main concern when using approaches that consist of obtaining
a proxy of communities by reducing sample diversity to sets of millions of 16S rRNA
gene fragments. Indeed, these approaches are based on protocols that include many
steps, each having a relatively high risk to introduce biases. Moreover, beyond
issues regarding sample collection and storage that will not be discussed here, DNA
extraction strategies can have major influences on the output of analysis. We
developed two main extraction protocols based either on DNA purification using
columns, which guarantees rapidity and purity, or based on precipitation using
solvents, which ensures higher yields of extraction and DNA integrity (less
fragmentation). In both cases, we observed that variation between triplicate samples
is low when compared with inter-individual differences (Figure 3). Moreover, the
influence of DNA purification was substantial, yet still minor when compared with

sample specificity.
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T B Figure 3: Variations in 16S-based diversity due
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The protocol presented above (Fig. 2) for high-throughput 16S rRNA gene sequence
analysis has been already used for the purpose of collaborative studies in mice about
the influence of maternal inflammation on cecal microbiota and gut pathology in the
offspring (PAPER 7), and about the impact of immune cells on the development of
hepatic cancer (PAPER 8). Additionally, own work partly based on 16S rRNA gene
analysis is detailed below in section 2 (PAPER 13) and section 3 (PAPER 15). We
are now using the sequencing platform for large-scale analysis of fecal samples from
the KORA study, which reflects my interest in studying the gut microbiome in the
context of metabolic disorders. The KORA study has been examining the health of
thousands of citizens in and around the city of Augsburg over the last 20 years to
survey the development of chronic diseases, especially myocardial infarction and
diabetes mellitus (http://www.helmholtz-muenchen.de/kora). The primary asset of this
project is that it is based on the analysis of a state-of-the-art study cohort including
individuals who have been very well genotyped and phenotyped over time. Based on
the analysis of 2,500 fecal samples by high-throughput sequencing (16S and
metagenomics), we intend to generate novel hypotheses on the role of gut bacteria in
metabolic disorders by identifying bacterial phylotypes and functions that are

associated with disease onset and specific dietary habits, in a prospective manner.

Importantly, my interest in the molecular analysis of microbial ecosystems is not
limited to the study of 16S rRNA gene sequences for diversity and composition
analysis, but extends to the assessment of ecosystem’s functions via omics
approaches. For instance, based on high-throughput analysis of the cecal ecosystem
in mice at the metaproteomic and metabolomic level, we provided the first
comparative metaproteomic analysis of the mouse gut microbiota in response to diet.
These results will be detailed below in section 3 (p34). As a short summary, we
demonstrated that (i) diet can alter the biochemical composition of the gut microbiota
either by shifting phylotype composition or shifting activity of bacterial cells, (ii)
changes in bacterial metaproteome after HF feeding are most pronounced for
pathways of amino acid metabolism, and (iii) cecal metabolic pathways affected by
HF feeding include eicosanoid, steroid hormone, macrolide, bile acid and bilirubin
metabolism. These findings showed that a HF diet has a major impact on the mouse
cecal microbiota that extends beyond compositional changes to major alterations in

bacterial physiology and metabolite landscape.
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Besides the absence of consensus on standards to be followed for molecular
analysis of bacterial communities, the field also suffers from the lack of tools for
global assessment of the pool of knowledge accumulated in databases. The majority
of published papers indeed reports findings obtained in the course of single studies,
even though latest papers include ever increasing number of samples. Dataset
submission to up-to-date repositories should become a must and the field would
greatly benefit from the implementation of novel approaches for rapid, wide-ranging
and high-quality analysis of microbial communities from various ecosystems based
on all sequence-based information available. Hence, there is an urgent need for the
sustainment of expertise to disseminate state-of-the-art procedures and tools
meeting high-quality standards. Following the observation that the field of microbial
ecology would greatly benefit from new approaches for global assessment of
metagenomes on the basis of the entire pool of knowledge available in existing
repositories, my group has initiated an inter-disciplinary project in collaboration with
the faculty of informatics to exploit the accumulated knowledge on 16S rRNA gene
diversity available in the public resource SRA (Sequence Read Archive). This work
relies on the establishment of in-house pipelines for extraction and processing of
sequencing data into organized databases under a unifying scheme. One example of
the use of this pipeline to assess the prevalence of bacterial isolates from the mouse
gut has been already shown above in section 1.1 (p21). Given the number of
possible applications of this approach, we are currently working on the development
of a web front (imNGS) to share benefits with the research community. Based on this
experience in organizing, automatically analyzing and building resources from
massive amounts of data from public repositories, we propose to create similar

pipelines for global assessment of metagenomic profiles in the near future.
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As an overall conclusion of this first section on microbiota diversity, molecular and
culture-based analysis of gut microbial communities are complementary and should
be considered as such. Each approach has advantages and flaws and their use must
be adapted to the question that is addressed. Molecular studies generally have
higher throughput, capture more diversity (although the snap-shot views that are
obtained are biased too) and are very helpful to generate hypotheses on the
relevance of specific microbial groups or functions thereof under specific
environmental or host-specific conditions. Culture is cheap, capture sub-dominant
diversity and most of all allow downstream functional analysis and thus proof-of-
concept studies. Hence, the study of bacterial diversity as described in this first
section can serve the purpose of projects relevant to the two other research topics
detailed below in section 2 (nutrition and microbiome) and section 3 (microbe-host
interactions). For instance, high-throughput analysis of fecal microbial profile in
participants of the KORA study as mentioned above represent a unique chance to
determine specific associations between gut microbiota and dietary profiles in

relation to prospective analysis of metabolic diseases onset.
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2 Nutrition and microbiome

Among the trillions of bacterial cells present in the human or mouse intestine, strictly
anaerobic species are dominant and carry out important metabolic functions such as
the conversion of host-derived substrates (e.g. mucin and bile salts), but also
indigestible components and micronutrients from the food (e.g. polysaccharides,
polyphenols), thereby producing short-chain fatty acids and bioactive metabolites. In
the present section, | present major outputs of my work on the interaction between
dietary compounds and intestinal bacteria. | first give some background information
and highlight results related to my long-lasting interest in studying the metabolism of
phytoestrogens, primarily lignans and isoflavones, by gut bacteria.? In the last part of
this section, | summarize data on the use of mouse models to study the effects of diet

composition on gut bacterial communities.

My recognition in this field of phenolics bioavailability led to the recent publication of
one book chapter that summarizes knowledge from the literature and all major own
findings on relationships between the microbiome and dietary phenolic substrates
(PAPER 12). Beyond investigation of the role of gut bacteria in modifying the
structure of plant phenolics, | was also involved in the study of biological activities of
caffeic acid derivatives, where we pointed at structure-function relationships and
dissected molecular pathways underlying anti-inflammatory effects (PAPER 9). Also,
besides the work on lignans described in details below, | have been very interested in
searching for bacterial species able to produce the isolfavone equol. This led to the
isolation and description of one active species of the novel genus Enterorhabdus, but
we also found that another species of this genus was inactive (PAPER 2), indicating

that equol production by the gut microbiome is a very specific function.

The production of enterolignans from plant substrates in the diet is a paradigm
example of bioactive metabolites of bacterial origin in the gut.®’ Enterodiol (ED) and
enterolactone (EL) were first detected in primates in 1980 and were thought to be

new steroids,®?

underlining that lignans share structural features with endogenous
hormones and are thus considered as phytoestrogens. Two years later, the same
authors reported that urinary lignans originate from plant substrates.®® The

conversion of plant lignans by gut bacteria was studied more in detail shortly
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thereafter.®* Due to their structural similarity with estrogens as well as possible anti-
oxidant properties and the modulation of host enzyme activities, enterolignans have
been extensively studied in terms of health-promoting effects.®® Flaxseeds and the
lignans they contain are proposed to be of benefit for the treatment or prevention of
metabolic and cardiovascular diseases as well as breast and prostate cancer.%%°
However, although evidence in culture systems and experimental models is good,
there is urgent need for state-of-the-art randomized clinical trials. Nevertheless, no
matter what health effects lignans have, intestinal bacteria are essential for their

activation from plant substrates.

Despite the discovery of the bacterial activation of lignans as early as the 1980’s,
lignan-converting strains were first isolated from fecal samples 15 years later.”® From
the work | performed during my PhD thesis, we learnt that the production of
enterolignans from secoisolariciresinol diglucoside (SDG), the most abundant lignan
in flaxseeds, results from the activity of phylogenetically and metabolically diverse
bacteria that catalyze sequential activation via deglycosylation, demethylation,
dehydroxylation, and dehydrogenation.t’ 7" Deglycosylation and demethylation
seem not to be limiting steps thanks to functional redundancy between different
species and the ability of one strain to metabolize different substrates. Moreover, the
main species catalyzing dehydroxylation, i.e., Eggerthella lenta, belongs to the core
gut microbiome in humans and is thus dominant and prevalent in the intestine. In
contrast, we showed that enterolactone-producing communities belong to sub-
dominant populations and only one enterolactone-producing species has been
isolated and characterized to date. My PhD ended with the establishment of a
consortium of 4 bacterial strains capable of activating SDG in vitro.”* The logical
consequence of this work was to test the relevance of our findings in vivo. On the
basis of this minimal consortium of bacteria, experiments in rats were performed to
show that production of enterolignans occurs only in animals that were successfully
colonized by the four strains, when compared to germfree controls (PAPER 10). One
subsequent paper also published in collaboration showed that colonization of rats
with the consortium combined with feeding of a diet enriched with 5 % ground
flaxseeds triggered a reduction of chemically-induced breast tumor numbers and size
(PAPER 11).

34



Thomas Clavel Chapter 2 - Main research activities and achievements

From the work detailed above, it is obvious that in vitro work and experimental
studies in mice can deliver valuable data with respect to the importance of gut
bacteria for phytoestrogens metabolism and bioactivities. Because ED and EL have
been described as being more biologically active than plant substrates, it is sound to
hypothesize that gut microbial profile influence enterolignan production phenotypes
with possible ensuing consequences on physiological effects. However, in spite of
published in vitro studies based on fermentation experiments using human fecal
slurries,” "® there is to the best of our knowledge no data available in humans on the
interaction between gut bacterial profiles and enterolignan production phenotypes in
response to dietary intake of plant substrates. Therefore, in collaboration with the
Clinical Nutritional Medicine Unit at TUM, | initiated, designed and conducted a pilot
intervention study in healthy male adult subjects, in order to address the question to
what extent taxonomic composition of gut bacterial communities is associated with
concentrations of enterolignans. The work is ongoing and | will therefore not detail
yet unpublished data here. In brief, based on the analysis of 27 samples overtime
from 9 participants, we observed no major shifts in dominant fecal bacterial
communities following ingestion of ca. 30 g flaxseeds per day for a week. This tends
to challenge the recent consensus that the gut microbiome is highly dependent on
diet,® but agrees with the former notion that dominant bacterial populations in distal
parts of the intestine are relatively stable over a timespan of months without major
alterations in diet or medication.’® 7" However, we observed a marked increase of
enterolignan concentrations in blood after intervention, and correlations networks
pointed at associations between specific members of the Firmicutes and the amounts
of lignans detected in blood (data not shown). An overview of my accomplishments in

the field of lignan research is shown below in Figure 4.
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Figure 4: Interactions between dietary lignans and the gut microbiota — from bench to bed.
My search for bacteria capable of activating the dietary lignan SDG led to the identification of a
consortium of 4 strains (top panel) that converted SDG to EL in vitro via production of intermediate
substrates.”™ Follow-up work demonstrated that colonization of germfree rat with this consortium
triggers production of enterolignans in vivo,”® which showed the potential to lower tumor burden in
chemically-induced breast cancer (mid panel).79 Currently, we are performing a pilot trial in healthy
male human subjects including a 1-week intervention with flaxseeds to identify fecal bacterial profiles
associated with high production of enterolignans (lower panel). Abbreviations: EL, enterolactone; GF,
germfree; LCC, lignan-converting consortium of 4 bacteria; SECO, secoisolariciresinol; SDG,
secoisolariciresinol diglucoside.
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My interest in the field of nutrition and the microbiome is of course not limited to the
study of polyphenols, but extends also to the impact of diet in general on bacterial
communities. Ongoing work based on the use of next-generation sequencing to
characterize relationships between dietary patterns and fecal microbiota profiles in
the context of the state-of-the-art prospective KORA cohort has been already
introduced above in section 1 (p25). The following paragraphs focus on findings in
experimental models, which are summarized in PAPER 13. For instance,
collaborators at the Nutritional Physiology Unit showed that a Western-style diet
causing obesity via the offered choice of several palatable food items is more
detrimental in causing liver pathologies than a classical high-fat diet, which contains
more fat but less simple sugars.®> ' Based on fluorescence in situ hybridisation, |
could show that the Western-style and high-fat diets had also distinct effects on cecal
bacterial composition: Mice fed the Western-style diet had 3-fold decreased
proportions of Bacteroidales and increased proportions of the Clostridium leptum
subgroup. Hence, bacterial proportions were mostly affected by the cafeteria diet,
supporting the notion that changes in mouse gut microbiota depend more strongly
upon diet composition than obesity per se.® In relation to these findings, ongoing
work in collaboration with the Molecular Nutritional Medicine Unit aims at deciphering
the impact of fat source (animal- or plant-derived fat) on metabolic parameters and

the gut microbiome.

Most importantly, using standard carbohydrate diets provided either as a powder or
in pellet form, we found that diet-dependent effects on gut bacterial communities not
only relate to composition, but also to texture. The powder diet substantially
decreased phylotype richness, and B-diversity analysis showed a clear clustering
between mice fed the powder vs. pellet diet (PAPER 13). Taxonomic assignment of
sequences revealed a marked decrease in the abundance of Firmicutes, mainly due
to lower sequence proportions of Lachnospiraceae and Ruminococcaceae. This was
accompanied by a bloom of sequences assigned to the genus Akkermansia, a
member of the phylum Verrucomicrobia shown to decrease in abundance under
high-fat diet feeding and proposed to be negatively associated with fat mass or

weight gain, adipose tissue inflammation, endotoxemia, and insulin resistance.*" &
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As a take-home message of this section 2 on Nutrition & Microbiome, one can say
that gut bacteria play an important role in regulating the bioavailability of dietary
components. It is also clear that diet influences gut microbiota, but that differences at
the functional level matters more than variations in composition, which can arise
partly from experimental flaws. Interpreting descriptive data on bacterial diversity and
composition that were obtained in the course of mouse experiments where results
largely depend upon experimental conditions, especially feeding protocols, can be
misleading. Detailed information on diet composition and texture should be obligatory
for publishing and effort in standardization is urgently needed. Nevertheless,
microbial community analysis in both humans and mice allows the generation of
hypotheses on metabolically important bacterial groups, the relevance of which in
metabolic processes can be tested in experimental models. This requires that target
bacterial strains are made available, underlining the urgent need to culture bacteria,
characterize them properly, and ensure long-term storage, transparent archiving and
availability. Moreover, besides collecting descriptive 16S-based data, it is also crucial
to analyze bacterial genes or proteins expression and metabolites production in order
to generate hypothesis-driven approaches with clear functional targets. In the next
section dedicated to the study of microbe-host interactions, | will detail our work on
the functional analysis of bacterial communities in diet-induced obesity and present

ongoing work on the role of Coriobacteriaceae in hepatic steatosis.
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3 Microbe-host interaction: The gut-liver axis

The use of bacteria to beneficially influence health has long been a matter of interest,
for instance through pioneering work on lactic acid bacteria by llya Metchnikoff more
than a century ago.*’ Thanks to technological breakthrough in gnotobiology in the
1960’s, researchers studied in details the protective effect of endogenous gut
microorganisms on for instance resistance towards infection. Nowadays, the impact
of the gut microbiome on human health, and the onset and maintenance of chronic
immune-mediated or metabolic diseases is undeniable.® However, emphasis has
been hitherto rather on global description of changes affecting the ecosystem in a
wide spectrum of diseases, and more effort is now required for the discovery of
specific ways of interactions between the host and its microbiomes. In PAPER 14,
we reviewed the literature on the importance of the gut and its resident microbial
communities on the development of the immune system, with emphasis on allergies.
We and others have also underlined the importance of the gut microbiome in

metabolic disorders.?* %

Despite the advances made and the knowledge
accumulated, the status quo is that functional studies proving the causal role of
commensal microbes in diseases and investigating detailed molecular mechanisms
beyond broad description of the cross-talk between microbiota and their host species
are urgently needed. In this last section of chapter 2, | will highlight some of our main
findings in diet-induced mouse models and present the rationale for studying specific

bacterial groups of interest.

One principal contribution | made to the field of molecular microbial ecology in the
last years relates to the study of mouse gut bacterial functions in the context of high-
fat diet-feeding (PAPER 15). In the frame of this work, | designed experimental
workflows for high-throughput analysis of the caecal ecosystem in mice at the
metaproteomic and metabolomic level, thereby providing the first comparative
metaproteomic analysis of the mouse gut microbiota in response to diet. First, it
should be noted that annotation of mass spectra remains challenging as < 5% of
acquired spectra can usually be matched to protein sequences or metabolite
masses, which hampers comprehensive analysis and functional interpretation.

Nonetheless, changes in functional categories of differently detected proteins inferred
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that the mouse cecal microbiota under high-fat feeding is subject to substrate
deprivation characterized by low levels of protein synthesis relative to preformed
ribosomal proteins. We also found signs of shift toward utilization of amino acids and
simple sugars and adaptation to an environment with altered redox potential, which is
in line with findings from shotgun DNA-based analysis of mouse and human intestinal
microbiota.®*®° Diet-induced alterations of the metaproteome were accompanied by
clear-cut changes in cecal metabolite profiles in mice fed the control or high-fat diet.
In particular, prostaglandins, thromboxanes and several steroids and conjugates
thereof were absent in cecal contents from mice fed the high-fat diet, which is in
agreement with low cholesterol levels in intestinal and hepatic tissues despite plasma
hypercholesterolemia in mice fed the high-fat diet, likely due to an increased
cholesterol demand for chylomicron building and proper lipid absorption.®
Prostaglandins and steroids can influence bile acids composition and bile
secretion.’” ®' In our study, high-fat feeding diet led to lower intensity of spectra
annotated as 3,7,12a,26-tetrahydroxy-5B-cholestane. Altogether, these findings
emphasize the importance of investigating bacterial metabolism of cholesterol and its

derivatives in the gut, especially steroids and bile salts produced by the host.

Although many of the most abundant gut bacterial species as detected by 16S rRNA
gene sequencing have nowadays representative strains in culture, some core
species and many bacteria at the borderline of dominance possibly expressing
important metabolic functions are still yet uncultured or are understudied.*® There is
accumulating evidence that cultivable and dominant commensal anaerobes such as
Akkermansia muciniphila and Faecalibacterium prausnitzii may be beneficial to the
host with respect to metabolic health and inflammatory processes,*" 2 but specific
mechanisms must be identified. Based on the molecular work aforementioned
(PAPER 15) and evidence from the literature, | propose that molecular mechanisms
underlying the conversion of steroids and bile acids by specific gut bacteria is of
particular importance for the onset of metabolic disorders. In PAPER 16, we
summarized current knowledge on the diversity, taxonomy and properties of one
specific family of gut bacteria that most likely play important roles in the metabolic
processes mentioned above: the Coriobacteriaceae. Members of this family belong
to dominant gut communities in mammals but have been so far understudied,

although they catalyze the dehydrogenation and dehydroxylation of bile acids and
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steroids. Bile acid metabolism by bacteria is considered as an important factor that
influences host lipid metabolism and chronic intestinal inflammation, yet experimental
evidence is sparse [11, 12]. Moreover, despite the apparent biological implication for
the host of bacterial rearrangement of hormonal networks in the gut, related
functional studies in experimental models have also not yet been performed. Hence,
one of my primary interests at the moment is the use of minimal bacterial consortia to
study the role of cholesterol-derived substrates in inflammatory processes underlying

metabolic dysfunctions, using the Coriobacteriaceae as model organisms.

The term “pathobiont” is used to describe opportunistic but otherwise harmless
bacteria that contribute to disease under specific environmental conditions.®? Bacteria
of the family Coriobacteriaceae within the phylum Actinobacteria can be seen as
paradigm pathobionts. They belong to dominant commensal communities in humans
and mice, e.g., Collinsella aerofaciens is a member of the human gut core
microbiome as highlighted by both 16S rRNA gene and metagenomic analysis,' ™
and Eggerthella lenta has for long been cultivated from human feces® and is
detectable in most individuals by molecular techniques.®* %° However, several
members have also been implicated in various pathologies such as inflammatory
bowel diseases, colon cancer, periodontitis and bacteremia.® It is striking that all 30
species of the family have been recovered only from body habitats in mammals and
insects, suggesting that strong evolutionary forces shaped colonization processes

and Coriobacteriaceae-host interactions.

The occurrence of 16S rRNA gene sequences assigned to the genus Eggerthella
and Enterorhabdus within the Coriobacteriaceae in feces correlated positively with
intrahepatic levels triacylglycerol concentrations and non-HDL plasma concentrations
in mice or hamsters.®”*° Moreover, the recent metagenomic study by Qin et al. based
on high-throughput analysis of 350 human fecal samples from Chinese diabetic and
control participants identified Eggerthella lenta as one of the molecular species linked
to the occurrence of type-2 diabetes.*®* On the other hand, another recent
metagenomic study in 145 European women with diabetes, impaired or normal
glucose tolerance reported depletion of metagenomic clusters assigned to

Coriobacteriaceae in fecal samples from diabetic individuals.'®
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Various strains of Eggerthella lenta and Collinsella aerofaciens possess
hydroxysteroid dehydrogenases (HSDH) responsible for stereospecific oxidation and
epimerization of bile acids, thereby generating stable oxo-bile acid intermediates.’
However, the impact of bacterial HSDH activities on bile acid metabolism and host
functions in vivo is undefined. Moreover, Eggerthella lenta is also able to transform
corticoids such as deoxycorticosterone to progesterone via 21-dehydroxylase
activity.'% This species also carries a corticoid-converting 16a-dehydroxylase'® and
a 3a-HSDH."™ Although these findings relate to possible changes in the host
hormonal status, functional studies in experimental animal models have not yet been
performed. Taken together, evidence from the literature strongly suggests that
Coriobacteriaceae are important constituents of gut microbiomes affecting host
physiology. To test this, | have initiated a multi-center project funded by the German
Researh Foundation to study whether and how Coriobacteriaceae influence lipid
metabolism and the development of hepatic steatosis and insulin resistance. This
current work on the use of a Coriobacteriaceae consortium to study bile acids
metabolism and steatosis could take a new dimension considering the recent
collaborative work with Mathias Heikenwalder (PAPER 8). This work demonstrated
the involvement of specific immune cells in the onset of hepatocellular carcinoma
following dietary challenge in mice. One promising perspective is to assess the
impact of specific gut bacterial communities on these processes, i.e., study their
involvement in immune cell activation and hepatic lipid accumulation using

gnotobiotic models.
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Chapter 3 - Conclusion

Research on the mammalian gut microbiota in health and diseases witnessed a
bloom in the number of publications and has gained an unprecedented attention over
the last ten years. Molecular tools for assessment of microbiomes opened new
avenues of research that revolutionized our view of the complexity and dynamism of
microbial ecosystems and their interaction host species. However, most of the work
published has been explorative, i.e., it delivered tremendous amounts of descriptive
data that are often difficult to compare, and many of those exploratory data have
misleadingly been use to make conclusive statements. There is urgent need for
process standardization in the field of metagenomics and also for dissemination of
news approaches for global assessment of diversity and functions of microbial
communities. | am convinced that the return to classic microbiological techniques will
rapidly be of benefit to the field in coming years. Having bacteria in hands is very
useful for description of new diversity and for implementation of existing databases.
Here too however, standardization effort is required to avoid for instance bottlenecks
created by the use of in-house repositories of microbes that hamper dissemination
and reproducibility of results. The main asset of culture-based approaches is that
they are the fundament of experimental studies to dissect mechanisms underlying
microbe-microbe and microbe-host interactions and to identify specific microbial
molecules and study their bioactivities, as exemplified in chapter 2.3 with the
Coriobacteriaceae and their possible role in metabolic disorders. Culture approaches,
possibly combined with molecular engineering, can also form the basis of
interventional strategies in clinical settings. We currently experience a turning point in
the field of gut microbiome research. The potential lying in this ecosystem with
respect to diagnostics and interventional approaches to regulate human health is
very encouraging. However, it is time to sharpen our tools and increase the
resolution of analysis, so as to bring light to many aspects of this research on an
ecosystem that still remains a black box, especially with respect to targeted

intervention strategies and interactions with the host.
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PART Ii

Selected publications

Paper 1-8
Microbiota diversity

The following selected publications refer to research topic 1 (see detailed
description above on p16-27). They reflect my interest in describing the
diversity of bacterial communities in the mammalian gut using both culture-
based and molecular techniques.

1. T Clavel,* A Saalfrank, C Charrier, D Haller (2010) Isolation of bacteria from mouse cecal
samples and description of Bacteroides sartorii sp. nov., Arch Microbiol 192:427; *corresponding
author

2. T Clavel,* W Duck, C Charrier, C Elson, D Haller (2010) Enterorhabdus caecimuris sp. nov., a
novel member of the family Coriobacteriaceae isolated from a mouse model of spontaneous colitis, Int
J Syst Evol Microbiol 60:1527; *corresponding author

3. N Pfeiffer, C Desmarchelier, M Blaut, H Daniel, D Haller, T Clavel (2012) Acetatifactor muris
gen. nov., sp. nov., a novel acetate- and butyrate-producing bacterium isolated from the intestine of an
obese mouse, Arch Microbiol 194:901

4. T Clavel,* C Charrier, M Wenning, D Haller (2013) Parvibacter caecicola gen. nov., sp. nov., a
new bacterium of the family Coriobacteriaceae isolated from the caecum of a mouse, Int J Syst Evol
Microbiol 63:2642; *corresponding author

5. T Clavel,* C Charrier, D Haller (2013) Streptococcus danieliae sp. nov., a novel bacterium
from the caecum of a mouse, Arch Microbiol 195:43; *corresponding author

6. K Klaring, L Hanske, N Bui, C Charrier, M Blaut, D Haller, CM Plugge, T Clavel (2013)
Intestinimonas butyriciproducens gen. nov., sp. nov., a novel butyrate-producing bacterium from the
mouse intestine, Int J Syst Evol Microbiol 63:4606
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# Paper 1 to 6 testify to my long-lasting interest in isolating and characterizing novel
bacteria from gut environments. The description of new bacteria is an essential step not only
for performing functional studies in experimental models in order to assess molecular
mechanisms underlying host-microbe interactions, but also for the implementation of genomic
databases for the sake of metagenomic studies. Isolated strains so far include novel butyrate
producers within the Firmicutes, a new species of the genus Bacteroides which has been used
already for the study of experimental colitis, and new members of the family
Coriobacteriaceae of relevance for the study of hepatic steatosis in section three. All these
papers form the basis of my current work on the establishment of the first state-of-the-art
collection of gut bacterial strains from the mouse intestine.

7. J Hemmerling, K Heller, G Hormannsperger, M Bazanella, T Clavel, G Kollias, D Haller (2014)
Fetal exposure to maternal inflammation does not affect postnatal development of genetically driven
ileitis and colitis, PLoSone 9(5):€98237

8. M Wolf, A Adili, K Piotrowitz, Z Abdullah, Y Boege, K Stemmer, M Ringelhan, N Simonavicius,
M Sigg, D Wohlleber, A Lorentzen, C Einer, S Schulz, T Clavel, U Protzer, C Thiele, H Zischka, H
Moch, M Tschop, AV Tumanov, D Haller, K Unger, M Karin, M Kopf, P Knolle, A Weber, M
Heikenwalder (2014) Metabolic activation of intrahepatic CD8+ and NKT-cells causes nonalcoholic
steatohepatitis and hepatocellular carcinoma via cross-talk with hepatocytes, Cancer Cell, in press

# Paper 7 and 8 are examples of collaborative work that took advantage of descriptive
analysis of gut bacterial communities based on the high-throughput 16S rRNA gene
sequencing platform | established at TUM. Paper 7 is a work of my mentor Dirk Haller where we
showed that maternal inflammation in mice has no real impact on the diversity and
composition of cecal bacterial communities. Paper 8 is a work by Mathias Heikenwalder
demonstrating for the first time the involvement of immune cells (CD8+ and NKT cells) in the
development of hepatocellular carcinoma. We could show that disappearance of the phenotype
in RAG-deficient mice is independent of changes in fecal bacterial diversity. Paper 13 and 15
(below) also fall into this category of manuscripts that integrate 16S-based datasets. However,
taking into account that the main messages convey in these two own pieces of work relate to
nutrition and metabolic disorders, they appear below in section 2 and 3, respectively.
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Abstract Caecal samples from wild-type and TNFIIARE
mice were cultured on selective media containing bile salts,
amino acids or casein macro-peptides. Twenty-two strains
were isolated and identified by 16S rRNA gene sequencing.
Twenty-one strains showed >98% similarity to known bac-
teria (Blautia spp., Clostridium innocuum, Enterococcus
spp., Escherichia coli, Lactobacillus murinus, Parabacte-
roides goldsteinii and Shigella dysenteriae). One additional
isolate, strain A-C2-0, was a new bacterium. The closest
relatives were Bacteroides massiliensis, Bacteroides dorei
and Bacteroides vulgatus (<94% similarity). Strain A-C2-0
is a Gram-negative rod that does not form spores and has a
G + C content of DNA of 41.5%. Its major cellular fatty
acid is Cs.9 antEISO> @nd its major respiratory quinone is
MK-9. Cells are aerotolerant but grow only under strict
anoxic conditions. They are resistant to cefotaxime and
tobramycin. When compared with related Bacteroides spp.,
the new bacterium was positive for a-arabinosidase, nega-
tive for glutamyl glutamic acid arylamidase and did not
metabolise galactose, glucose, fructose, mannose, raffinose
and sucrose. Strain A-C2-0 therefore merits recognition as
a member of a novel species within the genus Bacteroides,

Communicated by Erko Stackebrandt.

The GenBank accession number for the 16S rRNA and gyrase B gene
sequences of strain A-C2-0 is GQ456204 and GQ409831, respectively.
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Chronic intestinal inflammation

Introduction

Intestinal microbes are crucial for human health. They play
important roles in barrier functions (Lievin-Le Moal and
Servin 2006), maturation of the immune system (Rothkotter
and Pabst 1989), energy balance (Backhed et al. 2004) and
production of bioactive metabolites (Clavel et al. 2005).
However, under certain circumstances, intestinal microbes
contribute to the development of diseases.

The involvement of bacteria in the onset and mainte-
nance of inflammatory bowel diseases (IBD) has been dem-
onstrated using germ-free animals and faecal stream
diversion in IBD patients (Onderdonk et al. 1981; Rutgeerts
etal. 1991). Although the occurrence of Mycobacterium
spp. and Chlamydia pneumoniae may be associated with
inflammation, a causative role in IBD remains to be proven
(Muller et al. 2006; Mendoza et al. 2009). Molecular tech-
niques have allowed in-depth assessment of intestinal mic-
robiota in IBD (Manichanh et al. 2006; Sokol et al. 2006).
Under chronic inflammation, intestinal microbiota seem to
be characterised by global changes that affect commensal
bacterial communities, including loss of functional groups
and changes in spatial distribution (Clavel and Haller
2007). According to early studies comparing fluorescence
and viable counts, not yet isolated and characterised bacte-
ria may account for>60% of total intestinal bacteria
(Langendijk etal. 1995). Thus, the main advantage of
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molecular-based techniques relies on the possibility to
assess both cultured and uncultured bacterial taxonomic
units. However, uncultured bacteria can also be considered
as a pool of functions that remain to be characterised in
vitro, and the isolation of novel commensal bacteria may
give the opportunity to study in detail some of these func-
tions, including modulation of host cell stress responses.
The challenge is to gain access to novel bacteria out of
highly diverse consortia of microorganisms.

The human distal intestinal tract harbours very dense and
complex communities of mostly anaerobic bacteria. At the
phylum level, the Firmicutes and Bacteroidetes account for
more than 95% of total intestinal bacterial diversity (Tap
et al. 2009). However, at the species and strain level, bacte-
rial populations are highly diverse, resulting in inter-indi-
vidual differences in gut bacterial composition. Despite this
high diversity, the notion of a core microbiome has
emerged, referring to bacteria and underlying functions
found in most healthy individuals. Members of the order
Bacteroidales, including bacteria related to the species
Bacteroides fragilis, Bacteroides massiliensis, Bacteroides
ovatus, Bacteroides thetaiotaomicron, Bacteroides vulga-
tus and Parabacteroides distasonis, are dominant and
prevalent bacteria in the intestine (Finegold et al. 1983;
Rigottier-Gois et al. 2003; Tap etal. 2009). They carry
functions of importance for gut homeostasis, including
conversion of oligosaccharides and regulation of immune
responses (Hooper etal. 1999; Mazmanian et al. 2005;
Martens et al. 2009; Reichardt et al. 2009). However, they
are also involved in bacterial infections (Brook 1989). In
IBD patients, increased counts of Bacteroides in mucosal
samples have been observed (Lucke et al. 2006). In a gno-
tobiotic HLA-B27 rat model of intestinal inflammation,
B. ovatus led to more severe inflammation than that induced
by Escherichia coli (Rath et al. 1999). To date, there is still
little data available on bacterial diversity in the mouse intes-
tine when compared with data in human subjects and most of
the recent studies used molecular-based approaches (Salzman
et al. 2002; Lupp et al. 2007; Ley et al. 2008).

Our aim was to isolate caecal bacteria from wild-type
(WT) and TNF®IPARE mice  Adult TNFEUARE mice develop
chronic inflammation in the distal ileum (Kontoyiannis et al.
1999; Hormannsperger et al. 2009). Additionally, we focused
on the genotypic and phenotypic description of strain A-C2-
0, a new member of the genus Bacteroides.

Materials and methods
Sample collection

Male WT and heterozygous TNFUWARE C57BL/6 mice
(n =3 each) fed a standard diet (Ssniff, Soest, Germany,
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cat. no. V1534-000 R/M-H) were killed by neck dislocation
at the age of 5 weeks. Animal use was approved by the
local institution in charge (Regierung von Oberbayern,
approval no. 55.2-1-54-2531-74-06). Caecal contents were
collected into 2-ml tubes and kept on ice for a maximum of
40 min prior to isolation. Wet weights were determined by
weighing tubes before and after collection using a TB-
215D precision balance (Denver Instrument). For histologi-
cal analysis, 5-mm-long distal ileal segments adjacent to
the caecum were fixed in formalin and embedded in par-
affin. Sections were stained with haematoxylin and eosin.
Histological scores, from 0 (not inflamed) to 12 (highly
inflamed), were determined by assigning points to patho-
logical criteria, as described previously (Katakura et al.
2005). There was no sign of inflammation in the 5-week-
old TNF¥!ARE mice (mean histological score: 1.0 £ 0.3
and 0.7 £ 0.4 for TNF*!ARE and WT mice, respectively).

Media

The basal solid medium (BM) contained: 4.2 g/l NaHCOj;,
720 mg/l Na,HPO,-H,0, 415 mg/l PdCl, (Sigma, cat. no.
520657), 400 mg/l KH,PO,, 300 mg/l NaCl, 124 mg/l
MgSO,-7H,0, 2.5 mg/l phenosafranine, 1.5% (w/v) agar
and 1% (v/v) rumen fluid. After autoclaving (121°C,
15 min), BM was allowed to cool down (55°C) in a water
bath and was supplemented with filter-sterilised solutions
of L-cysteine and DTT to a final concentration of 0.025%
(w/v) and 0.02%, respectively. The following compounds
were added to BM to obtain the selective medium contain-
ing amino acids (A), bile salts (BS) or casein macro-pep-
tides (CMP): 0.25% (w/v) each L-arginine (Sigma, cat. no.
A8094) and glycine (AppliChem, cat. no. A1067), 0.25%
bile salts (Fluka, cat. no. 48305) or 0.2% casein macro-pep-
tides (LACRODAN® CGMP-10, Arla Foods Ingredients
amba). The pH of the medium prior to autoclaving was set
to: 6.5 (BS), 7.2 (BM and CMP) or 8.5 (A).

Isolation

All steps were carried out in a VA500 workstation (Don
Whitley Scientific) containing 85% (v/v) N,, 10% CO, and
5% H,. The atmosphere was kept at 37°C and 75% humid-
ity. It was tested for anaerobic conditions using Anaero-
test® (Merck, cat. no. 1.15112.0001). All materials,
including agar media, were brought into the workstation
24 h prior to isolation. According to caecal weight mea-
surement, tenfold dilutions (w/v) were prepared by adding
appropriate volumes of filter-sterilised phosphate-buffered
saline solution (per litre dH,O: 8.60 g NaCl, 0.87 g
Na,HPO,, 0.40 g KH,PO,, pH 7.2) supplemented with
0.02% (w/v) peptone from meat and 0.05% L-cysteine.
Samples were homogenised by vortexing using sterile
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glass beads and left to stand for 3 min to sediment debris.
Undiluted, ten- and hundredfold diluted cell suspensions
(100 pl each) were spread onto the agar media using sterile
glass beads. All colony morphology types observed after
6 days of growth were streaked onto blood agar plates
(Biomérieux) to support better growth and ensure purity.
After 4 days of growth, cells were transferred into
GYBHIc broth (Clavel et al. 2009) prepared using anaero-
bic culture techniques (N, gas phase) (Attebery and
Finegold 1969). Culture purity was examined by observing
cell morphology after Gram-staining and colony morphol-
ogy. Cryo-stocks (100 pul) were prepared by mixing bacte-
rial suspensions with equal volumes of Tris-buffered
aqueous solution (60 mM) containing 40% glycerol. Cryo-
stocks were stored at —80°C after snap-freezing in liquid
nitrogen.

Phylogenetic analysis and DNA base composition

Washed bacterial cell pellets were boiled in 0.02% (w/v)
SDS (95°C, 5 min) and used as template for PCR reactions.
If necessary, DNA was extracted from bacterial cell pellets
using the innuPREP Bacteria DNA Kit (Analytik Jena).
The 16S rRNA genes were amplified using primer 27F
5'-AGA GTT TGA TCC TGG CTC AG and 1492R
5'-GGT TAC CTT GTT ACG ACT T (Kageyama et al.
1999). The annealing temperature was 56°C. Amplicons
were purified using agarose gel electrophoresis and the
Wizard SV Gel and PCR Clean-Up System (Promega) and
sequenced with primer 27F using the Qiagen Genomic Ser-
vices. The 16S rRNA gene of strain A-C2-0 was further
sequenced using primers 338F 5'-ACT CCT ACG GGA
GGC AGC and 1492R. The gyrase B genes of strain A-C2-
0, Bacteroides uniformis and B. vulgatus were amplified as
described previously using primer gyrBBNDNI1 (5’ ccgtee
acgtcggertengycat) and gyrBBAUP2 (5’ geggaageggeeng
snatgta) (Santos and Ochman 2004). Amplicons (approxi-
mately 1,500 bp) were purified as described above and
sequenced using the aforementioned primers. Sequences of
organisms closely related to the isolated strains were
obtained using the BLAST function of the NCBI server
(Altschul etal. 1990), the Ribosomal Database Project
(Cole et al. 2003) and The All-Species Living Tree Project
(Yarza et al. 2008). Ribosomal sequences were checked for
anomalies using the program Pintail (Ashelford et al.
2005). All sequences were aligned using the Bioedit soft-
ware, version 7.0.5.3 (Hall 1999). Percentages of similarity
were calculated after unambiguous alignment of each iso-
lated sequence with those of the most closely related spe-
cies, using the DNA Distance Matrix function. The G + C
content of DNA of strain A-C2-0 was determined at the
German Collection of Microorganisms and Cell Cultures
(DSMZ) according to standard methods (Cashion et al.

1977; Tamaoka and Komagata 1984; Mesbah et al. 1989;
Visuvanathan et al. 1989).

Phenotypic characterisation

All tests were performed as described previously (Clavel
etal. 2009). Bacteria were grown in anoxic WCA broth
(Oxoid). Quinone, peptidoglycan, polar lipid, whole cell
sugar and API 50 CHL analyses were done at the Identifica-
tion Service of the DSMZ (Braunschweig, Germany)
according to standard procedures (Rhuland etal. 1955;
Staneck and Roberts 1974; Whiton et al. 1985). Cellular
fatty acids were analysed at the Culture Collection Univer-
sity of Goteborg (CCUG, Sweden). Bacteria were grown
anaerobically at 37°C on Chocolate-agar (medium no.
C376). Conditions for preparation of cell extracts and gas
chromatography analysis are detailed in MIDI Technical
Note #101 (Microbial ID Inc., Newark, Delaware, USA).
Detailed experimental information is available online
(http://www.ccug.se). Comparison analysis with reference
strains was performed as described previously (Eerola and
Lehtonen 1988).

Results and discussion

Twenty-two bacterial strains were isolated on four selective
agar media from caecal contents obtained from six 5-week-
old male WT and heterozygous TNF®!“ARE C57B1 /6 mice.
Figure 1 shows the phylogenetic position and the origin of
the isolated strains. The fact that several strains of the same
species were obtained from different mice, in spite of the
relatively low number of colonies analysed, implies that the
identified species belong to common bacterial communities
in the mouse caecum. This is in agreement with previously
published work, for instance with respect to the occurrence
of Blautia spp. and Clostridium innoccum (Lee et al. 1991;
Wang et al. 1996). Limited data are available on the isola-
tion and quantification of members of the genus Parabacte-
roides from mouse intestinal samples (Wang et al. 1996;
Dewhirst et al. 1999). However, recent investigations using
molecular tools have provided a multitude of cloned
sequences similar to the sequence of the Parabacteroides
goldsteinii strains isolated in the present study, suggesting
that this taxon, originally recovered from clinical infections
of human intestinal origin, is indeed common in the mouse
intestine (Salzman et al. 2002; Stecher et al. 2007; Garner
etal. 2009). Finally, although cultivation methods have
been used for long to enumerate enterococci and Entero-
bacteriaceae from mouse intestinal samples (Tannock and
Savage 1974) and the latter taxonomic group seems to be
associated with inflammatory conditions (Lupp et al. 2007,
Wohlgemuth etal. 2009), only a few mouse intestinal
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Fig. 1 Phylogenetic position of
the isolated strains among close-
ly related species. The GenBank
accession numbers of the 16S
rRNA gene sequences (5'-end,
548 bp) used to construct the
tree are indicated in brackets.

The strains isolated in the 608

present study are written in bold
letters. Strain numbers indicate

the medium used for isolation 1000

(A, BM, BS, or CMP), the
mouse caecum number

(C1 to 6; mouse 1, 2 and 4 were —1537
TNF@ARE mice) and the dilu-

Strain A-C4-0 (GQ456217)

Strain BM-C4-0 (GQ456218)

Strain BM-C2-0 (GQ456220)

Strain A-C6-2 (GQ456208)

Strain A-C3-0 (GQ456209)

Strain A-C1-0c (GQ456216)
Strain BS-C5-2 (GQ456210)
Strain BS-C2-0 (GQ456219)

Strain CMP-C5-0 (GQ456211)
Blautia producta ATCC 273407 (X94966)
Blautia coccoides DSM 935T (M59090)
Blautia hansenii DSM 20583T (M59114)
a1 Strain A-C2-0b (GQ456213)
; F Enterococcus gallinarum DSM 20628 (AF039900)

Enterococcus casseliflavus DSM 206807 (AF039903)

tion plated (10™*). Sequences
were aligned using the Bioedit
Software, and the tree was
constructed with Clustal X 1.8
using the neighbour-joining

1000

1000L Enterococcus saccharolyticus ATCC 430767 (AF061004)
Strain A-C3-1 (GQ456207)

Strain A-C1-0b (GQ456215)

Clostridium innocuum DSM 12867 (M23732)

method with bootstrap values
calculated from 1,000 trees.
Major groupings were confirmed
using the maximum parsimony
method. Bifidobacterium
bifidum, a member of the family
Actinobacteria, was used

Eubacterium cylindroides ATCC 27803 (L34617)
Strain A-C1-0 (GQ456221)
Strain BM-C1-2 (GQ456225)
s60| Strain BS-C2-2 (GQ456222)
565 Strain CMP-C1-0 (GQ456223)
9111 Strain CMP-C3-0 (GQ456212)
4851 ' Strain CMP-C2-0 (GQ456224)

as outgroup to root the tree.
The bar represents 10 nucleotide
changes per 100 nucleotides

7 OOOLShigella dysenteriae ATCC 133137 (X96966)
Escherichia coli ATCC 117757 (X80725)
601 Strain CMP-C2-2 (GQ456214)
584 Strain BS-C3-2 (GQ456205)
55 Strain BM-C3-0 (GQ456206)
Parabacteroides goldsteinii CCUG 489447 (AY974070)

1000

1000

Parabacteroides distasonis JCM 58257 (AB238922)
Parabacteroides merdae JCM 94977 (AB238928)
Strain A-C2-07 (GQ456204)
Bacteroides massiliensis CCUG 489017 (AY126616)
Bacteroides dorei DSM 178557 (AB242142)
Bacteroides fragilis NCTC 93437 (CR626927)

472

0.1

isolates are available (Berg 1980; Kim et al. 2005; Clavel
et al. 2009; Wohlgemuth et al. 2009).

From the data obtained, it was determined that one of the
twenty-two isolates, strain A-C2-0, was a novel bacterium
isolated from the caecum of a TNF*“ARE mougse on the
selective medium containing amino acids. It was identified
as a new member of the phylum Bacteroidetes. The partial
16S rRNA gene sequence of strain A-C2-0 (1,327 bp)
(GQ456204) was: (1) 99% similar to the as yet not
described isolate Bacteroides sp. TP-5 (AB499846), origi-
nating from the intestine of TCR-beta and p53 double-
knockout mice, and to cloned sequences from monkey,
mouse and rat intestinal samples (Turnbaugh et al. 2006;
Ley etal. 2008); (2) <94% similar to sequences of
described species: B. massiliensis (94.0%), isolated from
blood culture of a newborn (Fenner et al. 2005), Bacteroi-
des dorei (93.7%) (Bakir etal. 2006) and B. vulgatus
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Bifidobacterium bifidum DSM 204567 (U25952)

(93.0%) (Eggerth and Gagnon 1933), which are both mem-
bers of human gut microbiota. Detailed phylogenetic analy-
sis, including all representative members of the order
Bacteroidales, for which 16S rRNA gene sequences are
available, showed that strain A-C2-0 belongs to the genus
Bacteroides (Fig. 2). Since strain A-C2-0 clustered together
with numerous cloned sequences obtained in the course of
several studies on mammalian gut bacteria, we hypothesise
that strain A-C2-0 is a dominant taxon in the intestine of
mammals. Additional work on quantitative analysis of
strain A-C2-0 and related strains is needed to test this
hypothesis. Based on partial sequence analysis of gyrase B
genes (1,337 bp), strain A-C2-0 (GQ409831) was 70.4%
similar to B. vulgatus (GQ409833), 69.2% to B. fragilis
(CR626927), the type species of the genus, and 69.1% to
B. uniformis (GQ409832). These data confirm that strain
A-C2-0 differs from previously described species of the
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Bacteroides finegoldii DSM 175657 (AB222699)
Bacteroides thetaiotaomicron DSM 20797 (AE015928)
Bacteroides ovatus ATCC 8483T (AB050108)
Bacteroides acidifaciens JCM 105567 (AB021164)
Bacteroides caccae ATCC 431857 (X83951)
Bacteroides nordii CCUG 48943T (AY608697)
Bacteroides salyersiae CCUG 48945 (AY608696)
Bacteroides fragilis NCTC 9343T (CR626927)
Bacteroides intestinalis DSM 17393 (AB214328)
Bacteroides cellulosilyticus DSM 148387 (AJ583243)
Bacteroides gallinarum DSM 181717 (AB253732)
Bacteroides stercoris ATCC 431837 (X83953)
Bacteroides eggerthii DSM 206977 (AB050107)
Bacteroides uniformis DSM 65977 (AB050110)
Bacteroides sartorii A-C2-07 (GQ456204)
clone SWPT13_aaa04c09 (EF097020)
clone FL_aaa02g06 (EU472183)
Bacteroides massiliensis CCUG 489017 (AY126616)
Bacteroides dorei DSM 17855 (AB242142)
Bacteroides vulgatus DSM 14477 (AJ867050)
Bacteroides barnesiae DSM 181697 (AB253726)
Bacteroides coprophilus DSM 182287 (AB260026)
Bacteroides salanitronis DSM 181707 (AB253731)
Bacteroides plebeius DSM 171357 (AB200217)
Bacteroides coprocola DSM 17136 (AB200224)
Prevotella melaninogenica DSM 70897 (AY323525)
Parabacteroides distasonis JCM 58257 (AB238922)
Porphyromonas asaccharolytica CCUG 78347 (L16490)
Alistipes finegoldii CCUG 46020T (AY643083)
Rikenella microfusus CCUG 547727 (L16498)
Anaerophaga thermohalophila DSM 128817 (AJ418048)
Bacteroides xylanolyticus DSM 3808 (DQ497992)
289, 1000L— Clostridium xylanolyticum DSM 65557 (X76739)
Roseburia intestinalis DSM 14610T (AJ312385)
Bacteroides pectinophilus ATCC 43243T (DQ497993)
1000 Bacteroides galacturonicus DSM 39787 (DQ497994)
1000 —— Anaerostipes caccae DSM 146627 (AJ270487)
Bacteroides capillosus ATCC 297997 (AY136666)
1000 Ruminococcus flavefaciens ATCC 19208 (L76603)

% Bacteroides ureolyticus DSM 207037 (L04321)
Campylobacter hominis CCUG 451617 (AJ251584)

0.1

Fig. 2 Phylogenetic position of strain A-C2-0 among members of the
order Bacteroidales. The tree was constructed as described in Fig. 1.
Sequence length was 1,327 bp. Actibacter sediminis, a member of the

genus Bacteroides. The isolate’s G + C content of DNA
(41.5 mol%) is in the range of G + C contents reported in
the literature for members of the genus Bacteroides, e.g.,
41-44 mol% for B. fragilis and 40-42 mol% for B. vulga-
tus (Holdeman et al. 1984).

Cellular fatty acid analysis showed that strain A-C2-0
has a unique fatty acid profile within the genus. The major
fatty acid was C,s.o anTEISO (43.6% of total fatty acids). As
expected for a member of the genus Bacteroides, the
diamino acid in the peptidoglycan of strain A-C2-0 was
identified as meso-diaminopimelic acid. Galactose, glu-
cose and ribose were detected as whole cell sugars. The
polar lipid pattern of strain A-C2-0 is shown in Fig. 3. The

Actibacter sediminis JCM 140027 (EF670651)

class Flavobacteria within the phylum Bacteroidetes, was used as
outgroup to root the tree

presence of phosphatidylethanolamine as the sole major
diacylglycerol-based phospholipid confirmed that the iso-
late belongs to the phylum Bacteroidetes. The major men-
aquinone of strain A-C2-0 was MK-9 (100%). With the
exception of Bacteroides gingivalis, Bacteroides levii and
Bacteroides splanchnicus, the respiratory quinones of
most Bacteroides spp., including B. vulgatus and the type
species B. fragilis, are MK-10 to —13 (Shah and Collins
1983). Microscopic observation of strain A-C2-0 revealed
single straight rod-shaped cells (Fig. 4) that stained Gram-
negative. Cells grew in WCA broth in the presence of
0.5% (v/v) bile salts (Fluka, cat. no. 48305). B. uniformis
and Enterorhabdus mucosicola were used as a positive
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Fig. 3 Two-dimensional thin-layer chromatogram of the polar lipids
of strain A-C2-0. Batch cultures (1.5 1) of strain A-C2-0 grown under
anoxic conditions for 48 h in WCA broth supplemented with 0.05%
(w/v) cysteine were centrifuged (5,525 x g, 10 min, RT) in 500-ml-con-
tainers using a 4K15C centrifuge (Sigma). Pellets were re-suspended
in sterile PBS, pooled in 50-ml-FALCON tubes and bacterial suspen-
sions were centrifuged (5,525 g, 15 min, RT). Supernatants were dis-
carded, cell pellets were frozen at —80°C and dried by lyophilisation
for 24 h (Alpha 1-4 LDplus, Christ) prior to shipping. Polar lipid anal-
ysis was done by the Identification Service of the DSMZ and Dr. B.J.
Tindall (Braunschweig, Germany). AL, unidentified aminolipid (AL1
stains orange); L, lipid; PE, phosphatidylethanolamine; PL, phospho-
lipid; PN, aminophospholipid
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Fig. 4 Phase contrast microscopic picture showing the cell morphol-
ogy of strain A-C2-0. The bar represents 10 pm

and negative control, respectively. Enzymatic tests using
rapid ID 32 A and API 50 CHL strips (Biomérieux)
showed that strain A-C2-0 was positive for «- and
f-galactosidase, o-glucosidase, a-arabinosidase, N-acetyl-
p-glucosaminidase, mannose and raffinose fermentation,
glutamic acid decarboxylase, a-fucosidase, alkaline phospha-
tase, arginine, leucyl glycine, leucine and alanine aryl-
amidase as well as lactose, maltose and melibiose
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metabolism. Parameters that distinguish the isolate from
phylogenetically closely related species are given in
Table 1. The sensitivity of strain A-C2-0 was tested
towards ten antimicrobial agents as described previously
(Clavel et al. 2009). Each antibiotic was tested in duplicate
in three independent experiments and the MIC breakpoint
was expressed as the average of those six replicates. MIC
breakpoints were (pg/ml): cefotaxime (3rd generation
cephalosporin), >32; ciprofloxacin, 3.000 £ 0.967; clari-
thromycin, 0.006 £ 0.010; clindamycin, <0.016; erythro-
mycin, 0.151 £ 0.032; metronidazole, 0.110 & 0.036;
oxacillin (class penicillin), 8.500 4 1.708; tetracycline,
0.089 £ 0.014; tobramycin, >256; vancomycin, 4.667 +
0.615. Thus, strain A-C2-0 is resistant to the broad spectrum
f-lactam antibiotic cefotaxime and to the aminoglyco-
side tobramycin. Most of the other antimicrobial agents
tested, with the exception of oxacillin, a narrow-spec-
trum f-lactam antibiotic, and vancomycin demonstrated
high susceptibility of strain A-C2-0. With respect to
cefotetan (2nd generation cephalosporin), clindamycin,
metronidazole and vancomycin, B. massiliensis showed
a similar pattern of antibiotic resistance (Fenner et al.
2005).

In conclusion, the work has led to the isolation and
identification of six cultivable species from the mouse
caecum, including one novel bacterium. Ongoing investi-
gations aim at characterising the prevalence and functions
of the new species with respect to host cellular responses
in the gut.

Description of Bacteroides sartorii sp. nov

Bacteroides sartorii (sar.to’ri.i. N.L. gen. n. sartorii, in
honour of Balfour Sartor, Professor of Medicine, Microbi-
ology and Immunology at the University of North Carolina
in Chapel Hill, for his outstanding contribution to the
understanding of microbial ecology in IBD).

The species has the features of the genus. It is phyloge-
netically related to Bacteroides massiliensis. Cells are
approximately 1.0-1.5 x 2.0-4.0 pm, are aerotolerant but
grow only under strict anoxic conditions. They grow well at
pH values between 6.0 and 9.0, in the temperature range
from 25 to 40°C and in the presence of 0.5% (v/v) bile salts.
Slight turbidity is observed at pH values between 4.5 and
6.0. After 48 h of growth at 37°C on blood agar, colonies
are circular, entire, raised, grey and non-haemolytic. The
species is positive for o-arabinosidase, negative for glut-
amyl glutamic acid arylamidase and does not metabolise
galactose, glucose, fructose, mannose, raffinose and sucrose.
Its major menaquinone is MK-9 and its major fatty acid is
Cis.0 anteso- The G + C content of DNA is 41.5 mol%.
Resistance to cefotaxime and tobramycin has been shown.
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Table 1 Characteristics of strain A-C2-0 and of phylogenetically closely related species of the genus Bacteroides (Symbols: +, positive reaction;
—, negative reaction; =+, ambiguous reaction (Fenner et al. 2005; Bakir et al. 2006); ND not determined)

1 2 3 4
Origin Mouse caecum Newborn blood Human faeces Human faeces
G + C content of DNA (mol%) 41.5 49 40-42 43
o-Arabinosidase’ + - + +
B-glucuronidase’ — — + +
Glutamic acid decarboxylase’ + + + +
Glutamyl glutamic acid arylamidase’ - + + +
Leucine arylamidase + + - +
Galactose* - + ND ND
Glucose* - + + +
Fructose* - + + ND
Lactose* + + +
Maltose* + + +
Mannose* - + +
Melibiose* + + ND ND
Raffinose* — + +
Sucrose* - + +
Respiratory quinones MK-9 ND MK-10, -11 ND
Cellular fatty acids®
13:0 - - 0.9 -
13:0 ISO 0.5 0.7 0.6 -
13:0 ANTEISO 1.0 1.2 1.7 0.7
14:0 0.6 0.3 1.1 0.4
14:0 ISO - - 32 1.2
14:0 aldehyde - - - 0.5
15:0 12.9 7.7 26.2 12.5
15:0 ISO 73 9.6 6.3 7.0
15:0 ANTEISO 43.6 31.1 28.4 352
15:0 ISO aldehyde 39 9.7 1.5 7.8
15:0 30H - - 4.1 2.0
16:0 4.3 2.9 33 34
16:0 ISO 0.5 0.4 - -
16:0 30H 1.9 0.0 4.2 2.3
16:0 ISO 30H - - 1.1 0.6
16:1 w7c 0.0 0.4 0.3 -
17:0 ISO 0.5 0.7 - -
17:0 ANTEISO 0.8 0.8 - 0.4
17:0 20H - - 1.2 1.9
17:0 30H - - 2.9 2.0
17:0 ISO 30H 11.6 21.3 52 11.8
17:1 w9c ANTEISO 0.8 1.2 - -
18:0 1.0 1.1 0.6 1.2
18:0 ANTE 47 6.1 33 44
18:1 w9c 3.1 3.7 2.5 2.7
Unidentified - 1.1 1.3 2.1

Taxa: 1, Bacteroides sartorii sp. nov. (strain A-C2-0T); 2, B. massiliensis (Fenner et al. 2005); 3, B. vulgatus (Holdeman et al. 1984); 4, B. dorei
(Bakir et al. 2006)

T # Analysed using the rapid ID 32 A and the API 20 A identification system, respectively
¥ Strains were B. sartorii CCUG 572117, B. massiliensis CCUG 489017, B. vulgatus CCUG 12546 and B. dorei CCUG 538927
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The type strain, A-C2-0" (= DSM 219417 = CCUG 572117),
was isolated from the caecum of a 5-week-old male hetero-
zygous TNF®WARE C57B1 /6 mouse.
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The C3H/HelBir mouse model of intestinal inflammation was used for isolation of a Gram-
positive, rod-shaped, non-spore-forming bacterium (B7") from caecal suspensions. On the basis

of partial 16S rRNA gene sequence analysis, strain B7" was a member of the class

Actinobacteria, family Coriobacteriaceae, and was related closely to Enterorhabdus mucosicola
Mt1B8" (97.6 %). The major fatty acid of strain B7" was C1g.0 (19.1 %) and the respiratory
quinones were mono- and dimethylated. Cells were aerotolerant, but grew only under anoxic

conditions. Strain B7" did not convert the isoflavone daidzein and was resistant to cefotaxime. The
results of DNA-DNA hybridization experiments and additional physiological and biochemical tests
allowed the genotypic and phenotypic differentiation of strain B7" from the type strain of E.

mucosicola. Therefore, strain B7" represents a novel species, for which the name Enterorhabdus
caecimuris sp. nov. is proposed. The type strain is B7" (=DSM 21839" =CCUG 56815").

The family Coriobacteriaceae currently comprises 13
genera, four of which have been described recently, and
includes Adlercreutzia equolifaciens (Maruo et al., 2008),
the type species of which was isolated from human faeces;
Asaccharobacter celatus (Minamida et al., 2008), isolated
from a rat caecum; Enterorhabdus mucosicola (Clavel et al.,
2009), isolated from the inflamed ileal mucosa of a mouse;
and Gordonibacter pamelaeae (Wirdemann et al., 2009),
isolated from a patient with Crohn’s disease.

During the course of experiments focused on flagellated
bacteria and their implication in intestinal inflammation
(Duck et al., 2007), strain B7" was isolated from the

Abbreviation: FT-IRS, Fourier-transform infrared spectroscopy.

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA and
gyrase B gene sequences of strain B7' are DQ789120 and
GQ409830, respectively.

Supplementary figures showing the polar lipid compositions and daidzein
conversion abilities of strain B7" and the type strain of Enterorhabdus
mucosicola are available with the online version of this paper.

caecum of a C3H/He]Bir mouse, a mouse substrain prone
to spontaneous colitis (Sundberg et al., 1994), after 3 days
growth at 37 °C on ATCC medium 602 E. Additional
information on strain isolation and 16S rRNA gene
sequencing has been published elsewhere (Duck et al.,
2007). Unless otherwise stated, all experiments for the
description of strain B7" were carried out as described
previously (Clavel et al., 2009). Bacteroides vulgatus was
used as a positive control for the determination of growth
with bile salts (no. 48305; Fluka). Cellular fatty acids,
respiratory quinones, peptidoglycan and whole-cell sugars
were analysed by the DSMZ, Braunschweig, Germany,
according to standard procedures (Sasser, 1990; Cashion
et al., 1977; De Ley et al., 1970; Huf3 et al., 1983; Mesbah
et al., 1989; Rhuland et al., 1955; Staneck & Roberts, 1974;
Tamaoka & Komagata, 1984; Visuvanathan et al, 1989;
Whiton et al., 1985).

16S rRNA gene sequences from strain B7" (determined as
described previously; Duck et al., 2007) and GenBank were
aligned using BioEdit version 7.0.5.3 (Hall, 1999) and a
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rooted tree was constructed using the neighbour-joining
method with CLUSTAL X version 1.8. Bootstrap values were
calculated on the basis of 1000 resamplings. The max-
imum-parsimony method was used to confirm the
topology of the phylogeny. Fig. 1 gives a current
phylogenetic overview of the family Coriobacteriaceae and
the position of strain B7". Sequence similarity values were
obtained with the DNA distance matrix function in the
BioEdit software. The 16S rRNA gene sequence of strain
B7" (1336 bp) was related most closely (>99%) to
sequences originating from as-yet-uncultured mouse
intestinal bacteria (Ley et al., 2005, 2006) and E. mucosicola
Mt1B8T (97.6%). Lower similarities were found to
sequences from Asaccharobacter celatus do03” (93.4 %),
Adlercreutzia equolifaciens FJC-B9" (93.3%) and two
Eggerthella strains (<90 %). The resolution of 16S rRNA
gene sequence analysis does not allow the identification of
closely related species. However, it consistently depicts
phylogenetic relationships from the level of domains to
moderately related species (Stackebrandt & Goebel, 1994).
It has been proposed that a genus could be defined as
containing species that have 95 % 16S rRNA gene sequence
similarity to each other (Rossello-Mora & Amann, 2001).
We suggest that strain B7" does not belong to either of the
genera Adlercreutzia or Asaccharobacter, as the strain has

16S rRNA gene sequence similarity values with members of
these genera of <94 %.

The gyrase B gene of strain B7" was amplified as described
previously (Santos & Ochman, 2004). Amplicons
(1500 bp) were purified using agarose gel electrophoresis
and the Wizard SV Gel and PCR Clean-Up System
(Promega). Purified products were sequenced using the
primers gyrBBNDNI1 (5'-CCGTCCACGTCGGCRTCNG-
YCAT-3") and gyrBBAUP2 (5'-GCGGAAGCGGCCNGSN-
ATGTA-3'). The gyrase B gene sequence of strain B7"
shared 95.7 and 79.3 % similarity with sequences from E.
mucosicola Mt1B8”T (GenBank accession no. EU594341) and
Eggerthella lenta DSM 22437 (EU594342; 524 bp), respec-
tively. Strain B7" exhibited low DNA-DNA relatedness to E.
mucosicola DSM 194907 (28.0+2.0%, two experiments),
which supported the fact that these two bacteria belong to
different species. The DNA G+C content of strain B7"
(64.5 mol%) was comparable to those reported in the
literature for its phylogenetic neighbours.

The results of phenotypic and chemotaxonomic analyses
are given in the species description and in Table 1. The
fatty acid profile of strain B7" was similar to that of E.
mucosicola DSM 19490". The diamino acid in the
peptidoglycan was identified as meso-diaminopimelic acid,

48 {Clone SWPT5_aaa04e11 (EF100091)
Clone obob?2_aaa03g05 (EF096493)
7 T
4647 {Enterorhabdus mucosicola Mt1B8T (AM747811)

826

#1000 Clone C16_E16 (AY992290)

#999 o Clone M3_f06_3 (DQ015649)

Clone H75N2_6608 (EU463459)

#1000 #1000

— Clone SWPT12_aaa04f04 (EF098044)

ao1H Clone RL176_aah44c06 (DQ793846)

“ Enterorhabdus caecimuris B77 (DQ789120)
Asaccharobacter celatus do03T (AB266102)

#814
#10004[Ad/ercreutzia equolifaciens FJC-B9T (AB306661)
Human intestinal bacterium SNU-Julong732 (AY310748)

Fig. 1. Phylogenetic position of strain B7"
within the family Coriobacteriaceae, based on
a neighbour-joining analysis of 16S rRNA gene
sequences (1338 bp). Bootstrap values based

#972 —
Eggerthella lenta DSM 22437 (AF292375)
Eggerthella sinensis HKU147 (AY321958)
2430 Paraeggerthella hongkongensis HKU10T (AY288517)
327 Gordonibacter pamelaeae 7-10-1-bT (AM886059)
Denitrobacterium detoxificans NPOH1T (U43492)
Hosd _ES/ackia exigua ATCC 7001221 (AF101240)
4osa Slackia isoflavoniconvertens HE8T (EU826403)

#1000

0.1

Cryptobacterium curtum ATCC 700683" (AB019260)
Collinsella aerofaciens JCM 101887 (AB011816)
Coriobacterium glomerans DSM 206427 (X79048)

_@ Atopobium minutum NGFB 27617 (X67148)
Olsenella uli ATCC 49627 (AF292373)

Eubacterium limosum ATCC 84867

on 1000 resamplings are shown at branch
nodes. Hash signs indicate that the corres-
ponding nodes were also recovered in the tree
generated using the maximum-parsimony
method. Eubacterium limosum ATCC 8486,
a member of the phylum Firmicutes, was used
as an outgroup. Bar, 10 substitutions per 100

(M59120) . .
nucleotide positions.
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Table 1. Characteristics that differentiate strain B7" and

E. mucosicola DSM 194907

Strains: 1, B7%; 2, E. mucosicola DSM 19490". Data were taken from
this study. DMA, Dimethylacetal; DMMK, dimethylmenaquinone;
MMK, monomethylmenaquinone; R, resistant (MIC >32 pg ml ™Y

ND, not determined.

Characteristic 1 2
Diaminopimelic acid meso LL
Major menaquinones (%)
MMK-6 60 100
DMMK-6 40 0
Whole-cell sugars
Glucose + -
Enzyme activities*
Aminopeptidase - +
Glutamic acid + -
decarboxylase
Isoflavone conversion
Daidzein - +
Genistein ND +
Antibiotic MIC (ug ml™ ")t
Cefotaxime R (>32) 1.250+0.112
Ciprofloxacin 0.305+0.035 R (>32)
Clarithromycin <0.016 <0.016
Clindamycin 0.105+0.010 <0.016
Erythromycin <0.016 0.048 +0.007
Metronidazole 0.016 +0.000 0.034 +0.004
Oxacillin R (36.000+5.750)  4.667 +0.667
Tetracycline 0.12040.005 0.11540.007
Tobramycin 4.33340.558 2.667+0.211
Vancomycin 1.50040.129 1.3334-0.105
Cellular fatty acids
i50-C13.¢ 0.36 0.50
Ciseo 1.21 0.72
is0-Cy3.¢ - 0.15
anteiso-C,3.¢ 0.43 0.49
Cus.p €12 0.29 0.17
i50-C4.0 3.83 2.48
Cusso 15.08 12.11
Cus.0 DMA 0.68 0.41
i50-Cy5.¢ 1.20 1.60
anteiso-C;s. ¢ 2.82 2.29
Cis.0 1.77 1.60
Cis.0 DMA 0.40 0.42
Ci:0 ALDE 2.28 2.31
Cis:0 19.14 18.06
i50-Ci6:0 0.52 0.42
Ci6.0 DMA 9.62 11.56
Cie:1 9 0.94 0.93
anteiso-C7. ¢ 0.82 0.75
anteiso-C,7.o DMA - 0.19
Cire0 0.87 -
Ci7.0 DMA - 0.20
Ciy.1 8 1.16 0.52
Ciy1 O - 0.41
Cis:0 DMA 2.40 3.73
Cis:o 7.9 9.35

Table 1. cont.

Characteristic 1 2
Cis:1 O 15.25 16.68
Cis.1 © DMA 4.94 4.75
Cig.1 cl1 DMA 0.59 0.56
Cigy cl11/19/16 4.16 3.83
Cig.z 9,12 1.24 1.30

*Data obtained with Rapid ID32A identification system for anaerobes
(bioMérieux).

tValues are expressed as mean+sp of six replicates (three
independent experiments with duplicates).

which so far has been reported only for the peptidoglycan
type Aly and three variations of peptidoglycan type A4y.
The quinones were monomethylmenaquinone-6 (60 %)
and dimethylmenaquinone-6 (40 %).

For polar lipid analysis, batch cultures (1.5 1) of strain B7"
and E. mucosicola DSM 19490" were grown under anoxic
conditions for 48 h in GYBHIc [brain-heart infusion broth
(no. 211059; BD) supplemented with (17') 4 g glucose, 4 g
yeast extract and 0.05% (w/v) cysteine] and harvested by
centrifugation [5525 g for 10 min at room temperature in
500 ml containers using a 4K15C centrifuge (Sigma)].
Pellets were resuspended in filter-sterilized PBS [(1 distilled
water) " ': 8.60 g NaCl, 0.87 g Na,HPO,, 0.40 g KH,POy;
pH 7.2] and supernatants were centrifuged again as above.
Resuspended pellets were pooled in 50 ml Falcon tubes and
centrifuged as above for 15 min. Supernatants were
discarded first by inverting the tubes and subsequently
pipetting the remaining liquid after the tubes had been left
to stand for 30 s. Samples were stored at —80 °C prior to
shipping on dry ice. Polar lipid analysis was done by the
Identification Service of the DSMZ and Dr B. J. Tindall
(Braunschweig, Germany). The polar lipid pattern of strain
B7" differed from that of E. mucosicola DSM 19490"
(Supplementary Fig. S1, available in IJSEM Online). The
major polar lipids were diphosphatidylglycerol, phospha-
tidylglycerol, one unknown phospholipid, two unknown
glycolipids and one unidentified lipid.

Fourier-transform infrared spectroscopy (FT-IRS) was
used to further differentiate strain B7" and E. mucosicola
DSM 19490, FT-IRS relies on the absorption of infrared
radiation by cell components and results in fingerprint-like
spectra that reflect the cellular chemical composition and
allow the identification of closely related bacteria
(Kirschner et al., 2001; Wenning et al., 2008). Clusters
were calculated using Ward’s algorithm and vector-
normalized first derivatives of the spectra (Savitzky—
Golay algorithm) in the ranges 3000-2800 and 1800—
700 cm ! (Fig. 2). Measurements of duplicate cultures of
E. mucosicola DSM 19490" at two time points clustered
together and demonstrated the reproducibility of the
technique. For each strain, spectra from independent
cultures were more similar to one another than to those
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Fig. 2. Cluster analysis of FT-IRS spectra of strain B7' and
closely related strains. Data were taken from this study and Clavel
et al. (2009). Dates indicate date of measurement. Asterisks
indicate results from this study.

from other species and attested to the robustness of the
observed spectral variations between taxa. Interestingly, the
spectra from strain B7" were less closely related to those
from E. mucosicola DSM 19490" than to those from more
distant phylogenetic neighbours, providing evidence at the
whole-cell biochemical level that there were differences
between these two organisms. Thus, although it is not
useful for taxonomic purposes, FT-IRS can be used for the
rapid identification of members of the family
Coriobacteriaceae if the dataset is extended to other
members of the family.

The sensitivity of strain B7' was tested towards ten
antimicrobial agents as described previously (Clavel et al.,
2009). The MICs are presented in Table 1. Strain B7" was
resistant to cefotaxime, a broad-spectrum antibiotic
interfering with cell-wall synthesis, and oxacillin, a
narrow-spectrum f-lactam antibiotic, but highly sensitive
to clarithromycin, erythromycin and metronidazole. Strain
B7" grew in the presence of 2 % (w/v) NaCl and at pH 6.0—
9.0, but not in the presence of 0.5% (w/v) bile salts. At
pH 6.9, cysteine was not required for growth. In contrast
to E. mucosicola DSM 194907, strain B7" did not convert a
variety of amino acid derivatives and was positive for
glutamic acid decarboxylase (Rapid ID32A; bioMérieux).
Strain B7" was also positive for arginine dihydrolase.

Because E. mucosicola DSM 19490" produces equol from the
isoflavone daidzein (Matthies et al., 2008), we investigated

daidzein conversion in strain B7". Stock solutions (20 mM)
of daidzein (no. D7802; Sigma-Aldrich) and (R,S)-equol
(no. ALX-385-032; Axxora) were prepared in DMSO and
stored at —20 °C. The daidzein stock solution was filter-
sterilized prior to storage (Millex-LG PTFE membrane,
0.22 um; Millipore). E. mucosicola DSM 194907 was used as
a positive control; separate negative controls for daidzein
and bacteria were included. Each bacterium was tested in
duplicate at 37 °C under anoxic conditions (100 % N,) in
GYBHIc. The initial concentration of daidzein was approxi-
mately 120 pM. Samples were taken over time with a syringe
and stored at —20 °C. Supernatants (14000 g for 5 min;
200 pl) were diluted fivefold in a mixture of the eluents
(30%, v/v, B in A; see below) and 50 pl samples were used
for reversed-phase HPLC analysis using an Agilent HPLC
1100 Series and a Prontosil 120-5-C18 ace-EPS 5.0 um
column (250 mm X 4.6 mm; Bischoff). The mobile phase
was water/acetonitrile/formic acid (94.9:5:0.1, v/v; A) and
water/acetonitrile/formic acid (5:94.9:0.1, v/v; B) in a
gradient mode (from 10 to 100 % B within 32 min, then
100% B for 8 min). The flow rate was 1.0 ml min~' and
compounds were detected with a diode array detector at
300 nm. Retention times for daidzein and equol were 19.5
and 23.5 min, respectively. Calibration used two independ-
ent dilution series of daidzein that included the following
concentrations: 0.1, 1, 10, 25, 50, 100 and 200 pM. Growing
cells of strain B7" were not capable of converting daidzein
under the experimental conditions used (Supplementary
Fig. S2, available in IJSEM Online).

On the basis of the phylogenetic, chemotaxonomic and
phenotypic analyses presented above, strain B7' can be
distinguished from the type strain of E. mucosicola and thus
represents a novel species, for which the name Enterorhabdus
caecimuris sp. nov. is proposed.

Emended description of the genus Enterorhabdus
Clavel et al. 2009

The description is as given previously (Clavel et al., 2009) with
the following modifications. Members of the genus are
aerotolerant anaerobes. No growth occurs in the presence of
0.5 % (w/v) bile salts. Do not possess glycosidases. Cysteine is
not required for growth. The diamino acid in the peptido-
glycan is meso- or LL-diaminopimelic acid. The main cellular
fatty acid is Cy4.0 (approx. 20 % of total fatty acids). Major
polar lipids are diphosphatidylglycerol and two glycolipids.
Whole-cell sugars include galactose and ribose. Respiratory
menaquinones are mainly monomethylated (>60% total
lipoquinones). The G +C content is 64.2—-64.5 mol%.

Description of Enterorhabdus caecimuris sp. nov.

Enterorhabdus caecimuris (ca.e.cimu'ris. L. n. caecum
caecum; L. n. mus muris mouse; N.L. gen. n. caecimuris
of the caecum of a mouse).

Gram-positive, non-motile, non-spore-forming rods
(0.5 % 2.0 pm) growing as single cells under strictly anoxic
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conditions. Colonies are small (pinpoint), circular, entire
and non-haemolytic after 48 h at 37 °C on Columbia blood
agar. Grows in the presence of 2% (w/v) NaCl and at 27—
40 °C. Major fatty acids are Ci4.9, Ci6.0 and Cig.1 9.
Whole-cell sugars are galactose, glucose and ribose.
Quinones are mono- and dimethylated. Produces gluta-
mate decarboxylase and arginine dihydrolase but not
aminopeptidase. The type strain is resistant to cefotaxime
and does not convert daidzein to equol. The DNA G+C
content of the type strain is 64.5 mol%.

The type strain is B7* (=DSM 21839" =CCUG 56815"),
isolated from the caecum of a C3H/HeJBir mouse.
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Abstract We used selective agar media for culturing
bacteria from the caecum of mice fed a high calorie diet. In
addition to the isolation of Enterobacteriaceae growing on
a medium containing cholesterol and bile salts, we focused
on the characterization of strain CT—mZT, which, based on
16S rDNA analysis, did not appear to correspond to any
currently described organisms. The isolate belongs to the
Clostridium cluster XIV and is most closely related to
members of the Lachnospiraceae, including the genera
Anaerostipes, Blautia, Butyrivibrio, Clostridium, Copro-
coccus, Eubacterium, Robinsoniella, Roseburia, Rumino-
coccus and Syntrophococcus (<90 % similarity). Strain
CT-m2" is a non-motile Gram-positive rod that does not
form spores and has a G + C content of DNA of 48.5 %.
Cells grow under strictly anoxic conditions (100 % N,) and

Communicated by Erko Stackebrandt.

The GenBank accession number of the 16S rRNA gene sequence of
strain CT-m2" is HM989805.
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produce acetate and butyrate after growth in reduced WCA
broth. In contrast to related species, the new bacterium does
not metabolize glucose and is positive for phenylalanine
arylamidase, and its major cellular fatty acid is C4.0. Based
on phylogenetic and phenotypic studies, the isolate merits
recognition as a member of a novel genus and species, for
which the name Acetatifactor muris is proposed. The type
strain is CT-m2" (= DSM 23669" = ATCC BAA-2170").

Keywords Mouse intestinal microbiota - Diet-induced
obesity - Firmicutes - Clostridia - Acetatifactor muris

Introduction

The mammalian gut microbiota is dominated by over 1,000
species of strictly anaerobic bacteria, predominantly Gram-
positive type cells belonging to the phylum Firmicutes
(Ley et al. 2008). The study of such highly diverse eco-
systems is partly hampered by the fact that most gut bac-
teria (>60 %) have no representative strains yet in culture
(Goodman et al. 2011), highlighting the importance of
isolating novel bacterial species for further in vitro
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characterization of functions of interest, including meta-
bolic features and regulation of host cell stress responses
(Alain and Querellou 2009). Ultimately, the isolation of
new bacteria is also essential for refining taxonomic defi-
nitions of complex and heterogeneous groups of bacteria,
such as the Clostridia. Several members of the Firmicutes
encode functions of relevance to host health, including
production of the short-chain fatty acid butyrate or con-
version of dietary components such as polyphenols (Clavel
et al. 2006; Louis and Flint 2009). Moreover, it has been
recently shown that the occurrence of Firmicutes, espe-
cially members of the family Erysipelotrichaceae, is
markedly increased in mouse models of diet-induced
obesity (Turnbaugh et al. 2009; Fleissner et al. 2010). In
that context, we aimed at isolating bacteria from the cae-
cum of obese mice and focused on the description of one
novel bacterial genus within the Firmicutes.

Materials and methods
Sampling

Male C57BL/6NCrl mice were fed a standard (STD) or a
cafeteria (CT) diet (n = 5 mice/group). The feeding protocol
and the diets are given in the Electronic Supplementary
Material. All procedures were conducted according to the
German guidelines for animal care and approved by the state
ethics committee (ref. no. 209.1/211-2531-41/03). After
81 days on the experimental diets, mice were killed by cer-
vical dislocation. Caecal contents were collected, weighed
using a precision balance (TB-215D, Denver Instrument) and
immediately used for culturing.

Media

Two agar media were used for isolation, referred to as CBS
and CT agar hereafter. The cholesterol and bile salts (CBS)
agar is described in the Electronic Supplementary Material.
The selective CT medium was used to mimic dietary intake
in mice fed the CT diet. It was prepared using 10.4 g pellets
of cocoa-flavoured, 7.4 g coconut-flavoured and 2.2 g pea-
nut-flavoured diet (Suppl. Table S1), which were ground and
solved in distilled water (1 1) by mixing for 30 min at 50 °C.
After addition of 2 % (w/v) agar, the medium was autoclaved
(121 °C, 15 min). The sterile medium (55 °C) was supple-
mented with the following filter-sterilized solutions prior to
pouring into Petri dishes (final concentrations in CT agar are
given in brackets): DTT (0.02 %), cysteine (0.05 %), taurine
(15 mM) (Sigma, cat. no. T0625), ammonium iron citrate
(0.05 %) (Sigma, cat. no. 09713), erythromycin (10 pg/ml)
(Sigma, cat. no. 45673) and polymyxin B (50 pg/ml)
(AppliChem, cat no. A0890). Antibiotics were used to select

@ Springer

for anaerobic Gram-positive bacteria other than streptococci,
staphylococci and bacilli.

Isolation of bacteria

Anaerobic work was carried out in a VA500 workstation
(Don Whitley Scientific) containing 90 % (v/v) N, and 10 %
H,. The atmosphere was kept at 37 °C and 75 % humidity. It
was tested for anaerobic conditions using Anaerotest®
(Merck, cat. no. 1.15112.0001). All materials, including
agar media and buffered solutions, were brought into the
workstation approximately 24 h prior to the sample prepa-
ration. Immediately after the collection and weight deter-
mination, caecal samples were brought into the anaerobic
workstation and suspended in filter-sterilized phosphate-
buffered saline (PBS) solution (per litre dH,O: NaCl, 8.60 g;
Na,HPO,, 0.86 g; KH,PO,, 0.40 g, pH 7.2) supplemented
with 0.02 % peptone from meat (Roth, cat. no. 2366) and
0.05 % L-cysteine (PBS/PC). Tenfold serial dilutions were
prepared for each sample. Bacterial suspensions (100 pl)
were spread on CBS and CT agar using sterile glass beads.
Counts were determined after 6 days of incubation. Only
plates with 10-200 colonies per plate were taken into
account for cell density determination. Weighted means
were calculated if two successive dilutions gave rise to
appropriate numbers of colonies. Results were expressed as
mean * SD of colony-forming units (CFU) per gram of wet
caecal content or as logarithmic values thereof. Data were
analysed statistically (¢ test) using the SigmaStat software,
version 3.10 (Systat Software Inc.). All single-colony mor-
phology types observed after 6 days of growth were streaked
onto CBS or CT agar to ensure purity. Thereafter, the non-
selective medium used for sub-culturing isolates was
reduced WCA, that is, Wilkins-Chalgren-Anaerobe bouillon
(Oxoid, cat. no. CM0643) supplemented with cysteine and
DTT and prepared using strictly anaerobic techniques
(100 % N,) (Attebery and Finegold 1969). Culture purity
was examined by observing cell morphology after Gram-
staining and colony morphology. Cryo-stocks (100 ul) were
stored at —80 °C after mixing bacterial suspensions with
equal volumes of Tris-buffered aqueous solution (60 mM)
containing 40 % glycerol.

Phylogenetic and DNA-based analyses

DNA was extracted from washed bacterial cell pellets
using the DNeasy Blood & Tissue kit (Qiagen), following
the instructions for pretreatment of Gram-positive bacteria.
The 16S rRNA genes were amplified using primer 27F
5'-AGA GTT TGA TCC TGG CTC AG and 1492R 5'-GGT
TAC CTT GTT ACG ACT T (Kageyama et al. 1999). The
annealing temperature was 56 °C. Amplicons were purified
using the Wizard SV Gel and PCR Clean-Up System
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(Promega) and sequenced with primer 27F using the Qiagen
Genomic Services. The 16S rRNA gene of strain CT-m2"
was further sequenced using primer 1492R. Sequences of
organisms closely related to the isolated strains were
obtained using the BLAST function of the NCBI server
(Altschul et al. 1990) and The All-Species Living Tree
project (Yarza et al. 2008). Ribosomal sequences were
checked for anomalies using the greengenes web application
(DeSantis et al. 2006a, b). All sequences were aligned using
the BioEdit software, version 7.0.5.3 (Hall 1999). Percent-
ages of similarity were calculated after unambiguous
alignment of each isolated sequence with those of the most
closely related species, using the DNA Distance Matrix
function of the BioEdit software. The G + C content of
DNA of strain CT-m2" was determined at the German
Collection of Microorganisms and Cell Cultures by using
high-performance liquid chromatography (www.dsmz.de).

Phenotypic characterization

Strain CT-m2" was characterized as described previously
(Clavel et al. 2009; Clavel et al. 2010). For all tests, bac-
teria were grown in reduced WCA medium. Peptidoglycan,
whole-cell sugars, polar lipids and cellular fatty acids were
analysed by the Identification Service of the DSMZ
(Braunschweig, Germany) according to the standard pro-
cedures. For these analyses, cell mass was obtained as
follows: batch cultures (1.5 1) grown under anoxic condi-
tions for 3 days in reduced WCA broth were centrifuged
(5525 xg, 20 min, RT) in 500-ml containers using a
4K15C centrifuge (Sigma). Pellets were re-suspended in
sterile PBS, and supernatants were centrifuged again as
above. The pellets were pooled with the first ones in 50-ml
Falcon tubes, and bacterial suspensions were centrifuged
(5525 xg, 15 min, RT). Supernatants were discarded by
inverting the tubes. Cell pellets were stored at —80 °C and
dried by lyophilization overnight (Alpha 1-4 LDplus,
Christ) prior to shipment. To determine enzymatic features,
bacterial suspensions were analysed with the rapid ID 32A
test and with ANI cards using the VITEK® system fol-
lowing the manufacturer’s instructions (Biomérieux,
Marcy-1’Etoile, France). For both tests, two cell suspen-
sions in PBS (>Mc Farland Standard no. 3) were prepared
from two independent batch cultures grown for 48 h. Data
obtained with the rapid ID 32A were compared using
apiweb (https://apiweb.biomerieux.com). For VITEK®
analysis, ANI cards were inoculated automatically using
the VITEK filling module and were incubated aerobically
for 4 h at 37 °C. The cards were read manually against a
comparator template provided by the manufacturer. Data
were analysed using the VITEK program. To measure the
production of short-chain fatty acids, cells were grown for
72 h in reduced WCA broth. Acetate, butyrate, propionate,

valerate and isovalerate were measured with an HP 5890
series II gas chromatograph (Hewlett-Packard, Waldbronn,
Germany) equipped with an HP-20 M column and a flame
ionization detector. Supernatants (200 pl) collected at O,
24, 48 and 72 h after inoculation were mixed with 23.6 pl
of isobutyric acid (12 mM), 270 pl of NaOH (1 M) and
280 pl of HC1O,4 (0.36 M). Freeze-dried mixtures were re-
suspended in 400 pl of acetone and 100 pl of formic acid
(5 M). After centrifugation, supernatants (1 pl) were
injected twice into the chromatograph.

Results and discussion
Isolation and identification of bacterial isolates

The density of caecal bacteria able to grow on CBS agar
containing cholesterol and bile salts tended to be higher in
mice fed the CT diet. Counts were 5.4 + 1.0 versus
4.0 £ 1.0 log;p (CFU/g wet weight) for the CT and STD
group, respectively (p = 0.098). Further description of CBS
isolates is given in the Electronic Supplementary Material.
On the selective CT agar, the number of colonies was too
low (<10 per plate) to provide reliable counts. Representa-
tives of each of the four types of colonies observed were
picked and isolates (n = 7) were identified by 16S rRNA
gene sequencing. Apart from members of the genera Proteus
and Enterococcus and the species Parabacteroides gordo-
nii, we found that one bacterium, strain CT-m27, isolated
from CT diet-fed mouse no. 2, belonged to a novel taxon,
based on phylogenetic and phenotypic evidence.

Genotypic characterization of strain CT-m2"

Phylogenetic analysis based on partial 16S rRNA gene
sequencing showed that the new isolate is a member of the
order Clostridiales (Fig. 1 and Suppl. Fig. S1). Indeed,
strain CT-m2" was very distantly related to bacteria from
classes other than Clostridia within the Firmicutes, namely
Bacilli (e.g. enterococci and lactobacilli), Erysipelotrichi
(Clostridium cylindroides, Clostridium ramosum and rela-
ted species), Negativicutes (e.g. Clostridium quercicolum
and Veillonella parvula) and Thermolithobacteria (e.g.
Thermolithobacter ferrireducens). Moreover, the new
strain fell into the Clostridium cluster XIV, as defined by
Collins et al. (Collins et al. 1994), the members of which
belong almost exclusively to the family Clostridiaceae,
Eubacteriaceae, Lachnospiraceae and Ruminococcaceae
within the Clostridiales (Rainey 2009a, b). According to
BLAST analysis, the partial 16S rRNA gene sequence of
strain CT-m2" (1 376 bp) (HM989805) was >98 % similar
to already published sequences of uncultured bacteria
obtained from the mouse caecum, including lean mice

@ Springer



904

Arch Microbiol (2012) 194:901-907

Fig. 1 Phylogenetic tree

showing the position of strain
CT-m2" within members of the
Lachnospiraceae. The GenBank
accession numbers of the 16S
rRNA gene sequences used to
construct the tree are indicated
in brackets. Sequences were
aligned using the BioEdit
software, and the rooted tree
was constructed with Clustal X
2.0 using the neighbour-joining
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(EU509171 and EU451603) (Wen et al. 2008) and from
mouse skin samples (HM817968, HMS840894 and
HM843955) (Grice et al. 2010). The closest relatives of
strain CT-m27 (percentages of similarity between 88 and
90 %) with validly published names included Anaerostipes
caccae (AB243985), Bacteroides pectinophilus
(DQ497993), Blautia producta (X94966), Butyrivibrio
fibrisolvens (U77341), Clostridium aldenense (DQ279736),
Clostridium celerecrescens (X71848), Clostridium sphe-
noides (AB075772), Coprococcus catus (EU266552), Dorea
longicatena (HQ259728), Eubacterium plexicaudatum
(AF157058), Desulfotomaculum guttoideum (NR_026409),
Roseburia intestinalis (AJ312386), Ruminococcus gnavus
(X94967) and Syntrophococcus sucromutans (AF202264).
Furthermore, local BLAST search against a set of 16 528
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16S rRNA gene sequences (300-500 bp) from the caecum
of five wild-type C57BL/6 mice (Werner et al. 2011)
suggests that the novel bacterium is a subdominant member
of mouse caecal microbiota, that is, we did not find any
full-length hit corresponding to the sequence of strain
CT-m2". The isolate’s G + C content of DNA is 48.5 mol %,
which differs substantially from the G + C content of some
members of phylogenetically related genera, including
Blautia spp. (37-47 mol %), Butyrivibrio fibrisolvens
(42 mol %), Clostridium butyricum (28 mol %), Clostrid-
ium celerecrescens (38 mol %), Coprococcus catus (39 to
41 mol %), Desulfotomaculum gutteoideum (54 mol %),
Dorea spp. (4046 mol %), Eubacterium ramulus (39 mol %),
Roseburia intestinalis (29-31 mol %) and Ruminococcus
hansenii (38 mol %).
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Phenotypic characterization of strain CT-m2"

Strain CT-m2" formed long and thin straight rods occurring
as single cells, in pairs or small chains. Cells stained Gram-
variable, yet the KOH test was negative, which is consistent
with a Gram-positive cell wall. Taking into account that
strain CT-m2" belongs to the Firmicutes, the presence of
meso-diaminopimelic acid as a diagnostic component of the
peptidoglycan suggested that strain CT-m2” is characterized
by the peptidoglycan type Aly. Enzymatic tests using the
rapid ID 32 A and VITEK® system showed that strain
CT-m2" was positive for o-arabinosidase, a-fucosidase, a- and
f-galactosidase, a-glucosidase, N-acetyl-glucosaminidase,
phenylalanine arylamidase as well as arabinose and xylose
metabolism. Whole-cell sugars were glucose, ribose, gal-
actose and traces of xylose. Polar lipids in strain CT-m2"
included diphosphatidylglycerol, phosphatidylglycerol,
phosphatidylethanolamine, phosphoglycolipid and one each
aminolipid and aminoglycolipid (Suppl. Fig. S2). The cel-
lular fatty acid composition of cells grown for 72 h in
reduced WCA under anaerobic conditions was (% total fatty
acids): Cy0.0 (2.4 %), Ci1:.0pma (2.3 %), Ci2:0 (2.6 %), Ciao
(48.7 %), Cia:0 pma (14.6 %), Cis0 (8.8 %), Ci7.0 DMA
(2.5 %), Cis:0 (5.2 %), Cig:1 W9¢ (5.2 %), Cis:1 woe DMA
(4.5 %) and unidentified CFA (3.3 %). Strain CT-m2" grew
best at 30-37 °C between pH 7.0 and 8.0 in reduced WCA
broth under anaerobic conditions (100 % N,). Growth was

not inhibited by erythromycin up to ca. 200 pg/ml. Spores
have not been observed, and cells did not survive heat
treatment under anoxic conditions (60 °C, 20 min and
70 °C, 10 min). After 72 h of growth inreduced WCA, strain
CT-m2" produced acetate (1 370 £ 290 umol/l medium),
butyrate (530 &+ 30 umol/l) and trace amounts of propionate
(<70 £ 50 pmol/l) (n = 2 independent cultures). Valerate
and isovalerate were not detected. So far, approximately 20
butyrate-producing bacteria have been isolated from gut
samples and many of them belong to the Clostridium cluster
XIV (Duncan et al. 2004; Louis and Flint 2009; Eeckhaut
etal. 2010). The fact that most of these bacteria produce high
concentrations of butyrate (>10 mM) when compared with
strain CT-m27 is likely due to the slow growth rate of our
isolate or to the absence of intermediate substrates (e.g.
acetate or lactate) in the reduced WCA broth originally used
to assess butyrate production (Pacaud et al. 1986; Duncan
etal. 2004). Addition of arabinose (4 mM), xylose (10 mM),
lithium lactate (10 mM) and sodium acetate (10 mM) to the
medium did not markedly increase turbidity and butyrate
production (680 =£ 30 pumol/l) after 72 h of growth.

Based on these phenotypic and genotypic data, it is
proposed that strain CT-m2” be designated the type species
of a novel bacterial genus, namely Acetatifactor muris, and
that it belongs to the Lachnospiraceae within the Clos-
tridiales (Rainey 2009a). Parameters that distinguish the
isolate from related taxa are given in Table 1.

Table 1 Characteristics of strain CT-m2" and phylogenetically related species

1 2 3 4 5 6 7 8
Origin Mouse caecum Dog faeces Cow rumen Cow manure Human facces Swine manure Human faeces Human faeces
Gram type Positive Positive Negative Positive Positive Positive Positive Positive
Motility - - + + - - + -
Spore formation — + - + n.r. + - -
Major CFA Ciao Ciscooma  Ciso n.r. n.r. Ciso n.r. Ciso
o-arabinosidase 4+ n.r. - n.r. n.r. + n.r. n.r.
o-glucosidase + - n.r. nr n.r. + n.r. n.r.
Phe arylamidase + n.r. - n.r n.r. - - n.r.
Arabinose + + + + - + + +
Glucose - + + + + + + +
Raffinose - + - + - + + +
Xylose + + + + - + + +
Butyrate + - + + + - + -
G + C (mol %) 48.5 40.7 42.1 38.0 3941 48.7 29-31 43

Taxa: 1, Acetatifactor muris; 2, Blautia glucerasea (Furuya et al. 2010); 3, Butyrivibrio fibrisolvens (Kopecny et al. 2003); 4, Clostridium
celerecrescens (Palop et al. 1989); 5, Coprococcus catus (Holdeman and Moore 1974); 6, Robinsoniella peoriensis (Cotta et al. 2009); 7,
Roseburia intestinalis (Duncan et al. 2002); 8, Ruminococcus gnavus (Moore et al. 1976)

Symbols and abbreviations: +, positive reaction; —, negative reaction; CFA cellular fatty acid; n.r. not reported, Phe phenylalanine. Carbo-
hydrate utilization by strain CT-m2" was tested using the rapid ID 32A test and with ANI cards using the VITEK® system following the

manufacturer’s instructions (Biomérieux, Marcy-1’Etoile, France)
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Description of Acetatifactor gen. nov.

(A.ce.ta.ti.fac’tor. N.L. n. acetas -atis, acetate; L. masc. n.
factor, a maker; N.L. masc. n. Acetatifactor, acetate-
maker).

Bacteria of the genus Acetatifactor are strictly anaerobic
Gram-positive rods that grow best in a gas phase of 100 %
N, and produce acetate and butyrate in a ratio of approx-
imately 3:1. Cultures in the stationary growth phase are
characterized by a very low turbidity in reduced WCA
broth (<0.5 McFarland standard). Spore formation and
motility have not been observed. Major cellular fatty acids
are Cy40 and Ci40 pma. Galactose, glucose, ribose and
traces of xylose are detected as whole-cell sugars. The
diamino acid in the peptidoglycan is meso-diaminopimelic
acid. Major polar lipids are diphosphatidylglycerol, phos-
phatidylglycerol, phosphatidylethanolamine, phosphogly-
colipid and one each aminolipid and aminoglycolipid.
Within the Clostridiales, members of the genus Acetati-
factor are distantly related to bacteria belonging to the
Clostridium cluster XIV, namely members of the genera
Anaerostipes, Blautia, Butyrivibrio, Clostridium, Copro-
coccus, Dorea, Eubacterium, Lactonifactor, Robinsoniella,
Roseburia, Ruminococcus and Syntrophococcus (<90 %
similarity based on partial 16S rRNA gene sequence
analysis). The type species is Acetatifactor muris.

Description of Acetatifactor muris gen. nov., sp. nov.

(mu’ris. L. gen. n. muris, of a mouse).

The species has the features of the genus. Cells are
approximately 1.0 um wide and 2.0 to 5.0 um long. They
grow best in the temperature range from 30 to 37 °C
and give rise to pinpoint translucent colonies after 6 days
of growth on CT agar. The species is positive for
a-arabinosidase, o-fucosidase, «- and f-galactosidase,
a-glucosidase, N-acetyl-glucosaminidase, phenylalanine
arylamidase as well as arabinose and xylose fermentation.
It is negative for f-fucosidase, ff-glucosidase, f-glucuron-
idase, f-lactosidase, alanine, arginine, glutamic acid,
glycine, histidine, leucyl glycine, lysine, proline, serine,
tryptophan and tyrosine arylamidase, urea hydrolysis as
well as glucose, mannose, raffinose and trehalose fermen-
tation. Its G + C content of DNA is 48.5 mol %. The type
strain (CT-m2" = DSM 23669" = ATCC BAA-2170") is
resistant to erythromycin and was isolated from the caecal
content of a 20-week-old male C57BL/6NCrl mouse fed a
high calorie diet.
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