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Zusammenfassung

Das ABO-Blutgruppensystem wurde vor mehr als hundert Jahren beschrieben, allerdings ist
ihre biologische und evolutionare Bedeutung noch immer nicht vollstandig geklart.
Blutgruppenantigene, speziell Zuckerketten (Glykane), dienen vielen Bakterien als
Nahrungsgrundlage, aber auch als wichtige Bindungsstelle mit der Darmschleimhaut.
Unterschiede in diesen Antigenen haben somit Auswirkungen auf die Zusammensetzung
und Funktionalitdt dieser Artengemeinschaften. Auch Umwelteinflisse, wie das
Nahrungsspektrum des Wirtes, oder die ihn umgebenden Bakteriengemeinschaften, sind
relevante Faktoren die wirtsassoziierte Bakteriengemeinschaften beeinflussen und
Auswirkung auf deren Entwicklung und die Entstehung Krankheiten haben. In dieser Arbeit
untersuche ich den Einfluss von verschiedenen Umweltfaktoren und Blutgruppenantigenen
auf die mikrobiellen Gemeinschaften des Darmes und ihre mogliche Rolle bei der

Entstehung von Krankheiten.

Im ersten Kapitel dieser Doktorarbeit untersuche ich die Verteilung aktiver und
inaktiver Darmbakterien zwischen verschiedenen menschlichen Populationen (Deutschland,
Litauen, Indien), im Kontext entziindlicher Darmerkrankungen (Morbus Crohn, Colitis
Ulcerosa). Die Analysen zeigen universelle- und populationsspezifische bakterielle
Krankheits-charakteristika. Diese Unterschiede treten besonders deutlich unter den aktiven
Bakterien zutage. Meine Resultate zeigen mogliche biogeographische Unterschiede der
Darmflora zwischen verschiedenen Wirtspopulationen und populationsspezifische
Krankheitscharakteristika auf. DarlUber hinaus kénnen die Unterschiede zwischen den
erkrankten Probandenpopulationen Informationen flir angepasste Behandlungsstrategien

liefern.

Kapitel Il und Il befassen sich mit dem Einfluss des Morbus Crohn Risikogens FUT2
(a-1,2-Fucosyltransferase) auf die Darmflora. Um die Auswirkung von Unterschieden in der
Glykan Zusammensetzung zu untersuchen, nutzte ich humane Proben (Colonbiopsien,
Galle) und Mausmodelle. Mit diesem Ansatz war es mir mdglich die Veranderungen der
Bakteriengemeinschaften durch genetische- und Umwelteinfliisse, wie auch wahrend
pathologischer Prozesse, naher zu untersuchen. Das FUT2 Gen ist im Menschen sehr
polymorph und spielt eine zentrale Rolle in der Synthese von ABO Blutgruppenantigen in
allen exokrinen Geweben. FiUr dieses Gen wurden viele konservierte Mutationen
beschrieben, die die Synthese der Blutgruppenantigene unterbinden und im homozygoten
Fall zur Abwesenheit von ABO-Antigenen in Geweben und Ausscheidungen fuhren
(,nonsecretor® Mutationen). Diese Mutationen wurden mit Resistenzen gegen eine Vielzahl
von Krankheitserregern in Verbindung gebracht, aber auch mit einer erhéhten Anfalligkeit flr

entzlindliche Darmerkrankungen. In unseren Experimenten konnte ich nachweisen, dass



Expressionsunterschiede von Blutgruppenantigenen, wie auch Entziindungsprozesse,
Auswirkungen auf die Zusammensetzung und die Diversitat der Darmflora haben. Diese
Unterschiede konnten mitunter die Anfalligkeit gegenuber chronischen entzundlichen
Darmerkrankungen beeinflussen (Kapitel 11). Auch dkologische Prozesse, wie zum Beispiel
primar Sukzession und deren Interaktion mit Wirtscharakteristika (z.B. FUTZ2), sind von
entscheidender Bedeutung fur das Verstandnis der Beziehung zwischen Wirt und seiner
Bakteriengemeinschaft. Diese Interaktionen beeinflussen die Entwicklung, wie auch die
Stabilitat, von Bakteriengemeinschaften und sind somit bedeutend fur deren Homdostase
und Funktionalitat (Kapitel I11).

In Kapitel IV untersuche ich die Interaktion zwischen dem Blutgruppengen B4galnt2
(B-1,4-N-Acetylgalactosaminyltransferase 2) und der Darmflora wahrend einer Infektion mit
Salmonella enterica ssp. ser. Typhimurium. In Mausen fihren Mutationen einer cis-
regulatorischen Sequenz zu einer Veranderung des Expressionsmusters und einer
Verlagerung der Expression vom Darmepithel zum vaskuldren Endothel, was eine
Blutungsdiathese zur Folge hat. Die Erhaltung eines solchen Allels Uber evolutionare
Zeitspannen legt einen Konflikt verschiedener Selektionsdriicke nahe. So waére ein
Kompromiss zwischen der Resistenz gegenliber enteropathogenen Erregern (Verlust von
Antigenen im Darmepithel) und einer Beeintrachtigung der Blut-Homoostase ein mdgliches
Szenario. Ich konnte feststellen, dass Unterschiede in der Bakterienzusammensetzung
zwischen den verschiedenen Genotypen zu einer hoheren Stabilitat der
Bakteriengemeinschaft und niedrigereren Infektionsanfalligkeit in Mausen ohne B4galnt2

Expression im Darmepithel fihren (Kapitel 1V).

Zusammengenommen verdeutlichen diese Ergebnisse den Einfluss von
Blutgruppenantigenen und Umweltfaktoren auf die Zusammensetzung und das Verhalten
von mikrobiellen Gemeinschaften, sowie deren mdoglichen Einfluss auf die Fitness des
jeweiligen Wirtes. Die Balance zwischen der Anpassung an lokale Bakteriengemeinschaften,
Resistenz gegenuber Pathogenen und dem Verlust vorteilhafter symbiotischer Beziehungen
und Funktionen, kdnnte somit eine Erklarung fir die Variabilitdt von Genen wie FUT2 und
B4galint2 liefern. Diese Ergebnisse ertffnen auch Perspektiven fur populations- und genotyp
spezifische Behandlungs- und Praventivmalinahmen bei entzindlichen Darmerkrankungen

im Menschen.



Abstract

Blood groups were discovered more than one hundred years ago, but their evolutionary- and
biological role is still not fully understood. Blood-group-related glycan structures can serve as
attachment sites and nutrient sources for intestinal bacteria, thus, changes in the glycan
repertoire may result in changes in bacterial community structure and functionality. However,
environmental differences such as diet, hygiene, or the environment from which the bacterial
community is recruited also exert strong influences on community structure. This variation,
introduced by genetic or environmental factors, may also influence the development- and
susceptibility to diseases. This thesis is dedicated to the analysis of microbial community
characteristics with respect to (i) environmental variables (i.e. geography) and (ii) variation in
blood-group-related antigens in the gastrointestinal tract and their possible contribution to

disease development.

In the first chapter of this thesis | investigate the differences of the active and
stagnant microbial communities between human populations (Germany, Lithuania, and India)
in healthy- and diseased subjects (Crohn Disease, Ulcerative Colitis). This allowed me to
identify universal- and population-specific patterns of microbial communities and dysbiosis,
specifically among the active microbial community members. My results indicate
biogeographic patterns in mucosa associated microbial communities and population-specific

disease signatures, which may entail specific treatment strategies in the future.

Chapters Il and Ill aim to explore the impact of variation in the Crohn Disease risk
locus FUT2 (a-1,2-fucosyltransferase) and inflammatory diseases on the microbial
communities. To investigate the influence of host-specific glycan composition on the
microbial community | took different approaches, using human sample material (colonic
biopsies, bile samples) and mouse models. This allowed me to investigate changes in the
ecology of the host associated microbial communities, through genetic, environmental, and
pathological influences. The FUT2 gene shows widespread sequence variation in human
populations and is required for expression of ABO blood group antigens in all bodily
secretions and mucosal surfaces. Several highly conserved mutations have been identified in
different human populations, which eliminate blood group expression in excretory tissues (so
called “nonsecretor” mutations). These mutations have been associated with decreased
susceptibility to several infectious agents, but increased susceptibility to inflammatory bowel
diseases. | could show how this variation in blood group expression translates into changes
of the composition and diversity of microbial communities, potentially influencing
susceptibility to chronic inflammation in the gastrointestinal tract (Chapter Il). Furthermore,
ecological processes like initial colonization, succession, and their intricate interaction with

host genetic traits are of crucial importance to understand host-microbiome interactions and



represent potential drivers in the development of community imbalances or disease (Chapter
).

In chapter IV | investigate the role of interactions between the blood-group-related
gene B4galnt2 (B-1,4-N-Acetylgalactosaminyltransferase 2) and the intestinal microbiota in
susceptibility to the enteric pathogen Salmonella enterica ssp. ser. Typhimurium. Naturally
occurring cis-regulatory variation at B4galnt2 leads to a tissue-specific switch from gut
epithelial expression to expression in the vascular endothelium and results in a bleeding
diathesis. The maintenance of such variation could be related to a trade-off scenario
between resistance to enteric pathogens (absence of certain glycans in the gut) and
prolonged bleeding after injury. | identified microbial community factors present in mice
without gut epithelial B4galnt2 expression, which are responsible for a higher community

resilience and lower susceptibility to Salmonella infection.

In summary, these findings provide strong evidence for the influence of blood-group-
related antigens and the environment on the microbial communities with potential fithess
consequences for the host. The balance between adaptation to local microbial communities,
pathogen resistance, and loss of potentially beneficial bacterial symbionts and functions
might thus contribute to the patterns of long-term-balancing selection in genes like FUT2 and
B4galint2. These results may lead to future population- and genotype-specific measures for

treatment and prevention of inflammatory bowel diseases.



Introduction

Microbial communities-structure, function, and distribution

With the advent of high throughput sequencing [1-3] we gained great insight not only into the
molecular makeup and inner workings of the human genome, but also into the diversity of
our “second genome” encoded in the vast microbial communities within and around the
human body [4-6]. Bacteria and archaea have shared their environments for three billion
years and even sparked the rise of eukaryotic life through several instances of
endosymbiosis (Cyanobacteria-Chloroplast; a-Proteobacteria-Mitochondria) [7, 8] and
shaped major transitions in the biotic and abiotic environment [9-11]. Besides the intimate
endosymbiotic relationship of eukaryotic organisms with prokaryotes, single- or multi-cellular
organisms interacted and continue to interact in a wide variety of symbiotic and antagonistic
ways that shaped the evolution of both sides [12]. Not only biotic, but also abiotic habitats are
constantly colonized and influenced by prokaryotic life, ranging from common habitats (e.g.
benthic- and marine water, soil, stratosphere) to the most extreme environments (e.g.
hydrothermal vents, acid mine drainage, deep sea sediments, deep lithosphere; [13-16]) and
manmade habitats (e.g. apartments, aquifers, water treatment plants) [17-19]. This incredible
diversity of habitats, the long evolutionary time, and huge population sizes left their traces
and re-enforced the diversification of prokaryotic species in conjunction with their genomic
and metabolic capacities. This constant competition for resources, space, and even genetic
building blocks [20] promoted the occupation of new emerging niches and speciation within
and around them. Bacteria are therefore not only the basis of almost all food chains, directly
as primary producers or indirectly as essential parts of primary producers (i.e. chloroplasts,
nodula symbionts, mitochondria), but also can influence each intermediate step of them (e.g.
anaerobic respiration, interspecies hydrogen transfer, methanogenesis, acetogenesis). Thus,
they are able to extend host functions such as pathogen resistance [21, 22] or alter

ecosystem functions and stability on a macro-ecological scale [23, 24].

Microbial communities range in their complexity from the very well characterized, low
diversity systems like the acid mine biofilm [13, 25], to highly heterogeneous and
phylogenetically rich assemblages found e.g. in the soil [26, 27]. Members of those
assemblages appear highly adapted to their environment and to other bacteria sharing their
respective habitats. The observation of highly stable and intricate metabolic cycles in cubic
centimeters of soil [28-30] to the most abundant carbon fixing bacteria travelling through the
seas (e.g. Pelagibacter spec.) are examples for the range from locally restricted to global
interaction [31-33]. Together with their high abundance and metabolic versatility, bacterial
communities are major keystones in most local and global matter and energy cycles [34]. All

of these communities are influenced by diverse ecological forces which can even be



generalized and extended to population genetic concepts like drift (i.e. ecological drift),
selection (i.e. environmental selection, species sorting), dispersal, and mutation/speciation at

each stage of community development [35, 36].

An interesting feature of microbial communities is their distribution over the globe.
The dominant theory of microbial biogeography states a continuing colonization of randomly
dispersing bacteria over a global scale, which is followed by environmental filtering of those
bacterial assemblies by biotic or abiotic (i.e. “everything is everywhere, but the environment
selects”) [37]. Active dispersal of microbes, however, is limited to a relatively small scale (~40
pm/s), due to cell size and mode of motility (flagellar propelling [38], twitching motility [39],
gliding [40], or sliding [41]). Passive dispersal by the means of phoresis [42] or by
environmental currents (e.g. air, water), seems possible to occur on a global scale [43, 44].
The passive dispersal in conjunction with small cell size and high population densities,
enables microbes to disperse in high numbers even on a global scale if they can tolerate the
physiological stress [45]. This implies that through the immense number of cells and high
reproduction individual microbial species probably do not go extinct, disperse continuously
and passively. Environmental studies observed striking ubiquitous bacterial distributions
among habitat types [44, 46], which can even show different or opposing trends to macro
biological systems (e.g. lack of elevation gradients) [47, 48]. Moreover, whether succession
leads to an increase in microbial community diversity [49, 50], saturation and stabilization of

climax communities is debatable [51].

Microbial communities also show similarity distance-decay relationships [52], which
represents a hallmark of neutral, distance- and regional pool- dependent dispersal.
Furthermore, different but adjacent habitats often show very different microbial communities,
which makes pure random dispersal and settlement unlikely to be the main effect driving
community differentiation [53]. However, microbial communities do not seem to disperse and
settle completely at random in the environment as their composition is influenced by latitude,
depth, and other abiotic factors [54, 55]. These differences seem to be an amalgam of
environmental selection, neutral, and even historical effects. So far it is almost impossible to
distinguish between historical effects and the regionally acting contemporary environment,
despite by analyses of endemicity of bacterial groups [56], or reconstruction of habitat
characteristics by historical samples [57]. Endemism of bacterial taxa would be a strong sign
of ancestral/historical overlapping communities [56, 58].To definitively prove the endemicity
of bacteria is an impossible task of explicity showing the absence of a bacterial group
conclusively through shear sampling limitations and scale, while presence alone also does
not mean the bacterium is an autochthonous and active member of the community. However,

some examples of potential endemicity exist [59, 60], even though most investigations so far



revealed broad habitat distributions of bacteria [44, 45], but little overlap among soil-,
freshwater-, marine- and host-associated habitat types [12]. Furthermore, these observations
are also highly influenced by the timescale under examination as seasonality, incidental
disturbances, and succession alters community patterns, especially in environments with
high dispersal [52, 61, 62]. Microbial communities can change at daily [63], seasonal [62, 64,
65], or annual scales [28, 62, 66]. Therefore, determining factors that are important to shape
microbial communities are not only dependent on the spatial-, but also on the temporal scale,
specifically as size and generation time of many bacteria are small and environmental

influences ubiquitous.

The heterogeneity of biogeographic concepts in microbial community ecology is
illustrated in the already mentioned distance-decay relationships, where similarity of species
assemblages decreases with physical distance among communities. Several studies showed
this effect among microbial communities [35], but it is most readily detected in the extreme
cases (e.g. distance <7 km [52, 54], continental distance [67]) due to a balance between
ecological drift and colonization. These observations are further influenced by time itself, as
seasonality and succession alter community patterns at a daily [63], seasonal [62, 64, 65], or
annual scale [28, 62, 66]. Also undetected environmental factors, which are auto-correlated
with the spatiotemporal distance between communities, can overwrite or induce false

interpretations of microbial community relationships.

Patchy species distributions, which occur through dispersal limitation and the action
of ecological drift, are often observed in host associated communities. These communities
are contained within a host and cannot be easily transferred without direct contact (i.e.
dispersal limitation [68, 69]), while individuality of hosts in terms of diet [12, 70, 71], resident
community [22], genetics [72-74], and random community fluctuations enforce differentiation
among host communities, increase individuality and patchiness (i.e. species sorting and
ecological drift [75]). Leaf associated microbial communities of Pinus ponderosa apparently
adapted to the host species instead of being differentiated by geographic or environmental
distance on a transcontinental scale [53], as does the root associated microbial community of
Zea mais varieties [76]. This may be a result of selective recruitment of specific facultative
bacterial symbionts from the environment as observed in nodula (i.e. dispersal limitation, see
paragraph “Host associated microbial communities”), or other undetected environmental
factors correlated to the specific habitats and not considered in these analyses. However,
host associated communities that offer highly individualized niches (genetics, diet, etc.) with
potentially strong dispersal limitations are another promising venue to investigate not only
endemism and bacterial biogeography, but also how co-evolutionary- and community

ecological patterns shape those processes. In Chapter | we investigate the influences of host



population and potentially associated life style, and environmental differences on the gut

microbiota in inflammatory bowel disease patients and healthy controls.

Host associated microbial communities

Niche specialization has led to the early colonization of biotic habitats first available with the
development of metazoan life forms. So are the surfaces of nearly all plant [53, 76-79] and
animal [12] life inhabited by a high number of prokaryotic cells, potentially by more than their
actual bodies consist of. For example, the colon of an adult human is home to a staggering
number of microorganisms of more than 100 ftrillion individuals, outnumbering all other
microbial communities associated with other body surfaces [80-82]. The taxonomic variation
of community members in the vertebrate bowel and over body surfaces is very high, lacking
a clearly defined shared core flora (at high taxonomic resolution) already within a single host
species and thus display a potential high degree endemicity [83]. This variation, however, is
strongest on high taxonomic levels (species, genera diversity) and decreases at lower
taxonomic resolution (phylum diversity). However variable the observed communities are,
there is a certain consistency in the functional spectrum of the communities within and
among host populations and host associated microbial populations [84-86]. This highlights
the functional redundancy in those assemblages, and the dependence on a minimal set of
core functions to sustain those communities and the interaction with the host [71, 85, 87].
The overlapping requirements and sheer number of bacteria usually associated to hosts
drives the abundance of those highly redundant functions and genes, but also facilitates the
occurrence of rare, unique functions which fine-tune and connect functional
groups/compartments of the microbiome [85, 87]. These microbial functions supplement
functions of the host, such as polysaccharide digestion [88] and the synthesis of essential
nutrients [89, 90], in addition to conferring resistance against pathogens and parasites [22,
91-93]. Even though the functional variation is smaller than taxonomic variation among hosts,
different community compositions can lead to functional and metabolic repertoires with direct
consequences for the host. As seen in aphids, the restrictive vertical transmission and the
associated genetic and taxonomic bottleneck of the symbionts (transmission bottleneck)
leaves its footprints in the bacterial genomes and reinforces the association of a specific
microbial community to its host-species and vice versa [94, 95], with clear signs of co-

evolution with their host species.

Eukaryotic organisms can therefore be described as “holobionts”, an aggregate of
interacting eukaryotic and prokaryotic organisms, genes, and gene products, lending

features the host could not evolve alone, and have selection acting on both sides of the



symbiosis [96, 97]. This explains to some extent the relative low diversity and specificity of
phyla in host associated bacterial communities, which consist mainly of Bacteroidetes and
Firmicutes, and to a lesser extent Proteobacteria, Actinobacteria, Verrrumicrobia [86].
However, even though there is little diversity in the large phylogenetic groups, species and
genera show immense diversity within hosts and have strong associations to certain groups
such that community composition appears to be relatively correlated to genetic divergence of
hosts [71, 98, 99], even though differences in diet can outweigh these patterns by overwriting
the selective nutrient environment offered by the host [71]. Furthermore, only a small number
of taxa have been shown to be shared across environmental and host associated
communities [12, 69, 100], which indicates strong species sorting by the host environment on
the potential symbionts [69, 101-103]. Recruitment and environmental pressures further drive
specialization of the functional and taxonomic spectrum of the holobiont, specifically diet [12,
70, 71, 100, 104]. However, depending on the source communities (biotic, abiotic, species
specific, species nonspecific) and already residing bacterial populations, the succession
process can have very different dynamics, but appears to favor bacterial communities pre-
adapted to the respective host environment [69]. The coevolution of symbiotic communities
and its host can lead to the loss of essential genes in either host or symbiont and go so far
as to facilitate speciation of hosts while preventing hybridization with sister species not
carrying compatible microbes [105, 106]. How those selective forces are acting on the

“holobiont” and potentially reinforce speciation is still under debate [107, 108].

Microbial communities of multicellular organisms appear to be recruited by several
mechanisms, being it gradients and interplay of certain small effector molecules (flavonoids,
nod factor, [109]) or by the induction of trapping mechanisms or suitable attachment sites in
plants and animals (e.g. cilia, mucus [110]). These weak initial interactions, mostly facilitated
through an interplay of glycan residues with binding proteins (i.e. pili, lectins, adhesins, LPS
binding proteins) can later solidify [111]. These recruitment mechanisms date back to the
origin of metazoans, with the development of C-type lectins (glycan binding protein), which
are important for bactivory and initiation of colony formation, and might have been one of the
first steps to multicellularity [112, 113]. As observed in invertebrates, colonization in
vertebrates appears to be quite specific as well [69], and could even happen before the first
direct contact to the external environment via passage through the placenta [114, 115]. The
initial transmission is by definition associated with a taxonomic and genetic bottleneck of the
communities, which influences the dynamics of community and host fitness over a long
period [116-118]. Like most macro-ecological systems, the gut microbial community is
characterized by processes like succession, and appears to be very deterministic. Infant
bacterial communities show common transitions [117, 119], with a transition of early

generalists to adapted specialists [117, 119], or the shift from facultative anaerobes to strict



anaerobes [120]. Early communities are thus relatively similar to each other, but distinct from
an adult microbiome. These patterns are influenced by the starting conditions and early
community priming, through e.g. delivery mode, early nutrition, or medication, but also by the
surrounding source environment [69, 121, 122]. The host innate- and adaptive immune
system, or other colonization barriers like the gastric passage, are other obstacles for
potential colonists that are in many ways unique to the respective individual. In addition, the
intrinsic adaptive capability of the already present microbiota exerts a strong selective force
on potentially colonizing bacteria [69], which also acts as a colonization barrier for pathogens
via competition or bactericidal activity [22, 69, 91-93, 123]. Together environmental-,
physiological-, neutral-, and community intrinsic forces shape a taxonomically highly
individualized microbial community. Selection on the recruitment of a certain microbial
community by the host seems therefore plausible [96, 105], as some bacteria are heritable
and have a direct influence on the host metabolism [124]. Further, breast milk and its specific
glycan spectrum attract and nourish a variety of specific bacteria, and thus set the stage for
the deterministic succession sequence [125, 126]. These processes appear to enforce
coevolution and heredity of microbial community members through the transfer of bacteria
from mother to newborn via delivery and nourishment, but also by enforcing the colonization

of specific and potentially beneficial bacteria through milk [121, 124, 125].

Genetic elements that alter community composition and/or favor the propagation of
probiotic bacteria (or viruses) could rise in frequency, together with their associated
community members. This may therefore explain the relative similarity of the human
associated microbiome in comparison to environmental bacterial communities [12], but also
the dependence of hosts and certain bacteria on each other [91, 127-136]. Specifically in
early stages of human development, infections of the intestinal tract can result in a high
mortality [137], making a resistance mechanism like a resistant/resilient microbial community
highly beneficial and obtainable via the recruitment and interference with bacteria through
breast milk. Depending on the underlying tissue characteristics and set of bacteria able to
colonize, the communities become different along the physicochemical gradients of the host
body. As such, microbial communities differ within the gastrointestinal tract [138], but also
among exposed body surfaces such as skin [139], and other mucous environments like the
vaginal tract [140] or the oral cavity [86, 141]. These differences between body sites and
locations within a body site correlate strongly with the underlying attributes of the respective
site, such as nutrient availability, pH and moisture, and can be changed through external
disturbances (e.g. antibiotics [142], washing [143]). Recolonization from neighboring body
sites and environmental sources (e.g. diet) [69, 144, 145] can therefore continuously
replenish the communities and reduce the impact of stochastic species loss by ecological

drift [145, 146], if bacteria are able to cope with those conditions.
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Hosts can be pictured as uninhabited (newborn host, gnotobiotic animal) or already
inhabited islands (colonized host) that are subject to colonization by source communities
(other already colonized hosts, environment) [69, 75, 147, 148]. Physical proximity thereby
dictates the likelihood of colonization from the local species pool, while environmental factors
and the resident community alter the probability of establishment and extinction, comparable
to succession on islands [69, 149, 150]. Another interesting parallel between island
biogeography and host associated microbial communities is the high level of endemism at
the low taxonomic levels [151]. This may be the result of individual selective pressures on the
microbial communities, such as rapid occupation of niches, immune system evasion, and
adaptive radiations (including horizontal gene transfer) within the relatively isolated
communities of the gastrointestinal system [152]. Further, as niche space [146] among
conspecific hosts is comparable but colonization is different due to a multitude of factors, the
taxonomic composition may differ substantially, while community functions are conserved.
Another possibility is that the functional repertoire of the community converges due to similar
resources, while taxonomically the communities substantially differ [86, 153]. Microbial
communities further show a tendency to associate with subpopulations of hosts, which drives
the emergence of the recently described “enterotypes” or “enterogradients” [154] in several
host species [155-157] and host tissues [140, 154, 156]. These “community types” appear
independent of ethnicity and physical distance among hosts, while some individual host
factors (e.g. diet, gender) might play a role [104, 158, 159] as do intrinsic community
dynamics like stochastic species loss [146, 160]. These patterns may ultimately not be
“enterotypes”, but “enterogradients”, and represent local optima dominated by specific driver
microbes [154, 160].

These community differences, facilitated by environmental differences, differences in
host genetics and life style, may however change the host response to environmental
influences and even contribute to disease susceptibility. As part of this thesis | investigated
disease associated changes in microbiome composition across different human populations
and disease cohorts (Germany, Lithuania, and India). This led to the discovery of population
specific and inter-population responses of the microbiome to inflammatory bowel diseases

(see Chapter I).
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The role and evolution of host glycans

In recent years, molecular biology mainly focused on the biological entities of DNA, RNA,
and Proteins. Oligosaccharides are so far relatively undervalued for their role in evolution
and development, despite playing important roles in protein folding and cell
trafficking/regulation [161-163]. Glycans further developed a variety of other functions since
they became part of the eukaryotic cell, i.e. developmental cues, structural components
(chondroitin, hyaluronic acid), facilitators of cell-cell, and cell-matrix interactions, barriers, and
protective layers [164]. Almost all cells are covered with different sugar chains (“glycocalyx”);
either attached to lipids, proteins or excreted, and are thus the direct interface to the
environment. Glycan profiles, the spectrum of distinct carbohydrate chains, show high inter-
and intraspecific variability (i.e. hyaluronic acids restricted to vertebrates, N-
glycolylneuraminic acid lost in humans [165]), but also conserved themes (N-glycosylation
[166]) and strong conservation of glycosyltransferase functions among eukaryotes, bacteria
and archaea despite high sequence divergence [167, 168], or even independent origin
(convergence, [168-170]). These glycans are synthesized by a huge variety of
glycosyltransferases into linear and branched structures by specific elongation at reactive
sites of lipids, proteins, or saccharide precursor molecules (e.g. UDP-Glucose, GDP-Fucose,
CMP-Sialic acid) during their passage through the Endoplasmic Reticulum and Golgi
apparatus, and are thus major energy commitments for cells. During the building process,
variation in glycan chains can arise, so called micro-heterogeneity, which either emerges
through the speed of synthesis, different rates of glycosyltransferases, and/or
compartmentalization of the synthesis. Together with the high influence of bond orientation
and bond location, glycans can produce a stunning variability of structures even between
different glycosylation sites of the same protein [171]. Thus, glycan structures are not hard-
coded in the genome like protein- or RNA sequences, but depend on the pace of synthesis,
available substrate pools and state of the cell, despite their high substrate specificities [172-
174]. Small environmental differences and cell location can therefore lead to changes in the
composition of cells and their products, leading to short term diversity- and variation
generating machinery, which does not necessarily lead to long lasting, detrimental, and
heritable effects in cell homeostasis as changes in the genome do. Glycan profiles,
specifically the terminal branches, are able to change quickly in response to external and
internal stressors. This allows the organism/cell to adapt rapidly to new environmental
characteristics, which is important for example in embryonic development [175-178].
However, the array of glycans tends to be relatively conserved within the same species and
is met by the variation of glycan binding proteins called lectins [179]. Furthermore, several
glycans usually interact to facilitate a specific or unspecific binding, which thus allows certain

variation without the loss functionality or cell recognition [164, 180]. A complete and
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unbalanced loss of certain glycans, however, has developmental and even lethal effects, so-

called congenital disorders of glycosylation [181-184].

A well-known example for intraspecific glycan polymorphism is the ABO blood group
system in humans, which has parallels in other primate species [185] and long term
conserved genetic polymorphisms [186, 187], hallmarks of balancing selection [187]. These
genes have several homologs in a wide variety of other species and thus a long evolutionary
history, in which single genes merged, were regained, duplicated, or lost [188]. Until recently
the leading hypothesis for the co-occurrence of ABO blood group polymorphism in primates
was due to the action of convergent evolution. In this scenario the ancestral A allele
duplicated and independently evolved into B, which was lost and regained at least six times
in the course of evolution [189, 190] and appears to show expression differences between
new- and old world monkeys (presence on erythrocytes or tissue, respectively) [191].
However, evidence for long-term balancing selection conserving this polymorphism for at
least 20 million years has regained support [185, 186, 192]. This makes the ABO
polymorphism one of the rare validated trans-species polymorphisms known today (e.g.
MHC/HLA locus). Already on the level of humans, the polymorphism of this locus on
chromosome 9 is astonishing, as for each antigen class (A, B, and O/H) numerous alleles
(358 alleles in the blood group antigen mutation database, June 2015) and high nucleotide
diversity have been identified [187]. Since the discovery of the ABO blood groups [186, 193-
195] and their molecular and genetic underpinnings [196-199], scientists hypothesized about
their ancestral function and evolution [200]. The preferred hypothesis so far suggests an
ancestral role in cell-cell adhesion and development [201], which over the course of gene
duplication and neofunctionalization developed into the blood group system, which plays a
role in host-pathogen coevolution [202, 203]. Carriers of different blood- and histo-blood
groups accordingly display differential susceptibilities to pathogens [204] and other maladies
[205-210], but do not show any other disorders. Blood-group antigens usually occur with a
specific non-self antibody (allograft recognition), with strong binding affinity and the ability to
recruit the complement system that leads to opsonization and lysis of cells [211]. This feature
and the polymorphic nature of the potential attachment sites, can prevent or reduce the
vertical spread of encapsulated virus particles or other pathogens through a population
differing in its cell surface antigens [202]. Bacteria carry highly diverged glycosyltransferases
[188], allowing them to express ABO surface glycans [188, 212-214], which can serve as
targets of the respective host antibodies [212, 213, 215, 216]. The antibody response to non-
self ABO blood groups needs to be primed first by an interaction of the developing immune
system with non-self antigens. The microbial community and other sources of environmental
antigens seem to be play an important role for priming the immune system for their

respective ABO blood group early in life [213, 215-217]. This early immune priming through
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enteric- or environmental bacteria even extends to the production of antibodies targeting

other pathogens such as malaria [218].

Other ways to counter the adaptation to-, and exploitation of glycan variation by
potential pathogens is the abandonment of glycosylation pathways [219-221] or the loss of
glycan binding/signaling molecules that act as an entry point for pathogens (e.g. SIGLEC'’s
[222, 223]). This of course also comes at a cost, such as mismatches of zygotes [224], failing
zygote implantation [183] and developmental defects if certain glycan structures cannot be
built properly [181-184], or if they are exploited by metastatic cancer cells [225, 226]. This
variation even leads to glycan mediated reproductive isolation, as incompatibilities at the
level of reproductive cells, implantation tissue, or during ontogeny evolve and could fix under
selective pressure from pathogens or other linked benefits (e.g. increased reproduction) and
facilitate genetic and glycan differentiation among populations [219, 227-229]. Furthermore,
glycosylated proteins or vesicles also act as decoys that exploit the binding specificity of an

invading pathogen and prevent/reduce direct tissue attachment [230-232].

ABO antigens are not only present on the surface of erythrocytes, but in a high
percentage of individuals in exocrine tissues and excretions, the so called histo-blood groups
[233]. Many studies revealed fucosylated glycans, specifically ABO related antigens, in high
abundance in the gastrointestinal mucosa [234-236] and breast milk [237, 238]. The genes
responsible for the initial steps in glycan synthesis of the H/O-antigen are paralogous to their
hematopoietic counterparts (FUT7-H/O blood group gene, FUT2-secreted H/O blood
group/Se gene, Sec1-pseudogenized secreted blood group gene in humans, Chromosome
19q13.3), but overlap in several glycan modifying down-stream pathways even though they
differ in their expression profile (FUT7: endothelium, bone marrow; FUT2, FUT3: mucosal
surfaces and exocrine glands) [163, 239-241]. The a-1,2-fucosyltransferases encoded by
FUT1 and FUTZ2 use similar precursor molecules (GalB1-3/4GIcNAc-R), which are then
fucosylated at the galactose residue (type 1 precursor for FUT2: GalB1-3GIcNAc-R; type 2
precursor for FUT1: GalB1-4GIcNAc-R). This H/O-antigen serves as the substrate for the A-
and B glycosyltransferases (a-1,3-GalNAc transferase and a-1,3-Gal transferase), which add
N-acetyl-D-galactosamine or a Galactose to the Galactose residue of the H/O-antigen and
represent a significant component of the mucosal lining in association with glycoproteins like
mucins [234-236]. The unfucosylated- and fucosylated type 1 glycans can also be modified
by the Le gene cluster (FUT5-FUT3-FUT6) via a-1,3-fucosyltransferase or a-1,4-
fucosyltransferase activity, giving rise to Le® or Le" (for type 2 precursors Le* / Le’,
respectively). These products then reside on lipids or proteins, either bound to the cell
membrane (in the case of the FUT1 pathway), excreted (in the case of FUT2), or passively

taken up by erythrocytes (FUT2 H-antigen, FUT3 Lewis antigens).
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Many other fucosyltransferase genes have been identified in humans with differing
degrees of conservation between homologs and paralogs [169]. These enzymes can be
divided into two families based on conserved peptide motifs (group one- a-7,2-
fucosyltransferases: FUT1, FUTZ2, Sect; a-1,6-fucosyltransferases: FUTS8; protein-O-
fucosyltransferases: POFUT1, POFUT2) [242]. The second group comprises of a-71,3-
fucosyltransferases (FUT4-FUT7, FUT9-FUT11), and the a-1,3/4-fucosyltransferases (FUTS3,
FUTY5) [243]. These fucosyltransferase families seem to originate from successive duplication
events followed by neofunctionalization [169]. Several fucosyltransferases share similar
acceptor molecules and reactions, but differ in their substrate affinity, location of expression
and developmental timing [244]. For example, FUT3 is expressed in the epidermal tissue
(also secreted) encoding a a-1,3/4-fucosyltransferase, with broad binding spectrum but a
higher affinity to type 1 acceptors (Le?/LeP) than for type 2 precursors molecules (Le*/Le")
[245]. FUTS6, the “plasma-type” fucosyltransferase, shows a very high sequence similarity
and a small chromosomal distance to FUT3, also with its main product Le*. However, the
acceptor molecule, glycosylation targets, and tissue expression are very different from the
FUT3 enzyme (reviewed in [246]).

For several of those genes polymorphisms are known (FUT1 [247], FUT2 [239, 248],
FUTS3 [249, 250], FUTS5 [251], FUTE6 [252, 253], FUT7 [254, 255], FUT8 [256], FUT9 [257],
POFUT1 [258]), however at very different frequencies as some are redundant and others
essential for developmental processes (i.e. POFUT1, POFUT?2) [259]. Especially mutations
of the FUT2 gene are very frequent and diverse [260], with a center of diversity in Africa and
several independent population-specific haplotypes [220, 239, 248, 261-263]. The most
common loss-of-function mutation in Caucasians W143X (G428 2A, rs601338 [239, 248])
reaches an allele frequency of almost 0.45 and renders homozygote carriers to
“nonsecretors”, unable to express ABO-, and several Lewis antigens in bodily secretions (i.e.
mucosal secretions, saliva, milk) [239, 248, 264]. This variability at the phenotype- and
molecular level, appears to be caused by long-term-balancing selection occurring in several
human populations [187, 265] and potentially also other vertebrate species [266]. This
variation was estimated to be conserved for 2.6-5.3 million years in the hominid lineage, five

times longer than comparable neutral loci [248].

Variation at genes involved in glycan synthesis is also described in mice. Wild mice
carry a common cis-regulatory mutation of the blood group glycosyltransferase -1,4-N-
Acetylgalactosaminyltransferase 2 (B4gaint2), which shows strong signs of long-term-
balancing selection [267] including trans-species polymorphism [268]. This
glycosyltransferase directs the biosynthesis of the Sd(a) antigen [269] and is conserved

across all vertebrates [270]. This cis-regulatory mutation confers a tissue specific switch in
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B4galnt2 expression from the gut epithelium to the blood vessel endothelium [271]. The
consequence of vascular expression is aberrant glycosylation of the blood coagulation factor
von Willebrand factor (VWF), which accelerates VWF clearance from the blood stream and
prolongs bleeding after injury [272]. This allele, termed “Modifier of von Willebrand Factor-1"
(Mvwif1) [273], was first described in RIIIS/J mice, as this strain serves as model system for
the bleeding disorder von Willebrand disease [273]. This variation in B4galnt2 expression
has been maintained in the mouse lineage for several million years, despite its potentially
detrimental effects on blood homeostasis [268]. Previous studies found an influence of
B4galnt2-glycans on the intestinal microbial community [274], and point towards the
maintenance of both expression types through the action of host-pathogen interactions,
either conferred by the presence/absence of the antigen in the intestinal mucosa, or

mediated via their influence on the intestinal microbial communities [267, 274].

These patterns imply a variable trade-off scenario, in which different alleles have a
fluctuating context- and time dependent benefit compared to the others. However, also
frequency-dependent selection, as facilitated by the tracking of the abundant alleles through
pathogens can maintain variability of a trait or gene over long timescales. For example
secretor and nonsecretors have been found to have differential susceptibility to a wide array
of bacterial, viral and fungal pathogens [230, 275-279]. The presence of “dispensable” or
variable glycan structures in tissues and mucosal surfaces may thus provide an additional
opportunity to evade certain agents by varying this trait in the host [230, 275-279]. As a
result, carbohydrate blood-group associated genes show strong signals of selection [187,
265, 267, 280], and long-term conservation of alleles [186, 248], surpassed in the case of
FUT2 only by other prominent alloimmune loci like the MHC/HLA [265, 280].

Glycans and their role in host-microbe interaction

The intestinal epithelium is the largest environmental interface of the human body and is
covered with a dense mucus layer, the site of interaction with the gastrointestinal microbial
community. There are two different types of highly glycosylated molecules called mucins,
gel-forming mucins (MUC2, MUC5AC, MUC5B, MUCG6) which form extremely large polymers
and transmembrane mucins (MUC1, MUC3, MUC4, MUC12, MUC13, MUC16, MUC17),
which cover the surface of enterocytes and other epithelial and form a part of the
“glycocalyx”. The expression of mucins and their glycan repertoire [235, 236] is highly
heterogeneous, which also influences the macroscopic structure of the mucosal lining
(thickness, density [281]). Along with these characteristics come changes in the permeability

and thus integration into the somatic immune system and metabolism, but also conserved
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gradients of glycan composition over the intestinal tract [235, 236]. The mucus of the small
intestine is characterized by its thick aqueous composition, its high permeability for bacteria
and nutrients, the lack of sulphated Lewis antigens, and high abundance of fucosylated
residues [235]. The mucosa of the distal gastrointestinal tract, on the other hand, shows a
clear structural difference with a lower impermeable viscous mucus layer [282], and an
aqueous rapidly dissolving mucus generated by host- and bacterial endopeptidases [281,
283]. These differences in mucosa structure serve the higher demand of nutrient resorption
in the small intestine with a permeable mucosa, and the high bacterial burden within the
large intestine, with a rigid bilayer to avoid invasion of the adjacent dense microbial
community [281, 282, 284]. Thus, the interplay of attaching commensals, mutualists, or
pathogens is altered by the mucus composition, which is regulated on a multigene level,
including genes that determine the expression of blood-group-related antigens, which can
also be manipulated by the community itself. The microbial community also changes along
the gastrointestinal tract, which might be promoted through these described physico-
chemical and nutrient gradients [236] and is reflected in the gene content of the respective
microbial community [285]. It has been shown that luminal and mucosal communities are

fairly different and that communities change drastically along the gastrointestinal tract [138].

The human genome possesses only a small number of carbohydrate active enzymes,
which restricts the capabilities of complete glycan breakdown to starch, lactose and sucrose.
Bacteria, on the other hand, can encode many of those multigene enzyme machineries (e.g.
starch-utilization-system/Sus in B. thetaiotamicron), which enables them to digest and
ferment even the highly intertwined and complex glycans of the plant cell walls (cellulose,
hemicellulose, pectin) their hosts take up [88]. However, host glycans are an important staple
of the bacterial community due to their relatively low complexity and stable supply, while
complex dietary glycans are provided in pulses to the community. This may represent a
reasonable selective pressure for bacteria associated with the mucosal surface to acquire

functions to degrade the ubiquitously abundant host-derived mucins and glycans [101].

Microbes dependent in many different ways on host glycans, not only in a time of low
nutrient supply through the host’s diet. They are a nutrient source, but also attachment sites
and a signaling medium. Many bacteria therefore show genomic adaptations to the specific
hosts and their respective tissue and glycan characteristics [101, 286]. Specifically, the
proximity of mucus-dwelling bacteria to the underlying tissue positions them to be of great
importance and influence for homeostasis, but also makes those communities more

dependent on the underlying mucus properties [284, 287].

Many prokaryotes [288, 289], protozoans [290] and even macroparasites [291] digest

the mucosal layer by enzymes secreted into their environment to degrade and uncover more
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sufficient attachment molecules on the cells from which other community members may also
benefit or increase the likelihood of tissue invasion [292-296]. Several pathogens have the
ability to modify the glycan profile to match their own binding capabilities (adhesins/lectins,
LPS) via glycosidases (e.g. Streptococcus pneumonia-sialidases/neuramidases [297]),
Pseudomonas aeruginosa-neuramidases [298])). The spectrum of carbohydrate active genes
(CAZymes) of the residing microbial community also changes over the intestinal tract, as
does the glycan composition and physical characteristics of the excreted mucus membrane
[235, 282, 285]. Glycan liberation by bacteria is however not only a factor driving virulence, it
also acts as a community service at the base of many cross feeding relationships among
intestinal bacteria [299, 300]. Highly glycosidic bacteria with a wide repertoire of
glycosidases, like Bacteroides thetaiotamicron and other highly specialized glycan digesters
[301], are keystones in those relationships that establish niches for other resident microbes
and can influence host metabolism, infection, and development, especially in the context of
degradation of fucosylated glycans [300, 302-304]. Thus, it is no surprise that a highly
successful early bacterial colonizer with a large repertoire of carbohydrate active enzymes
was observed in a competitive colonization experiment, considering the interdependence of
bacteria and host glycans [69]. The dependence of bacteria on host glycans is further
exemplified by the induction of several glycosyltransferase genes, specifically
fucosyltransferases, after cessation of fucosylated milk oligosaccharides during weaning
[305-309].

The digestion and fermentation of glycans and mucin proteins by bacteria leads to the
production of short-chain fatty acids (acetate, butyrate, propionate; SCFAs) through
putrification and fermentation [310], which are integral for intestinal homeostasis. Butyrate is
the main nutrient source of enterocytes/colonocytes and directly influences the somatic
immune system via activation of regulatory cell populations [311-313] and appears to repress
the development of colonic tumors [314]. Propionate and acetate are also absorbed by the
host and incorporated into lipids [315]. The generation of these SCFAs has not only influence
on the host itself, but can further influence the community structure as it represents a new
pool of organic electron acceptors for butyrate fermentation [316, 317] or repression of
pathogen colonization via acetate production [318]. Through the action of desulfating
bacteria on sulfated glycans and the fermentation of the mucin proteins, new niches can
open up for sulfate reducing bacteria, or for glycan digesting bacteria by unmasking the
glycan core structures [294]. Desulfating bacteria and glycan fermenting bacteria further
produce high amounts of hydrogen and carbon dioxide, which are substrates for keystone
members like methanogens and actetogens [102, 319]. These well-connected food chains
and substrate pools make these community processes highly efficient [102, 319] and

strengthen the association among community members and their hosts [286].
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Supplementation of animals with fucosyllactose (also present in milk) results in proliferation
of Barnesiella and provides higher resistance against chemically induced colitis [125, 320].
Thus, breast milk, with its high fucose glycan content, might directly interact with the infant
microbial community and nurture specific community members which increase immune
tolerance. Between secretor- and nonsecretor mothers, these interactions may however
differ due to the different glycan content of their breast milk [264], which change successional
order and long-term development of the community [126, 230, 238, 321], but also its
resistance against pathogen invasion [126, 230, 238, 321]. Fucose excretion by the host
itself has also been described in response to inflammation, and might serve as a stabilization

mechanism for the resident microbiota [322].

Molecular mimicry, the decoration of cells by host derived or related surface markers
is widely distributed among pathogens (e.g. Plasmodium sp., Influenza virus, Neisseria
gonorrhoeae) and mutualists alike (e.g. Bacteroides thetaiotamicron [323], Campylobacter
Jejuni [324]), but also act as a solidifying agent for biofilms (e.g. levans, dextrans [325]).
These traits increase colonization success (colony formation, predator/immune protection)
and help to avert or even directly manipulate and exploit host immune related pathways by
this molecular masquerade [167, 223, 326]. Mimicry can even result in cross kingdom
interaction through the exploitation of glycans by bacteria and viruses alike, which can be
mutualistic [304, 327, 328] or antagonistic [329]. Also Vibrio fisheri and Salmonella
Typhimurium are dependent on certain glycan structures to invade and attach to the host
epithelial cells, while Salmonella transforms the LPS layer after invasion to avoid host
recognition and binds fucosylated glycans to contact the mucosal lining of its respective host
[330, 331]. Commensals and pathogens can further establish their own niche, direct host
manipulation through initiation of specific glycosyltransferases [305-308] and induction of
mucin expression [309], or by excretion of their own “glycan environment” to establish a
biofilm [325] or by altering the chemical and physical properties of the surrounding mucus
[332]. Bacterial glycan products like polysaccharide A from Bacteroides fragilis may also
have direct benefits for the host, as it interferes with the immune system by lowering the T-
cell response and increasing immunologic tolerance, and interference with other gut
pathogens like Helicobacter hepaticus [136, 333]. This and other glycans produced by this
bacterium are of great importance for successful colonization within the competitive gut

microbiome, also by immune evasion and tolerigenic immune modulation [136, 333-335].

Bacterial glycan liberation might also be an additional trigger to stimulate tissue- and
immune system development. Especially fucose may play a central role as a signaling
molecule that stimulates a baseline immune response [336]. This feature might give

additional support to the role of probiotic and highly glycosidic bacteria in immune
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homeostasis as described for Bacteroides thetaiotamicron [323, 337, 338] or Lactobacilli
[339]. Bacterial exploitation of the intestinal environment, together with adaptation to the
resources and the immune system may have led to a reduced virulence and increased
tolerance of the host [340, 341], leading to dependence of the immune system on the
bacterial interaction [91, 127-136]. Bacterial products, like short chain fatty acids or glycans,
have a tolerigenic and immune modulatory effect on the immune system [136, 311, 313, 333-
335].

Factors altering the interplay of microbial communities at the mucosal barrier in a
beneficial way, being it bacterial recruitment, nutrient provision, or colonization resistance,
may thus be under constant selection. Pathogens might track the altered environmental
factors (i.e. glycan profile) and community profiles, which in turn changes the adaptive value
of those genes together with its aided microbial community and glycan profile. Thus, a
variable environment might enforce variation in such a trait, depending on the context and
the potential trade-offs, i.e. differential pathogen susceptibility. Accordingly, the development
of the mucosa and its variable glycan spectrum can be seen primarily as a defense strategy
[284, 287]. The mucosa thus acts for one as a medium for antimicrobial peptides (e.g.
REGIlly), secretory IgA, physical barrier and a residence for bacteria, but also as the medium
for host-bacteria interaction and communication [342]. This development goes so far as the
induction of several genes [305-309] and a normal host immune response depend on the
priming by bacterial communities [91, 129-136, 340]. Further, basic interaction of eukaryotes
and bacteria, via glycan binding and recognition (C-type lectins), appears to be the basis for
the self-nonself recognition and basic multicellularity in the early metazoans. These
mechanisms are still important for defense against bacteria (bactericidal lectins, e.g.
REGIIly), but also serve in immune regulation and inflammation in vertebrates (selectin
mediated leukocyte recruitment) [112, 113], and may still play a role for the establishment

and maintenance of symbiosis [94, 343].

Inflammatory bowel disease and the microbiome

As already discussed, microbial communities influence the host on numerous levels and
pathways. This brought the “neglected organ® into the focus of medical life sciences.
Especially in the context of complex diseases like inflammatory diseases, microbial dysbiosis
in interaction with genetic susceptibilities have become a main pillar for the explanation of

disease development [344, 345].

The rise of autoimmune diseases has been linked to the decrease of infectious

diseases and a modern highly sanitary life style (decreased antigen exposure) [346-348].
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Also the current food regimen has influenced microbial communities and their host in a
detrimental way [349]. For example, processed-, and high caloric foods showed in recent
studies their high inflammatory and glycemic potential through the influence of ubiquitously
used artificial sweeteners and emulsifiers by influencing the gut mucosa and microbial
communities alike [350, 351]. This may further explain the unprecedented increase in IBD
cases in countries which recently adopted a Western, industrialized lifestyle [352, 353] and
the rise in mortality (>30.000 deaths/year in 2010) and 2.9 million disability adjusted life years
caused by this disease complex [354, 355]. However, genetic predisposition cannot be
neglected, as strong genetic determinants exist which play essential roles in bacterial
recognition, immune homeostasis and host-community interaction (i.e. Nod2/Card15) [135,
356, 357]. However, the “purely” genetic effect for IBD (as estimated by genome-wide
association studies) explains only a relatively small variation of its incidence in human
populations (Crohn Disease- 13.6% (30 loci); Ulcerative Colitis- 7.5% (23 loci); IBD- 110 loci)
[344]. This is another indicator for the prevailing theory of genetic- and environmental
interactions driving the pathology of chronic inflammatory diseases and speaking in favor of a
“multiple-hits” scenario in which genetically susceptible hosts face one or several
environmental and immunological imbalances, which can tip the balance towards

exacerbated immune responses [358].

Many other genes with lower penetrance have been associated to inflammatory
diseases, which play important roles in immune function and regulation against bacterial
infections (innate and adaptive), autophagy and Endoplasmic Reticulum stress, goblet cell
function, healing, generation of reactive oxygen species, but also for barrier integrity and
glycosylation [344, 359]. Consistent associations with IBD have been identified in the
glycosylation of antibodies and other immune related factors (e.g. BACH2, IL6ST), which are

of great importance for antibody-, and general immune function [360, 361].

Of special interest in this thesis is the main nonsecretor mutation in Caucasians,
which was recently established as a prominent risk factor for Crohn Disease [209, 362, 363].
Older studies already identified associations to other inflammatory diseases like necrotizing
colitis [208] and rheumatic fever [364]. Studies showed the abundance of fucosylated
glycans, specifically ABO related antigens, make up a major component of the mucosal lining
[234-236] together with one of its main glycosylation targets MUC2, which is an essential
protein component of the mucosal barrier [282, 365]. Thus, changes in the glycan profile and
viscosity through the absence of essential glycan components (ABO antigens) increase the
permeability of the mucosal lining. This could lead to a higher concentration of bacteria and
their effector molecules close to the tissue, enabling tissue contact and invasion, and finally

inflammation. Normally, glycosylated mucins and antibacterial proteins are continuously
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produced and secreted, triggered by a broad array of pro-inflammatory cytokines and
counteract invading bacteria. However, pathogenic bacteria and other environmental factors
(i.e. emulsifiers) can interfere with the mucosal surfaces and may tip the balance towards
acute and chronic inflammation [350]. A thin mucus layer, decreased numbers of goblet cells,
and a reduced mucin secretion in the mucosal lining are a hallmark of human IBD and a
compromised mucosal barrier. In mice, a reduction of goblet cells, a lack of Muc2
expression, or aberrant core 1 O-glycosylation leads to spontaneous inflammation due to a
less stable mucosal barrier [282, 365, 366].

Changes in glycosylation have also been observed in serum during the course of IBD
[367] as a result of acute-phase protein glycosylation [368, 369], and changes in MUC2
glycosylation in Ulcerative Colitis have been observed (absence of sulphated/sialylated
O-glycan structures) [370]. Whether those responses are a consequence or a prerequisite for
intestinal inflammation is however not yet clear. Glycosylation dramatically changes in
response to infection and inflammation and might increase immune cell recruitment at the
location of inflammation, but may also repress further pathogen binding and propagation
within the host body or its gastrointestinal tract. Specifically in the case of Fut2, targeted
excretion of fucosylated glycans may serve as a counter measure to buffer pathogen or
inflammation induced disturbances of the microbiota [322]. Fucose glycans can induce

proliferation of a potentially probiotic bacterium which reduces chemical induced colitis [320].

FUT2 nonsecretor mutations have been associated to lower susceptibility to a
number of pathogens such as Helicobacter pylori, Norovirus, or Campylobacter jejuni [230,
275, 276]. Nonsecretor status was on the other hand associated to increased risk for vaginal
candidiasis [371], Streptococcus and Neisseria infections [372, 373], Haemophilus infections
[374]. Several of these infectious agents still account for many childhood deaths (i.e.
Campylobacter jejuni, Neisseria meningitidis) all over the world and may thus represent a
stronger selective force than exerted by associated late-onset diseases. Further, not only
does this gene influence the abundance of single bacteria like Helicobacter pylori [375], but
seems to alter the composition and structure of the bacterial communities as a whole [376-
378]. This extends the range of potential trade-off scenarios with bacteria, up to the point of
altering the accumulated community services and bacterial interactions in response to the
glycan environment, with a considerable impact on host health and fitness [300, 304, 322,
379]. Furthermore, the absence of fucosylated glycans may alter bacterial digestion- and
fermentation products and thus the spectrum of short-chain fatty acids [380]. These
differences may arise from communities adapted to the respective glycan spectrum present
in either secretor or nonsecretor hosts and might carry down to differences in coloncyte

homeostasis and potentially disease.
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Chapter I: Geographic patterns of the standing and active human

gut microbiome in health and inflammatory bowel disease

The intestinal microbial communities are an important biological entity influencing
metabolism [158, 381], immune status [382], and are themselves a barrier to fight of
pathogens [22]. These communities are also considered to play a fundamental part in the
establishment of inflammatory bowel diseases (i.e. Cohn’s Disease, Ulcerative Colitis) and
other autoimmune diseases (e.g. Psoriasis). With the increasing frequency of inflammatory
diseases in industrialized societies, together with the increase of processed food
consumption, antibiotic use, and cleanliness, it is assumed that bacterial communities
disturbed by those factors might fall into a dysbiotic state, which on the one hand can make
them more susceptible to invasion by opportunistic pathogens, but also renders the
community to an agent of local or systemic inflammation in its host. However, little is known if
the observed patterns, mostly obtained from single cohort studies, are also transferrable to
other unrelated host populations and if one can identify universal patterns of dysbiosis in
inflammatory bowel diseases. As microbial communities are highly variable and strongly
influenced by food consumption, healthcare and the external environment from which it
colonizes the respective hosts, populations of different societal and geographic origin may
show strong population specific community compositions and dynamics. These differences
could influence the developmental routes and final states of the dysbiosis that might be the
result or the trigger of inflammation in their hosts. So far, most studies investigating the
microbial composition of biotic- and abiotic environments focused on the abundance bacteria
measured by the abundance of the rRNA-gene (DNA) and rarely on the expressed rRNA
(RNA). The analysis of the transcribed sequences allows one to infer which bacteria are
allochthonous (passive) and autochthonous (active) community members, and might help to
differentiate between the stagnant seed bank of spore forming bacteria (e.g. diapause),

environmentally acquired transient members, and actively transcribing bacteria.

To explore the differences in healthy and diseased microbial communities among
different populations, we investigated the mucosal attached microbiome in colonic biopsy
samples of healthy individuals and inflammatory bowel disease patients (Cohn’s Disease,
Ulcerative Colitis) from Europe (Germany, Lithuania) and India. We profiled communities not
only based on the genomic rRNA gene, but also on the expressed RNA, enabling us to

approximate the activity of community members.

Community analyzes based on DNA and RNA derived community profiles reveal
strong population differences among cohorts, especially between European and Indian

populations. These can be the result of an interaction of similarity distance decay
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relationships between communities, as well as genetic, environmental, and -cultural
differences correlated to the geographic distances. Furthermore, we observe mainly
population-specific disease clusters, and thus different community dynamics and structures
as a result of inflammatory bowel diseases in different host populations. However, when the
geographic effects are factored out, a weak but universal footprint of disease becomes
apparent, which may reflect some commonalities of the community trajectories between
health conditions. Disease effects are more strongly pronounced in the active community
regarding a decreased community complexity and community differentiation in the diseased
cohorts. The active communities in general show a much lower diversity compared to the
stagnant DNA derived profiles, which may be explained by the smaller autochthonous
actively contributing microbial community (measured via RNA), in contrast to the community

profile considering also allochthonous transient members (DNA based).

In summary, only a limited universal microbial association of inflammatory bowel
diseases is observable on an international scale. Future studies, however, may interrogate
the functionality of the communities, which may show a stronger universal theme of
community changes according to disease, as functional redundancy of the microbiome might

obscure these effects in the taxonomic approach presented here.
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Geographical patterns of the standing and active
human gut microbiome in health and IBD
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ABSTRACT

Objective A global increase of IBD has been reported,
especially in countries that previously had low incidence
rates. Also, the knowledge of the human gut
microbiome is steadily increasing, however, limited
information regarding its variation on a global scale is
available. In the light of the microbial involvement in
IBDs, we aimed to (1) identify shared and distinct IBD-
associated mucosal microbiota patterns from different
geographical regions including Europe (Germany,
Lithuania) and South Asia (India) and (2) determine
whether profiling based on 165 rRNA transcripts
provides additional resolution, both of which may hold
important clinical relevance.

Design In this study, we analyse a set of 89 mucosal
biopsies sampled from individuals of German, Lithuanian
and Indian origins, using bacterial community profiling
of a roughly equal number of healthy controls, patients
with Crohn's disease and UC from each location, and
analyse 165 rDNA and rRNA as proxies for standing and
active microbial community structure, respectively.
Results We find pronounced population-specific as well
as general disease patterns in the major phyla and
patterns of diversity, which differ between the standing
and active communities. The geographical origin of
samples dominates the patterns of B diversity with
locally restricted disease clusters and more pronounced
effects in the active microbial communities. However,
two genera belonging to the Clostridium leptum
subgroup, Faecalibacteria and Papillibacter, display
consistent patterns with respect to disease status and
may thus serve as reliable ‘microbiomarkers’.
Conclusions These analyses reveal important
interactions of patients’ geographical origin and disease
in the interpretation of disease-associated changes in
microbial communities and highlight the added value of
analysing communities on both the 165 rRNA gene
(DNA) and transcript (RNA) level.

INTRODUCTION

While a steady increase of IBD has been observed
over the past decades in North America and
Europe, a dramatic rise in incidence rates is
observed in countries that have recently adopted a
Western industrialised lifestyle, for example, East
and South Asia, or states of the former Soviet
Union.! ? Suspected environmental factors include
increased levels of hygiene (decrease in antigen
contacts), changes in nutritional habits and the

Significance of this study

What is already known on this subject?

» IBD impacts microbial community structure in
the gut.

» Microbial communities differ between human
populations, potentially driven by variation in
genetic polymorphism, lifesty