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Zusammenfassung 

Das AB0-Blutgruppensystem wurde vor mehr als hundert Jahren beschrieben, allerdings ist 

ihre biologische und evolutionäre Bedeutung noch immer nicht vollständig geklärt. 

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 Funktionalität dieser Artengemeinschaften. Auch Umwelteinflüsse, 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 mögliche 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 entzündlicher 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 mögliche biogeographische Unterschiede der 

Darmflora zwischen verschiedenen Wirtspopulationen und populationsspezifische 

Krankheitscharakteristika auf. Darüber hinaus können die Unterschiede zwischen den 

erkrankten Probandenpopulationen Informationen für angepasste Behandlungsstrategien 

liefern. 

Kapitel II und III befassen sich mit dem Einfluss des Morbus Crohn Risikogens FUT2 

(α-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 möglich die Veränderungen der 

Bakteriengemeinschaften durch genetische- und Umwelteinflüsse, wie auch während 

pathologischer Prozesse, näher zu untersuchen. Das FUT2 Gen ist im Menschen sehr 

polymorph und spielt eine zentrale Rolle in der Synthese von AB0 Blutgruppenantigen in 

allen exokrinen Geweben. Für dieses Gen wurden viele konservierte Mutationen 

beschrieben, die die Synthese der Blutgruppenantigene unterbinden und im homozygoten 

Fall zur Abwesenheit von AB0-Antigenen in Geweben und Ausscheidungen führen 

(„nonsecretor“ Mutationen). Diese Mutationen wurden mit Resistenzen gegen eine Vielzahl 

von Krankheitserregern in Verbindung gebracht, aber auch mit einer erhöhten Anfälligkeit für 

entzündliche Darmerkrankungen. In unseren Experimenten konnte ich nachweisen, dass 
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Expressionsunterschiede von Blutgruppenantigenen, wie auch Entzündungsprozesse, 

Auswirkungen auf die Zusammensetzung und die Diversität der Darmflora haben. Diese 

Unterschiede könnten mitunter die Anfälligkeit gegenüber chronischen entzündlichen 

Darmerkrankungen beeinflussen (Kapitel II). Auch ökologische Prozesse, wie zum Beispiel 

primär Sukzession und deren Interaktion mit Wirtscharakteristika (z.B. FUT2), sind von 

entscheidender Bedeutung für das Verständnis der Beziehung zwischen Wirt und seiner 

Bakteriengemeinschaft. Diese Interaktionen beeinflussen die Entwicklung, wie auch die 

Stabilität, von Bakteriengemeinschaften und sind somit bedeutend für deren Homöostase 

und Funktionalität (Kapitel III). 

In Kapitel IV untersuche ich die Interaktion zwischen dem Blutgruppengen B4galnt2 

(β-1,4-N-Acetylgalactosaminyltransferase 2) und der Darmflora während einer Infektion mit 

Salmonella enterica ssp. ser. Typhimurium. In Mäusen führen Mutationen einer cis-

regulatorischen Sequenz zu einer Veränderung des Expressionsmusters und einer 

Verlagerung der Expression vom Darmepithel zum vaskulären Endothel, was eine 

Blutungsdiathese zur Folge hat. Die Erhaltung eines solchen Allels über evolutionäre 

Zeitspannen legt einen Konflikt verschiedener Selektionsdrücke nahe. So wäre ein 

Kompromiss zwischen der Resistenz gegenüber enteropathogenen Erregern (Verlust von 

Antigenen im Darmepithel) und einer Beeinträchtigung der Blut-Homöostase ein mögliches 

Szenario. Ich konnte feststellen, dass Unterschiede in der Bakterienzusammensetzung 

zwischen den verschiedenen Genotypen zu einer höheren Stabilität der 

Bakteriengemeinschaft und niedrigereren Infektionsanfälligkeit in Mäusen ohne B4galnt2 

Expression im Darmepithel führen (Kapitel IV). 

Zusammengenommen verdeutlichen diese Ergebnisse den Einfluss von 

Blutgruppenantigenen und Umweltfaktoren auf die Zusammensetzung und das Verhalten 

von mikrobiellen Gemeinschaften, sowie deren möglichen Einfluss auf die Fitness des 

jeweiligen Wirtes. Die Balance zwischen der Anpassung an lokale Bakteriengemeinschaften, 

Resistenz gegenüber Pathogenen und dem Verlust vorteilhafter symbiotischer Beziehungen 

und Funktionen, könnte somit eine Erklärung für die Variabilität von Genen wie FUT2 und 

B4galnt2 liefern. Diese Ergebnisse eröffnen auch Perspektiven für populations- und genotyp 

spezifische Behandlungs- und Präventivmaßnahmen bei entzündlichen Darmerkrankungen 

im Menschen. 
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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 I 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 II and III aim to explore the impact of variation in the Crohn Disease risk 

locus FUT2 (α-1,2-fucosyltransferase) and inflammatory diseases on the microbial 

communities. To investigate the influence of host-specific glycan composition on the 

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

III). 

In chapter IV I investigate the role of interactions between the blood-group-related 

gene B4galnt2 (β-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. I 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 fitness 

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 

B4galnt2. These results may lead to future population- and genotype-specific measures for 

treatment and prevention of inflammatory bowel diseases. 
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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; α-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 
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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 

μm/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 explicitly 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 
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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 I we investigate the influences of host 
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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 trillion 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 
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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 
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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 I 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 (FUT1-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 (FUT1: endothelium, bone marrow; FUT2, FUT3: mucosal 

surfaces and exocrine glands) [163, 239-241]. The α-1,2-fucosyltransferases encoded by 

FUT1 and FUT2 use similar precursor molecules (Galβ1-3/4GlcNAc-R), which are then 

fucosylated at the galactose residue (type 1 precursor for FUT2: Galβ1-3GlcNAc-R; type 2 

precursor for FUT1: Galβ1-4GlcNAc-R). This H/O-antigen serves as the substrate for the A- 

and B glycosyltransferases (α-1,3-GalNAc transferase and α-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 α-1,3-fucosyltransferase or α-1,4-

fucosyltransferase activity, giving rise to Lea or Leb (for type 2 precursors Lex / Ley, 

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- α-1,2-

fucosyltransferases: FUT1, FUT2, Sec1; α-1,6-fucosyltransferases: FUT8; protein-O-

fucosyltransferases: POFUT1, POFUT2) [242]. The second group comprises of α-1,3-

fucosyltransferases (FUT4-FUT7, FUT9-FUT11), and the α-1,3/4-fucosyltransferases (FUT3, 

FUT5) [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 α-1,3/4-fucosyltransferase, with broad binding spectrum but a 

higher affinity to type 1 acceptors (Lea/Leb) than for type 2 precursors molecules (Lex/Ley) 

[245]. FUT6, the “plasma-type” fucosyltransferase, shows a very high sequence similarity 

and a small chromosomal distance to FUT3, also with its main product Lex. 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], 

FUT3 [249, 250], FUT5 [251], FUT6 [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, POFUT2) [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 (G428A, 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 β-1,4-N-

Acetylgalactosaminyltransferase 2 (B4galnt2), 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 



Introduction 

16 

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” 

(Mvwf1) [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, MUC6) 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. 

REGIIIγ), 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. 

REGIIIγ), 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 

Oglycan 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. 

 

Publication: 

Rehman, A., P. Rausch, J. Wang, J. Skieceviciene, G. Kiudelis, K. Bhagalia, D. 

Amarapurkar, L. Kupcinskas, S. Schreiber, P. Rosenstiel, J. F. Baines and S. Ott (2015). 

"Geographical patterns of the standing and active human gut microbiome in health and IBD." 
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Chapter II: The influence of FUT2 in shaping the human microbial 

community in health and disease 

In the post antibiotics era of medicine, the primary contributor to human mortality and 

morbidity in the western world is no longer infectious diseases, but complex, usually late-

onset chronic diseases have taken the lead [346]. These modern-day maladies have been 

extensively studied using population-wide genetic and environmental screens and only 

relatively small effect sizes were ascertained so far for single genetic [344, 362, 363, 383] or 

environmental traits [346, 384]. Thus, the leading hypotheses to explain the development 

and spread of those diseases propose multiple disturbances on a genetically susceptible 

host background that trigger the onset of symptoms. The complex microbial communities 

inhabiting almost every part of the human body have recently been recognized as potential 

mediators for environmental influences, genetic susceptibilities and their interaction [385]. 

The microbiome was subsequently associated to a number of maladies including 

inflammatory diseases [345, 386], complex metabolic diseases [130, 387], and even cancer 

development [388, 389]. 

The human α-1,2-fucosyltransferase gene (FUT2) codes for an enzyme transferring a 

fucose residue to short ABO blood group precursor molecules in excretory tissues and 

shows widespread functional polymorphisms in humans. These loss-of-function and activity 

reducing mutations appear to be maintained for a long time and evolved independently in 

geographically isolated populations [220, 248, 263]. These patterns signify long-term 

balancing selection, which conserved the functional and genetic variation of FUT2 among 

human populations. Being a nonsecretor, i.e. homozygous for loss-of-function mutations in 

the FUT2 gene and therefore unable to excrete ABO blood group antigens, has been 

associated with lower susceptibility to a number of pathogens such as Helicobacter pylori, 

Norovirus, or Campylobacter jejuni [230, 275, 276], but also to marked increases in the risk 

for necrotizing colitis [208], decreased vitamin titers [390], and inflammatory bowel disease 

[209]. These benefits of being a nonsecretor suggest a pathogen driven selection on those 

ABO subverting mutations, which come at the cost of other susceptibilities and a higher risk 

of long lasting chronic inflammatory diseases. 

Here, we focus on the influence of FUT2 secretor status and genotype on the 

microbial community in two inflammatory diseases with a strong overlap in coincidence and 

genetic predispositions. Crohn’s Disease a main form of inflammatory bowel disease and 

primary sclerosing cholangitis, an inflammation and fibrosis of the bile duct, have several 

common genetic associations [391], including the G428A mutation in FUT2, the main 

nonsecretor generating mutation in Caucasians [239]. It is a valid assumption that there 
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exists a gut-liver immune axis, as another established risk gene for inflammatory bowel 

disease (IL10 [392]) gives strong indication for such a link and indicates a prominent role for 

the microbial community facilitating inflammation [393]. The liver is also the main location of 

microbial acetate (short chain fatty acid) recycling to build lipids [315] essential to the host, 

such as butyrate [311-313], which is highly dependent on nutrient access of the community, 

while obesity associated microbial community changes can lead to hepatic cancer [388]. The 

dependence of bacteria on intestinal glycans, not only under limitation of other carbohydrate 

sources [302, 394], is well established [395]. Recent studies showing the direct initiation of 

host glycosylation programs by the intestinal bacteria [303, 305-308] further underline the 

ability of microbes to establish their own environment/niche and to persist in it [323, 394], but 

also their direct dependence on glycan provision by the host itself. Thus, by changing the 

carbohydrate spectrum in the mucosa, specifically the depletion of fucosylated glycans, can 

attract different bacterial species, alter community. These community wide changes may thus 

increase community instabilities and set the stage for dysbioses and connected health risks 

through a more inflammatory active or invadable bacterial assemblage in the gastrointestinal 

tract [22, 396]. 

We found significant differences in community composition between secretor status 

and even FUT2 genotype in healthy and diseased mucosa associated bacteria in the colon 

and bile duct. Interestingly, the community complexity shows comparable patterns among 

genotypes, health conditions, and disease types. Furthermore, we identified single bacterial 

species and genera with potential pathogenic capabilities in nonsecretor individuals. This 

indicates a potential for instable communities and lower colonization resistance and thus a 

higher risk for the development of inflammation in nonsecretors. 
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Supplementary material 

Supplementary Methods 

Recruitment of Study Subjects 

The diagnosis of PSC was based on standard clinical, biochemical, cholangiographic and 

histological criteria [1] with exclusion of secondary causes of sclerosing cholangitis. The 

diagnoses of IBD and cholangiocarcinoma used for descriptive purposes were as far as 

possible based on endoscopic and histological examinations. The PSC patients in the 

Scandinavian discovery and replication panels were recruited on admission to Oslo 

University Hospital, Rikshospitalet (Oslo, Norway), Karolinska University Hospital Huddinge 

(Stockholm, Sweden) and Sahlgrenska University Hospital, (Gothenburg, Sweden). The 

German PSC patients in the discovery and replication panels were recruited on admission to 

the Grosshadern University Clinic (Munich, Germany) and the University Hospital of 

Heidelberg (Heidelberg Germany), or through the Northern German biobank popgen 

(http://www.popgen.de) for patients recruited at the University Medical Center Hamburg-

Eppendorf (Hamburg, Germany), the Hannover Medical School (Hannover,Germany), the 

University Hospital of Mainz (Mainz, Germany), the Christian-Albrechts-University Hospital 

Kiel (Kiel, Germany), the University Hospital Freiburg (Freiburg, Germany) and the Charité 

University Hospital Berlin (Berlin, Germany). The PSC patients from Belgium and the 

Netherlands in the Central European replication panel were recruited via the University 

Hospital Leuven (Leuven, Belgium), the Academic Medical Center (Amsterdam, the 

Netherlands) and the University Medical Center Groningen (Groningen, the Netherlands). 

The PSC patients and controls in the US replication panel have been recruited via the PSC 

Resource of Genetic Risk, Environment and Synergy Studies (P.R.O.G.R.E.S.S.) 

(http://mayoresearch.mayo.edu/lazaridis_lab/genomics_of_psc.cfm) 

Healthy controls for the Scandinavian discovery and replication panels were randomly 

selected from the Norwegian Bone Marrow Donor Registry. Healthy controls for the German 

discovery panel and the Central European replication panel were selected among blood 

donors recruited via the Northern German biobank popgen (http://www.popgen.de) and the 

Southern German population-based study KORA F4 [2]. In addition, volunteers recruited via 

the University Hospital Leuven (Leuven, Belgium) contributed to the healthy controls in the 

Central European replication panel.  

 

 

 



Chapter II 

102 

Genome-Wide Genotyping, Imputation and Quality Control  

Genome-wide single nucleotide polymorphism (SNP) genotyping in the discovery panel was 

performed using the Affymetrix® Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa 

Clara, CA, USA). Extensive quality control of the genome-wide dataset has previously been 

described [3]. In brief, samples were excluded based on the following criteria; samples failing 

array specific quality measures, samples with a genotyping call-rate <95%, samples with a 

mismatch between gender recorded and gender calculated based on genotype data and 

samples representing duplicates, related individuals, heterozygosity outliers or ethnic outliers 

(identified by the EIGENSTRAT software [4]). SNPs were excluded if they had a call rate 

<95%, a minor allele frequency <1%, or had a genotype distribution deviating from Hardy-

Weinberg-Equilibrium (HWE) in the healthy controls. 

Imputation of non-genotyped SNPs was performed using MACH version 1.0.16 software [5] 

and the HapMap Release 22 (http://hapmap.ncbi.nlm.nih.gov) CEU (Centre d´Etude du 

Polymorphisme Humain (CEPH)) as the reference dataset. All imputed markers underwent 

the same stringent quality control procedures as genotyped SNPs along with the requirement 

of good imputation quality (defined as an r2 > 0.3).  

 

Replication Genotyping and Quality Control 

Replication genotyping was performed using the Sequenom MassARRAY® iPLEX® Gold 

system at the Centre for Integrative Genetics (Norwegian University of Life Sciences, Ås, 

Norway). The iPLEX® Gold method for allele assignment is based on detection of allele 

specific primer extension products of different masses dependent on the sequence analyzed, 

by matrix-assisted laser desorption ionization-time of flight mass spectrometry [6]. 

SNPs with a genotyping call-rate < 0.90 in the iPLEX® genotyping (n = 6; rs2117032, 

rs11218714, rs4077515, rs608418, rs11252885, rs1000113) were re-genotyped with 

TaqMan™ SNP Genotyping Assays (Applied Biosystems, Foster City, CA, USA) and 

analyzed with SDS 2.3 software (Applied Biosystems). In addition, SNPs with a suboptimal 

call-rate (defined as 0.90-0.95) in the iPLEX® genotyping showing nominally significant 

association in a preliminary analysis (P Cochran-Mantel-Haenszel (CMH) < 0.05) (n=3; 

rs5771069, rs3184504, rs601338) were re-genotyped with TaqMan™ to exclude genotyping 

artifacts. The remaining SNPs with a suboptimal call-rate 0.90-0.95 not showing nominally 

significant association in this preliminary association analysis (PCMH > 0.05), were not re-

genotyped by TaqMan and excluded from the final association analysis (n=12; rs11574637, 
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rs6498169, rs684134, rs10516487, rs762421, rs2205960, rs11865121, rs12422102, 

rs7915365, rs7765733, rs10252204 and rs1054611). 

In the final replication dataset, samples with a genotyping call-rate < 0.50 (n = 14) and SNPs 

with a genotyping call-rate < 0.95 (n = 1), minor allele frequency < 0.01 (n = 0) or significant 

deviation from HWE analyzed separately in the different panels in the healthy controls 

(PHWE <0.001) (n=1) were excluded from further analyses.  

 

Meta-analysis 

Meta-analysis of the summary statistics in the discovery and replication panels was 

performed using the Meta-Analysis Tool for genome-wide association scans, METAL 

(http://www.sph.umich.edu/csg/abecasis/Metal) (version released 2010-08-01). 

The METAL algorithm calculates a Z-score for each marker reflecting the magnitude and 

direction of the reference allele along with a test for heterogeneity [7]. A Z-score and P-value 

is then calculated from the weighted average of the Z-statistics, where the weight is 

proportional to the square root of the sample size of the GWA and replication panels. To take 

account of differences in case-control ratios in the panels the effective sample size was used 

for weighting [7]. 

 

Association Signal Plots and Linkage Disequilibrium Calculations 

Regional association plots were generated from the GWAS data using the LocusZoom 

software [8]. The LocusZoom software calculates LD information based on the HapMap CEU 

population, and integrates this with custom association results and data on recombination 

rates from the HapMap project. The different colors for the SNPs plotted indicate the LD with 

the index SNP. For regions with more than one SNP genotyped in the replication, the SNP 

with the lowest P-value in the discovery panel was used as the index SNP except for the 

IL2/IL21 region where rs13119723 was used since this SNP is more commonly reported in 

other conditions. For all other LD calculations data from the HapMap project and PLINK 

version 1.06 [9] were used. 
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Biliary FUT2 Phenotyping 

To identify the presence of FUT2 in bile duct epithelium, formalin-fixed, paraffin-embedded 

hilar liver sections harvested at the time of transplantation in PSC patients were selected 

according to FUT2 genotype status (rs601338 GG, n=3, rs601338 AA n=1).  

Lectin staining was used to identify the presence of FUT2 determined α-1,2-fucosylation of 

the H antigen. Following deparaffination, rehydration and blocking of endogenous peroxidase 

activity with 3% H202 in methanol, sections were incubated with 10% BSA (bovine serum 

albumin) in PBS (phosphate-buffered saline) for 30 min at room temperature and incubated 

with the biotinylated lectin UEA-I (Ulex europaeus, Sigma Aldrich, St. Louis, MO, USA) for 1 

hour. Subsequently, the specimens were washed in PBS and incubated with avidin-biotin 

complex (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA, USA) for 30 min 

according to the manufacturer’s recommendations. Staining was performed with DAB 

peroxidase substrate kit, 3,3´-diaminobenzidine (Vector Laboratories), followed by 

counterstaining with Harris haemotoxylin (Cell Path, Newton, United Kingdom). Negative 

control staining was performed by replacing lectin with PBS [10].  

 

Bacterial DNA extraction and 16S rRNA gene pyrosequencing  

Bile samples were collected during ERCP (n=74) or liver transplantation (N=14) from 76 PSC 

patients recruited at Oslo University Hospital, Rikshospitalet (Oslo, Norway). After stringent 

quality control of 16S rRNA sequence data, 37 ERCP and 2 transplantation samples were 

included in bacterial community analysis (see below). The FUT2 genotypes of these patients 

were determined using Sequenom MassARRAY® iPLEX® Gold as described in the section 

“Replication Genotyping and Quality Control”. To extract bacterial DNA from ERCP and 

transplant samples, approximately 200 μL of bile was centrifuged at 13300 for 100 minutes, 

the supernatant was removed, and the resulting pellet was extracted using the MolYsis 

Complete5 kit (Molzym©, Bremen, Germany) following the manufacturer’s instructions. 

Samples were eluted with 35 µl PCR grade water. Negative controls mimicking the extraction 

procedure on PCR grade water were included to account for any potential environmental 

influence. The 16S rRNA gene was amplified and sequenced using 454 GS-FLX Titanium 

sequencing chemistry as described [11].  
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Sequence processing and quality control of 454 sequences 

Raw sequences were trimmed and filtered considering only perfect matches to primer and 

MID sequences. Additional filtering was carried out via a 50 bp sliding window mean quality 

threshold of 35. To further reduce sequencing errors we required no ambiguous bases and a 

maximum homopolymer length of 10 bp. Further noise reduction was carried out by pre-

clustering the sequences according to a threshold of 2 bp differences over the whole 

sequence length following the recommendations of Schloss et al. [12, 13]. Chimeric 

sequences were detected using the UCHIME algorithm (USEARCH 4.2.66) with the 

Greengenes gold database as a reference [14, 15]. The remaining sequences were aligned 

to the curated Greengenes database (release 2010) [16] using the k-mer alignment 

procedure PyNAST [17, 18]. OTU binning was performed via the UCLUST algorithm [14] with 

97% and 99% identity used for further analysis. The resulting OTU table was screened by 

the “SourceTracker” algorithm, whereby negative extraction controls (N=4) were used as a 

training set [19]. Only samples displaying an estimated proportion of 10% contamination or 

less and a final minimal processed read number of 2000 (with the exception of a single 

individual with 1949) were included in further analyses. For analyses of bacterial diversity, 

random subsets of 2000 sequences per sample were generated to normalize the read 

distribution. The aligned sequences were used to cluster sequences into Operational 

Taxonomic Units (OTUs) using USEARCH 4.2.66 with extraction of representative 

sequences via average distance clustering for each OTU. Phylogenetic tree construction was 

carried out using FastTree v2.1 with a CAT substitution model and gamma correction on the 

selected sequences of each OTU [20]. Classification of sequences was performed using the 

Naïve Bayesian Classifier implemented in mothur (v1.23) with a 60% bootstrap threshold and 

the updated Greengenes reference taxonomy (10000 permutations) [12, 21]. 

 

Statistical analysis of microbiota differences 

Comparisons of phyla abundances were performed using Kruskal-Wallis and post hoc Mann-

Whitney U tests. For analysis of alpha diversity, the abundance based coverage estimator 

(ACE) and Phylogenetic Diversity (PD) were calculated in R [22-24]. In order to use linear 

models to assess the influence of genotype and secretor status, alpha diversity indices were 

square root transformed to meet the requirement of a normal distribution and models were 

selected by the Akaike Information Criterion (AIC). As a phylogenetic measure of beta 

diversity, FASTUniFrac was used to calculate the unweighted and normalized weighted 

UniFrac metric [25, 26]. Analysis of community composition based on beta diversity metrics 

was performed using the nonparametric matrix based analysis of variance “adonis” (Analysis 
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of dissimilarity) implemented in the “vegan” package for R with 105 permutations to assess 

significance [27, 28]. UniFrac distances were analyzed by Principal Coordinate Analysis [28]. 

Goodness of fit of the proposed clusters and their respective centroids was assessed with 

105 permutations. Further testing of species clustering with respect to genotype was carried 

out by Redundancy Analysis (RDA) with a prior Hellinger transformation to linearize the OTU 

distribution [29, 30].  

 

Gene Relationships Across Implicated Loci (GRAIL) Pathway Analysis 

To examine the functional relationship among genomic PSC risk regions, we performed a 

GRAIL pathway analysis (http://www.broadinstitute.org/mpg/grail/) (Supplementary Figure 3A 

and 3B). The GRAIL software is a statistical tool that utilizes text mining of published 

abstracts in the PubMed database to identify and quantify functional similarity among genes 

within disease associated regions [31]. The GRAIL analysis gives a Ptext score to each 

disease region, which is a statistical significance score that reflects the degree of relatedness 

among genes at different loci. GRAIL corrects its significance score for multiple testing by 

adjusting for the number of genes in the region. 

In the GRAIL analysis we included six SNPs that have shown suggestive or robust 

association in previous studies in PSC (rs3134792; HLA-B, rs6720394; BCL2L11, 

rs12612347; GPBAR1, rs3197999; MST1, rs9524260, GPC5/6 and rs12412095; IL2RA), for 

the IL2RA SNP a tag (r2=1) was used, since the lead SNP rs10905718 was not in HapMap 

release 22 [3, 32]. Furthermore we added the 12 lead SNPs from the respective 12 

suggestive or robust susceptibility loci identified in the present study (Table 2). The GRAIL 

analyses were performed with the following settings: HapMap release 22/ HG18, HapMap 

population CEU, default settings for SNP rs Number submission and all SNPs as query and 

seed.  

We performed two analyses, one based on PubMed abstracts published up to April 2011 

(Supplementary Figure 3B) and one based on only those PubMed abstracts published prior 

to December 2006 (Supplementary Figure 3A). The first approach reflects the current state 

of literature information on biological mechanisms underlying genetic associations, but will 

potentially also be confounded the high number of GWAS data published in PubMed after 

2006. The second approach avoids the majority of GWAS publications and the evaluation of 

gene relationships based on listing of multiple genes in regions identified as associated to 

the phenotypes under study in these GWAS. To visualize the results from the GRAIL 

analysis the VIZ-GRAIL software (http://www.broadinstitute.org/mpg/grail/vizgrail.html) [33] 

with default parameters was used. 



 

 

 

Supplementary Table 1. Allele frequencies and results from the association analyses for SNPs with association results not reaching nominal 

significance with consistent effect sizes in the replication. 

     Genome-wide analysis   Replication analysis      

     Allele frequencies (Cases/Controls)  Allele frequencies (Cases/Controls)     

Chr SNP Position Locus Alleles Scandinavia 

(332/262) 

Germany 

(383/2700

) 

P -

value*  

OR (95% CI)* Scandinavi

a (289/820) 

Central 

Europe 

(561/2063

) 

United 

States 

(371/625) 

P- 

value
†
 

OR (95% CI)
†
 BD P- 

value 

SNP 

selection 

strategy 

1 rs2377570 31,071,356 SDC3/SNORD85 A/G 0.26/0.19 0.27/0.22 6.3E-05 1.34 (1.55-1.16) 0.23/0.20 0.20/0.21 0.22/0.22 0.82 1.01 (0.90-

1.14) 

0.29 II 

1 rs12144426 164,418,65

8 

FAM78B T/A 0.24/0.31 0.21/0.25 3.5E-05 0.72 (0.62-0.84) 0.25/0.27 0.24/0.24 0.26/0.24 0.94 1.00 (0.89-

1.11) 

0.48 II 

2 rs1990760 162,832,29

7 

IFIH1 C/T 0.39/0.38 0.44/0.39  0.0070  1.21 (1.39-1.05) 0.37/0.37 0.40/0.38 0.41/0.41 0.72 1.02 (0.92-

1.12) 

0.76 I 

3 rs7638558 60,020,841 FHIT C/T 0.02/0.00 0.04/0.02 3.6E-05 2.35 (3.52-1.57) 0.01/0.00 0.02/0.01 0.01/0.02 0.83 1.04 (0.69-

1.57) 

0.24 II 

3 rs983513 79,277,847 ROBO1 G/A 0.45/0.53 0.39/0.45 2.5E-05 0.75 (0.65-0.86) 0.48/0.49 0.48/0.46 0.49/0.48 0.30 1.05 (0.96-

1.16) 

0.55 II 

4 rs17005387 123,156,64

8 

KIAA1109/IL2/IL2

1 

A/G 0.02/0.01 0.03/0.02 2.6E-05 2.41 (3.63-1.60) 0.01/0.02 0.02/0.02 0.03/0.02 0.34 1.19 (0.84-

1.67) 

0.26 II 

4 rs993704 125,931,51

0 

ANKRD50 A/G 0.30/0.24 0.36/0.30 2.3E-05 1.35 (1.54-1.17) 0.26/0.26 0.32/0.30 0.27/0.27 0.29 1.06 (0.95-

1.18) 

0.78 II 

4 rs10857102 125,937,43

3 

ANKRD50 A/G 0.26/0.20 0.30/0.25 3.2E-05 1.36 (1.57-1.18) 0.25/0.25 0.31/0.29 0.26/0.26 0.23 1.07 (0.96-

1.19) 

0.78 II 

5 rs1000113 150,220,26 IRGM T/C 0.07/0.08 0.05/0.07  0.015  0.72 (0.56-0.94) 0.07/0.07 0.07/0.07 0.08/0.08 0.74 1.03 (0.86- 0.86 I 



 

 

9 1.24) 

5 rs11747270 150,239,06

0 

IRGM G/A 0.07/0.08 0.05/0.08  0.021  0.74 (0.58-0.96) 0.07/0.07 0.07/0.07 0.08/0.08 0.81 1.02 (0.85-

1.23) 

0.88 I 

6 rs394683 5,043,412 LYRM4 C/T 0.26/0.31 0.24/0.30 2.2E-05 0.73 (0.85-0.63) 0.26/0.29 0.30/0.28 0.26/0.30 0.37 0.95 (0.86-

1.06) 

0.036 II 

6 rs4713859 35,514,131 PPARD/FANCE C/T 0.02/0.03 0.02/0.05 5.3E-05 0.43 (0.65-0.29) 0.03/0.03 0.05/0.05 0.05/0.06 0.81 1.03 (0.82-

1.29) 

0.67 II 

7 rs590099 18,302,863 HDAC9 A/G 0.16/0.13 0.21/0.16 2.6E-05 1.42 (1.67-1.20) 0.13/0.17 0.16/0.17 0.17/0.16 0.13 0.90 (0.79-

1.03) 

0.16 II 

7 rs17806432 76,798,820 PION/FGL2 T/C 0.14/0.11 0.15/0.11 1.2E-05 1.59 (1.29-1.95) 0.13/0.10 0.10/0.11 0.11/0.08 0.27 1.09 (0.94-

1.27) 

0.11 II 

7 rs6979188 76,821,451 PION/FGL2 T/C 0.10/0.06 0.10/0.06 2.1E-05 1.64 (1.30-2.05) 0.07/0.07 0.07/0.07 0.08/0.06 0.49 1.07 (0.89-

1.28) 

0.68 II 

8 rs10156297 127,621,00

8 

FAM84B C/A 0.16/0.13 0.18/0.12 6.8E-05 1.42 (1.20-1.70) 0.13/0.12 0.12/0.13 0.13/0.12 0.86 0.99 (0.86-

1.14) 

0.23 II 

11 rs11218714 122,000,84

1 

UBASH3B G/A 0.30/0.35 0.27/0.34 3.2E-05 0.75 (0.65-0.86) 0.32/0.31 0.31/0.31 0.33/0.31 0.77 1.02 (0.92-

1.12) 

0.61 II 

11 rs722449 132,656,14

6 

OPCML A/G 0.06/0.03 0.08/0.04 8.8E-06 1.82 (2.36-1.40) 0.04/0.05 0.05/0.04 0.04/0.05 0.74 1.04 (0.83-

1.30) 

0.45 II 

12 rs3764021 9,724,895 CLEC2D T/C 0.41/0.45 0.45/0.47  0.032  0.87 (0.77-0.99) 0.45/0.46 0.47/0.47 0.44/0.48 0.36 0.96 (0.87-

1.05) 

0.38 I 

12 rs608418 10,023,132 CLEC12A T/C 0.57/0.47 0.55/0.49 1.4E-05 1.32 (1.17-1.50) 0.52/0.50 0.49/0.48 0.50/0.50 0.49 1.03 (0.94-

1.14) 

0.90 II 

12 rs2117032 20,965,389 SLCO1B3 C/T 0.35/0.31 0.38/0.35  0.045  1.15 (1.31-1.00) 0.35/0.35 0.34/0.36 0.39/0.38 0.73 0.98 (0.89-

1.08) 

0.54 I 

13 rs9576711 38,521,621 STOML3 T/G 0.11/0.15 0.06/0.10 2.3E-05 0.60 (0.48-0.76) 0.11/0.13 0.12/0.08 0.09/0.11 0.39 1.07 (0.92-

1.24) 

2.6E-04 II 

13 rs1413040 38,605,939 STOML3 A/G 0.26/0.34 0.22/0.26 9.8E-05 0.74 (0.86-0.64) 0.30/0.30 0.33/0.27 0.28/0.30 0.041 1.11 (1.00- 0.027 II 



 

 

1.23) 

15 rs289404 83,367,321 PDE8A G/T 0.15/0.21 0.14/0.18 6.5E-05 0.69 (0.83-0.57) 0.19/0.20 0.21/0.23 0.24/0.25 0.078 0.90 (0.81-

1.01) 

0.70 II 

16 rs9888739 31,220,754 ITGAM T/C 0.11/0.13 0.10/0.12  0.026  0.78 (0.63-0.97) 0.09/0.10 0.10/0.11 0.12/0.12 0.61 0.96 (0.82-

1.12) 

0.88 I 

16 rs7190071 71,742,579 ZFHX3 T/C 0.39/0.30 0.35/0.30 6.9E-06 1.39 (1.20-1.60) 0.34/0.37 0.33/0.36 0.34/0.35 0.026 0.89 (0.81-

0.99) 

0.62 II 

18 rs4310957 69,756,844 FBXO15 G/T 0.32/0.24 0.31/0.27 9.0E-06 1.42 (1.65-1.21) 0.29/0.32 0.28/0.28 0.31/0.30 0.81 0.99 (0.89-

1.10) 

0.56 II 

20 rs6080774 17,600,784 RRBP1 A/G 0.04/0.03 0.06/0.04 6.1E-05 2.20 (3.24-1.50) 0.02/0.02 0.03/0.02 0.02/0.02 0.077 1.32 (0.97-

1.81) 

0.70 II 
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Complete association results for SNPs not reaching nominal significance with consistent 

effect sizes in the replication. For the genome-wide analysis, the allele frequencies were 

calculated based on allele dosages and are listed separately for the German and 

Scandinavian discovery panels. For the replication analysis, allele frequencies are given for 

all three panels making up the combined replication panel. The genomic positions refer to 

NCBI’s build 36. SNP selection strategy I and II indicate SNPs selected based on alignment 

of SNPs with a PGWAS < 0.05 (n=134,466) with SNPs reported associated to immune-

mediated and chronic inflammatory diseases and traits as listed in the Catalog of Genome-

Wide Association Studies (http://www.genome.gov/26525384) (accessed 23.04.2010) [34] 

and strong evidence of association in the GWAS, as indicated by a GWAS P- value of 

(PGWAS) < 1.0 ×10-4, in loci considered to be relevant to potential pathogenetic mechanisms in 

PSC, respectively. 

Chr, chromosome; OR, Odds Ratio; CI, Confidence Interval; BD, Breslow-Day 

*Odds ratios and P-values derived from logistic regressions of allele dosages including the 

six first principal components from the principal components analysis as covariates [4].  

†P-values generated by using the Cochrane-Mantel-Haenszel test [35]. 
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Supplementary Table 2. Genome-wide association studies on immune-mediated and chronic 

inflammatory traits taken into consideration in SNP prioritization strategy 1. 

 

Disease/Trait First Author Journal PubMed ID 

AIDS Le Clerc J Infect Dis 19754311 

AIDS (progression) Limou J Infect Dis 19115949 

Ankylosing spondylitis The Australo-Anglo-
American 
Spondyloarthritis 
Consortium (TASC) 

Nat Genet 20062062 

Anti-cyclic Citrullinated Peptide 
Antibody 

Cui Mol Med 19287509 

Arthritis (juvenile idiopathic) Hinks Arthritis Rheum 19116933 

 Behrens Arthritis Rheum 18576341 

Asthma Sleiman N Engl J Med 20032318 

 Mathias J Allergy Clin 
Immunol 

19910028 

 Himes Am J Hum Genet 19426955 

 Moffatt Nature 17611496 

 Li J Allergy Clin 
Immunol 

20159242 

Asthma (childhood onset) Hancock PLoS Genet 19714205 

Asthma (toluene diisocyanate-
induced) 

Kim Clin Exp Allergy 19187332 

Atopic dermatitis Esparza-Gordillo Nat Genet 19349984 

Atopy Castro-Giner BMC Med Genet 19961619 

Behcet’s disease Fei Arthritis Res Ther 19442274 

Bilirubin levels Sanna Hum Mol Genet 19419973 

Biochemical measures Zemunik Croat Med J 19260141 

Celiac disease Hunt Nat Genet 18311140 

 van Heel Nat Genet 17558408 

 Dubois Nat Genet 20190752 

Chronic Hepatitis C infection Rauch Gastroenterology 20060832 

Chronic Obstructive Pulmonary 
Disease  

Pillai PLoS Genet 19300482 

 Cho Nat Genet 20173748 
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C-reactive protein Elliott JAMA 19567438 

 Reiner Am J Hum Genet 18439552 

 Ridker Am J Hum Genet 18439548 

Crohn’s disease Barrett Nat Genet 18587394 

 Raelson Proc Natl Acad Sci 
USA 

17804789 

 Franke PLoS ONE 17684544 

 WTCCC Nature 17554300 

 Parkes Nat Genet 17554261 

 Libioulle PLoS Genet 17447842 

Crohn’s disease and Sarcoidosis 
(combined) 

Franke Gastroenterology 18723019 

Cystic fibrosis severity Gu Nature 19242412 

Diabetic nephropathy Pezzolesi Diabetes 19252134 

Drug-induced liver injury 
(flucloxacillin) 

Daly Nat Genet 19483685 

Eosinophilic esophagitis 
(pediatric) 

Rothenberg Nat Genet 20208534 

Gallstones Buch Nat Genet 17632509 

Hematological and biochemical 
traits 

Kamatani Nat Genet 20139978 

Hepatitis B Kamatani Nat Genet 19349983 

HIV-1 control Fellay PLoS Genet 20041166 

HIV-1 viral setpoint  Fellay Science 17641165 

Idiopathic pulmonary fibrosis Mushiroda J Med Genet 18835860 

Inflammatory bowel disease Kugathasan Nat Genet 18758464 

 Duerr Science 17068223 

Inflammatory bowel disease (early 
onset) 

Imielinski Nat Genet 19915574 

Kawasaki disease Burgner PLoS Genet 19132087 

Knee osteoarthritis Nakajima PLoS One 20305777 

Leprosy Zhang N Engl J Med 20018961 

Lupus Cervino Ann NY Acad Sci 17911428 

Malaria Jallow Nat Genet 19465909 

Multiple Sclerosis Bahlo Nat Genet 19525955 
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 De Jager Nat Genet 19525953 

 Baranzini Hum Mol Genet 19010793 

 Aulchenko Nat Genet 18997785 

 Comabella PLoS ONE 18941528 

 Hafler N Engl J Med 17660530 

 Jakkula Am J Hum Genet 20159113 

Multiple Sclerosis (age of onset) Baranzini Hum Mol Genet 19010793 

Multiple Sclerosis (severity) Baranzini Hum Mol Genet 19010793 

Neuromyeltis optica Kim Neurobiol Dis 19850125 

Neutrophil count Okada Hum Mol Genet 20172861 

Osteoarthritis Zhai J Med Genet 19508968 

 Kerkhof Arthritis Rheum 20112360 

Periodontitis Schaefer Hum Mol Genet 19897590 

Plasma levels of liver enzymes Yuan Am J Hum Genet 18940312 

Primary biliary chirrosis Hirschfield N Engl J Med 19458352 

Psoriasis Nair Nat Genet 19169254 

 Zhang Nat Genet 19169255 

 Liu PLoS Genet 18369459 

 Capon Hum Mol Genet 18364390 

Rheumatoid arthritis Gregersen Nat Genet 19503088 

 Raychaudhuri Nat Genet 18794853 

 Julia Arthritis Rheum 18668548 

 Plenge Nat Genet 17982456 

 Plenge N Engl J Med 17804836 

 WTCCC Nature 17554300 

Sarcoidosis Hofmann Nat Genet 18690218 

Serum bilirubin levels Johnson Hum Mol Genet 19414484 

Serum soluble E-selectin Paterson Arterioscler Thromb 
Vasc Biol 

19729612 

Soluble leptin receptor levels Sun Hum Mol Genet 20167575 

Soluble levels of adhesion 
molecules 

Barbalic Hum Mol Genet 20167578 

Systemic lupus erythematosus Han Nat Genet 19838193 
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 Graham Nat Genet 18677312 

 Harley Nat Genet 18204446 

 Hom N Engl J Med 18204098 

 Kozyrev Nat Genet 18204447 

 Yang PLoS Genet 20169177 

Systemic sclerosis Zhou Arthritis Rheum 19950302 

Type 1 diabetes Wallace Nat Genet 19966805 

 Barrett Nat Genet 19430480 

 Cooper Nat Genet 18978792 

 Grant Diabetes 18840781 

 Hakonarson Diabetes 18198356 

 Hakonarson Nature 17632545 

 Todd Nat Genet 17554260 

Ulcerative colitis Asano Nat Genet 19915573 

 Barrett Nat Genet 19915572 

 Silverberg Nat Genet 19122664 

 Franke A Nat Genet 20228798 

 McGovern Nat Genet 20228799 

 Franke Nat Genet 18836448 

Vitiligo Birlea J Invest Dermatol 19890347 

The table lists all the genome-wide association studies on immune-mediated and chronic 

inflammatory traits that were taken into consideration in SNP prioritization strategy 1. The 

studies were identified using the Catalog of Genome-Wide Association Studies 

(http://www.genome.gov/26525384) (accessed 23.04.2010) [34]. 
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Supplementary Table 3. Evaluation of abundance patterns in the major phyla via Kruskal- 
Wallis and post hoc Mann-Whitney U tests.  

     

post hoc test (MWU) 

      
Phylum Factor df Χ

2
 P-Value Factor* W P-Value 

Firmicutes Secretor status 1 3,725 0.054 NA
†
 

  
Proteobacteria Secretor status 1 7,303 0.007 NA 

  
Proteobacteria Genotype 2 7,323 0.026 AA - AG 49 0.019 

     

GG - AA 12 0.015 

     

GG - AG 85 0.981 

Bacteroidetes Secretor status 1 0,648 0.421 NA 

  
Actinobacteria Genotype 2 6,344 0.042 AA - AG 120 0.539 

     

GG - AA 25 0.197 

     

GG - AG 30 0.009 

Tenericutes Genotype 2 7,023 0.030 AA - AG 143.5 0.092 

     

GG - AA 25 0.193 

     

GG - AG 38.5 0.021 

 

*Genotype at the SNP rs601338 with G being the functional allele. 

†Test not applied. 

MWU, Mann-Whitney U  
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Supplementary Table 4. Analysis of alpha diversity via linear modeling.  

 

     

post hoc Tukey-HSD 

 
Alpha diversity Factor df F-Value P-Value Factor* P-Value 

ACE Genotype 2 3.015 0.062 AA - AG 0.657 

 

  

 

    GG - AA 0.334 

 

        GG - AG 0.049 

Phylogenetic Diversity Genotype 2 3.930 0.029 AA - AG 0.553 

 

  

 

    GG - AA 0.259 

 

        GG - AG 0.022 

 

*Genotype at the SNP rs601338 with G being the functional allele. 

 



 

 

Supplementary Figure 1. Regional association plots for additional nominally replicated regions 



 

 

Association results from the genetic regions with nominally replicated SNPs not shown in Figure 1 in the main manuscript. The plots were 

generated using the LocusZoom software [8]. The association results for both the genotyped and imputed SNPs are represented by the –log10 P- 

value plotted against the genomic position. The index SNP is marked out with a purple diamond while the colors of the remaining SNPs indicated 

the linkage disequilibrium (LD) with the index SNP. The recombination rates were derived from the HapMap project and are represented by the 

thin blue lines. 
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Supplementary Figure 2. Sequence analysis for a segment of human FUT2 containing 

Gly247. 

 

  

A multiple sequence alignment of residues 235-257 of human FUT2 and homologous 

sequences from tetrapods shows Gly247 to be evolutionary conserved in both FUT2 and 

FUT1 in mammals, lizard and frogs, strongly suggesting functional importance. The 

sequences were obtained from the RefSeq protein sequence database [36]. Fold recognition 

modeling with Phyre [37] indicates that the Bradyrhizobium NodZ fucosyltransferase [38] is 

the closest homolog of FUT2 with a known 3D structure and that FUT2 Gly247 is localized in 

the active site of the enzyme, in the second loop of the conserved β-α-β glycogen 

phosphorylase/glycosyltransferase (GPGTF) motif described by Wrabl and Grishin [39]. 



 

 

Supplementary Figure 3. GRAIL pathway analysis  

  

The figures demonstrate GRAIL [31] output results visualized with the VIZ-GRAIL software [33]. Outer circle boxes represent lead SNPs previously 

or currently identified as suggestive or robust PSC susceptibility loci used as input for the GRAIL analysis (see Supplementary Methods). Inner 

circle represents genes and genomic regions defined by the outer circle lead SNPs that were identified in the GRAIL analysis based on LD 



 

 

characteristics, genes scored to a Ptext < 0.05 in the GRAIL analysis are indicated in bold The lines between the inner circle genes represent 

functionally related genes within different loci, the thickness of lines is proportional to the relative similarity of the genes connected by the lines and 

inversely proportional to the number of genes within the loci that the genes are derived from.  

(A) GRAIL pathway analysis based on PubMed abstracts published prior to December 2006. 

(B) GRAIL pathway analysis based on PubMed abstracts published prior to April 2011. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure 4. Influence of FUT2 genotype on beta diversity  

  

(A) PCoAs of the unweighted UniFrac metric based on presence/absence of phylogenetic branches and (B) normalized weighted UniFrac 

incorporating the abundances of phylogenetic branches. Centroids were positioned and evaluated using an iterative approach and clusters are 

denoted by the standard deviation of the weighted averages (dashed ellipses) around the centroids (unweighted UniFrac: r2=0.110, P=0.074; 

normalized weighted UniFrac: r2=0.104, P=0.016). (C) Community relationship (99% OTUs) in an environment spanned only by FUT2 genotypes 

explains 5.96% of the total variation in the bacterial species distribution (Redundancy Analysis: F=1.140, P=0.085; RDA1: F=1.206, P=0.093; 

RDA2: F=1.075, P=0.266). 
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Chapter III: Dependence of microbial community development on 

the host and maternal α-1,2-fucosyltransferase gene 

An important host factor influencing the structure and diversity of microbial communities is 

the glycan composition on the mucosal surfaces [274, 376, 397]. These sugar chains 

represent a major source of nutrients and attachment sites for resident bacteria [395], but 

also a target for numerous pathogen species [230, 275-278] and commensals [337, 338]. 

The importance of those molecules for host-microbe interaction is further stressed by the 

direct initiation of glycosyltransferase expression through resident microbial communities 

[308, 398].  

As ecological communities are under constant change and highly dependent on initial 

colonization conditions, their dynamics over space and time must be considered [399]. 

Species colonizing habitats early are often characterized by a high colonization capability 

and fast reproduction, but relatively low competitiveness against following specialists [400]. 

Thus, over the course of succession (community assembly), the composition and functional 

repertoire of a community changes/converges on a high degree of specialization and stability 

[66]. The primary inoculation by the mother via passage through the urogenital tract and 

contact to other surfaces in the earliest life stages represents the first and potentially very 

important factor determining the long-term composition and functionality of these microbial 

communities [401], which may also be influenced by the parental and juvenile genotype. The 

importance of parental transmission has been shown to some extent by the community 

similarity of siblings compared to unrelated individuals in the study by Turnbaugh et al 2006 

[158]. Noteworthy is that mono- and dizygotic human twins do not show a strong difference 

between their communities, which emphasizes the importance of shared environmental 

factors during early upbringing and a lesser role of genetic similarity [104, 158]. The long 

lasting effects of differences in early microbial colonization are also well represented in the 

long lasting differences in community profiles between children born vaginally and through 

caesarian section [121]. 

The well-known α-1,2-fucosyltransferase encoded by the gene FUT2 is responsible 

for the presence of ABH blood group antigens in bodily secretion and shows widespread 

variation in human populations [220, 261-263]. Several loss-of-function-mutations have been 

identified in the human population, which either subvert glycan fucosylation entirely (so called 

“nonsecretor”) [262] or drastically decrease enzyme effectivity [402]. These changes in the 

mucosal glycan repertoire, i.e. lack of ABH blood group antigens, have been linked to 

variation in susceptibility to several infectious diseases [230, 275-278] and changes in the 

microbial communities [376, 378, 397] and being a recently established risk factor for 
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inflammatory bowel diseases [209, 397]. Furthermore, trans-generational effects on 

Campylobacter and Norovirus susceptibility have been described for FUT2 in humans [230, 

238]. But how ecological forces in the microbial communities, such as initial colonization, 

succession, and host genetics interact, has yet to be established. Current efforts in 

understanding the etiology of chronic inflammatory disorders focus on gene-by-environment 

interactions, whereby disease manifests in genetically susceptible individuals after 

environmental disturbance, which may be either mediated and/or amplified through the 

intestinal microbial community [403]. Here, we focus on the influence of Fut2 genotype and 

initial microbial colonization on the microbiome over time to identify how important the legacy 

of bacterial communities on their development and complexity is. 

 

Publications: 

Rausch P, Künzel S, Rosenstiel P, Baines J (unsubmitted manuscript). "Dependence of 

microbial community development on the host and maternal α-1,2-fucosyltransferase gene”. 
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Abstract 

The FUT2 gene encodes an α-1,2-fucosyltransferase responsible for the expression of ABO 

histo-blood group antigens on mucosal surfaces and bodily secretions. Individuals bearing at 

least one functional allele are known as “secretors”, whereas those homozygous for loss-of-

function mutations, which seem to be maintained by strong selective pressures, display a 

“nonsecretor” phenotype. A large body of evidence suggests this polymorphism is 

maintained by numerous trade-offs surrounding host-microbe interactions. Further, 

nonsecretor individuals are more susceptible to Crohn Disease, which may be mediated by 

alterations in the microbiome. Here, we investigated the dynamics of microbial communities 

with respect to genotype using a Fut2-deficient mouse model, taking initial colonization and 

community assembly into account. We found strong differences in community assembly, 

diversity, and composition of microbial communities over time depending on the Fut2 

genotype of individual mice and their parents/grandparents. Communities were differentiated 

by Fut2 genotype early in host development, although these differences faded over time. In 

contrast, the influence of community complexity appears to increase with time, with the 

highest diversity in Fut2 +/+ mice. Thus, during the process of colonization, we identified 

patterns of community specialization and stabilization that are influenced by host genotype. 
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Introduction 

Microbial communities represent a complex phenotype composed of a multitude of bacterial 

taxa and functions with a strong influence on host fitness. Bacteria provide basic functions for 

the host such as increased reabsorption, breakdown and generation of nutrients [1, 2], 

immune regulation [3-6], pathogen resistance [7] and developmental cues for the gut [8]. 

Changes in community composition have been linked to adverse health effects such as 

obesity [9, 10], diabetes [11, 12], and Crohn Disease [13, 14], making it a potential target for 

their treatment and prevention. How the host’s genetic makeup influences bacterial 

assemblages and the functions they provide is a subject of intensive research [15-19].  

As ecological communities are under constant change and highly dependent on initial 

conditions, their dynamic changes over space and time must be considered [20]. Species 

colonizing habitats early are often characterized by a high colonization capability and fast 

reproduction, but relatively low competitiveness against subsequent specialists [21]. Thus, 

over the course of succession (community assembly), the composition and functional 

repertoire of a community changes dramatically and converges on a high degree of 

specialization and stability [22-24]. The primary inoculation by the mother via passage 

through the birth canal in the earliest life stages represents the first and potentially very 

important colonization step that determines long-term composition and functionality of host-

associated microbial communities [25, 26]. The importance of parental transmission has 

been shown to some extent by the community similarity of siblings (monozygotic/dizygotic) 

compared to unrelated individuals in the study by Turnbaugh et al. 2006 [10] and recently 

more extensively by Goodrich et al. [19]. Noteworthy is that human twin pairs do not show a 

strong difference between their communities, which emphasizes the importance of shared 

environmental factors during early upbringing, but also the definite role of broad genetic 

similarity as seen in monozygotic twins [10, 19, 27]. 

An important host factor that influences the structure and diversity of microbial 

communities is the glycan composition on the mucosal surfaces [14, 28, 29]. These sugar 

chains represent a major source of nutrients and attachment sites for resident bacteria [30], 

but also a target for numerous pathogen species [31-35] and commensals [36, 37]. The 

initiation of glycosyltransferase expression by the resident microbial community therefore 

only further emphasizes the importance of those molecules for host-microbe interaction [38, 

39]. 

The well-known α-1,2-fucosyltransferase encoded by the gene FUT2 is responsible 

for the presence of ABH blood group antigens in bodily secretion and shows widespread 

variation in human populations [40-43]. Several highly conserved loss-of-function mutations 
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have been identified in the human population, which either subvert glycan fucosylation 

entirely (so called “nonsecretor”) [41] or drastically decrease enzyme effectivity [44]. These 

changes in the mucosal glycan repertoire, i.e. the lack of ABH blood group antigens, have 

been linked to variation in disease susceptibility [31-35], changes in the microbial 

communities [14, 29, 45], and a recently established risk factor for inflammatory bowel 

diseases [29, 46]. Furthermore, transgenerational effects on Campylobacter and Norovirus 

susceptibility have been described for FUT2 in humans and mice, mainly described as 

interference of glycosylated milk components with the infective agents [33, 47, 48]. It also 

appears that fucose and mucin expression via Il-22 might also play a direct or indirect role in 

the clearance of helminth infections [49] and bacterial infections [50-52]. 

How ecological forces in the microbial communities such as initial colonization, 

succession, and host genetics interact, has yet to be established. Current efforts in 

understanding the etiology of chronic inflammatory disorders focus on gene-by-environment 

interactions, whereby disease manifests in genetically susceptible individuals after 

environmental disturbance. This effect may be either mediated or amplified through changes 

in the intestinal microbial community, by changing the composition and function further 

escalating these imbalances [53, 54]. Recent studies indicate a role of Fut2 expression in the 

maintenance and restoration of the microbial community and tissue integrity via fucose 

supplementation upon immune activation [50-52, 55, 56]. Here, we focus on the influence of 

Fut2 genotype on the microbiome in the context of microbial colonization during 

development. 

 

Results 

Throughout the study, analyses performed with respect to genotype status are noted 

accordingly: Fut2 +/+, Fut2 +/-, Fut2 -/-; which account for differences in gene dose. Analyses 

performed with respect to the presence/absence of Fut2 glycans are indicated as “secretor” 

(Fut2 +/+ & Fut2 +/-) versus “nonsecretor” (Fut2 -/-). To generate littermates of all three Fut2 

genotypes, C57BL6/J (Fut2 +/+) mice were initially crossed to Fut2 -/- mice to create Fut2 +/- 

mice, which were subsequently intercrossed. Thus, in addition to Fut2 genotype and secretor 

status, we also accounted for the direction of the initial cross, i.e. Fut2 +/+ females × Fut2 -/- 

males versus Fut2 -/- females × Fut2 +/+ males, which we refer to as “secretor dam” versus 

“nonsecretor dam”, respectively. Fecal samples were taken at four time points: one-, three-, 

five- and eleven weeks post-weaning. Mucosal tissue samples (i.e. jejunum, ileum, cecum, 

and colon) were taken after sacrificing animals at eleven weeks post-weaning. 
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Phylum and indicator analyses: To explore the microbial communities at a basic level, we 

first investigated the dynamics of the major microbial taxonomic groups over time (feces) and 

location within the gastrointestinal tract (intestinal tissue sampled after sacrifice). This reveals 

changes in the major bacterial groups Bacteroidetes and Firmicutes with respect to secretor 

status and initial breeding direction over the time course. The abundance of Proteobacteria 

changes over time mainly with respect to breeding direction (see Figure 1, Table 1). 

Bacteroidetes decrease over time in secretor animals, which appears more pronounced in 

those whose grand dam was also a secretor. In nonsecretor mice Bacteroidetes increase 

over time, but again show a steeper increase in animals originating from a mouse lineage 

inoculated by a secretor grand dam (Figure 1A; Table 1). For the phylum Firmicutes we find 

effects mirroring those of the Bacteroidetes, being more abundant in the lineage inoculated 

by secretor dams, but showing an overall increase in secretors and a decrease in 

nonsecretors over time (see Figure 1, Table 1). Proteobacteria on the other hand do not 

appear to be influenced by host Fut2 genotype, but primarily by initial breeding direction. 

Specifically, Proteobacteria decrease only in the lineage initially founded by nonsecretor 

dams (Figure 1C). 

When examining phylum abundances within mucosal communities, a weak decrease 

of Firmicutes and increase of Bacteroidetes is present in the ileal mucosa of Fut2 +/- mice. 

Proteobacteria abundance shows differences with respect to secretor status in the ileal 

mucosa, with a higher abundance in secretors stemming from secretor dams and the 

opposite effect in mice originating from nonsecretor dams. Proteobacteria are the only 

bacterial group in the jejunum which shows an effect of Fut2 genotype, particularly an 

increase in abundance with the number of functioning Fut2 alleles (i.e. an additional dose 

effect between Fut2 +/- and Fut2 +/+ secretors). 

In the more proximal regions of the gastrointestinal (GI) tract (cecum, colon), the 

effects of Fut2 genotype/secretor status vanish among the larger microbial groups. 

Especially in the cecum, Bacteroidetes display no dependence on Fut2 genotype, but a 

decreased abundance in the mucosa of animals stemming from secretor dams. In the cecum 

only Proteobacteria are influenced by Fut2 genotype, where the abundance of 

Proteobacteria is reduced in Fut2 -/- mice. In the colonic mucosa on the other hand, no effect 

of breeding direction or Fut2 genotype was identified (Table S1). 

We next investigated the microbial communities on the level of single genera and 

species that are characteristic of a specific Fut2 genotype, secretor status, or breeding 

direction using indicator species analysis. One week after weaning no genus was 

characteristic for any combination of Fut2 alleles (Table 2), while unclassified 

Alphaproteobacteria, Anaerotruncus (Firmicutes) and the genus Escherichia-Shigella (β-
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Proteobacteria) are characteristic of the breeding lineage founded by a nonsecretor dam, 

and Paraprevotella (Bacteroidetes) occurs preferentially in the secretor dam lineage. In later 

time points, several bacteria are detected with characteristic occurrence in secretor or 

nonsecretor genotypes. Most notable is the consistent signal of Ruminococcus (Firmicutes), 

which is an indicator of nonsecretor individuals over several weeks in the fecal time course 

(Table 2). In the mucosal communities we find no overlap of indicator bacteria between the 

single parts of the gastrointestinal tract or the fecal community, which reflects the 

differentiation between regions of the gastrointestinal tract. Of interest are the genera 

associated to secretor genotypes, such as Staphylococcus (Fut2 +/+ in the entire GI tract, 

jejunum), Streptococcus (Fut2 +/+ in the jejunum), and Lactobacillus (Fut2 +/+ in the cecum), 

which are known to bind fucosylated blood group antigens [57-60]. Members of the TM7 

candidate group also show an association to the lack of blood group related antigens in the 

colonic mucosa, either directly by the host genotype (Fut2 -/-), or indirectly via the breeding 

direction (Fut2 -/- dam, Table S2). Further, we investigated the preference of genera for one 

of the breeding directions (Fut2 +/+ or Fut2 -/- dam). Clostridia were highly associated to fecal 

and mucosal samples of the nonsecretor mouse line. Interestingly, in animals derived from 

nonsecretor dams, we find Staphylococci and Propionibacteria, which are facultatively 

anaerobic opportunistic bacteria commonly associated to the body surface (Table 2). The 

described patterns are based on consensus genera, but are consistent on the level of 

species level OTUs (Table S3-S5). 

Alpha diversity: A hallmark for understanding the resilience and productivity of ecological 

communities is to investigate their complexity. The complexity of such a community can be 

measured in different ways by incorporating the number of observed species (species 

richness), their distribution (Shannon entropy), or phylogenetic relatedness (Net Relatedness 

Index, Nearest Taxon Index) [61, 62]. 

Our dataset allows us to analyze the turnover of microbial communities not only over 

time, but also to compare the influences of ecological factors including the direction of 

microbial transmission, host genotype and location within the gastrointestinal tract. Over the 

time course we identified effects of maternal transmission in the fecal microbial communities 

on species richness, distribution and phylogenetic diversity, showing mainly comparable 

starting diversities, strong deviations at subsequent time points and a final convergence of 

diversity at the end of the time course (Table 3, Figure 2). Species richness decreases after 

weaning among animals with a nonsecretor dam, but equilibrates towards the end of the time 

course (TP11; Figure S1, Table S6). The evenness of the species abundance distributions, 

as described by Shannon entropy, shows different trajectories over time according to 

breeding direction and Fut2 genotype, resulting in significant differences in diversity between 
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Fut2 genotypes at the last time point (Fut2 +/+ > Fut2 +/- > Fut2 -/-; Figure S1, Table S6). The 

differences in community trajectories are even more evident between the Fut2 +/+ mice with 

respect to the secretor status of the dam.  

Considering the phylogenetic structure of the bacterial communities we found 

stronger phylogenetic clustering in secretor- than in nonsecretor mice. This clustering 

deteriorates over time until the communities become phylogenetically unstructured- 

(secretors, NRI ~ 0), to overdispersed in nonsecretors (NRI < 0). Secretor status thus 

determines the trajectory of community assembly on a broad phylogenetic scale. This shows 

that succession of bacterial communities results in a phylogenetically less restricted 

community (phylogenetic dispersion) and thus in a potentially more resilient community. 

The phylogenetic relatedness among closely related species (NTI), on the other hand, 

is increased (restricted) in mice derived from secretor dams. The trajectory of secretor dam 

communities cluster quickly and remain so, while the bacterial communities derived from 

nonsecretor dams first diversify (decrease of NTI), and then later become more restricted 

(increase of NTI). Overall, the microbial communities passed from either breeding direction 

converge towards the end of the time course, but take different trajectories during this 

process.  

The results of these analyses speak for strong habitat filtering outweighing the subtle 

differences in the starting communities, as seen in the richness and evenness analyses. 

However, the broad diversification of phylogenetic groups over time (NRI: time span- 

F1,101=21.018, P<0.0001, R2
marginal=0.067) is potentially driven by the colonization and 

establishment of distantly related groups (e.g. phyla, classes). Within the larger phylogenetic 

groups, the phylogenetic distance among species and genera decreases (NTI: time points- 

F1,101=23.153, P<0.0001, R2
marginal=0.250) depending on the breeding direction. Mucosal 

microbial communities at different locations along the gastrointestinal tract do not differ 

according to breeding line or genotype. Only in the ileum are species richness and entropy 

significantly lower in the breeding lineage founded by secretor dams (Table S7). 

Beta diversity: To investigate the differences between microbial communities we employed 

beta diversity analyses measuring differential presence, abundance, or phylogenetic 

relatedness of microbial species (Jaccard, Bray-Curtis, unweighted UniFrac) among 

samples. Formal tests of community differentiation (Redundancy Analysis, distance based 

Redundancy Analysis [63-65]) according to Fut2 genotype or secretor status alone revealed 

no significant differences between communities. Neither in tissue samples nor in fecal 

communities was a differentiation of microbial communities by genotype/secretor status 

alone observable, even though the communities change over time (Jaccard: F3,132=1.365, 
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P<0.0001, R2=0.030; Bray-Curtis: F3,132=1.748, P<0.0001, R2=0.038; UniFrac: F3,132=1.375, 

P=0.0017, R2=0.030). However, a consistent factor influencing microbial communities of the 

mucosa and feces is the direction of the initial breeding crosses (see Table S8). Comparable, 

long-lasting and potentially fitness relevant siring effects have been recently observed in 

mice overwriting effects of immune relevant genes [66]. Interestingly, when we consider the 

interaction of Fut2 genotype and the direction of the initial breeding crosses we find strong 

differences in the fecal bacterial communities on the levels of phylogenetic distance, shared 

presence and abundance until five weeks after weaning. This effect decreases over time, 

while breeding direction remains significant even in the mucosa-associated microbial 

communities (Table S8, Table S9). When we investigate the effect of Fut2 on the basis of 

secretor status no effects are observable, implying that the dose of Fut2 expression is a 

determinant of bacterial community composition. However, the analysis of all time points 

together reveals that breeding direction and time influence fecal communities, while Fut2 

genotype nested within breeding direction shapes community structure and composition 

(Table S10, Figure S3, Figure S4). A combined analysis of all sampled mucosa attached 

microbial communities reveals strong genotype effects in addition to their interactions with 

breeding direction, revealing an overall influence on the mucosal community along the whole 

gastrointestinal tract (Table 5). Single anatomical sites, however, show consistent effects 

only with respect to breeding direction (Table S9). 

 Next, we investigated community distances within a genotype class (community 

variability), which reveals a time-dependent decrease of overall community variability and 

thus a stabilization/homogenization of bacterial community composition. However, in contrast 

to the differences of community composition between genotypes, which diminish over time, 

the differences in community variability increase between Fut2 genotypes over time (TP11- 

secretor status: Jaccard: P=0.0344; Bray-Curtis: P=0.0342; UniFrac: P=0.3002; Euclidean: 

P=0.0435). Differences between homozygous secretors (Fut2 +/+) and nonsecretors (Fut2 -/-) 

are most apparent (Jaccard: P=0.0189; Bray-Curtis: P=0.0217; UniFrac: P=0.1548; 

Euclidean: P=0.0756; Figure S5). This reflects a more homogenous or restrictive microbial 

colonization in Fut2 -/- animals over time. Breeding direction, on the other hand, had no 

observable effect on the variability of fecal communities. Only the mucosal communities of 

the jejunum and all anatomical sites combined display higher variability in the breeding line 

founded by nonsecretor dams (jejunum- UniFrac: P=0.012; all GIT locations- Jaccard: 

P=0.008, Bray-Curtis: P=0.004, UniFrac: P=0.002). 

Network analysis: To infer potential relationships between bacteria we used co-

occurrence/correlation networks of bacterial genera. To construct the networks for each time 

point, we split the abundance table accordingly and calculated measures of determination on 
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the same set of bacteria and animals for each stratum using a compositionality considering 

correlation procedure [67]. We measured different aspects of bacterial network positions to 

approximate the structural importance of single members within those communities. To 

assess this we used four different measures of the importance/centrality of network 

components, including the number of connections/interactions of each bacterium in the 

network (node degree), the GoogleTM PageRankTM index [68], the well-known “betweenness 

centrality” [69], and closeness centrality [69]. In simple terms, PageRankTM assigns a high 

importance to genera that interact with other important genera, while betweenness centrality 

measures the number of interactions in which the respective genus is a mediator (on the 

shortest path between any genus pair). Closeness centrality, on the other hand, measures 

how distant a node is from all other nodes in the network. When we compare the networks 

between single time points, patterns that best match the processes of community succession 

and stabilization emerge. The number of interactions between bacterial genera decreases 

over time (node degree: ρ=-0.497, P<1.00 × 10-15). Further, not only the number of 

connections, but also the direction of those interactions changes from a higher number of 

negative interactions to an almost even distribution of positive and negative interactions 

(positive/negative ratio; TP1: 0.292, TP3: 0.492, TP5: 0.791, TP11: 0.776), while their overall 

strength increases (mean real value weights; TP1: 0.171, TP3: 0.221, TP5: 0.228, TP11: 

0.234; Figure S6). Furthermore, we identified an increase of the overall importance of single 

genera within those assemblages. The PageRankTM as a generalized importance index 

reveals an increase with time (ρ=0.148, P=2.21 × 10-6) as well as the mediating role of single 

bacteria (betweeness: ρ=0.0879, P=0.0876), while the community members become more 

central and closer connected to all other members (ρ=−0.7643, P<2.20 × 10−16; see Figure 

4B). This hints towards a stabilization of a core set of strongly interacting bacteria over time, 

with increasing mutualism and less competition between single genera, which widens the 

network and increases its modularity (diameter; TP1: 1.381, TP3: 2.037, TP5: 1.973, TP11: 

3.197; modularity/number of modules; TP1: 0.311/7, TP3: 0.488/8, TP5: 0.580/11, TP11: 

0.562/11; Figure S7) [70]. Thus, importance of each respective genus in the community 

increases, which is also reflected in the increased strength of correlations between bacteria 

over time (ρ=0.120, P=0.0001). 

Interestingly, the association strength (indicator value) of bacteria to secretor status 

reveals a strong negative relationship with the node degree of bacteria, which increases over 

time. With community development strong indicator genera for either secretor- or 

nonsecretor status appear to become more central in the network, a pattern more 

pronounced for indicator genera of secretor status (see Tab.S11). This implies that bacteria 

preferring fucosylated sugars in their environment also interact more, or depend more on 

interactions with other bacteria. Thus, the loss of ABO antigens in the gut could destabilize 
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the microbial communities by restricting potential syntrophic and stabilizing relationships. We 

further tested the relationship of network importance with the association of bacteria to the 

respective breeding direction. Over time this relationship becomes stronger, especially for 

the bacteria associated to the mouse line founded by secretor dams (see Table S11). 

Overall, the associations appear strongest in animals directly- or indirectly influenced by the 

presence of ABH antigens, being it genotype or founding genotype, making bacteria 

associated to the presence of fucosylated glycans more important for the microbial 

community. 

To test the robustness of the microbial communities against different disturbance 

regimes, we next simulated random loss of community members or targeted depletion of 

important keystone members (i.e. network hubs- based on the number of interactions) via 

random and targeted sequential removal of network nodes [71]. For each respective co-

occurrence network we measured the resulting changes in the network characteristics such 

as network fragmentation (number and size of connected components), size (diameter) and 

clustering (transitivity, closeness). As expected for ecological communities, which are mainly 

described as scale free networks, we found high resistance against random failures, but fast 

deterioration of communities after removing small fractions of important nodes (see Figure 

4C, Figure S8, attack vs. random failure). The highest resistance against community collapse 

was observed shortly after weaning, where many weak interactions seem to prevent the 

community from collapsing/disintegration (Figure 4, Figure S8). Over time many interactions 

appear to solidify while others are lost during succession, which increases the importance of 

single associations and therefore the vulnerability of the system. Thus, removal of important 

mediators (targeted attack) increases community disturbance, while random removal has far 

less impact. The networks consistently break up into more fragments during targeted attack 

compared to random network failure (see Figure 4C, Figure S8), as does the size of the 

biggest connected component. The transitivity of the networks deteriorates much quicker 

compared to random removal throughout the time course, similar to the network diameter 

(spiking) and closeness centrality. These tests illuminate community resilience in early 

phases of community development, but also the susceptibility of climax communities to the 

removal of key players. By comparing the behavior of the empirical networks to several 

simulated networks of similar size and different topologies, we revealed that under random 

error- and targeted attack regime the empirical networks behave similar to simulated 

networks of the same degree distribution (Erdös-Renyi, degree sequence, power law 

(power=4), small world, Figure S9, Table S12). Specifically, communities from the last time 

point appear more resilient than any simulated topology. 
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To investigate the role of the Fut2 genotype or secretor status on the robustness of 

microbial communities, we sequentially removed the 25% of bacteria from the network that 

were most strongly associated to either secretor- or nonsecretor status. This revealed 

several interesting characteristics, such as a higher vulnerability of the communities to the 

removal of bacteria with a certain environmental preference (attack) than random removal of 

bacteria (failure). Especially the removal of bacteria associated to secretors influences the 

networks earlier in the removal sequence and more strongly than the removal of 

nonsecretor-associated bacteria, as signified by network fragmentation (i.e. number of 

connected components; Figure 4C; Figure S10, S11). Especially in early community 

development (TP1, TP3) the average number of resulting subnetworks is higher than after 

removal of nonsecretor-associated bacteria. The size of the biggest community component 

(core community), on the other hand, does not differ dramatically from the patterns during 

random removal of bacteria (Figure S10, S11). Similar patterns are observed when the 

analyses are based on indicators for Fut2 genotype, where especially the removal of bacteria 

associated to the Fut2 +/+ genotype show the strongest effects on network characteristics. 

Thus, microbes that associate with blood group related antigens appear to be more central 

and interactive in the microbial communities, making them crucial to balance community 

disturbances (Figure S12, S13). Removal of bacteria associated to the breeding direction 

founded by a secretor dam disturbed the potential interactions earlier than the removal of 

bacteria associated to the nonsecretor founded mouse line (Figure S14, S15). The 

disturbances introduced by removal of secretor dam-associated bacteria are on average 

higher than random removal of network members.  

 

Discussion 

Microbial communities can be viewed as a plastic and complex phenotype of multicellular 

hosts, which is influenced by numerous factors like host genetics, initial founding members 

(e.g. mode of delivery), community disturbances (antibiotics), or diet. Over the last years 

glycosyltransferases have received attention from evolutionary and microbiome researchers 

[14, 28, 72-74]. Glycans represent a major part of the mucosa serving as attachment sites for 

as well as nutrient sources for microbes [37, 75, 76]. These genes appear essential for host-

bacteria homeostasis, as their expression is directly triggered by the resident microbial 

community [38, 39]. 

Bacteria selectively take up and incorporate glycans to evade host immune 

recognition, increase their colonization success or use them directly as a nutrient source [8, 

36, 75]. In concordance with this, we show examples of bacterial interactions with ABH 
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antigens including Staphylococcus [58] and Lactobacillus [57, 59, 60] in the mucosa of 

secretor mice, which are known to bind fucosylated blood group antigens. The strong 

variation in Fut2 expression over time/gut development [77, 78] may thus also explain the 

late stabilization and relatively high variability of indicator taxa (i.e. Ruminococcus). We also 

observed a decrease of Fut2 effects on the mucosa-associated microbial communities along 

the gastrointestinal tract. This may be attributed to the decrease of glycosyltransferase 

expression and α-1,2-fucosylated glycans/H antigens along the proximodistal gradient and by 

local expression patterns in the gastrointestinal tract and differences in the mucosal structure 

[78, 79]. Major bacterial groups such as Bacteroidetes and Firmicutes show differences with 

respect to secretor status in interaction with the breeding direction, as does the phylogenetic 

distribution of species. Glycan liberation through the microbial community influences the 

colonization success of commensals and pathogens [80]. Liberated fucose has been linked 

to increased resistance of intestinal cells via preemptive cytokine production [56]. 

Furthermore, fucosylation appears as an important factor induced by the resident community 

in type 3 innate lymphoid cells [52]. This could represent a response of intestinal epithelial 

cells to buffer disturbances in microbial communities during infection, through the modulation 

of quorum sensing- and virulence- mechanisms, which modulate the microbial community 

directly through the immune system and indirectly via microbial interactions [50-52, 55]. 

Stabilization of the microbial communities, especially among the nonsecretors, 

develops from a pattern of relative species clustering (co-occurring bacteria closer related 

than expected by chance) to a pattern of phylogenetic overdispersion (co-occurring bacteria 

more distantly related than expected by chance). Early in development the microbial 

communities are phylogenetically clustered, potentially due to the colonization bottleneck and 

the common origin from secretor parents (Fut2 +/-), which are early environmental filters. With 

time, communities in secretor individuals develop into neutrally-assembled communities, or 

in the case of nonsecretor individuals into phylogenetically overdispersed communities. This 

can be interpreted as a sign of competitive exclusion of moderately related bacteria with 

comparable metabolic dependencies [81, 82], or as a sign of community facilitation with 

mutualistic interactions between distantly related species [82, 83]. The previously common 

resource fucose, as provided via the milk of the secretor mothers, becomes scarce and later 

absent in nonsecretor mice, which increases the competition for other available glycans or 

forces communities to compensate by recruiting more/different functions from distantly 

related bacteria (facilitation, phenotype differences). In this case the type of interactions that 

drive the phylogenetic overdispersion (phenotype matching, phenotype displacement) can be 

important for community resistance against potential invaders like pathogens [84]. Most 

bacteria in the investigated communities show weak negative correlations among each other, 

and implies weak competitive interactions. Together, the competitive nature of communities 
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and the overall increase in pairwise phylogenetic distance (decrease of NRI) may also 

increase biotic resistance against invaders [84]. The abundance of weak competitive links in 

communities seems to have stabilizing effects on ecological communities, as reactions of 

taxa are asynchronous, which balances the reduction of one species by the complementary 

increase of other community members [85-87]. This so called “portfolio”- or “insurance” effect 

can decrease the effect of environmental disturbance by a release of competition [88-90]. 

Thus, aside from the direct effects of Fut2 genotype or secretor status, we found 

strong indirect trans-generational effects, which highlight the importance of initial microbial 

colonization interacting with the underlying genotype in the development of microbial 

communities. This becomes evident in the dominant effect of initial inoculation on the 

diversity within and between bacterial communities. The differentiation among breeding 

lineages carries down from the level of bacterial phyla to single genera and species. 

Communities founded by a nonsecretor dam are characterized by an increased abundance 

of aero tolerant and opportunistic pathogens such as Streptococcus, Staphylococcus and 

Propionibacteria. These bacteria have been shown to be the dominating bacteria in infants 

delivered via caesarian section, whereby they represent the mother’s skin microbiota as the 

first inoculum [26]. The relevance of initial transmission is also shown in the high abundance 

of members of the Clostridium leptum group (Cluster IV) in the mucosa of Fut2 +/+ inoculated 

mice. This bacterial group is well known for its butyrate production, providing essential 

nutrients for enterocytes and fostering intestinal homeostasis. Community diversity also 

shows surprisingly strong responses to breeding direction, especially on the trajectories of 

community development over time, while the starting and final diversity do not differ between 

breeding directions regarding number, distribution, and relative relatedness of species. The 

importance of breeding and cohousing effects has also been shown in TLR knockout mice, 

whereby the signals of these immune related genes on the luminal and mucosal microbial 

communities were overshadowed by effects of cohousing and legacy [66]. 

However, these patterns may represent not only an effect of the initial bacterial 

inoculum, which is in our case influenced by initial dams genotype (Fut2 -/-/Fut2 +/+), but also 

indirectly by the absence of fucosylated oligosaccharides and antibodies in the mothers’ milk 

[91, 92]. These molecules have been shown to exert strong influences on microbes [33, 47, 

93, 94] and immune development [48, 92]. Furthermore in addition to vertical community 

transfer and modulation (“legacy” effect) being important factors for microbiome 

development, the offspring’s genotype itself influences phyla, genera and species abundance 

in the fecal microbial community. The interaction of the Fut2 genotype/secretor status and 

initial microbial inoculation has been reported in the context of Campylobacter jejuni, 

enterotoxigenic Escherichia coli, and Calicivirus infections [33, 47]. Mothers with a 
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functioning FUT2 gene appear to reduce pathogen binding to the offspring’s’ intestinal 

mucosa through the provision of fucosylated milk oligosaccharides as decoys that compete 

for binding with the pathogens, other taxa and the offspring’s mucosa [33]. The intrinsic 

expression of Fut2 is only initiated after weaning, mainly by signals of the microbial 

communities, which further underscores the importance of Fut2 for host-microbial 

homeostasis [37-39, 75, 76]. The genital tract, the first bacterial encounter for the newborn, is 

also a mucosal site of active Fut2 expression [95, 96] and home to a variety of bacteria 

important for the initial colonization process of newborns and disease resistance [26, 96, 97]. 

This species poor community may be altered by the absence of Fut2 expression as well, 

especially as the main taxa of the vaginal microbiome (e.g. Lactobacilli) are known to bind 

ABH blood group antigens [57, 60]. These early differences of inoculation influence the 

development of the gut microbial communities most likely by changing the order of species 

succession [98-100], potentially imposing different deterministic dynamics on the trajectories 

of community development and composition. The interaction of bacteria and the immune 

system and neutral dynamics may further enhance early compositional differences [98-101]. 

Early microbial exposure and differences in the community complexity can thus have long 

lasting effects on the development of the immune system, even priming the host for potential 

inflammatory and autoimmune disease [102-104]. 

The aforementioned differences in trajectories are well reflected by the development 

of terminal phylogenetic clustering and species diversity. Species diversity and clustering 

quickly plateau in the breeding lineage founded by a secretor dam, which could be the result 

of competition among closely related taxa leading to phylogenetic clustering [82]. The 

opposite effect is present in the lineage founded by a nonsecretor dam, which does not 

diversify and only later begins to show a similar phylogenetic clustering. This could be 

interpreted as colonization by a wide range of bacteria after weaning, which only later 

specialize to the same level as observed in the other breeding direction. In general, NTI 

increases over time (ρ=0.2967, P=0.0005), while NRI decreases (ρ=-0.3298, P=8.80 × 10-5). 

Closely related taxa appear to exclude each other, while distantly related taxa can be more 

diverse through reduced niche overlap correlated with phylogenetic distance. Thus, secretor 

status mainly influences broad phylogenetic patterns over time, while the breeding direction 

influences the number of species and occurrence of closely related species. 

Community resilience is another cornerstone of host-microbial homeostasis and is 

suspected to play a major role in the development of dysbioses. A pattern we observed 

among the microbial communities shows changes in community resistance over time 

depending on the underlying Fut2 genotype, secretor status or breeding direction. Complex 

systems like the host associated microbial communities can dampen disturbances through 
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functional redundancy and decentralized structure, even though community composition over 

time is not completely stable [23]. We tested the resistance of communities to random 

removal of single bacteria and targeted attacks on central community members in silico in 

order to simulate natural community fluctuation (random removal, random failure) and the 

introduction of a highly competitive pathobiont (e.g. C. difficile) or a narrow-spectrum 

antibiotic (targeted removal), respectively. These strategies were previously employed in 

order to investigate the stability of complex networks such as the internet, biological networks 

(protein interaction, metabolic networks) and ecological networks [71, 105-108]. Modular, 

differentiated networks tend to be more robust to random fluctuations; as such disruptions 

are kept compartmentalized within the modular structure and do not spread throughout the 

network [71, 106]. Modularity has also been described for human microbial communities, and 

certain functional modules have been associated to inflammatory bowel disease risk [109]. 

High modularity, as observed in our microbial co-occurrence networks, has been shown to 

allow for a higher total abundance of community members and their diversity, which implies a 

higher productivity of structured communities by reducing interspecific competition [110, 

111]. This reduction of competitive interactions and increased modularity is also present over 

the successional gradient of the co-occurrence networks in our study (see Network analysis). 

These analyses further revealed characteristics of error tolerance and attack susceptibility in 

the empirical networks comparable to aspects of small world and exponential networks [71]. 

However, the microbial communities appear astoundingly robust against random 

attacks/failure, specifically when the potential climax community is reached, outperforming all 

simulated topologies (Figure S9). 

We extended this concept to the removal of bacteria with a preference for occurring in 

a specific Fut2 genotype, secretor status, and breeding direction, which disturbed the 

communities more than expected by chance. These heuristics revealed a higher importance 

of bacteria associated to secretor genotypes for community homeostasis. This effect may be 

a product of cross feeding relationships with bacteria essential to liberate the ABH blood 

group antigens from the mucosal surfaces, or to cope with the absence of this nutrient 

source or attachment site [36, 80, 112]. Furthermore, the bacteria most characteristic for the 

secretor status are also exert greater influences on other bacteria and thus the abundance of 

many other bacteria in the community, as glycan liberation through the microbial community 

influences the colonization of commensals and pathogens [80]. Liberated fucose may 

represent a link between the microbial community and the immune system, further stressing 

the importance of Fut2 associated microbes [50-52, 55, 56]. These results illustrate the 

importance of specialized key members in microbial community function and may open up a 

different analysis strategy to evaluate community dynamics and characteristics. 



Chapter III 

143 

These results, however, are approximations and the real food-web structure remains 

elusive in such complex multispecies assemblages. The integration of metabolic traits, their 

trophic role in community functioning [113], cell size [114], and growth dynamics [115] in 

such models might further enhance our understanding of microbial community vulnerability to 

disturbance as an origin of dysbiosis and disease, which represent significant future 

challenges in microbiome research. 

 

Material and Methods 

Animal Husbandry: We used the B6.129X1-Fut2 tm1Sdo/J mouse model [116] kept in 

independently ventilated cages under specific pathogen free conditions to investigate 

changes in the microbial community. Animals were bred by mating a Fut2 -/- male or female 

with a respective wild type C57Bl/6J (Fut2 +/+) mouse, depending on “breeding direction”. The 

resulting heterozygote offspring were mated to obtain experimental animals different by Fut2 

genotype. Feces were sampled at most 5 days after weaning, and then every 7 days for 11 

weeks and dissected after the final sampling. Fecal samples were collected on ice and 

immediately transferred to -80°C until being processed. To obtain the mucosa associated 

microbial communities after dissection (TP11), the tissue was washed in 4 ml RNAlater® 

(Ambion®; Carlsbad, CA, USA) and stored separately from the luminal content in a fresh tube 

containing 1.5 ml RNAlater®. Samples preserved in RNAlater® were left over night at 4°C, 

were spun down, and supernatant was removed before storage at -80°C. To avoid cross-

contamination, instruments were rinsed and cleaned with 70% ethanol between anatomic 

sites. All animal procedures were approved by the Research Animal Ethics Committee of 

Schleswig-Holstein. 

DNA extraction and 16S rRNA gene pyrosequencing: DNA was extracted from fecal and 

RNAlater® washed mucosa samples (stored at -80°C) of each animal according to the 

manufacturer’s instruction with the Qiagen Stool DNA Isolation Kit (Qiagen, Hilden, 

Germany). The 16S rRNA gene was amplified using forward (5´-

CTATGCGCCTTGCCAGCCCGCTCAGTCAGAGTTTGATCCTGGCTCAG-3´) and reverse 

(5´-CGTATCGCCTCCCTCGCGCCATCAGXXXXXXXXXXCATGCTGCCTCCCGTAGGAGT-

3´) primers flanking the V1 and V2 hypervariable regions (27F-338R) and were sequenced 

following the methods described in Rausch et al. 2011. 

Sequence processing and quality control: Raw sequences were trimmed using mothur 

1.23.1 requiring no ambiguous bases, a mean quality score of ≥ 35 and a minimum length of 

200 nucleotides for the coupled V1-V2 region [117] and removal of chimeric sequences 

detected by Usearch 4.25 (overlap of denovo and database centered) [118]. Sequences 
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were subsampled to 1500 reads per sample, classified via RDP classifier with ≥ 60% 

bootstrap threshold [119, 120] and aligned to the SILVA database [121]. OTUs were binned 

in mothur using the average distance clustering and phylogenetic tree construction on 

representative OTU sequences was carried out using FastTree 2.1 with a gamma corrected 

CAT substitution model [122]. We achieved a relatively high coverage of 88.49 ± 6.15% at 

the species level over all samples, for fecal samples 87.70 ± 4.02% at TP1, 83.81 ± 7.32% at 

TP3, 86.13 ± 6.96% at TP5, and 84.26 ± 4.26% at TP11, respectively. Mucosa associated 

microbial communities were sequenced at a level of 87.31 ± 3.81% for cecal tissue, 

92.17 ± 3.13% for colonic tissue, 94.11 ± 2.45% for the jejunum and 94.98 ± 2.39 for ileal 

tissue. 

Statistical analysis: Species diversity indices (species richness, Shannon-Weaver index) as 

well as phylogenetic diversity were calculated in R [123, 124]. Phylogenetic measures were 

derived using species occurrences, resulting in unweighted NRI (Net Relatedness Index) and 

NTI (Nearest Taxon Index). These measures represent phylogenetic effect sizes inferred by 

contrasting the observed relatedness patterns and a null model, by maintaining species 

occurrence frequency and sample species richness over 999 iterations [125]. The 

phylogenetic measures of beta diversity, unweighted/weighted UniFrac, were calculated in 

mothur and provide insight into differentially present or abundant phylogenetic lineages 

between communities [126]. Solely species based beta diversity metrics based on shared 

OTU presence (Jaccard distance), or shared abundance (Bray-Curtis distance) were 

calculated in the vegan package for R [124]. Statistical analyses of community composition 

based on different beta diversity metrics was performed with nonparametric matrix based 

analysis of variance using “adonis” implemented in the vegan package for R with 105 

permutations [124, 127]. Adonis models were reduced until only significant factors remained. 

Distances were ordinated via Principal Coordinate Analysis (PCoA) and fit of clusters was 

assessed via an iterative process (105 permutations). For constrained ordination 

(Redundancy Analysis, RDA) the OTU table was Hellinger transformed and RDA was carried 

out following Legendre and Legendre [65]. Significance of factors and axes in RDA and 

distance based RDA (Jaccard, UniFrac, Bray-Curtis) was determined using a permutative 

ANOVA approach (5000 permutations, stratified by time point or GIT location in global 

analyses). For univariate analyses of repeated measurements (i.e. time course), linear mixed 

models with mouse ID as a random variable and a cage dependent variance structure were 

applied and reduced by model selection using the conditional AIC criterion and its weights 

[128]. For analyses within a certain time point or GIT location, cage was treated as a random 

variable for LMM analysis, with normality of model residuals after refitting of the final model 

under REML as a requirement [129]. Indicator species analysis was based on 105 

permutations using the generalized indicator value (IndVal.g) to assess the predictive value 



Chapter III 

145 

of a taxon for each respective host phenotype/category (taxon frequency ≥ 0.1) [130]. P-

values of the genera and OTU associations were adjusted by the Benjamini-Hochberg 

procedure [131]. To assess the predictability of the microbial abundances between time 

points, we calculated the real value of the non-parametric spearman correlation coefficients 

for each present bacterium between each respective time point and compared those using 

Wilcoxon rank tests. Genera networks were generated using the SparCC algorithm (100 

iterations, 105 permutations) as implemented in mothur to avoid spurious correlations 

induced by compositionality [67]. The networks were constructed from the correlation 

matrices and weighted by the correlation coefficient in igraph for R using only associations 

with P ≤ 0.005 [132]. Calculation of centrality scores and network manipulation were also 

carried out in igraph, whereby weights were transformed to real values for the derivation of 

centralities and modularity. Network robustness tests were performed by random attacks on 

networks by sequentially removing 25% of network nodes randomly over 1000 iterations, and 

mean values of the network characteristics for each fraction were used for further analyzes. 

Targeted attacks were performed by sequentially removing the highest connected bacteria 

(highest node degree) from the network. We also simulated network attacks based on the 

association strength of bacteria to a host characteristic as measured by its indicator value 

(IndVal.g). The top 25% genera were used for sequential removal, and permuted 1000 times 

to exclude directional effects. Artificial random networks of similar sizes were constructed 

(100 iterations) based on a similar degree distribution [133] or by random and evenly 

distributed associations (Erdös-Renyi) [134], and partially rewired random networks (rewiring 

probability k; k=0.6, k=0.8) which represent networks with small world characteristics. The 

scale-free networks of similar sizes were constructed with a power law degree distribution 

(p=1, p=2, p=4) [135], as were the exponential networks (p=4, p=6, p=8). These networks 

were subjected to random and targeted attack as described earlier (100 iterations in each 

constructed network). To assure comparability of results, all network characteristics were 

related to the respective simulated network before disturbance. 
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Figures 

 

 

Figure 1: Analysis of the major bacterial phyla over the fecal time course incorporating Fut2 

genotype/secretor status or the mouse breeding lineage (founded by Fut2 -/- or Fut2 +/+ dam). 
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Figure 2: Analyses of species richness (A), community complexity (B; Shannon Entropy), 

general phylogenetic clustering (C) and terminal phylogenetic clustering (D) of the 

communities over time. The best statistical model for each diversity metric is plotted (see 

Table 1). 
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Figure 3: Redundancy analysis of the microbial communities for each individual fecal time 

point (see Tab.4). 
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Figure 4: (A) Correlation networks of time point 1 to 11 reveal general network density to be 

decreasing (TP1=0.0948, TP3=0.0359, TP5=0.0402, TP11=0.0343), as well as decreasing 

centralization (TP1=33.196, TP3=18.080, TP5=11.801, TP11=11.101, Hubscore), whereas 

the diameter is increasing (TP1=1.381, TP3=2.037, TP5=1.974, TP11=3.197). (B) Analyses 

of node characteristics among the interaction networks between time points focusing on the 

number of connections of single genera (node degree), their importance based on the quality 

of its connectedness (PageRankTM), and the importance of single bacteria as mediators 

between assemblages (betweeness). (C) Analysis of network robustness based on 

sequential random removal (network failure) and targeted attack on the most integrated 

genera (highest number of connections), measured as the decay of the networks into smaller 

connected components. The robustness of bacterial interaction networks was further tested 

for each time point by random removal treatment (blue, failure) and targeted removal of the 
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top 25% of bacteria associated to the Fut2 -/- (darkred), Fut2 +/- (red) or Fut2 -/- associated 

bacteria (orange) based on 1000 iterations. 

 

 

Tables 

Table 1: Abundances of the three most abundant phyla within and across all fecal time 

points. 

 
Phylum Factor DF F-Value P-Value marg.R2 

All Bacteroidetes* Intercept 1,99 1770.732 < 0.0001 0.053 

 
  Secretor 1,31 0.077 0.7829  

 
  Timepoint** 1,99 2.159 0.1449  

 
  Direction 1,31 3.725 0.0628  

 
  Secretor:Timepoint 1,99 8.326 0.0048  

 
  Timepoint:Direction 1,99 7.573 0.0070  

 
Firmicutes# Intercept 1,99 2257.109 < 0.0001 0.153 

 
  Secretor 1,31 0.061 0.8066  

 
  Timepoint 1,99 1.772 0.1862  

 
  Direction 1,31 11.468 0.0019  

 
  Secretor:Timepoint 1,99 9.937 0.0021  

 
  Timepoint:Direction 1,99 7.548 0.0071  

 
Proteobacteria† Intercept 1,100 235.528 < 0.0001 0.243 

 
  Direction 1,32 0.650 0.4260  

 
  Timepoint 1,100 4.739 0.0318  

 
  Direction:Timepoint 1,100 24.502 < 0.0001  

TP1 Firmicutes‡ Intercept 1,24 128.956 < 0.0001  

TP3 Firmicutes‡ Intercept 1,24 148.341 < 0.0001  

 
  Direction 1,8 5.020 0.0554  

TP5 Firmicutes‡ Intercept 1,24 156.233 < 0.0001  

TP11 Firmicutes‡ Intercept 1,23 66.117 < 0.0001  

 
  Secretor 1,23 4.993 0.0355  

TP1 Bacteroidetes* Intercept 1,24 199.426 < 0.0001  

TP3 Bacteroidetes Intercept 1,24 900.370 < 0.0001  

 
  Direction 1,8 3.328 0.1056  

TP5 Bacteroidetes* Intercept 1,24 163.012 < 0.0001  

TP11 Bacteroidetes*** Intercept 1,23 48.595 < 0.0001  

 
  Secretor 1,23 6.823 0.0156  

TP1 Proteobacteria† Intercept 1,24 57.255 < 0.0001  

TP3 Proteobacteria† Intercept 1,24 89.235 < 0.0001  

TP5 Proteobacteria† Intercept 1,24 57.559 < 0.0001  

TP11 Proteobacteria† Intercept 1,24 115.108 < 0.0001  

 
  Direction 1,8 4.587 0.0646  

* X2 transformed; # X1/4 transformed; † log(X+1) transformed; ‡ X1/2 transformed; *** X3 

transformed; ** Timepoint- time coded as order of observation (0-3) 
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Table 2: Indicator genera for Fut2 genotype, secretor status and breeding direction (gray 

shading highlights taxa with multiple associations to the same factor among time points). 

Time point  Genus Association IndVal P-Value PFDR 

TP 1 uncl. Bacteria nosec 0.8235 0.0105989 0.5087 

TP 3 uncl. Bacteria nosec 0.8130 0.0374963 0.4218 

 
Erysipelotrichaceae incertae sedis nosec 0.6678 0.0035996 0.1620 

 
Robinsoniella nosec 0.7378 0.0269973 0.4218 

 
Butyricicoccus sec 0.6030 0.0294971 0.4218 

TP 5 Ruminococcus nosec 0.4880 0.0383962 1.0000 

TP 11 uncl. Porphyromonadaceae nosec 0.7798 0.0370963 0.4822 

 
Rikenella nosec 0.5311 0.0467953 0.4822 

 
Ruminococcus nosec 0.5622 0.0295970 0.4822 

TP 1-11 uncl. Bacteria nosec 0.7669 0.0083992 0.2100 

 
Ruminococcus nosec 0.4882 0.0012999 0.0650 

TP 1 uncl. Bacteria Fut2 -/- 0.7292 0.0074993 0.3600 

 
uncl. Burkholderiales Fut2 +/+ 0.6005 0.0483952 0.9569 

TP 3 uncl. Bacteria Fut2 -/- 0.7112 0.0464954 0.6974 

 
Erysipelotrichaceae incertae sedis Fut2 -/- 0.6481 0.0066993 0.3015 

 
Oscillibacter Fut2 +/- 0.7268 0.0368963 0.6974 

TP 5 Marvinbryantia Fut2 +/+ 0.6862 0.0178982 0.8770 

TP 11 uncl. Porphyromonadaceae Fut2 -/- 0.6614 0.0469953 0.7703 

 
Odoribacter Fut2 +/+ 0.8117 0.0004000 0.0180 

TP 1-11 uncl. Bacteria Fut2 -/- 0.6511 0.0133987 0.3166 

 
Ruminococcus Fut2 -/- 0.4617 0.0022998 0.1150 

 
Oscillibacter Fut2 +/- 0.6209 0.0384962 0.4780 

 
Butyrivibrio Fut2 +/+ 0.3660 0.0477952 0.4780 

 
uncl. Proteobacteria Fut2 +/+ 0.4804 0.0189981 0.3166 

TP 1 uncl. Alphaproteobacteria Fut2 -/- dam 0.6631 0.0306969 0.1842 

 
Anaerotruncus Fut2 -/- dam 0.7080 0.0110989 0.1316 

 
uncl. Bacteroidetes Fut2 -/- dam 0.8130 0.0158984 0.1316 

 
Escherichia/Shigella Fut2 -/- dam 0.7002 0.0191981 0.1316 

 
Parabacteroides Fut2 -/- dam 0.8665 0.0189981 0.1316 

 
uncl. Bacteroidales Fut2 +/+ dam 0.7714 0.0034997 0.1316 

 
Barnesiella Fut2 +/+ dam 0.7813 0.0172983 0.1316 

 
Paraprevotella Fut2 +/+ dam 0.7226 0.0384962 0.2053 

 
uncl. Porphyromonadaceae Fut2 +/+ dam 0.8260 0.0126987 0.1316 

TP 3 uncl. Bacteroidetes Fut2 -/- dam 0.8222 0.0038996 0.0585 

 
Parasutterella Fut2 -/- dam 0.8826 0.0019998 0.0450 

 
uncl. Prevotellaceae Fut2 -/- dam 0.8237 0.0197980 0.1485 

 
Alistipes Fut2 +/+ dam 0.7930 0.0436956 0.2553 

 
Bacteroides Fut2 +/+ dam 0.8673 0.0103990 0.0936 

 
Helicobacter Fut2 +/+ dam 0.7900 0.0066993 0.0754 

 
uncl. Lachnospiraceae Fut2 +/+ dam 0.8689 0.0008999 0.0405 

TP 5 uncl. Erysipelotrichaceae Fut2 -/- dam 0.5058 0.0486951 0.3871 

 
Prevotella Fut2 -/- dam 0.8834 0.0001000 0.0049 

 
uncl. Prevotellaceae Fut2 -/- dam 0.8484 0.0036996 0.0906 

 
Robinsoniella Fut2 -/- dam 0.7265 0.0263974 0.3368 

 
Alistipes Fut2 +/+ dam 0.8302 0.0369963 0.3626 

 
uncl. Rikenellaceae Fut2 +/+ dam 0.7377 0.0274973 0.3368 

TP 11 uncl. Prevotellaceae Fut2 -/- dam 0.7790 0.0236976 0.5332 

 
uncl. Alphaproteobacteria Fut2 +/+ dam 0.7065 0.0207979 0.5332 

TP 1-11 uncl. Bacteroidetes Fut2 -/- dam 0.7712 0.0004000 0.0067 

 
Escherichia/Shigella Fut2 -/- dam 0.4772 0.0016998 0.0212 
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Prevotella Fut2 -/- dam 0.7026 0.0002000 0.0050 

 
uncl. Prevotellaceae Fut2 -/- dam 0.7805 0.0001000 0.0050 

 
Bacteroides Fut2 +/+ dam 0.8236 0.0026997 0.0270 

 
Barnesiella Fut2 +/+ dam 0.6493 0.0089991 0.0633 

 
Clostridium Cluster IV Fut2 +/+ dam 0.4669 0.0102990 0.0633 

 
uncl. Firmicutes Fut2 +/+ dam 0.7209 0.0455954 0.2229 

 
uncl. Lachnospiraceae Fut2 +/+ dam 0.7868 0.0037996 0.0317 

 
Marvinbryantia Fut2 +/+ dam 0.6362 0.0113989 0.0633 

 

 

Table 3: Alpha diversity across all fecal sampling time points based on species richness 

(observed number of species), abundance distribution (Shannon H) and phylogenetic 

community structure (NRI/NTI). 

Alpha diversity Model Factors DF F-Value P-Value marg.R2 

Species Richness Intercept 1,98 509.246 < 0.0001 0.180 
observed Direction 1,32 1.798 0.1894 

 

 
Timepoint (poly) * # 2,98 0.862 0.4257 

 

 
Direction:Timepoint (poly) 2,98 24.137 < 0.0001 

 
Shannon Entropy Intercept 1,94 813.694 < 0.0001 0.146 
(X2 transformed) Fut2 2,3 0.049 0.9522 

 
 

Timespan (poly) † 2,94 21.978 < 0.0001 
 

 
Direction 1,3 1.748 0.1961 

 

 
Fut2:Timespan (poly) 4,94 34.422 < 0.0001 

 

 
Timespan (poly):Direction 2,94 7.169 0.0013 

 
Net Relatedness Intercept 1,101 25.602 < 0.0001 0.097 
Index (NRI) Secretor 1,32 7.615 0.0095 

 
 

Timespan 1,101 22.348 < 0.0001 
 

Nearest Taxon Intercept 1,98 568.972 < 0.0001 0.760 
Index (NTI) Secretor 1,31 4.919 0.0340 

 
 

Direction 1,31 8.963 0.0054 
 

 
Timespan (poly) 2,98 29.053 < 0.0001 

 
 

Direction:Timespan (poly) 2,98 30.749 < 0.0001 
 

* Timepoint- time coded as order of observation (0-3); † Timespan coded as time in weeks (0, 

2, 4, 10); # fitted as second order polynomial 
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Table 4: Community differentiation according to Fut2 genotype and breeding direction among 

all fecal time points combined, based on shared abundance (Bray-Curtis), shared presence 

(Jaccard), phylogenetic relatedness (unweighted UniFrac) and distribution of species 

(Euclidean/Redundancy Analysis). 

Dataset Distance Factors DF F-Value P-Value R2 adj. R2 

Fecal time points Bray-Curtis Fut2 2,130 1.0072 0.3198 0.0484 0.0118 

(TP 1-11) 
 

Direction 1,130 2.1329 0.0002 
 

 

  
Fut2:Direction 2,130 1.2335 0.0002 

 
 

 
Jaccard Fut2 2,130 1.0036 0.349 0.0477 0.0111 

  
Direction 1,130 2.0928 0.0002 

 
 

  
Fut2:Direction 2,130 1.2071 0.0002 

 
 

 
UniFrac Fut2 2,130 1.0976 0.1394 0.0578 0.0216 

 
(unweighted) Direction 1,130 3.1389 0.0002 

 
 

  
Fut2:Direction 2,130 1.3213 0.0102 

 
 

 
Redundancy Fut2 2,130 0.9681 0.4208 0.0757 0.0402 

 
Analysis Direction 1,130 4.5829 0.0002 

 
 

  
Fut2:Direction 2,130 2.066 0.0002 

 
 

Gastrointestinal Bray-Curtis Fut2 2,136 1.2161 0.0008 0.0508 0.0159 
tract 

 
Direction 1,136 2.5043 0.0002 

 
 

(Jejunum, Ileum,  
 

Fut2:Direction 2,136 1.1730 0.001 
 

 

Cecum, Colon) Jaccard Fut2 2,136 1.1832 0.0012 0.0511 0.0162 

  
Direction 1,136 2.6433 0.0002 

 
 

  
Fut2:Direction 2,136 1.1570 0.0034 

 
 

 
UniFrac Fut2 2,136 1.105 0.0322 0.0551 0.0204 

 
(unweighted) Direction 1,136 3.1875 0.0002 

 
 

  
Fut2:Direction 2,136 1.2662 0.0018 

 
 

 
Redundancy Fut2 2,136 1.7277 0.0004 0.070 0.0358 

 
Analysis Direction 1,136 4.0415 0.0002 

 
 

  
Fut2:Direction 2,136 1.3690 0.0106 
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Supplementary Material 

 

Supplementary Figures: 

 

Fig.S1: Alpha diversity differences of fecal bacterial communities corresponding to the results 

in Table S6, focusing on the number of species (A), their distribution (B), and their 

phylogenetic relatedness (NRI/NTI; C, D). 
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Fig.S2: Alpha diversity differences of mucosal associated bacterial communities 

corresponding to the results in Table S7 focusing on the number of species (A), their 

distribution (B), and their phylogenetic relatedness (NRI/NTI; C, D). 
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Fig.S3: Community clustering among Fut2 genotypes and breeding direction over the whole 

time course regarding community composition (Jaccard), structure (Bray-Curtis, Redundancy 

Analysis/Euclidean) and phylogenetic composition (unweighted UniFrac) by constrained 

Principle Coordinate Analysis. 
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Fig.S4: Principle coordinate analysis based on phylogenetic composition (unweighted 

UniFrac: breeding direction- R2=0.0878, P<0.0001; time points- R2=0.0552, P=0.0243), 

community composition (Jaccard: breeding direction- R2= 0.0843, P<0.0001; time points- 

R2=0.2231, P<0.0001), and community structure (Bray-Curtis: breeding direction- R2=0.1134, 

P<0.0001; time points- R2=0.2602, P<0.0001; Redundancy Analysis/Euclidean: breeding 

direction- R2=0.1013, P<0.0001; time points- R2=0.2055, P<0.0001). 
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Fig.S5: Community variability among Fut2 genotypes over time regarding community 

composition (A), structure (B, D) and phylogenetic composition (C). 
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Fig.S6: Spectrum of genera interactions based on pairwise SparCC correlations with 

P ≤ 0.005. 
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Fig.S7: Analysis of network modularity based on the importance of single interactions [1]. 

The network layout is based on the Kamada-Kawai-Algorithm. 
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Fig.S8: Analysis of network robustness based on sequential random removal (network 

failure) and targeted attack on the most integrated genera (highest number of connections) 

measured as the decay of the networks based on the transitivity of the networks (A), average 

size of the biggest connected subnetwork (B), longest path within the networks (diameter, C), 

and average shortest paths within the networks (closeness centrality, D). 
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Fig.S9: Analysis of network robustness based on sequential random removal (network 

failure) and targeted attack on the most integrated genera (highest degree). Random 

networks of different characteristics, but similar size were constructed for each time point 100 

times and sequential removal of up to 25% of vertices was performed by removal of the most 

connected node (targeted attack) or iteratively 1000 times for the measurement of network 

decay by random error (mean over 1000 iterations). PCoAs visualize the relative distance 

between decay profiles (1-|| Pearson r ||). Network decay is based on the relative average 

number of subnetworks (number of network components, see Table S11). 
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Fig.S10: Network characteristics (network diameter, closeness centrality, number of 

subnetworks, transitivity) under random node removal (blue, average of 1000 iterations) and 

targeted removal of secretor associated bacteria (red) and non secretor associated bacteria 

(orange), in order of their association strength. 

 

 



Chapter III 

179 

 

Fig.S11: Average network characteristics (network diameter, closeness centrality, number of 

subnetworks, transitivity) under random node removal (blue) and targeted removal the upper 

25% of secretor associated bacteria (red) and non secretor associated bacteria (orange), 

based on the average of 1000 iterations. 
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Fig.S12: Network characteristics (number of subnetworks, size of the biggest subnetwork, 

transitivity) under random node removal (blue) and targeted removal of bacteria associated 

to the Fut2 -/- (darkred), Fut2 +/- (red) or Fut2 -/- associated bacteria (orange). 
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Fig.S13: Network characteristics (number of subnetworks, size of the biggest subnetwork, 

transitivity) under random node removal (blue) and targeted removal of the top 25% of 

bacteria associated to the Fut2 -/- (darkred), Fut2 +/- (red) or Fut2 -/- associated bacteria 

(orange) based on 1000 iterations. 
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Fig.S14: Network characteristics (number of subnetworks, size of the biggest subnetwork, 

transitivity) under random node removal (blue) and targeted removal of bacteria associated 

to the Fut2 -/- grand dam breeding line (red) or bacteria associated to Fut2 +/+ grand dam 

breeding line (orange). 
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Fig.S15: Network characteristics (number of subnetworks, size of the biggest subnetwork, 

transitivity) under random node removal (blue) and targeted removal of the top 25% of 

bacteria associated to the Fut2 -/- grand dam breeding line (red) or bacteria associated to 

Fut2 +/+ grand dam breeding line (orange) based on 1000 iterations. 
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Supplementary Tables 

Table S1: Analysis of the major bacterial phyla among the different gastrointestinal locations 

incorporating the Fut2 genotype/secretor status, or the mouse breeding lineage (founded by 

Fut2 -/- or Fut2 +/+ grand dam). 

Phylum Tissue Factor DF F-Value P-Value 

Firmicutes Ileum# Intercept 1,23 392.907 <0.0001 

  
Fut2 2,23 2.909 0.0747 

 
Jejununm‡ Intercept 1,21 90.712 <0.0001 

 
Cecum Intercept 1,27 224.717 <0.0001 

  
Direction 1,9 2.998 0.1174 

 
Colon‡ Intercept 1,26 429.929 <0.0001 

Bacteroidetes Ileum* Intercept 1,23 46.461 <0.0001 

  
Fut2 2,23 2.928 0.0736 

 
Jejununm*** Intercept 1,21 60.061 <0.0001 

 
Cecum Intercept 1,27 794.952 <0.0001 

  
Direction 1,9 5.517 0.0434 

 
Colon Intercept 1,26 274.419 <0.0001 

Proteobacteria† Ileum Intercept 1,23 321.686 <0.0001 

  
Direction 1,9 0.611 0.4546 

  
Secretor 1,23 1.726 0.2019 

  
Direction:Secretor 1,23 7.236 0.0131 

 
Jejununm Intercept 1,19 387.581 <0.0001 

  
Fut2 2,19 11.360 0.0006 

 
Cecum Intercept 1,26 1400.570 <0.0001 

  
Secretor 1,26 6.613 0.0162 

 
Colon Intercept 1,26 146.536 <0.0001 

* X2 transformed; # X1/4 transformed; † log(X+1) transformed; ‡ X1/2 transformed; *** X3 

transformed 

 

 

Table S2: Indicator genera associated to the mucosal tissue (gray shading highlights taxa 

with multiple associations to the same factor among tissues). 

Tissue Genus Association IndVal P-Value PFDR 

Jejunum uncl. Clostridia Fut2 +/- 0.5578 0.0485 0.5057 

 
Acinetobacter Fut2 +/+ 0.7554 0.0013 0.0657 

 
Herbaspirillum Fut2 +/+ 0.7186 0.0219 0.3912 

 
Propionibacterium Fut2 +/+ 0.7556 0.0020 0.0657 

 
Staphylococcus Fut2 +/+ 0.6325 0.0268 0.3912 

 
Streptococcus Fut2 +/+ 0.7185 0.0027 0.0657 

 
Syntrophococcus Fut2 +/+ 0.7039 0.0456 0.5057 
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Ileum Bacteroides Fut2 +/- 0.7608 0.0363 0.9922 

 
uncl. Bacteroidetes Fut2 +/- 0.6531 0.0493 0.9922 

 
uncl. Planococcaceae Fut2 +/+ 0.5411 0.0426 0.9922 

Cecum Paraprevotella Fut2 -/- 0.5345 0.0405 0.5366 

 
Anaerotruncus Fut2 +/+ 0.6662 0.0140 0.3374 

 
Lactobacillus Fut2 +/+ 0.7294 0.0040 0.2120 

 
Odoribacter Fut2 +/+ 0.6765 0.0191 0.3374 

Colon TM7 genus incertae sedis Fut2 -/- 0.5533 0.0369 0.7341 

 
Streptophyta Fut2 +/+ 0.5799 0.0189 0.7341 

 
Turicibacter Fut2 +/+ 0.5359 0.0419 0.7341 

GIT Dorea Fut2 -/- 0.4598 0.0444 0.4140 

 
uncl. Erysipelotrichaceae Fut2 +/- 0.3660 0.0398 0.4140 

 
Parabacteroides Fut2 +/- 0.5981 0.0195 0.2691 

 
Parasutterella Fut2 +/- 0.7275 0.0480 0.4140 

 
Acinetobacter Fut2 +/+ 0.5211 0.0121 0.2208 

 
Odoribacter Fut2 +/+ 0.6713 0.0001 0.0069 

 
Propionibacterium Fut2 +/+ 0.4360 0.0032 0.1104 

 
Staphylococcus Fut2 +/+ 0.4023 0.0128 0.2208 

Jejunum Butyricicoccus Non secretor 0.7607 0.0430 0.7942 

 
uncl. Sphingobacteriales Non secretor 0.6621 0.0322 0.7942 

Ileum Acetanaerobacterium Non secretor 0.5805 0.0394 1.0000 

Cecum Dorea Non secretor 0.6145 0.0070 0.2491 

 
Paraprevotella Non secretor 0.5345 0.0136 0.2491 

 
Helicobacter Secretor 0.8218 0.0141 0.2491 

 
Syntrophococcus Secretor 0.7717 0.0384 0.5087 

Colon Shewanella Non secretor 0.5534 0.0345 0.8777 

 
TM7 genus incertae sedis Non secretor 0.5694 0.0183 0.8777 

GIT Butyricicoccus Non secretor 0.6528 0.0304 0.4195 

 
Dorea Non secretor 0.5323 0.0129 0.3519 

 
uncl. Sphingobacteriales Non secretor 0.5496 0.0482 0.5542 

 
Odoribacter Secretor 0.7081 0.0194 0.3519 

 
Parabacteroides Secretor 0.6536 0.0204 0.3519 

 
Syntrophococcus Secretor 0.7006 0.0044 0.3036 

Jejunum uncl. Prevotellaceae Fut2 -/- dam 0.8161 0.0074 0.1880 

 
Propionibacterium Fut2 -/- dam 0.6773 0.0103 0.1880 

 
uncl. Ruminococcaceae Fut2 -/- dam 0.8828 0.0078 0.1880 

 
Staphylococcus Fut2 -/- dam 0.7099 0.0052 0.1880 

 
Syntrophococcus Fut2 -/- dam 0.7929 0.0221 0.3226 

 
Clostridium Cluster XlVa Fut2 +/+ dam 0.7633 0.0407 0.4951 

Ileum Acetanaerobacterium Fut2 -/- dam 0.7038 0.0009 0.0418 

 
Asaccharobacter Fut2 -/- dam 0.7401 0.0108 0.1435 

 
uncl. Bacteroidetes Fut2 -/- dam 0.7767 0.0356 0.2547 

 
uncl. Clostridiales Fut2 -/- dam 0.7958 0.0248 0.2113 

 
Odoribacter Fut2 -/- dam 0.7579 0.0099 0.1435 

 
Oscillibacter Fut2 -/- dam 0.8483 0.0028 0.0837 

 
uncl. Proteobacteria Fut2 -/- dam 0.6767 0.0300 0.2325 

 
uncl. Ruminococcaceae Fut2 -/- dam 0.8158 0.0246 0.2113 

 
Staphylococcus Fut2 -/- dam 0.7338 0.0003 0.0279 

 
TM7 genus incertae sedis Fut2 -/- dam 0.6785 0.0064 0.1190 

 
uncl. Bacteria Fut2 +/+ dam 0.8352 0.0250 0.2113 

 
uncl. Firmicutes Fut2 +/+ dam 0.9145 0.0036 0.0837 

 
Rheinheimera Fut2 +/+ dam 0.6255 0.0218 0.2113 

Cecum uncl. Bacteroidales Fut2 -/- dam 0.7490 0.0385 0.5101 

 
uncl. Prevotellaceae Fut2 -/- dam 0.8120 0.0058 0.3074 

 
Clostridium Cluster IV Fut2 +/+ dam 0.5774 0.0326 0.5101 
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Mucispirillum Fut2 +/+ dam 0.8225 0.0316 0.5101 

Colon Anaerotruncus Fut2 -/- dam 0.6989 0.0205 0.2508 

 
Flavonifractor Fut2 -/- dam 0.5609 0.0212 0.2508 

 
Lachnospiracea incertae sedis Fut2 -/- dam 0.7455 0.0169 0.2508 

 
Pseudoflavonifractor Fut2 -/- dam 0.7592 0.0472 0.3363 

 
uncl. Ruminococcaceae Fut2 -/- dam 0.7832 0.0222 0.2508 

 
TM7 genus incertae sedis Fut2 -/- dam 0.5694 0.0176 0.2508 

 
Clostridium Cluster IV Fut2 +/+ dam 0.6279 0.0341 0.2776 

 
Dorea Fut2 +/+ dam 0.5898 0.0264 0.2508 

GIT Anaerotruncus Fut2 -/- dam 0.5484 0.0113 0.0715 

 
uncl. Bacteroidetes Fut2 -/- dam 0.7511 0.0049 0.0483 

 
Odoribacter Fut2 -/- dam 0.7373 0.0114 0.0715 

 
Prevotella Fut2 -/- dam 0.6645 0.0018 0.0248 

 
uncl. Prevotellaceae Fut2 -/- dam 0.7560 0.0001 0.0034 

 
Propionibacterium Fut2 -/- dam 0.4332 0.0064 0.0491 

 
Pseudoflavonifractor Fut2 -/- dam 0.6850 0.0044 0.0483 

 
uncl. Ruminococcaceae Fut2 -/- dam 0.7853 0.0008 0.0138 

 
Staphylococcus Fut2 -/- dam 0.5581 0.0001 0.0034 

 
Syntrophococcus Fut2 -/- dam 0.6748 0.0401 0.1824 

 
TM7 genus incertae sedis Fut2 -/- dam 0.5239 0.0007 0.0138 

 
Butyrivibrio Fut2 +/+ dam 0.4478 0.0349 0.1720 

 
Clostridium Cluster IV Fut2 +/+ dam 0.4482 0.0152 0.0807 

 
Clostridium Cluster XlVa Fut2 +/+ dam 0.6923 0.0473 0.1920 

 
Dorea Fut2 +/+ dam 0.5104 0.0423 0.1824 

 
uncl. Firmicutes Fut2 +/+ dam 0.8957 0.0064 0.0491 

 
Lachnobacterium Fut2 +/+ dam 0.4249 0.0131 0.0753 

 



 

 

Table S3: Indicator species level OTU association to secretor status (gray shading highlights taxa with multiple associations to the same factor 

among time points). 

TP OTU-ID RDP9 Classification Association IndVal P-Value PFDR 

1 Otu00160 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Secretor 0.6953 0.0491 0.3971 
  Otu00298 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Paraprevotella; Nonsecretor 0.6195 0.0385 0.3971 
  Otu00417 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Nonsecretor 0.6407 0.0228 0.3971 
  Otu00537 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.5561 0.0311 0.3971 
  Otu00622 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Nonsecretor 0.6652 0.0190 0.3971 
  Otu00737 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Nonsecretor 0.5311 0.0436 0.3971 
  Otu01015 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Nonsecretor 0.5370 0.0499 0.3971 
  Otu01091 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;unclassified; Nonsecretor 0.5311 0.0439 0.3971 

3 Otu00010 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Nonsecretor 0.6130 0.0469 0.3830 
  Otu00077 Firmicutes;Bacilli;Lactobacillales;Lactobacillaceae;Lactobacillus; Nonsecretor 0.6691 0.0350 0.3813 
  Otu00193 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Roseburia; Nonsecretor 0.6455 0.0027 0.3813 

  Otu00205 
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae 
sedis; Nonsecretor 0.4890 0.0357 0.3813 

  Otu00248 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Secretor 0.6753 0.0252 0.3813 
  Otu00305 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Nonsecretor 0.7252 0.0054 0.3813 
  Otu00320 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Nonsecretor 0.6722 0.0396 0.3813 
  Otu00353 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.5938 0.0434 0.3813 
  Otu00355 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Nonsecretor 0.6459 0.0234 0.3813 
  Otu00479 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.6055 0.0213 0.3813 
  Otu00505 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.5452 0.0296 0.3813 
  Otu00555 Bacteroidetes;Bacteroidia;Bacteroidales; Nonsecretor 0.6157 0.0128 0.3813 
  Otu00585 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Nonsecretor 0.5774 0.0127 0.3813 
  Otu00603 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Nonsecretor 0.5416 0.0400 0.3813 
  Otu00613 Proteobacteria;Gammaproteobacteria;Thiotrichales;Piscirickettsiaceae; Nonsecretor 0.5416 0.0441 0.3813 
  Otu00619 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.5938 0.0272 0.3813 
  Otu00652 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Nonsecretor 0.5416 0.0440 0.3813 
  Otu00979 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Nonsecretor 0.5528 0.0351 0.3813 

5 Otu00056 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Howardella; Nonsecretor 0.7358 0.0399 0.3365 
  Otu00117 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Hydrogenoanaerobacterium; Nonsecretor 0.4986 0.0414 0.3365 
  Otu00131 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae; Nonsecretor 0.6555 0.0084 0.3365 



 

 

  Otu00132 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Nonsecretor 0.6618 0.0438 0.3365 
  Otu00176 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Nonsecretor 0.6842 0.0359 0.3365 
  Otu00239 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Nonsecretor 0.6318 0.0231 0.3365 
  Otu00313 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Ruminococcus; Nonsecretor 0.4880 0.0397 0.3365 
  Otu00346 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Nonsecretor 0.6129 0.0115 0.3365 
  Otu00368 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae; Nonsecretor 0.5647 0.0308 0.3365 
  Otu00414 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Secretor 0.6030 0.0489 0.3365 
  Otu00415 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Nonsecretor 0.5452 0.0347 0.3365 
  Otu00467 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Hydrogenoanaerobacterium; Nonsecretor 0.5482 0.0353 0.3365 
  Otu00656 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Nonsecretor 0.5118 0.0457 0.3365 
  Otu00815 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Flammeovirgaceae;Limibacter; Nonsecretor 0.5261 0.0471 0.3365 
  Otu01066 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Nonsecretor 0.5848 0.0388 0.3365 
  Otu01074 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Nonsecretor 0.5482 0.0335 0.3365 
  Otu01158 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Nonsecretor 0.5774 0.0085 0.3365 

11 Otu00089 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Secretor 0.6662 0.0436 0.3460 
  Otu00127 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.6946 0.0185 0.2573 
  Otu00215 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Sporobacter; Nonsecretor 0.5881 0.0475 0.3460 
  Otu00224 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Nonsecretor 0.6577 0.0146 0.2234 
  Otu00241 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Pseudoflavonifractor; Nonsecretor 0.5848 0.0362 0.3460 
  Otu00308 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Nonsecretor 0.6407 0.0224 0.2856 
  Otu00313 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Ruminococcus; Nonsecretor 0.5606 0.0278 0.3272 
  Otu00323 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Flammeovirgaceae;Limibacter; Nonsecretor 0.5811 0.0300 0.3278 
  Otu00324 Bacteroidetes;Sphingobacteria;Sphingobacteriales; Nonsecretor 0.7298 0.0055 0.2234 
  Otu00363 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Nonsecretor 0.6096 0.0385 0.3460 
  Otu00383 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Nonsecretor 0.6129 0.0116 0.2234 
  Otu00394 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Nonsecretor 0.6463 0.0473 0.3460 
  Otu00431 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Nonsecretor 0.6180 0.0112 0.2234 
  Otu00503 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Pseudoflavonifractor; Nonsecretor 0.5416 0.0431 0.3460 
  Otu00571 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Nonsecretor 0.5774 0.0096 0.2234 
  Otu00614 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.5774 0.0095 0.2234 
  Otu00615 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Xylanibacter; Nonsecretor 0.6129 0.0138 0.2234 
  Otu00690 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Nonsecretor 0.5848 0.0123 0.2234 
  Otu00796 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Nonsecretor 0.6455 0.0021 0.2234 
  Otu01373 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Nonsecretor 0.5774 0.0110 0.2234 
  Otu01543 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Nonsecretor 0.5482 0.0356 0.3460 



 

 

1-11 Otu00205 
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae 
sedis; Nonsecretor 0.4384 0.0148 0.1265 

  Otu00313 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Ruminococcus; Nonsecretor 0.4460 0.0036 0.0504 
  Otu00324 Bacteroidetes;Sphingobacteria;Sphingobacteriales; Nonsecretor 0.5370 0.0022 0.0504 
  Otu00363 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Nonsecretor 0.4046 0.0363 0.1265 
  Otu00414 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Secretor 0.4001 0.0416 0.1265 
  Otu00454 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Secretor 0.4160 0.0488 0.1265 
  Otu00532 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Nonsecretor 0.3699 0.0489 0.1265 
  Otu00614 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Nonsecretor 0.4114 0.0378 0.1265 
  Otu00615 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Xylanibacter; Nonsecretor 0.3565 0.0412 0.1265 
  Otu00781 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Nonsecretor 0.3838 0.0246 0.1265 

 

 

Table S4: Indicator species level OTU association to Fut2 genotype (gray shading highlights taxa with multiple associations to the same factor 

among time points). 

TP OTU-ID RDP9 Classification Association IndVal P-Value PFDR 

1 Otu00159 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ 0.5777 0.0232 0.7332 
  Otu00163 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/-/Fut2 +/+ 0.7829 0.0208 0.7332 
  Otu00218 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ 0.5983 0.0069 0.7332 
  Otu00248 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ 0.5557 0.0484 0.7332 
  Otu00270 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 +/+ 0.5525 0.0323 0.7332 
  Otu00464 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/- 0.5655 0.0385 0.7332 
  Otu00919 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ 0.5809 0.017 0.7332 
  Otu00982 Proteobacteria;Betaproteobacteria;Burkholderiales;Sutterellaceae;Parasutterella; Fut2 +/+ 0.5669 0.0386 0.7332 
  Otu01202 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;unclassified; Fut2 +/+ 0.5612 0.0299 0.7332 
  Otu01782 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ 0.5809 0.0189 0.7332 

3 Otu00045 Firmicutes;Clostridia;Clostridiales;Clostridiaceae_1;Anaerobacter; Fut2 -/-/Fut2 +/- 0.7646 0.0451 0.6477 
  Otu00163 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/-/Fut2 +/- 0.7689 0.0342 0.6477 
  Otu00193 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Roseburia; Fut2 -/- 0.6455 0.0086 0.6477 
  Otu00225 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 +/- 0.5583 0.0379 0.6477 



 

 

  Otu00239 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 -/-/Fut2 +/- 0.787 0.0123 0.6477 
  Otu00248 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/-/Fut2 +/+ 0.6896 0.021 0.6477 
  Otu00255 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Butyrivibrio; Fut2 +/- 0.5655 0.0425 0.6477 
  Otu00278 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Butyrivibrio; Fut2 +/+ 0.5351 0.048 0.6477 
  Otu00305 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 -/- 0.7057 0.0136 0.6477 
  Otu00449 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/- 0.6124 0.0373 0.6477 
  Otu00465 Bacteroidetes;Bacteroidia;Bacteroidales; Fut2 +/+ 0.5728 0.0262 0.6477 
  Otu00555 Bacteroidetes;Bacteroidia;Bacteroidales; Fut2 -/- 0.6004 0.0314 0.6477 
  Otu00585 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- 0.5774 0.0128 0.6477 
  Otu00590 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ 0.5669 0.0352 0.6477 
  Otu00612 Bacteroidetes; Fut2 +/+ 0.6379 0.0074 0.6477 
  Otu00613 Proteobacteria;Gammaproteobacteria;Thiotrichales;Piscirickettsiaceae; Fut2 -/- 0.5239 0.0409 0.6477 
  Otu00654 Proteobacteria;Betaproteobacteria;Burkholderiales;Sutterellaceae;Parasutterella; Fut2 +/+ 0.5728 0.0259 0.6477 
  Otu00866 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ 0.5525 0.0327 0.6477 
  Otu00888 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/- 0.5976 0.0161 0.6477 
  Otu01041 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ 0.6757 0.0024 0.6477 
  Otu01403 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/- 0.5533 0.0467 0.6477 

5 Otu00020 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/-/Fut2 +/+ 0.9606 0.0067 0.6751 
  Otu00056 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Howardella; Fut2 -/-/Fut2 +/- 0.7837 0.0264 0.6751 
  Otu00131 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;unclassified; Fut2 -/- 0.6007 0.0427 0.7016 
  Otu00143 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 +/+ 0.7395 0.002 0.5139 
  Otu00163 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/-/Fut2 +/- 0.767 0.0236 0.6751 
  Otu00346 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- 0.5964 0.0239 0.6751 
  Otu00351 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Pseudoflavonifractor; Fut2 +/+ 0.5557 0.0271 0.6751 
  Otu00385 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/-/Fut2 +/+ 0.611 0.0495 0.7016 
  Otu00396 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/- 0.632 0.0169 0.6751 
  Otu00414 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ 0.6521 0.0156 0.6751 
  Otu00452 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ 0.5669 0.0358 0.7016 

  Otu00487 
Firmicutes;Erysipelotrichia;Erysipelotrichales;Erysipelotrichaceae;Erysipelotrichaceae 
incertae sedis; Fut2 +/- 0.5583 0.0393 0.7016 

  Otu00505 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ 0.5401 0.0289 0.6751 
  Otu00538 Bacteroidetes;Bacteroidia;Bacteroidales; Fut2 +/+ 0.5742 0.0481 0.7016 
  Otu00668 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/- 0.5976 0.0173 0.6751 
  Otu01158 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- 0.5774 0.0136 0.6751 

11 Otu00062 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Fut2 +/+ 0.7579 0.0052 0.4927 



 

 

  Otu00070 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/-/Fut2 +/+ 0.7998 0.0245 0.4927 
  Otu00073 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Fut2 -/-/Fut2 +/+ 0.7518 0.0348 0.4993 
  Otu00082 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae sedis; Fut2 +/+ 0.7477 0.0031 0.4927 
  Otu00089 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Fut2 +/-/Fut2 +/+ 0.6989 0.0417 0.5169 
  Otu00100 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ 0.6094 0.0095 0.4927 
  Otu00163 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/-/Fut2 +/- 0.7071 0.041 0.5169 
  Otu00169 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/- 0.6028 0.0461 0.5169 
  Otu00218 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/-/Fut2 +/- 0.7338 0.0241 0.4927 
  Otu00262 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/-/Fut2 +/+ 0.6325 0.018 0.4927 
  Otu00273 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ 0.5539 0.0474 0.5169 
  Otu00324 Bacteroidetes;Sphingobacteria;Sphingobacteriales; Fut2 -/- 0.6912 0.0156 0.4927 
  Otu00383 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- 0.5964 0.0239 0.4927 
  Otu00394 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/-/Fut2 +/- 0.7071 0.0352 0.4993 
  Otu00431 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- 0.5774 0.028 0.4927 
  Otu00493 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ 0.6877 0.0035 0.4927 
  Otu00540 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Syntrophococcus; Fut2 +/+ 0.5669 0.0361 0.4993 
  Otu00555 Bacteroidetes;Bacteroidia;Bacteroidales;unclassified;unclassified; Fut2 +/+ 0.6059 0.0235 0.4927 
  Otu00566 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/-/Fut2 +/+ 0.6325 0.0241 0.4927 
  Otu00571 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 -/- 0.5774 0.0119 0.4927 
  Otu00600 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 +/+ 0.5482 0.0467 0.5169 
  Otu00614 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- 0.5774 0.0111 0.4927 
  Otu00651 Bacteroidetes;Bacteroidia;Bacteroidales;unclassified;unclassified; Fut2 +/+ 0.5441 0.0352 0.4993 
  Otu00690 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- 0.557 0.0346 0.4993 
  Otu00739 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 +/+ 0.5752 0.0278 0.4927 
  Otu00796 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- 0.6455 0.008 0.4927 
  Otu00822 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Flavonifractor; Fut2 +/+ 0.5351 0.0492 0.5169 
  Otu00989 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 +/+ 0.5401 0.0255 0.4927 
  Otu01021 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 +/+ 0.5612 0.0282 0.4927 
  Otu01373 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- 0.5774 0.0205 0.4927 

1-11 Otu00078 Firmicutes;Bacilli;Lactobacillales;Lactobacillaceae;Lactobacillus; Fut2 -/-/Fut2 +/- 0.5237 0.0204 0.2286 
  Otu00079 Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Pelagibaca; Fut2 -/-/Fut2 +/+ 0.4916 0.0285 0.2286 
  Otu00113 Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylocystaceae;Terasakiella; Fut2 +/+ 0.4657 0.0047 0.1762 
  Otu00313 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Ruminococcus; Fut2 -/- 0.4193 0.0282 0.2286 
  Otu00324 Bacteroidetes;Sphingobacteria;Sphingobacteriales; Fut2 -/-/Fut2 +/- 0.5111 0.0422 0.2286 
  Otu00414 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/-/Fut2 +/+ 0.4255 0.0255 0.2286 



 

 

  Otu00454 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/-/Fut2 +/+ 0.4385 0.0432 0.2286 
  Otu00592 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ 0.448 0.0022 0.165 
  Otu00619 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/-/Fut2 +/- 0.435 0.0333 0.2286 

 

 

Table S5: Indicator species level OTU association to breeding direction (gray shading highlights taxa with multiple associations to the same factor 

among time points). 

TP OTU-ID RDP9 Classification Association IndVal P-Value PFDR 

1 Otu00002 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 -/- dam 0.9338 0.0002 0.0135 
  Otu00003 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 -/- dam 0.8657 0.0012 0.0609 
  Otu00050 Proteobacteria;GammaproteoEnterobacteriales;Enterobacteriaceae;Escherichia/Shigella; Fut2 -/- dam 0.7244 0.0143 0.1409 
  Otu00079 Proteobacteria;AlphaproteoRhodobacterales;Rhodobacteraceae;Pelagibaca; Fut2 -/- dam 0.7206 0.0030 0.0670 
  Otu00082 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae sedis; Fut2 -/- dam 0.5310 0.0367 0.1827 
  Otu00104 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.6983 0.0027 0.0670 
  Otu00110 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.7559 0.0002 0.0135 
  Otu00135 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.6665 0.0147 0.1409 
  Otu00143 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.5731 0.0267 0.1465 
  Otu00148 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Fut2 -/- dam 0.5345 0.0209 0.1409 
  Otu00206 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Clostridium_XlVa; Fut2 -/- dam 0.5705 0.0364 0.1827 
  Otu00218 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0217 0.1409 
  Otu00225 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.7057 0.0031 0.0670 
  Otu00243 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.6523 0.0087 0.1177 
  Otu00260 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.6547 0.0024 0.0670 
  Otu00268 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5976 0.0062 0.1000 
  Otu00270 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 -/- dam 0.5345 0.0217 0.1409 
  Otu00280 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Dorea; Fut2 -/- dam 0.5976 0.0068 0.1000 
  Otu00344 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5345 0.0191 0.1409 
  Otu00539 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.6547 0.0021 0.0670 
  Otu00554 Bacteroidetes; Fut2 -/- dam 0.5345 0.0198 0.1409 
  Otu00592 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.6547 0.0033 0.0670 



 

 

  Otu00630 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5976 0.0069 0.1000 
  Otu00683 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.5597 0.0306 0.1635 
  Otu00781 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 -/- dam 0.5345 0.0204 0.1409 
  Otu00919 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0237 0.1409 
  Otu00930 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 -/- dam 0.5756 0.0214 0.1409 
  Otu00982 Proteobacteria;BetaproteoBurkholderiales;Sutterellaceae;Parasutterella; Fut2 -/- dam 0.5345 0.0237 0.1409 
  Otu01782 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 -/- dam 0.5345 0.0237 0.1409 
  Otu00038 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.6574 0.0475 0.2114 
  Otu00051 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.8076 0.0142 0.1409 
  Otu00059 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.9159 0.0001 0.0135 
  Otu00062 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Fut2 +/+ dam 0.6530 0.0479 0.2114 
  Otu00075 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae sedis; Fut2 +/+ dam 0.8341 0.0063 0.1000 
  Otu00077 Firmicutes;Bacilli;Lactobacillales;Lactobacillaceae;Lactobacillus; Fut2 +/+ dam 0.7535 0.0228 0.1409 
  Otu00131 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;unclassified; Fut2 +/+ dam 0.5780 0.0396 0.1827 
  Otu00137 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ dam 0.6164 0.0155 0.1409 
  Otu00160 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.7004 0.0373 0.1827 
  Otu00170 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.6486 0.0258 0.1455 
  Otu00220 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ dam 0.7379 0.0165 0.1409 
  Otu00233 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6029 0.0390 0.1827 
  Otu00251 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Pseudoflavonifractor; Fut2 +/+ dam 0.6325 0.0126 0.1409 
  Otu00290 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.6469 0.0243 0.1409 
  Otu00365 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ dam 0.7422 0.0093 0.1180 
  Otu00427 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ dam 0.6669 0.0173 0.1409 
  Otu00436 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;unclassified; Fut2 +/+ dam 0.6003 0.0380 0.1827 

3 Otu00036 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.8033 0.0061 0.0790 
  Otu00042 Proteobacteria;BetaproteoBurkholderiales;Sutterellaceae;Parasutterella; Fut2 -/- dam 0.8718 0.0002 0.0144 
  Otu00044 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.7192 0.0076 0.0790 
  Otu00071 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.7709 0.0054 0.0790 
  Otu00111 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.5821 0.0229 0.1422 
  Otu00143 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.7559 0.0001 0.0144 

  Otu00164 
Firmicutes;Erysipelotrichia;Erysipelotrichales;Erysipelotrichaceae;Erysipelotrichaceae 
incertae sedis; Fut2 -/- dam 0.5634 0.0260 0.1486 

  Otu00167 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.7509 0.0029 0.0696 
  Otu00176 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.6592 0.0407 0.1968 
  Otu00189 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5492 0.0241 0.1422 



 

 

  Otu00229 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.7239 0.0079 0.0790 
  Otu00243 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5629 0.0488 0.2022 
  Otu00268 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.7071 0.0006 0.0240 
  Otu00271 Bacteroidetes; Fut2 -/- dam 0.6367 0.0446 0.2022 
  Otu00325 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5976 0.0088 0.0812 
  Otu00330 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0200 0.1422 
  Otu00404 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.6506 0.0042 0.0790 
  Otu00431 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.5655 0.0298 0.1625 
  Otu00498 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.6131 0.0200 0.1422 
  Otu00517 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.5976 0.0075 0.0790 
  Otu00592 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0214 0.1422 
  Otu00631 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.6873 0.0027 0.0696 
  Otu00654 Proteobacteria;BetaproteoBurkholderiales;Sutterellaceae;Parasutterella; Fut2 -/- dam 0.5345 0.0243 0.1422 
  Otu00757 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.5058 0.0493 0.2022 
  Otu00813 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.5096 0.0354 0.1807 
  Otu00964 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5345 0.0203 0.1422 
  Otu00982 Proteobacteria;BetaproteoBurkholderiales;Sutterellaceae;Parasutterella; Fut2 -/- dam 0.5976 0.0069 0.0790 
  Otu01027 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5345 0.0203 0.1422 
  Otu01041 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.5976 0.0063 0.0790 
  Otu01308 Bacteroidetes;Bacteroidia;Bacteroidales; Fut2 -/- dam 0.5976 0.0075 0.0790 
  Otu01368 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 -/- dam 0.5345 0.0223 0.1422 
  Otu01467 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5345 0.0203 0.1422 
  Otu01591 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 -/- dam 0.5345 0.0225 0.1422 
  Otu02794 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.5345 0.0213 0.1422 
  Otu00005 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.8435 0.0023 0.0690 
  Otu00008 Proteobacteria;EpsilonproteoCampylobacterales;Helicobacteraceae;Helicobacter; Fut2 +/+ dam 0.7896 0.0072 0.0790 
  Otu00028 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.6500 0.0327 0.1744 
  Otu00031 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.7862 0.0032 0.0698 
  Otu00038 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.8322 0.0003 0.0144 
  Otu00051 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.8726 0.0003 0.0144 
  Otu00059 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.7325 0.0083 0.0797 
  Otu00065 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.5916 0.0243 0.1422 
  Otu00075 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae sedis; Fut2 +/+ dam 0.7948 0.0057 0.0790 
  Otu00101 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.5477 0.0495 0.2022 
  Otu00170 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.7231 0.0079 0.0790 



 

 

  Otu00185 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6861 0.0410 0.1968 
  Otu00192 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Proteiniphilum; Fut2 +/+ dam 0.5979 0.0366 0.1830 
  Otu00204 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.8367 0.0002 0.0144 
  Otu00224 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.7416 0.0013 0.0446 
  Otu00232 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6831 0.0341 0.1779 
  Otu00263 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.5916 0.0270 0.1507 
  Otu00310 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6319 0.0483 0.2022 
  Otu00448 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 +/+ dam 0.6410 0.0179 0.1422 
  Otu00491 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.6325 0.0113 0.1004 
  Otu00515 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;unclassified; Fut2 +/+ dam 0.6543 0.0438 0.2022 
  Otu00540 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Syntrophococcus; Fut2 +/+ dam 0.6708 0.0046 0.0790 
  Otu01198 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.5477 0.0462 0.2022 

5 Otu00029 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.7996 0.0081 0.1463 
  Otu00036 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.8149 0.0039 0.1320 
  Otu00044 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.7962 0.0011 0.0726 
  Otu00083 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.5345 0.0210 0.1643 
  Otu00130 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.7470 0.0120 0.1463 
  Otu00143 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.6561 0.0126 0.1463 
  Otu00148 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Fut2 -/- dam 0.7559 0.0001 0.0198 
  Otu00152 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.7087 0.0167 0.1574 
  Otu00264 Actinobacteria;Actinobacteria;Actinomycetales;Nocardiaceae;Millisia; Fut2 -/- dam 0.5976 0.0094 0.1463 
  Otu00291 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.6445 0.0068 0.1463 
  Otu00294 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Clostridium IV; Fut2 -/- dam 0.5976 0.0072 0.1463 
  Otu00325 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5891 0.0133 0.1463 
  Otu00374 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5655 0.0291 0.1746 
  Otu00376 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5345 0.0234 0.1643 
  Otu00484 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 -/- dam 0.5345 0.0204 0.1643 
  Otu00485 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5809 0.0144 0.1500 
  Otu00574 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5756 0.0237 0.1643 
  Otu00584 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 -/- dam 0.5655 0.0269 0.1664 
  Otu00021 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.9499 0.0011 0.0726 
  Otu00038 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.7745 0.0040 0.1320 
  Otu00053 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.7829 0.0189 0.1643 
  Otu00059 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.7187 0.0113 0.1463 
  Otu00065 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.6325 0.0166 0.1574 



 

 

  Otu00101 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.5916 0.0249 0.1643 
  Otu00104 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ dam 0.6129 0.0319 0.1858 
  Otu00160 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6831 0.0209 0.1643 
  Otu00165 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 +/+ dam 0.7227 0.0035 0.1320 
  Otu00177 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.5477 0.0476 0.2421 
  Otu00188 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ dam 0.7135 0.0128 0.1463 
  Otu00204 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6533 0.0368 0.2082 
  Otu00224 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.6325 0.0124 0.1463 
  Otu00228 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Marvinbryantia; Fut2 +/+ dam 0.6003 0.0384 0.2112 
  Otu00232 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.5916 0.0245 0.1643 
  Otu00320 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6325 0.0097 0.1463 
  Otu00350 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.6325 0.0115 0.1463 
  Otu00354 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.5916 0.0268 0.1664 
  Otu00449 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.5916 0.0249 0.1643 
  Otu00498 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ dam 0.5875 0.0473 0.2421 

11 Otu00071 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.8583 0.0003 0.0108 
  Otu00082 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae sedis; Fut2 -/- dam 0.5767 0.0478 0.2074 
  Otu00083 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.7559 0.0002 0.0108 
  Otu00090 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.6863 0.0175 0.1191 
  Otu00094 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5976 0.0072 0.0792 
  Otu00100 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5345 0.0225 0.1191 
  Otu00102 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.8406 0.0006 0.0163 
  Otu00104 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.8338 0.0002 0.0108 
  Otu00110 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.7496 0.0004 0.0124 
  Otu00111 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.7958 0.0017 0.0362 
  Otu00139 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.7895 0.0015 0.0362 
  Otu00143 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.8018 0.0001 0.0108 
  Otu00144 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.8321 0.0019 0.0362 
  Otu00152 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.7574 0.0111 0.0926 
  Otu00168 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5976 0.0072 0.0792 
  Otu00189 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.6547 0.0025 0.0417 
  Otu00225 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.7220 0.0286 0.1410 
  Otu00246 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 -/- dam 0.6313 0.0391 0.1844 
  Otu00268 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.8018 0.0001 0.0108 
  Otu00273 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.5976 0.0085 0.0838 



 

 

  Otu00294 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Clostridium IV; Fut2 -/- dam 0.5345 0.0210 0.1191 
  Otu00330 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5756 0.0157 0.1191 
  Otu00343 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Alkaliflexus; Fut2 -/- dam 0.6276 0.0500 0.2127 
  Otu00367 Actinobacteria;Actinobacteria;Actinomycetales;Nocardiaceae;Millisia; Fut2 -/- dam 0.5345 0.0232 0.1199 
  Otu00371 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0215 0.1191 
  Otu00457 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.6278 0.0102 0.0885 
  Otu00539 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.6547 0.0020 0.0362 
  Otu00566 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5976 0.0354 0.1707 
  Otu00574 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0207 0.1191 
  Otu00592 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0215 0.1191 
  Otu00600 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.5976 0.0067 0.0792 
  Otu00651 Bacteroidetes;Bacteroidia;Bacteroidales;unclassified;unclassified; Fut2 -/- dam 0.5976 0.0090 0.0849 
  Otu00866 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0206 0.1191 
  Otu00877 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.6742 0.0034 0.0492 
  Otu00989 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.5976 0.0073 0.0792 
  Otu01215 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.5345 0.0205 0.1191 
  Otu01308 Bacteroidetes;Bacteroidia;Bacteroidales; Fut2 -/- dam 0.5345 0.0202 0.1191 
  Otu01454 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5345 0.0202 0.1191 
  Otu01729 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 -/- dam 0.5345 0.0208 0.1191 
  Otu01886 Proteobacteria;AlphaproteoRhizobiales;Beijerinckiaceae;Methylovirgula; Fut2 -/- dam 0.5345 0.0225 0.1191 
  Otu00059 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.8062 0.0003 0.0108 
  Otu00088 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.7071 0.0044 0.0597 
  Otu00124 Proteobacteria;AlphaproteoRhizobiales;Hyphomicrobiaceae;Zhangella; Fut2 +/+ dam 0.6708 0.0100 0.0885 
  Otu00188 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ dam 0.6699 0.0432 0.1994 
  Otu00192 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Proteiniphilum; Fut2 +/+ dam 0.7654 0.0030 0.0465 
  Otu00287 Firmicutes;Clostridia;Clostridiales;Heliobacteriaceae;Heliobacillus; Fut2 +/+ dam 0.5916 0.0248 0.1251 
  Otu00296 Bacteroidetes; Fut2 +/+ dam 0.6325 0.0083 0.0838 
  Otu00320 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6431 0.0458 0.2028 
  Otu00347 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.5477 0.0450 0.2028 
  Otu00394 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.6862 0.0190 0.1191 
  Otu00423 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 +/+ dam 0.6325 0.0122 0.0980 

1-11 Otu00044 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.7035 0.0001 0.0011 
  Otu00047 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.4640 0.0266 0.0367 
  Otu00050 Proteobacteria;GammaproteoEnterobacteriales;Enterobacteriaceae;Escherichia/Shigella; Fut2 -/- dam 0.4636 0.0029 0.0062 
  Otu00071 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.6843 0.0002 0.0014 



 

 

  Otu00079 Proteobacteria;AlphaproteoRhodobacterales;Rhodobacteraceae;Pelagibaca; Fut2 -/- dam 0.4775 0.0211 0.0313 
  Otu00082 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiracea incertae sedis; Fut2 -/- dam 0.5647 0.0013 0.0035 
  Otu00083 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.5669 0.0001 0.0011 
  Otu00104 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5774 0.0028 0.0062 
  Otu00110 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5519 0.0009 0.0028 
  Otu00111 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.5787 0.0017 0.0043 
  Otu00143 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.6980 0.0001 0.0011 
  Otu00148 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Odoribacter; Fut2 -/- dam 0.5000 0.0001 0.0011 
  Otu00151 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Oscillibacter; Fut2 -/- dam 0.4444 0.0342 0.0447 
  Otu00152 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.6259 0.0002 0.0014 
  Otu00189 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.4867 0.0002 0.0014 
  Otu00206 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Clostridium XlVa; Fut2 -/- dam 0.4874 0.0027 0.0062 
  Otu00225 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.5878 0.0005 0.0021 
  Otu00243 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.6194 0.0002 0.0014 
  Otu00268 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.6376 0.0001 0.0011 
  Otu00291 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.5282 0.0040 0.0080 
  Otu00325 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 -/- dam 0.4665 0.0006 0.0023 
  Otu00330 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.4145 0.0094 0.0171 
  Otu00383 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Prevotella; Fut2 -/- dam 0.4298 0.0321 0.0431 
  Otu00486 Bacteroidetes;Bacteroidia;Bacteroidales; Fut2 -/- dam 0.4736 0.0033 0.0069 
  Otu00539 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.4866 0.0004 0.0021 
  Otu00544 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.4088 0.0358 0.0456 
  Otu00548 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.3665 0.0493 0.0575 
  Otu00554 Bacteroidetes; Fut2 -/- dam 0.4147 0.0251 0.0356 
  Otu00565 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 -/- dam 0.3814 0.0471 0.0563 
  Otu00592 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 -/- dam 0.4668 0.0006 0.0023 
  Otu00631 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 -/- dam 0.4381 0.0006 0.0023 
  Otu00652 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 -/- dam 0.3928 0.0456 0.0552 
  Otu00655 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 -/- dam 0.3878 0.0088 0.0163 
  Otu00683 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Barnesiella; Fut2 -/- dam 0.4011 0.0135 0.0220 
  Otu00038 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.7370 0.0001 0.0011 
  Otu00059 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.7963 0.0001 0.0011 
  Otu00066 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Acetitomaculum; Fut2 +/+ dam 0.4928 0.0009 0.0028 
  Otu00081 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.4455 0.0074 0.0145 
  Otu00101 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.5189 0.0003 0.0017 



 

 

  Otu00124 Proteobacteria;AlphaproteoRhizobiales;Hyphomicrobiaceae;Zhangella; Fut2 +/+ dam 0.5201 0.0002 0.0014 
  Otu00131 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;unclassified; Fut2 +/+ dam 0.5174 0.0009 0.0028 
  Otu00140 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Roseburia; Fut2 +/+ dam 0.4289 0.0197 0.0305 
  Otu00170 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.5596 0.0029 0.0062 
  Otu00177 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.5765 0.0005 0.0021 
  Otu00192 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Proteiniphilum; Fut2 +/+ dam 0.6256 0.0001 0.0011 
  Otu00201 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Oscillibacter; Fut2 +/+ dam 0.4330 0.0014 0.0037 
  Otu00204 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.6221 0.0005 0.0021 
  Otu00214 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.4183 0.0016 0.0041 
  Otu00224 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.5832 0.0003 0.0017 
  Otu00226 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Acetitomaculum; Fut2 +/+ dam 0.4094 0.0199 0.0305 
  Otu00228 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Marvinbryantia; Fut2 +/+ dam 0.5478 0.0022 0.0053 
  Otu00232 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.5936 0.0008 0.0027 
  Otu00252 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; Fut2 +/+ dam 0.5441 0.0013 0.0035 
  Otu00255 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Butyrivibrio; Fut2 +/+ dam 0.4472 0.0007 0.0025 
  Otu00263 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.5493 0.0008 0.0027 
  Otu00277 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Marvinbryantia; Fut2 +/+ dam 0.4207 0.0116 0.0199 
  Otu00326 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.4743 0.0003 0.0017 
  Otu00345 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.5381 0.0026 0.0061 
  Otu00350 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.5563 0.0011 0.0033 
  Otu00352 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.4974 0.0038 0.0078 
  Otu00354 Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; Fut2 +/+ dam 0.4853 0.0130 0.0220 
  Otu00368 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;unclassified; Fut2 +/+ dam 0.4483 0.0210 0.0313 
  Otu00375 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Oscillibacter; Fut2 +/+ dam 0.4330 0.0005 0.0021 
  Otu00392 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.4183 0.0021 0.0051 
  Otu00394 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Rikenella; Fut2 +/+ dam 0.4316 0.0175 0.0281 
  Otu00406 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.3916 0.0088 0.0163 
  Otu00412 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Roseburia; Fut2 +/+ dam 0.4330 0.0012 0.0035 
  Otu00468 Bacteroidetes;Bacteroidia;Bacteroidales;Prevotellaceae;Paraprevotella; Fut2 +/+ dam 0.3955 0.0483 0.0570 
  Otu00491 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsoniella; Fut2 +/+ dam 0.5000 0.0001 0.0011 
  Otu00515 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;unclassified; Fut2 +/+ dam 0.4478 0.0079 0.0152 
  Otu00531 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ dam 0.3515 0.0454 0.0552 
  Otu00536 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae; Fut2 +/+ dam 0.3888 0.0109 0.0194 
  Otu00538 Bacteroidetes;Bacteroidia;Bacteroidales; Fut2 +/+ dam 0.4008 0.0111 0.0194 
  Otu00540 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Syntrophococcus; Fut2 +/+ dam 0.4729 0.0005 0.0021 



 

 

  Otu00571 Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Meniscus; Fut2 +/+ dam 0.3715 0.0254 0.0356 
  Otu00573 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Tannerella; Fut2 +/+ dam 0.3498 0.0405 0.0502 
  Otu00576 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ dam 0.4144 0.0135 0.0220 
  Otu00582 Bacteroidetes; Fut2 +/+ dam 0.4099 0.0216 0.0316 
  Otu00586 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;unclassified; Fut2 +/+ dam 0.3779 0.0350 0.0451 
  Otu00609 Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Anaerophaga; Fut2 +/+ dam 0.3911 0.0187 0.0296 
  Otu00656 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.3985 0.0327 0.0433 
  Otu00657 Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter; Fut2 +/+ dam 0.3985 0.0320 0.0431 
  Otu00719 Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnobacterium; Fut2 +/+ dam 0.3758 0.0231 0.0333 
  Otu00750 Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae;Alistipes; Fut2 +/+ dam 0.3623 0.0380 0.0477 
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Table S6: Analysis of alpha diversity for each respective time point. 

Alpha diversity Time Model Factor DF F-Value P-Value 

Species Richness TP1 Intercept 1,2 204.763 <0.0001 
observed 

 
Fut2 2,2 2.472 0.1098 

  
 

Direction 1,8 4.258 0.0730 

  
 

Fut2:Direction 2,2 3.817 0.0394 

  TP3 Intercept 1,24 79.444 <0.0001 
  

 
Direction 1,8 4.032 0.0795 

  TP5* Intercept 1,24 260.387 <0.0001 
  

 
Direction 1,8 3.119 0.1154 

  TP11 Intercept 1,24 151.493 <0.0001 

Shannon Entropy TP1** Intercept 1,24 258.911 <0.0001 

  TP3 Intercept 1,22 1131.119 <0.0001 
  

 
Fut2 2,22 2.889 0.0769 

  TP5 Intercept 1,24 847.781 <0.0001 

  TP11 Intercept 1,22 1912.295 <0.0001 
  

 
Fut2 2,22 5.300 0.0132 

Net Relatedness  TP1 Intercept 1,24 24.167 0.0001 

Index (NRI) 
 

Direction 1,8 2.656 0.1418 

  TP3 Intercept 1,23 5.878 0.0236 

  
 

Secretor 1,23 3.323 0.0813 

  TP5 Intercept 1,24 5.109 0.0332 

  TP11 Intercept 1,24 0.321 0.5765 

Nearest Taxon TP1 Intercept 1,22 52.758 <0.0001 

Index (NTI) 
 

Secretor 1,22 0.029 0.8672 
  

 
Direction 1,8 16.269 0.0038 

  
 

Secretor:Direction 1,22 7.260 0.0132 

  TP3 Intercept 1,24 9.463 0.0052 

  TP5 Intercept 1,24 9.836 0.0045 

  
 

Direction 1,8 3.150 0.1138 

  TP11 Intercept 1,24 146.348 <0.0001 

* X1/2 transformed; ** X3 transformed 

 

 

Table S7: Analysis of alpha diversity for each respective location of the gastrointestinal tract. 

Alpha diversity Tissue Model Factors DF F-Value P-Value 

Species Richness Jejunum Intercept 1,21 102.78 < 0.0001 

observed Ileum Intercept 1,25 119.744 < 0.0001 

  
Direction 1,9 10.614 0.0099 

 
Cecum Intercept 1,27 331.427 < 0.0001 

 
Colon Intercept 1,26 347.451 < 0.0001 

Shannon Entropy Jejunum Intercept 1,21 1149.763 < 0.0001 

 
Ileum* Intercept 1,25 175.859 < 0.0001 

  
Direction 1,9 9.885 0.0119 

 
Cecum Intercept 1,27 2044.081 < 0.0001 

 
Colon* Intercept 1,26 224.544 < 0.0001 

Net Relatedness Index Jejunum Intercept 1,21 10.116 0.0045 
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(NRI) Ileum Intercept 1,25 32.91 < 0.0001 

  
Direction 1,9 2.85 0.1257 

 
Cecum Intercept 1,27 53.195 < 0.0001 

 
Colon Intercept 1,26 0.571 0.4568 

Nearest Taxon Index Jejunum Intercept 1,21 47.35 < 0.0001 
(NTI) 

 
Direction 1,8 3.712 0.0902 

 
Ileum Intercept 1,25 72.999 < 0.0001 

  
Direction 1,9 3.55 0.0922 

 
Cecum Intercept 1,27 14.791 0.0007 

 
Colon Intercept 1,26 133.855 < 0.0001 

* X2 transformed 

 



 

 

Table S8: Test for community difference between Fut2 genotype and breeding direction among fecal time points, based on shared abundance 

(Bray-Curtis), shared presence (Jaccard), the phylogenetic relatedness (unweighted UniFrac) and distribution of species (Euclidean/Redundancy 

Analysis). 

Distance Time point 1 F-Value P-Value R2 adj. R2 Time point 3 F-Value P-Value R2 adj. R2 

Bray-Curtis Fut2 0.912 0.7404 0.178 0.031 Fut2 0.9847 0.4970 0.176 0.029 

 
Direction 1.879 0.0024   Direction 1.8125 0.0006   

 
Fut2:Direction 1.178 0.1000   Fut2:Direction 1.0952 0.1684   

Jaccard Fut2 0.956 0.7428 0.163 0.014 Fut2 0.9911 0.5272 0.163 0.013 

 
Direction 1.433 0.0016   Direction 1.3665 0.0002   

 
Fut2:Direction 1.057 0.1696   Fut2:Direction 1.0415 0.1842   

UniFrac Fut2 0.962 0.5582 0.178 0.031 Fut2 1.0245 0.3548 0.167 0.019 

(unweighted) Direction 1.677 0.0096   Direction 1.6726 0.0044   

 
Fut2:Direction 1.230 0.0584   Fut2:Direction 0.9527 0.6246   

Redundancy Fut2 0.878 0.6994 0.193 0.049 Fut2 1.0875 0.2662 0.225 0.087 
Analysis Direction 2.323 0.0022   Direction 3.0691 0.0006   

 
Fut2:Direction 1.312 0.0822   Fut2:Direction 1.4402 0.0362   

Distance Time point 5 F-Value P-Value R2 adj. R2 Time point 11 F-Value P-Value R2 adj. R2 

Bray-Curtis Fut2 0.851 0.9712 0.165 0.016 Fut2 1.0775 0.1604 0.171 0.024 

 
Direction 1.586 0.0018   Direction 1.7021 0.0002   

 
Fut2:Direction 1.118 0.1070   Fut2:Direction 0.9679 0.6256   

Jaccard Fut2 0.922 0.9712 0.159 0.009 Fut2 1.0459 0.1326 0.162 0.013 

 
Direction 1.337 0.0006   Direction 1.3721 0.0002   

 
Fut2:Direction 1.058 0.1216   Fut2:Direction 0.9812 0.6610   

UniFrac Fut2 0.895 0.8618 0.166 0.018 Fut2 1.1230 0.0882 0.169 0.021 
(unweighted) Direction 1.597 0.0026   Direction 1.5453 0.0010   

 
Fut2:Direction 1.100 0.1588   Fut2:Direction 0.9570 0.6706   

Redundancy Fut2 0.837 0.8408 0.184 0.038 Fut2 1.0446 0.3312 0.163 0.013 
Analysis Direction 1.828 0.0086   Direction 1.6299 0.0178   

 
Fut2:Direction 1.406 0.0260   Fut2:Direction 0.8622 0.8200   

 



 

 

Table S9: Community differences of mucosal associated microbial communities between among genotypes and breeding directions, based on 

shared abundance (Bray-Curtis), shared presence (Jaccard), the phylogenetic relatedness (unweighted UniFrac) and distribution of species 

(Euclidean/Redundancy Analysis). 

Distance Jejunum F-Values P-Values R2 Ileum F-Values P-Values R2 

Bray-Curtis Fut2 1.015 0.3982 0.176 Fut2 1.015 0.3910 0.173 

 
Direction 1.424 0.0600  Direction 2.254 0.0010  

 
Fut2:Direction 0.945 0.5918  Fut2:Direction 1.002 0.4292  

Jaccard Fut2 1.009 0.3832 0.172 Fut2 0.973 0.5868 0.155 

 
Direction 1.278 0.0434  Direction 1.625 0.0002  

 
Fut2:Direction 0.938 0.7184  Fut2:Direction 0.967 0.6312  

UniFrac Fut2 0.939 0.6146 0.175 Fut2 0.963 0.5340 0.165 
(unweighted) Direction 1.441 0.0450  Direction 1.858 0.0060  

 
Fut2:Direction 0.999 0.4406  Fut2:Direction 1.075 0.2770  

Redundancy Fut2 0.974 0.4756 0.165 Fut2 1.497 0.1322 0.260 
Analysis Direction 1.360 0.1056  Direction 4.725 0.0020  

 
Fut2:Direction 0.807 0.8440  Fut2:Direction 1.421 0.1552  

Distance Cecum F-Values P-Values R2 Colon F-Values P-Values R2 

Bray-Curtis Fut2 0.994 0.5048 0.152 Fut2 0.914 0.8168 0.158 

 
Direction 1.792 0.0002  Direction 2.016 0.0002  

 
Fut2:Direction 0.973 0.6368  Fut2:Direction 0.976 0.5754  

Jaccard Fut2 0.984 0.6356 0.144 Fut2 0.955 0.7764 0.152 

 
Direction 1.433 0.0002  Direction 1.638 0.0002  

 
Fut2:Direction 0.991 0.5610  Fut2:Direction 0.994 0.5178  

UniFrac Fut2 0.927 0.8664 0.143 Fut2 0.943 0.7208 0.152 
(unweighted) Direction 1.551 0.0002  Direction 1.727 0.0002  

 
Fut2:Direction 0.966 0.6682  Fut2:Direction 0.980 0.5620  

Redundancy Fut2 1.221 0.0552 0.154 Fut2 0.882 0.6800 0.139 
Analysis Direction 1.588 0.0072  Direction 1.503 0.0600  

 
Fut2:Direction 0.889 0.7982  Fut2:Direction 0.871 0.7076  
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Table S10: Analysis of the single principle coordinates (all time points combined) according 

to the influence of Fut2 genotype, secretor status, and breeding direction. 

Metric Dimension Factors DF F-Value P-Value 

UniFrac PCo1 (8.745%) Direction 1,32 3.825 0.0593 

 
PCo2 (4.071%) Direction 1,32 7.421 0.0104 

  
Time point* (poly)# 2,98 14.691 < 0.0001 

  
Direction:Time point (poly) 2,98 4.641 0.0119 

Bray-Curtis PCo1 (4.460%) Fut2 2,28 0.524 0.5980 

  
Direction 1,28 17.659 0.0002 

  
Time span† (poly) 2,90 386.593 < 0.0001 

  
Fut2:Direction 2,28 2.701 0.0846 

  
Fut2:Time span (poly) 4,90 18.073 < 0.0001 

  
Direction:Time span (poly) 2,90 9.077 0.0003 

  
Fut2:Direction:Time span (poly) 4,90 6.071 0.0002 

 
PCo2 (3.821%) Secretor 1,32 0.174 0.6793 

  
Time point 1,100 54.477 < 0.0001 

  
Secretor:Time point 1,100 5.029 0.0271 

Jaccard PCo1 (3.324%) Direction 1,32 15.923 0.0004 

  
Time point (poly) 2,98 3.286 0.0415 

  
Direction:Time point (poly) 2,98 5.996 0.0035 

 
PCo2 (2.985%) Secretor 1,32 0.110 0.7423 

  
Time point 1,100 45.830 < 0.0001 

  
Secretor:Time point 1,100 6.060 0.0155 

Euclidean PC1 (12.401%) Fut2 2,28 1.546 0.2307 

  
Direction 1,28 14.928 0.0006 

  
Time point 1,98 90.423 < 0.0001 

  
Fut2:Direction 2,28 22.118 < 0.0001 

  
Direction:Time point 1,98 17.477 0.0001 

  
Fut2:Time point 2,98 7.167 0.0012 

 
PC2 (8.660%) Direction 1,32 10.006 0.0034 

* Time point- coded as order of observation (0-3); † Time span coded as time in weeks (0, 2, 

4, 10); # fitted as second order polynomial  
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Table S11: Association of network indices to the association strength to Fut2 genotype, 

secretor status, and breeding condition. 

   
Degree 

 Time point Association ρ P PHommel 

TP1 Fut2 -/- -0.0701406 0.4948025 0.6681699 
TP3  0.2953080 0.0208603 0.1251616 
TP5  0.3811911 0.0044570 0.0401132 

TP11  0.2841240 0.0433210 0.1993368 

TP1 Fut2 +/- -0.1428704 0.1627020 0.4881060 
TP3  0.3592057 0.0044691 0.0402220 
TP5  0.2792299 0.0408778 0.1993368 

TP11  0.3737919 0.0068936 0.0620428 

TP1 Fut2 +/+ -0.0440741 0.6681699 0.6681699 
TP3  0.2261119 0.0797347 0.3189389 
TP5  0.3138371 0.0208338 0.1250026 

TP11  0.4555520 0.0007818 0.0093822 

TP1 Non-secretor -0.0747999 0.4665131 0.4665131 
TP3  0.2962293 0.0204464 0.0613391 
TP5  0.3905822 0.0035006 0.0245039 

TP11  0.3136227 0.0250221 0.0750663 

TP1 Secretor -0.1258338 0.2193937 0.4387874 
TP3  0.3203014 0.0118505 0.0474021 
TP5  0.3222445 0.0174840 0.0524521 

TP11  0.4450805 0.0010657 0.0085255 

TP1 Fut2 -/- dam -0.0355422 0.7296274 0.7296274 
TP3  0.3481352 0.0059714 0.0358281 
TP5  0.3201075 0.0182887 0.0548661 

TP11  0.3493869 0.0119704 0.0478817 

TP1 Fut2 +/+ dam -0.1677084 0.1005950 0.2011900 
TP3  0.2830848 0.0270596 0.0811788 
TP5  0.3309004 0.0145255 0.0541192 

TP11  0.4625994 0.0006312 0.0050496 
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Table S12: Comparison of network disintegration (based on the number of subnetworks) 

between empirical and simulated random graphs via Kolmogorov-Smirnov test. 

  
Failure 

 
Attack 

 
Random graph model Time point D PBonferroni D PBonferroni 

Degree 1 0.07407 1.00000 0.62963 0.00018 
Sequence 3 0.08000 1.00000 0.16000 1.00000 
(similar degree distribution) 5 0.04545 1.00000 0.13636 1.00000 

 
11 0.68421 0.00062 0.78947 0.00006 

Barabási 1 1.00000 1.50364 × 10-11 1.00000 1.50364 × 10-11 
(power=1, same number 3 0.76000 1.00566 × 10-6 0.84000 1.74637 × 10-7 
of vertices) 5 0.72727 0.00003 0.81818 3.21452 × 10-6 

 
11 0.89474 1.59116 × 10-7 1.00000 4.48224 × 10-8 

Barabási 1 1.00000 1.50364 × 10-11 1.00000 1.50364 × 10-11 
(power=2, same number 3 0.76000 1.00566 × 10-6 1.00000 1.11104 × 10-10 
of vertices) 5 0.72727 0.00003 1.00000 2.23157 × 10-9 
 11 0.89474 1.59116 × 10-7 1.00000 4.48224 × 10-8 

Barabási 1 1.00000 1.50364 × 10-11 1.00000 1.50364 × 10-11 
(power=4, same number 3 0.76000 1.00566 × 10-6 1.00000 1.11104 × 10-10 
of vertices) 5 0.72727 0.00003 1.00000 2.23157 × 10-9 
 11 0.89474 1.59116 × 10-7 1.00000 4.48224 × 10-8 

Erdös-Renyi 1 1.00000 1.50364 × 10-11 0.70370 0.00001 
(similar number, of vertices 3 0.52000 0.00768 0.40000 0.14652 
and edges) 5 0.50000 0.02916 0.45455 0.08492 

 
11 0.31579 1.00000 0.42105 0.27554 

Small World 1 1.00000 1.50364 × 10-11 0.70370 0.00001 
(preferential  3 0.52000 0.00768 0.40000 0.14652 
reattachment k=0.6, 5 0.50000 0.02916 0.45455 0.08492 
similar number of vertices) 11 0.31579 1.00000 0.42105 0.27554 

Small World 1 1.00000 1.50364 × 10-11 0.70370 0.00001 
(preferential  3 0.52000 0.00768 0.40000 0.14652 
reattachment k=0.8, 5 0.50000 0.02916 0.40909 0.20141 
similar number of vertices) 11 0.31579 1.00000 0.42105 0.27554 

Power-law  1 0.96296 1.07064 × 10-10 0.70370 0.00001 
(degree distribution  3 0.44000 0.05935 0.28000 1.00000 
power=4, 5 0.40909 0.19739 0.31818 0.86150 
similar number of vertices) 11 0.26316 1.00000 0.47368 0.11262 

Power-law  1 1.00000 1.50364 × 10-11 0.70370 0.00001 
(degree distribution  3 0.48000 0.02246 0.36000 0.31329 
power=6, 5 0.45455 0.08019 0.45455 0.08492 
similar number of vertices) 11 0.26316 1.00000 0.42105 0.27554 

Power-law  1 1.00000 1.50364 × 10-11 0.70370 0.00001 
(degree distribution  3 0.52000 0.00768 0.40000 0.14652 
power=8, 5 0.50000 0.02916 0.45455 0.08492 
similar number of vertices) 11 0.26316 1.00000 0.42105 0.27554 

 

Supplementary references: 

1. Newman MEJ, Girvan M (2004) Finding and evaluating community structure  in networks. 

Physical Review E 69. 
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Chapter IV: Expression of the blood-group-related gene B4galnt2 

alters susceptibility to Salmonella infection 

Host pathogen co-evolution has shaped the expression and function of many genes, and not 

only limited to those with a direct link to the immune system. Blood group related antigens 

and their glycosyltransferases show strong signatures of balancing selection [265, 267, 268]. 

This conserved variation and the prominent role of glycans in cell-cell contact and cell 

physiology imply a role of these genes in host-pathogen recognition [404] and co-evolution 

[176, 177, 265]. A well-described example in humans is the polymorphism in the FUT2 gene 

(α-1,2-fucosyltransferase), which is described elsewhere in this thesis. Overall, host glycans 

contribute strongly to the intestinal microenvironment for symbiotic microbes by providing 

carbohydrate sources or attachment sites [221, 395, 405], but in the same way also mediate 

pathogenic interactions [406, 407]. 

Mice show a naturally occurring polymorphism in a cis-regulatory region of the 

B4galnt2 gene, altering its expression and repertoire of glycosylation targets. This variation 

has been maintained in the mouse lineage for several million years [267]. Intestinal 

expression of the blood group glycosyltransferase β-1,4-N-acetylgalactosaminyltransferase 2 

(B4galnt2) is conserved across vertebrate species [270] and directs the biosynthesis of a 

carbohydrate antigen similar to blood group A, termed Sd(a) / LewisX [269]. However, mice 

possess an allele that confers a tissue specific switch of B4galnt2 expression from gut to 

blood vessels [271] that leads to aberrant glycosylation of the vascular coagulation factor von 

Willebrand factor. This allele is termed “Modifier of von Willebrand Factor-1” (Mvwf1) [273] 

and leads to an accelerated clearance of von Willebrand factor and prolonged bleeding. 

Mvwf1 was first described in the RIIIS/J inbred mouse strain [273]. Subsequent studies 

revealed common RIIIS/J-like B4galnt2 alleles that facilitate a tissue-specific expression 

switch from gut (epithelial) to blood vessel (endothelial) expression in wild mouse populations 

and species, maintained for millions of years [267]. This points towards a protective role in 

pathogen resistance that may compensate the effects of prolonged bleeding [268]. A role of 

B4galnt2 modified glycans in host-microbe interactions is supported by observations of 

community alterations in the intestinal microbiota in B4galnt2 deficient mice [274]. 

To investigate the role of B4galnt2 expression in the context of intestinal infection and 

its interaction with the microbial community, we challenged mice expressing B4galnt2 in 

various tissue-specific patterns with the intestinal pathogen Salmonella enterica serovar 

Typhimurium (S. Typhimurium). Examining histological and molecular markers of 

inflammation along with bacterial profiles before and during S. Typhimurium infection, we 

observed compositional changes of the intestinal microbiota according to the expression of 
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B4galnt2 glycans. Mice deficient in intestinal B4galnt2 expression developed significantly 

less inflammation after S. Typhimurium infection, in concert with reduced induction of pro-

inflammatory cytokine expression and infiltration of immune cells. B4galnt2 associated 

intestinal microbial community profiles were further predictive of susceptibility to 

S. Typhimurium infection. Furthermore, we find that vascular B4galnt2 expression leads to 

decreased Salmonella colonization and increased inflammatory cytokine expression. The 

effect of B4galnt2 gut expression on the microbial community was further transferable to wild 

type gnotobiotic mice (B4galnt2 +/+), which reduced the inflammatory response after 

S. Typhimurium infection in mice which received a B4galnt2 -/- fecal microbiome. 

In conclusion, this study provides insight into the physiological role of B4galnt2 

expression and a potential trade off scenario occurring in the wild, centered on the relative 

fitness costs of extended bleeding after injuries and decreased susceptibility to intestinal 

infection. 

 

Publications: 

Rausch P, Steck N, Suwandi A, Seidel J, Künzel S, Bhullar K, Basic M, Bleich A, Johnsen J, 

Vallance B, Baines J, Grassl G. (2015). Expression of the blood-group-related gene B4galnt2 

alters susceptibility to Salmonella infection. 

Accepted at Plos Pathogens 
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Abstract 

Glycans play important roles in host-microbe interactions. Tissue-specific expression 

patterns of the blood group glycosyltransferase β-1,4-N-acetylgalactosaminyltransferase 2 

(B4galnt2) are variable in wild mouse populations, and loss of B4galnt2 expression is 

associated with altered intestinal microbiota. We hypothesized that variation in B4galnt2 

expression alters susceptibility to intestinal pathogens. To test this, we challenged mice 

genetically engineered to express different B4galnt2 tissue-specific patterns with a 

Salmonella Typhimurium infection model. We found B4galnt2 intestinal expression was 

strongly associated with bacterial community composition and increased Salmonella 

susceptibility as evidenced by increased intestinal inflammatory cytokines and infiltrating 

immune cells. Fecal transfer experiments demonstrated a crucial role of the B4galnt2-

dependent microbiota in conferring susceptibility to intestinal inflammation, while epithelial 

B4galnt2 expression facilitated epithelial invasion of S. Typhimurium. These data support a 

critical role for B4galnt2 in gastrointestinal infections. We speculate that B4galnt2-specific 

differences in host susceptibility to intestinal pathogens underlie the strong signatures of 

balancing selection observed at the B4galnt2 locus in wild mouse populations. 

  

Author Summary 

Human blood groups are among the oldest known genetic polymorphisms. It has been 

proposed that blood group variation is a byproduct of pathogen-driven selection, including in 

the gastrointestinal tract where blood-group-related genes are often variably expressed. The 

B4galnt2 gene is responsible for the synthesis of the Sd(a)/Cad carbohydrate blood group 

antigen and displays variable tissue-specific expression patterns in wild mouse populations. 

Using an established model for Salmonella Typhimurium induced colitis, we found that loss 

of B4galnt2 expression in the intestinal epithelium decreases susceptibility to infection. 

These effects were strongly associated with the influence of B4galnt2 expression on the 

intestinal microbiota, whereby microbial diversity prior to infection was highly predictive of 

inflammation and resistance to Salmonella Typhimurium infection. Additionally, B4galnt2 

expression in blood vessels also distinctly influenced intestinal phenotypes and Salmonella 

susceptibility. These data lend new insights into bacterial community diversity as an 

“extended phenotype” that can be mediated by host genetic variation at blood-group-related 

genes. This work further provides strong experimental evidence in support of a scenario of 

complex selection on the B4galnt2 tissue-specific expression variants via host-microbe 

relationships and susceptibility to infectious disease. 
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Introduction 

The luminal surface of the intestinal mucosa is covered by distinct layers of highly 

glycosylated mucus that form a physical barrier between the intestinal microbial community 

and the host’s tissues. In addition to their important roles in host metabolism and signaling, 

glycans are known to contribute to the composition and physiology of the intestinal 

microbiota, thereby playing an important role in regulating microbe-host interactions [1]. Host 

glycans can contribute to a beneficial microenvironment for symbiotic microbes by providing 

carbohydrate sources or by serving as attachment sites [1-3], but glycans can in the same 

way also mediate pathogenic interactions [4, 5]. The patterns of intestinal carbohydrate 

structures, which vary along sites of the gastrointestinal tract, are the product of a 

combination of host glycosyltransferase expression programs as well as microbial influences 

[6, 7]. 

The genes responsible for synthesizing carbohydrate blood group antigens frequently 

display signatures of balancing selection and are implicated in the co-evolution of hosts and 

their pathogens [8]. A well-described example is the FUT2 gene, which encodes an α-1,2-

fucosyltransferase that directs the expression of the H antigen in mucosal tissues and bodily 

secretions. Homozygosity for loss-of-function FUT2 mutations leads to loss of expression of 

ABO and H blood group glycans in secretions and is known as the “nonsecretor” phenotype, 

which is common in human populations [9]. Nonsecretor status has been implicated as a 

detrimental genetic risk factor for inflammatory disorders such as Crohn’s disease [10] and 

primary sclerosing cholangitis [11], while being positively associated with resistance to 

intestinal pathogens [12-14]. Glycosylation of the epithelium has recently been recognized as 

a direct immune cell mediated response to infection as a means to restore the protective 

functions of the microbial community and to ensure tissue homeostasis [15-17]. Glycans can 

also mediate host species preferences among pathogens, for example the presence of 

particular Helicobacter species in the canine gastric mucosa [18]. 

Gastrointestinal (GI) expression of the blood group glycosyltransferase β-1,4-N-

acetylgalactosaminyltransferase 2 (B4galnt2), which directs biosynthesis of a carbohydrate 

antigen similar to blood group A termed the Sd(a) [19] is conserved across vertebrates [20]. 

However, in mice there is a common allele which confers a tissue specific switch in B4galnt2 

expression from gut to blood vessels [21]. This allele is termed “Modifier of von Willebrand 

Factor-1” (Mvwf1) [22] because B4galnt2 vascular expression leads to aberrant glycosylation 

of the vascular-derived blood coagulation factor von Willebrand factor (VWF), resulting in 

accelerated VWF clearance from circulation [23]. Mvwf1 was first described in the RIIIS/J 

inbred mouse strain [22], and subsequent studies revealed RIIIS/J-like B4galnt2 alleles, 

which confer the B4galnt2 tissue-specific switch from gut (epithelial) to blood vessel 
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(endothelial) expression, to be common in wild mouse populations [24]. Further, this variation 

appears to have been maintained in the mouse lineage for several million years despite the 

presumed detrimental effect of prolonged bleeding time, possibly due to a protective role in 

host-pathogen interactions [25]. A role for B4galnt2-glycans in intestinal host-microbe 

interactions is supported by the observation of significant alterations in the intestinal 

microbiota in B4galnt2-deficient mice [26]. Taken together, the prevalence of alleles 

conferring the tissue-specific switch in B4galnt2 expression in mice, the strong signatures of 

selection observed at the B4galnt2 locus in wild mouse populations and the altered resident 

microbiota found in B4galnt2-deficient mice support the hypothesis that variant tissue-

specific B4galnt2 expression alters susceptibility to enteric infections in mice. 

To investigate the role of variant host B4galnt2 expression in the context of intestinal 

infection, we challenged mice engineered to express B4galnt2 in various tissue-specific 

patterns with a mouse model of the intestinal pathogen Salmonella enterica serovar 

Typhimurium (S. Typhimurium). Prior to- and during the course of infection, we examined 

histological and molecular markers of inflammation along with bacterial community profiles. 

We found that the composition of the intestinal microbiota was consistently influenced by the 

expression of B4galnt2-glycans, and that B4galnt2-associated intestinal microbial community 

profiles were predictive of- and responsible for susceptibility to S. Typhimurium infection. We 

demonstrate that mice deficient in intestinal B4galnt2 expression developed significantly less 

pathology after S. Typhimurium infection, in concert with attenuated induction of pro-

inflammatory cytokines and infiltration of immune cells. Furthermore, we find that vascular 

B4galnt2 expression leads to decreased Salmonella colonization and increased inflammatory 

cytokine expression. Overall, our study elucidates a new role for this key host carbohydrate 

blood group antigen in the interplay between the host, commensals, and susceptibility to 

pathogen infections. 

 

Results 

B4galnt2 expression influences susceptibility to S. Typhimurium-induced colitis 

To test the hypothesis that expression of intestinal B4galnt2 glycans influences host 

susceptibility to enteric pathogens, we used an established model for S. Typhimurium 

induced colitis [27]. Mice were bred to carry the desired combinations of alleles which 

express B4galnt2 in the intestinal epithelium (“B6”: referring to the endogenous C57BL6/J 

allele), vascular endothelium (“RIII”: referring to the RIIIS/J-derived Mvwf1 bacterial artificial 

chromosome transgene [21]), or lack a functional B4galnt2 gene due to a targeted knock-out 

allele (“B6 -/-”: referring to the B4galnt2 knock-out [23]). Twenty-four hours after streptomycin 
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pre-treatment, mice were orally infected with S. Typhimurium SL1344 (“acute” infection, 

examined after 24 hours [28]) or the attenuated ΔaroA mutant (“chronic” infection, examined 

after 14 days [29]). None of the animals showed signs of inflammation or other pathology 

prior to infection. After infection in both the acute and chronic Salmonella models, mice 

expressing B4galnt2 in the intestinal epithelium (B6 +/- / RIII - and B6 +/- / RIII +) exhibited 

higher numbers of detached epithelial cells and neutrophils within the cecal lumen, increased 

inflammatory cell infiltration [29, 30] within the intestinal mucosa, and worsened submucosal 

edema in the ceca (Figure 1A). The dramatic reduction of cecum weight in infected B6 +/- 

mice compared to B6 -/- mice in acute Salmonella infection one day post infection (p.i.) 

indicated more severe disease [27] (Figure 1B). Accordingly, mice that did not express 

B4galnt2 in the intestinal epithelium (B6 -/-) developed significantly less cecal inflammation in 

both the acute and chronic infection model (Figure 1C). 

In order to evaluate Salmonella colonization, colony forming units (CFUs) were 

quantified from homogenized ceca. While Salmonella burdens were comparable between 

different B4galnt2 intestinal epithelial-expressing genotypes (B6), RIII + (B4galnt2-endothelial 

expressing) animals exhibited lower Salmonella colonization in the acute Salmonella 

infections (Figure 1D). These results demonstrate a significant influence of intestinal 

epithelial B4galnt2 expression on susceptibility to Salmonella-induced colitis, and an 

independent effect of vessel-specific B4galnt2 expression on Salmonella burden. In contrast, 

infection of mice without prior streptomycin treatment resulted in equal bacterial organ 

colonization, organ weights, and elicited no intestinal inflammation regardless of the 

genotype of mice (Figure S1). Due to the marked differences between mouse B4galnt2 

genotypes in the acute infection model, we performed further studies only in this model. 

B4galnt2-GalNAc residues have been shown to be detectable on the apical surface of 

intestinal epithelial cells [23, 26]. Immunohistochemical co-staining with Dolichos biflorus 

agglutinin (DBA) specifically detecting B4galnt2-derived β-1-4 linked GalNAc residues [21, 

23] and MUCIN 2 (MUC2), the major secreted mucus protein in the large intestine, 

demonstrated a partial co-localization in goblet cells (Figure 2A, S2A). While MUC2 is 

considered to be glycosylated by B4GALNT2 [31], GalNAc residues were also detected in 

the intestinal mucosa of Muc2-deficient mice (Figure S2B), indicating the presence of other 

B4GALNT2-glycosylated substrates such as glycolipids [32, 33] and other glycoproteins [34-

36]. To determine if B4galnt2-mediated glycosylation altered overall mucus thickness, which 

could make it easier for bacteria to cross the mucus layer and reach the epithelium, intestinal 

tissue of uninfected mice were fixed with Carnoy’s fixative, stained with alcian blue and the 

thickness of the dense inner mucus layer was determined. Although mucus thickness was 

not significantly affected by the lack of intestinal B4galnt2 expression (B6 -/-), it did show 



Chapter IV 

215 

slight differences between RIII + and RIII - (Figure 2B and 2C). Furthermore, less DBA lectin 

staining was observed in the cecal mucosa of S. Typhimurium infected mice on day one p.i. 

compared to uninfected mice (Figure 2D). In contrast to the DBA staining (GalNAc), the 

detection of N-Acetylglucosamine (GlcNAc) residues recognized by Wheat Germ Agglutinin 

(WGA) showed no clear difference after infection, suggesting the alteration of mucosal DBA 

lectin-reactive carbohydrate profiles that occur in response to S. Typhimurium infection did 

not affect substrates glycosylated by WGA-reactive GlcNAc (Figure 2D). B4galnt2 gene 

expression was also down regulated upon infection (Figure 2E) which further corroborates 

the lectin staining results. 

To test the direct effect of B4galnt2 expression on Salmonella’s interaction with the 

cecal epithelium, we performed both FISH staining of cecal sections 1 day p.i. as well as in 

vitro experiments with the intestinal epithelial Mode-K cell line and siRNA-mediated 

knockdown of B4galnt2 expression. Bacteria were stained by FISH using the Gam42a probe, 

which stains γ-Proteobacteria. In our experience virtually all Gam42a positive bacteria 

reaching the tissue in the streptomycin model at day 1 p.i. are Salmonella. Bacteria were 

counted if they were adherent to epithelial cells or invaded into the tissue in ten high power 

fields per cecal section. While adherent Salmonella were not significantly different in B6 +/- 

mice compared to B6 -/- mice, significantly more Salmonella were found to have invaded into 

the tissue of B6 +/- mice (Figure 3A). To further investigate whether B4galnt2 expression 

influences the interaction of Salmonella with epithelial cells, we used the intestinal epithelial 

Mode-K cell line and siRNA-mediated knockdown of B4galnt2 (knockdown efficiency: 96%; 

Figure 3B). Adhesion and invasion assays showed that knockdown of B4galnt2 expression 

does not significantly influence adhesion of Salmonella to epithelial cells (Figure 3C). 

However, invasion of S. Typhimurium into B4galnt2-expressing cells is slightly, but 

significantly increased relative to B4galnt2-knockdown cells (Figure 3C). This data shows 

that epithelial expression of B4galnt2- both in vitro and in vivo- directly facilitates invasion by 

Salmonella. 

Intestinal epithelial B4galnt2 glycans are associated with elevated cytokine levels and 

higher numbers of inflammatory/immune cells after S. Typhimurium-induced colitis  

We analyzed the transcript levels of pro-inflammatory cytokine genes in cecal tissues both 

prior to and after S. Typhimurium infection, focusing on those cytokines known to be induced 

early in Salmonella-triggered inflammation and associated with control of infection [37, 38]. 

The transcripts for the cytokines Tumor necrosis factor-α (Tnf-α), Interleukin-6 (Il-6), 

Interferon-γ (Ifn-γ) and Monocyte chemotactic protein-1 (Mcp-1) were elevated in all mice 

after infection, but to a significantly higher degree in B6 +/- mice compared to B6 -/- mice one 

day p.i. (Figure 4A-D; Tnf-α: Z=-2.123, P=0.0336; Il-6: Z=-2.458, P=0.0138; Ifn-γ: Z=-2.417, 
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P=0.0147; Mcp-1: Z=-2.219, P=0.0261; Wilcoxon test via Monte-Carlo resampling). Protein 

levels of Lipocalin-2 (LCN-2), a molecule implicated in antimicrobial defense and innate 

immunity [39, 40], were also increased in cecal tissue homogenates in B6 +/- mice compared 

to B6 -/- mice after infection (Figure 4E, Table S1). Furthermore, vascular endothelial 

B4galnt2 expressing animals (RIII +) exhibited increased Il-6 expression (Z=-1.932, 

P=0.0528), but decreased LCN-2 production (Table S1), suggesting a role for vascular 

B4galnt2 expression in the host immune response to intestinal infection (Figure 3). 

We also analyzed cecal tissue sections for the presence of cells positive for CD68, 

which is strongly expressed by monocytes and macrophages, and CD3, which is expressed 

on mature T cells. Immunohistochemical staining and subsequent quantification of cell 

numbers revealed no difference in cell numbers according to endothelial (RIII +) B4galnt2 

expression, but significantly fewer CD68 + and CD3 + cells were observed in the cecal tissues 

of B6 -/- mice (Figure 5A, B, S3A, Table S1) after infection. The presence of neutrophils was 

further investigated by myeloperoxidase (MPO) staining. In line with our previous results, B6 -

/- had fewer MPO positive cells in the intestinal mucosa (lumen and edema) compared to 

B6 +/- mice (Figure 4C, S3B) one day p.i., which was further quantified by the relative 

fluorescence signal intensity (P=0.0001; Figure 4D, Table S1). Overall, we detected 

differences in the abundance of CD68 + and CD3 + cells after infection with respect to the 

expression of B4galnt2 in the intestinal epithelium, but almost no differences with respect to 

vascular endothelial expression. 

Bacterial diversity within and between mice is influenced by intestinal epithelial 

expression of B4galnt2 

To examine the effect of B4galnt2 genotype on the intestinal microbiota in the context of 

infection, pyrosequencing of the 16S rRNA gene in fecal samples was performed for each 

individual before and after streptomycin treatment, and after S. Typhimurium infection. This 

resulted in a total of 122,818 sequences, with an average of 998.52 ± 13.49 SD reads per 

sample after normalization (Good’s coverage of OTUs: 92.46 ± 9.05% SD). 

To obtain a detailed picture of the interaction of microbial communities with host 

factors, we first assessed within-sample (alpha) diversity at multiple complementary levels 

including species richness (Chao1), distribution (Shannon H), and two phylogenetic 

measures including Nearest Taxon Distance (NTI) and the Net Relatedness Index (NRI) [41]. 

Species diversity within and between bacterial communities was strongly influenced by the 

administration of streptomycin and S. Typhimurium (Figure S4). Prior to streptomycin 

treatment and infection, the richness and evenness of operational taxonomic units (OTUs) 

show no significant differences according to B4galnt2 genotype (Figure 6A, 6B Table 1) in 
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concordance with the results of Staubach et al. [26]. Phylogenetic clustering among close 

relatives (NTI) is significantly increased in animals with B4galnt2 expression in the 

endothelium (RIII +), while clustering of large phylogenetic groups (NRI) shows no 

discernable patterns (Figure S5, Table 1). 

After S. Typhimurium infection, the number of species and the evenness of their 

distribution showed a clear decrease with inflammation (Figure 6C, S5C). Phylogenetic 

clustering of deep branches, on the other hand, is only weakly influenced by genotype and 

inflammation after S. Typhimurium infection (Figure S5E, Table 1), while terminal 

phylogenetic clustering (NTI) shows a strong negative correlation to inflammation (Figure S5, 

Table 1). In addition, the abundance of S. Typhimurium detected by 16S rRNA gene 

sequencing is influenced by B6- and RIII genotype, especially the low abundance observed 

in the RIII +/B6 -/- genotype (Figure S6), which is consistent with the observations based on 

colony forming units (Figure 1D; see above). 

Next, we attempted to determine which aspects of microbial communities may be 

associated with infection susceptibility by correlating diversity measurements prior to 

antibiotic treatment to the outcome of infection (inflammation score, S. Typhimurium load). 

Species richness, distribution, and the amount of phylogenetic clustering displayed a 

significant relationship to the severity of infection outcome, whereby pathology is predicted 

with relatively high power (Table 2). Furthermore, epithelial B4galnt2 expression (i.e. B6) 

significantly increases predictive power (Figure 6D, Figure S7) and may therefore be an 

important factor modifying the involvement of the microbiota during pathogenesis. 

Specifically, species loss (ΔChao1) caused by the streptomycin and S. Typhimurium 

infection, which is higher in phylogenetically clustered and species rich communities 

(ΔChao1~NTI before infection, ρ=-0.4216, P=0.006435, ΔChao1~Chao1 before infection, ρ=-

0.9854, P < 2.2 × 10-16; Spearman rank correlation) may explain why high species diversity 

before treatment is correlated to a high inflammatory response (Table 2). Community 

resistance, measured here as the community turnover (Δ unweighted UniFrac) between the 

pre- and post-infection time points, is higher in B6 -/- mice (i.e. lower Δ unweighted UniFrac; 

Figure 6E) and shows a strong positive correlation with inflammation and species diversity 

(Figure 6F, G, Figure S8, Table S2). Interestingly, the community turnover between the 

untreated and streptomycin treated communities (before infection) is not associated to the 

final Salmonella load or severity of inflammation. Thus, B4galnt2 expression in the gut 

epithelium influences the diversity and resistance of bacterial communities, which in turn is 

associated with the outcome of infection. Furthermore, these results also underscore the 

metastable character of highly diverse communities, as was already implied by May in 1972 

[42]. 



Chapter IV 

218 

To infer whether differences between the bacterial communities of mice with different 

B4galnt2 expression patterns may contribute to susceptibility, we performed beta diversity 

analyses. Accordingly, diversity between communities was measured based on different 

characteristics in untreated animals, including OTU- presence/absence (Jaccard/JA), -

abundance (Bray-Curtis/BC) and -distribution (Redundancy Analysis/RDA), in addition to the 

presence/absence- (unweighted UniFrac/UW-UF)) and abundance of phylogenetic branches 

(weighted UniFrac/W-UF). This yielded similar community differences with respect to B6 

genotype in nearly all measures (Figure 7A, Figure S9, Table S3) and importantly, confirms 

the previous findings of Staubach et al. 2012 [26] with the current cohort of mice, which were 

re-derived and housed in a different animal facility. In addition, the bacterial communities 

among B6 +/- animals displayed far less inter-individual variation in their community 

composition than B6 -/- animals (Figure S9, S10). 

Differences in community structure after S. Typhimurium infection were also 

evaluated and correlated with inflammation score as an additional variable. This showed that 

differences in communities with respect to B4galnt2 genotype are also present after infection. 

Furthermore, the communities changed their species composition with increasing 

inflammation, which appeared to be most prominent in the microbiota of B6 +/- animals (RDA: 

B6-F1,38=3.4908, P=0.0022, inflammation- F1,38=5.0547, P=0.0002, adjusted R2=0.1406; 

Figure 7B, Figure S8, Table S3). Lastly, the inter-individual distance among B6 -/- also 

remained higher after S. Typhimurium infection (Figure S9, S10). 

Indicator species and genera characterize the bacterial communities according to 

intestinal epithelial expression of B4galnt2. 

To investigate the drivers of community differentiation between B4galnt2 genotypes, we 

employed indicator species analysis. Before treatment and subsequent infection, several 

genera and species were associated with B4galnt2 expression (B6 +/-) in the gut, including 

members of the Bacteroidales (Bacteroides, Prevotella, Prevotellaceae) and Parasutterella 

(Proteobacteria), while Turicibacter (Firmicutes) and other members of the Bacteroidales 

(Barnesiella, Porphyromonas, Porphyromonadaceae) were indicative of mice lacking 

B4galnt2 expression in the gut (B6 -/-; Figure 7C, D, Table S4, Table S5). In addition, 

Turicibacter, Erysipelotrichaceae, and Marvinbryantia (Firmicutes) are associated to 

endothelial expression of B4galnt2 glycans (RIII +; Figure 7C, D, Table S4). To further 

understand the nature of potential interactions among indicator taxa, we performed a 

targeted correlation network analysis using Spearman rank correlations of the indicator 

genera to the remaining community members. Interestingly, the genera displaying differential 

preferences with respect to B4galnt2 genotype were also negatively correlated with one 

another, suggesting competitive exclusion mediated by the presence/absence of B4galnt2 
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glycans (Turicibacter-Bacteroides: ρ=-0.485, P=0.0013; Turicibacter-uncl. Prevotellaceae: 

ρ=-0.447, P=0.0034). Further, only Turicibacter, which is an indicator for the lack of B4galnt2 

expression in the gut, is directly correlated to the indicators of B6 +/- genotype while 

uncl. Porphyromonadaceae (B6 -/- indicator) are only associated to Turicibacter abundance 

(Figure 8A). Through this analysis we additionally found Parabacteroides as negatively 

associated to Bacteroides and Prevotellaceae, suggesting either competition for B4galnt2 

glycans or a secondary indicator for their absence (Figure 8A, Table S6). Furthermore, we 

detected associations of taxa post infection, such as an overabundance of Salmonella and 

Cyanobacteria in B6 +/-, and uncl. Bacteroidales and uncl. Firmicutes in B6 -/- mice. 

Interestingly, we found taxa associated to B4galnt2 expression in the gut overlapping with a 

previous study by Staubach et al. (2012), such as Barnesiella and Porphyromonadaceae 

(Table S4, S5) [26], which further strengthens the evidence for interactions with B4galnt2 

given the independence of these cohorts of mice (see above). Lastly, we explored the 

dataset for individual taxon associations with inflammation, revealing Turicibacter and 

Salmonella to be positively associated to inflammation, potentially benefiting from the 

inflammatory reactions at the epithelial barrier. Other indicators for the absence of B4galnt2 

glycans like Parabacteroides or Prophyromonadaceae, however, decline with increasing 

inflammation (Table S7). Only the uncl. Erysipelotrichaceae, which are secondary indicators 

for the absence of B4galnt2 glycans in the epithelium (see Figure 8A, Table S6, S7), are 

potential probiotic bacteria whose abundance prior to treatment decreases with inflammation 

(ρ=-0.320, P=0.0417). The analysis of the complete co-occurrence network revealed strong 

dependencies among community members before treatment (Figure 8B). Specifically, we 

found a higher incidence of weak negative interactions (competition), and a low number of 

very strong positive interactions (Figure 8B). The co-occurrence network after 

S. Typhimurium infection shows a comparable distribution of positive and negative 

interactions, as observed before infection (Figure S11A). Further, it reveals the widespread 

impact of Salmonella (indicator of B6 +/-) on the microbial community, as its position is highly 

central and strongly influences several other highly integrated parts of the community (Figure 

S11B). 

Increased susceptibility of B6 +/- mice to S. Typhimurium triggered inflammation is 

dependent on microbiota composition. 

In order to determine whether the microbiota composition contributes to the elevated 

susceptibility of B6 +/- mice to inflammation, we transplanted feces from B6 +/- and B6 -/- donor 

mice into germfree C57BL/6J (B6 +/+) recipient mice. 21 days post fecal transplantation, mice 

were treated with streptomycin and 24 hours later infected with S. Typhimurium. Cecum 

weight and S. Typhimurium colonization (CFU count) do not differ significantly between the 
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fecal donor genotypes (Figure 9A, 9B, and 9C). However, the extent of tissue inflammation 

caused by S. Typhimurium infection was significantly lower in mice transplanted with 

microbiota from B6 -/- mice due to decreased mucosal damage and decreased submucosal 

edema (Figure 9A and 9D). These results demonstrate that the differences in microbiota 

composition from B6 +/- and B6 -/- mice are responsible for the lower susceptibility of B6 -/- 

mice to Salmonella induced inflammation. 

 

Discussion 

Infectious diseases are one of the strongest selective forces on many levels of biological 

complexity. Over time, a steady cycle of adaptation and counter-adaptation has left 

molecular traces in the genomes of many organisms including humans [43]. The most 

prominently affected members are genes associated with the immune system, e.g. MHC 

[44], however, others including blood-group-related genes display similar signatures of 

selection [3, 8, 45-47]. In this study, we investigated intestinal infection as a potential driver 

of selection at B4galnt2 observed in the wild by studying the effect of variant tissue-specific 

expression of B4galnt2 on host-microbiota interactions and susceptibility to intestinal 

infection with Salmonella. This revealed strong evidence for the influence of B4galnt2-

specific host glycosylation on microbial community composition and a role in pathogen 

resistance. 

Our experiments revealed less intestinal pathology, lower inflammatory responses, 

and changes in microbial community structure and composition in animals lacking B4galnt2 

expression in their intestinal epithelium. Host mucosal glycans can directly interact with the 

microbiota by serving as specific attachment sites or as nutrient sources for some 

microorganisms. Thus, host mucosal carbohydrates can influence, directly and indirectly, the 

establishment of overlapping competitive niches, which serve as a barrier against potential 

pathogens (i.e. “colonization resistance”) [48, 49]. We found B4galnt2-expression-dependent 

characteristics of the intestinal microbiota, such as species and phylogenetic diversity, which 

predict the colonization success of S. Typhimurium and the severity of the accompanying 

intestinal inflammation. In our experiment, species-rich and phylogenetically clustered 

microbial communities appear to be more vulnerable to Salmonella infection, and ultimately 

inflammation. Before the seminal works of May and others [42, 50, 51], high diversity habitats 

were synonymous with high stability and productivity [52, 53]. However, the diversity-stability 

debate remains unresolved [54-56]. High diversity only has a stabilizing effect if reactions of 

community members are asynchronous, which balances the reduction of one species by the 

complementary increase of other community members [57-59]. This “portfolio”- [60] or 
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“insurance” effect [61] dampens perturbations by a release of inter-species competition, or by 

differential susceptibility to the environmental stressors [54]. Diverse communities also 

exhibit an intrinsically higher tendency of community change, as a large number of species 

(especially rare species) are prone to becoming lost through environmental perturbation and 

stochastic events due to their limited relative abundance [62]. This is observed in e.g. 

grassland communities, where compositional instability increases with community diversity 

[63]. Thus, the comparably high number of strong positive interactions in the bacterial 

communities of this study (see Figure 8B) may therefore explain the tendency of exacerbated 

species loss and inflammation after disturbance, as the stabilizing effects of competitive 

release are lower [57, 60, 64, 65]. Furthermore, evolutionary relatedness among community 

members has a strong influence on community reactions and productivity. Closely related 

species (e.g. phylogenetically clustered) presumably overlap in their niches and functional 

capacities [66, 67] and react in similar ways to environmental stressors, which dampens the 

insurance effect (i.e. “negative insurance effect”) as observed in the investigated microbial 

communities [68, 69]. 

Antibiotic treatment usually has long lasting effects, but previous studies show that a 

certain degree of resilience occurs through short-term repopulation of dormant bacteria [49, 

70]. The disturbance in microbial communities appears to be buffered in mice not expressing 

B4galnt2 glycans in the epithelium, possibly by conferring “colonization resistance” via a 

higher potential to compete with invading Salmonella and by dampening the effects of 

community disturbance [67, 71, 72]. Thus, in the context of a diminished and disturbed 

microbial community after streptomycin treatment [73], it is likely that the more 

resilient/resistant communities in B4galnt2 -/- mice maintain a greater potential for rapid 

recovery [48, 70, 74]. We further postulate that B4galnt2 genotype-dependent host-microbe 

interactions modulate the host’s immune response, contributing to less severe pathology and 

increased pathogen clearance in mice lacking intestinal epithelial B4galnt2 expression. 

Commensal gut bacteria benefit from the intestinal mucus and its diverse glycan 

residues, as they offer a complex repertoire of binding sites and carbohydrate sources 

independent of the host diet [1, 3, 75, 76]. The indicator species identified for mucosal 

B4galnt2 expression, Prevotella and Bacteroides, are known to digest and bind a large 

spectrum of glycans [77]. These bacteria of high metabolic potential show signs of niche 

competition with the genus Turicibacter, an indicator for B4galnt2-deficient mice. 

Turicibacter, e.g. Turicibacter sanguinis, is a known member of the human and murine gut 

microbiome, but can only utilize a narrow range of carbohydrates [78]. As suggested by 

Dimitriu et al. (2013) [79], the trade-off between low metabolic capacity and competitive 

abilities [78, 80] with the potential for fast colonization might explain the association of 
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Turicibacter with B6 -/- mice and the co-increase with S. Typhimurium [81-83]. It was also 

suggested that Turicibacter possesses immune modulatory characteristics (increasing iNK T 

cell, and marginal zone B cell abundance [84]), and may thus help to lower the susceptibility 

to gut inflammation in B6 -/- compared to B6 +/- mice in the face of equivalent Salmonella 

burdens [79]. However, Turicibacter could also benefit from existing tissue inflammation, as 

several genomic features such as laminin, internalin, or a collagen binding pilus allow this 

genus to act as an opportunistic pathogen, and thus explain its association with tissue 

inflammation [78, 80]. Similarly, Barnesiella shows repeated association to the absence of 

B4galnt2 glycans [26]. This genus has the potential to counteract inflammatory responses 

and thus appears to play a central role in the gut microbiome [85]. 

 Co-staining of MUC2 and DBA lectin demonstrated a partial co-localization in goblet 

cells, suggesting that MUC2 is glycosylated by B4GALNT2 in agreement with previously 

published data [31]. However, B4galnt2 glycans were also detectable in the cecal mucosa of 

Muc2-deficient mice (Figure 2A, Figure S2A), indicating additional intestinal targets of 

B4GALNT2 glycosylation. Other glycosylation targets for B4GALNT2 are Sd(a)/Cad 

antigens, which have been shown to be present in colonic mucins [34, 36], glycolipids and 

glycoproteins [32, 33, 35, 86]. Intestinal mucin glycans, including blood group α-1-2 

fucosylated receptors, have been proposed as attachment sites for Salmonella [87, 88], but 

Salmonella does not appear to directly bind B4galnt2-GalNAc residues in vitro [4]. The 

glycan profile may also change in animals not expressing B4galnt2 in addition to the lack of 

β1-4-GalNac residues/Sd(a), whereby the increase or decrease of other residues may offer 

new nutrient sources or attachment sites for bacteria or immune cells [35, 89]. Nevertheless, 

we found slightly increased invasion into epithelial cells in vivo and in vitro when B4galnt2 is 

expressed. However, our fecal transfer experiments demonstrate that the altered bacterial 

community of B6 -/- mice confers resistance towards Salmonella induced inflammation. Thus, 

it is likely that indirect mechanisms, such as the microbial community and its capability of 

glycan liberation, subsequent changes in nutrient or microbe abundances [90] and the type 

of interactions [72], are responsible for the higher susceptibility of mice expressing B4galnt2 

in the intestinal epithelium to S. Typhimurium infection.  

Our study reveals an increased production of pro-inflammatory mediators, higher 

numbers of immune/inflammatory cells, and more severe colitis after S. Typhimurium 

infection in the ceca of mice expressing B4galnt2 in the intestinal epithelium. Although 

endothelial B4galnt2 expression did not impact the development of colitis as judged by 

histology, RIII + mice had lower pathogen burden in the cecum and lower levels of Mcp-1 and 

LCN-2 compared to RIII - mice, supporting a role for vascular B4galnt2 in host immune 

defense in the face of intestinal pathogens. Functionally, carbohydrate differentiation 
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antigens play an important role in the homing and differentiation of intraepithelial 

lymphocytes in the small intestine, indicating a plausible phenotype that may result from the 

expression of B4galnt2 in endothelial cells [91-94]. The recruitment of neutrophils and CD3 + 

cells [35], as well as leukocyte infiltration, were reported to be influenced through the 

glycosylation of selectin receptors [95] and could be associated with the elimination of 

carbohydrate ligands for selectins. B4galnt2 expression in gastrointestinal cancers has been 

shown to reduce metastatic dissemination, adding to the role of the Sd(a) antigen in cell 

motility [96, 97]. Further studies focusing on the role of endothelial B4galnt2 expression are 

needed to understand the impact of B4galnt2-GalNAc residues in host immune responses 

and its potential role for homing of immune cells to the intestine. 

In summary, we demonstrate that different patterns of tissue-specific B4galnt2 

expression not only influence intestinal microbial communities, but also change host 

susceptibility and immunological responses to S. Typhimurium infection [45, 98]. Thus, a 

complex scenario including B4galnt2-dependent changes in microbial communities, vascular 

immune phenotypes, bleeding tendencies and susceptibility to intestinal infections likely 

contributes to the maintenance of variation at B4galnt2 in wild mouse populations. 

 

Material & Methods 

Animal models of variant B4galnt2 tissue-specific expression: All genetically engineered 

mouse lines used in the study were backcrossed >20 generations to a C57BL/6J background 

prior to breeding of the experimental animals. C57BL/6J (B6 +/+) mice were purchased from 

The Jackson Laboratory. Mice heterozygous for the B4galnt2 knock-out allele (B6 +/-) [23] 

and RIIIS/J-B4galnt2 BAC transgenic (RIII +) mice which exhibit the Mvwf1 phenotype [21] 

were re-derived at the University Clinic Eppendorf, Hamburg, Germany. Intercross of B6 +/- × 

B6 +/-RIII + generated heterozygous B6 +/-/RIII +, B6 -/-/RIII +, B6 +/-/RIII - and B6 -/-/RIII - 

offspring, which were raised and housed together as littermates under specific pathogen-free 

conditions in individually ventilated cages at the animal facility of the University of Kiel, 

Germany. Standard chow (ssniff, Soest, Germany) and water were provided ad libitum. 

Germ-free C57BL/6J mice were produced at the gnotobiotic facility of the Hannover Medical 

School. Experiments were conducted in the animal facility of the Leibniz Research Center 

Borstel, Germany and at the animal facility of University Hospital Schleswig-Holstein Kiel. 

Ethics statement: All experiments were conducted consistent with the ethical requirements 

of the Animal Care Committee of the Ministry of Energy, Agriculture, the Environment and 

Rural Areas of Schleswig-Holstein, Germany and in direct accordance with the German 

Animal Protection Law. The protocols were approved by the Ministry of Energy, Agriculture, 



Chapter IV 

224 

the Environment and Rural Areas of Schleswig-Holstein, Germany (Protocol: V312-

72241.123-3 and V312-7224.123-3). 

Salmonella infection of mice: Streptomycin (20mg per mouse) (Sigma-Aldrich, Hamburg, 

Germany) was given by oral gavage to mice aged 10-14 weeks. 24 hours after antibiotic 

administration, mice were infected with either S. Typhimurium SL1344 (acute infection; [28]) 

or the attenuated S. Typhimurium ∆aroA (chronic infection; [29]) at a dose of 3 × 106 bacteria 

in 100 µL HEPES buffer (100 mM, pH 8.0; PAA, Cölbe, Germany). Control mice (mock-

infection) were given 100 µL HEPES buffer. Bacterial loads were determined by plating serial 

dilutions of homogenized organs on Luria Bertani agar (Roth, Karlsruhe, Germany) 

containing streptomycin (100 µg/mL). 

siRNA knockdown and tissue culture infections: Mouse intestinal epithelial Mode-K cells 

were grown in DMEM supplemented with 5% fetal bovine serum (Biochrom, Berlin, 

Germany) and 1% HEPES (GE Healthcare, Frankfurt, Germany). For the siRNA knockdown 

of B4galnt2 1×105 cells per well were seeded in a 24 well plate containing 10nM siRNA and 

lipofectamine (Life Technologies, Darmstadt, Germany) according to manufacturer’s 

instructions for reverse transfection. As a negative control cells were treated with scrambled 

siRNA. 24h post transfection cells were infected with an MOI 50 of wildtype S. Typhimurium 

grown to late-logarithmic phase. 30 min p.i., cells were washed and extracellular bacteria 

were killed by addition of medium containing gentamicin (100 µg/ml). Cells were lysed at 

various timepoints (30 min, 1 h and 4 h) and the number of adherent and invaded bacteria 

was determined by plating serial dilutions. 

Fluorescence in situ Hybridization (FISH) Staining: Cecal tissues were fixed in Carnoy’s 

fixative overnight, embedded in paraffin, and then cut in 5 µm sections on glass slides. 

Sections were deparaffinized and incubated with a Texas red-conjugated EUB338 general 

bacterial probe (GCTGCCTCCCGTAGGAGT) and an AlexaFluor 488 conjugated Gam42a 

probe (GCCTTCCCACATCGTTT) that recognizes bacteria that belong to the γ-

Proteobacteria class (37°C, O/N, dark). Tissue samples were washed with hybridization 

buffer (0.9 M NaCl, 0.1 M Tris pH 7.2, 0.1% SDS). This step was repeated with FISH 

Washing Buffer (0.9 M NaCl, 0.1 M Tris pH 7.2) with gentle shaking for 15 minutes. Sections 

were washed with water and mounted using Prolong GOLD with DAPI (Molecular Probes) 

and imaged using an AxioImager microscope equipped with an AxioCam HRm camera 

operating through AxioVision software. High power field (HPF) (630X) was used for 

enumerating intracellular and extracellular S. Typhimurium. 

Staining of acidic mucus and mucus thickness: Carnoy’s-fixed paraffin-embedded 

tissues were sectioned (5 µm), deparaffinized, and stained with 1% Alcian Blue (Sigma-
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Aldrich, Hamburg, Germany) solution (in 1% acetic acid) for 10 min, counterstained in 

nuclear fast red solution (1%), dehydrated, and mounted for examination. Photographs were 

taken at an original magnification of 100× and mucus thickness was measured at six random 

locations per section using NIS-Element Software (Nikon, Dusseldorf, Germany). 

Fecal transplantation experiments: Fresh feces from B6 +/- or B6 -/- mice was sampled and 

immediately homogenized (1:10 w/v) in transfer buffer (sterile phosphate buffered saline 

containing 0.05% cysteine HCl (Sigma-Aldrich)). After centrifugation, the supernatant was 

collected and 200 µL were orally gavaged into germ-free adult C57BL/6J recipient mice. 21 

days post transplantation mice were treated with streptomycin and 24 hours later infected 

with S. Typhimurium. 

Histopathological analysis: Tissues were fixed in 10% neutral buffered formalin overnight 

and embedded in paraffin. 5 µm sections were deparaffinized and stained with haematoxylin 

and eosine (H&E). Histological scores in the ceca of infected mice were determined as 

previously described [30]. Briefly, pathological changes were assessed by evaluating various 

parameters such as presence of luminal cells, infiltrating immune cells, crypt abscesses and 

the formation of edema in the respective layer of the intestinal bowel wall including the 

surface epithelium, mucosa and submucosa. details 

Immunohistochemistry: Formalin fixed tissue sections (5 µm) were deparaffinized and 

rehydrated. After antigen retrieval with 10 mM sodium citrate buffer (pH 6.0) and blocking 

with 2% normal goat serum, specimens were incubated with antibodies specific for 

S. Typhimurium (Clone B395M, Dunn Laboratories, Asbach, Germany), CD3 (Abcam, 

Cambridge, UK), CD68 (Abcam, Cambridge, UK), myeloperoxidase (MPO) (Thermo Fisher 

Scientific, Schwerte, Germany), and MUC2 (Santa Cruz, Dallas, TX, USA) followed by 

fluorescently labeled secondary antibodies (Molecular Probes, Invitrogen, Carlsbad, CA, 

USA) or with fluorescently labelled DBA (dolichus biflorus agglutinin) and WGA (wheat germ 

agglutinin) lectins (Vector laboratories, Burlingame, CA, USA). Counterstaining of nuclei was 

performed using 4,6-Diamidin-2-phenylindol (DAPI) (Invitrogen, Carlsbad, CA, USA). Images 

were obtained using a Leica SP5 confocal microscope (Leica, Wetzlar, Germany). 

Lipocalin-2 enzyme-linked immunosorbent assay (ELISA): Lipocalin-2 concentrations in 

the supernatant of tissue homogenates were determined with a mouse specific ELISA 

Development Kit by R&D Systems (R&D Systems, Wiesbaden, Germany) according to the 

manufacturer’s instructions. 

Real-time quantitative polymerase chain reaction (RT-qPCR): RNA was extracted from 

cecal tips by using the High Pure RNA Tissue Kit (Roche Diagnostics, Mannheim, Germany) 

and reverse transcription was conducted with the Transcriptor High Fidelity cDNA Synthesis 
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Kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer’s instructions. 

RT-qPCR was performed with Quantitect SYBR-Green Mastermix (QIAGEN, Hilden, 

Germany) for the following genes: Ifn-γ, fw TCAAGTGGCATAGATGTGGAAGAA, rev 

TGGCTCTGCAGGATTTTCATG; Tnf-α,fw CCACCACGCTCTTCTGTCTAC, rev 

AGGGTCTGGGCCATAGAACT; Il-6, fw GAGGATACCACTCCCAACAGACC, rev 

AAGTGCATCATCGTTGTTCATACA; Mcp-1, fw CCTGCTGTTCACAGTTGCC, rev 

ATTGGGATCATCTTGCTGGT; B4galnt2, fw TGGCAAGTCCTACCATGAGG, rev 

GTCTGCAGAAGTGGCTGGA; Gapdh, fw ATTGTCAGCAATGCATCCTG, rev 

ATGGACTGTGGTCATGAGCC; Hprt, fw AGTGTTGGATACAGGCCAGAC, rev 

CGTGATTCAAATCCCTGAAGT. Relative gene expression was calculated using geNORM 

and the 2-∆∆Ct method, with Gapdh and Hprt as housekeeping genes [99]. 

DNA extraction and 16S rRNA gene sequencing: DNA was extracted from fecal samples 

(stored at -80°C) using the PowerSoil® DNA Isolation Kit (MO Bio Laboratories, Carlsbad, 

CA) following the manufacturer’s protocol. The 16S rRNA gene was amplified using 

barcoded primers flanking the V1 and V2 hypervariable regions (27F-338R) and were 

sequenced following the methods describe in Rausch et al. 2011 [100]. 

Sequence processing and quality control: Raw sequences were trimmed by mothur 

1.31.2 requiring no ambiguous bases, a mean quality score within a window of 50 base pairs 

of ≥35 and a minimum length of 200 nucleotides for the coupled V1-V2 region [101]. 

Chimeric sequences were determined using USEARCH 4.25 (database informed UCHIME 

algorithm) [102]. Sequences were confirmed as bacterial using the RDP classifier with ≥ 60% 

bootstrap threshold [103]. For all downstream analyses of diversity and habitat association, 

we took a random subset of 1000 sequences per sample to normalize the read distribution 

(Good’s Coverage; no treatment: 85.67 ± 6.61% SD; Streptomycin: 97.38 ± 3.13% SD; 

S. Typhimurium: 98.36 ± 1.74% SD). These sequences were aligned to the curated SILVA 

seed database using the NAST alignment procedure as implemented in mothur and 

subsequently OTU binning was carried out via average distance clustering [104]. 

Phylogenetic tree construction on representative OTU sequences (average distant sequence 

of the OTU) was done by FastTree 2.1 using the CAT substitution model with gamma 

correction [105]. Raw sequence data can be accessed online under the accession number 

PRJEB5269 at the European Nucleotide Archive. 

Statistical analysis: Species diversity indices (Chao1 species richness, Shannon-Weaver 

index), as well as the phylogenetic distance at the tips of the phylogenetic tree (Nearest 

Taxon Index, NTI) and its deep branches (Net Relatedness Index ,NRI) were calculated in R 

[106-108]. The phylogenetic measures of beta diversity (unweighted- and weighted UniFrac) 

and metrics based on shared OTU presence (Jaccard) or abundance (Bray-Curtis) were 
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calculated in “vegan” [109-111]. Statistical analysis of community composition based on 

different beta diversity metrics was performed with Principal Coordinate Analysis (PCoA) and 

non-parametric multivariate analysis of variance and multivariate dispersion as implemented 

in the “vegan” package for R with 105 permutations. For constrained ordination (Redundancy 

Analysis) the OTU table was Hellinger-transformed and RDA was carried out following 

Legendre and Legendre [112]. Significance of factors and axes was ascertained using a 

permutative ANOVA approach (5000 permutations). Linear mixed models (LMM, cage as 

random factor) were applied to alpha diversity measures and optimized with model selection 

by AIC criterion, normality of model residuals and refitting of the final model under Restricted 

Maximum Likelihood (REML) [113]. The R2 values of the final mixed model were calculated 

using the MuMIN package for R [114, 115]. Lipocalin-2 levels, fluorescence signals, 

inflammation scores, CFU counts, and cecum weights were analyzed in a Linear model 

framework with parameter selection to minimize the AIC value and no significant reduction of 

fit. For the comparison of expression values among genotypes we employed a Wilcoxon test 

with Monte-Carlo resampling [116]. Salmonella counts (Gam24a + cells) in Mode-K cell 

cultures were analyzed using an LMM with the independent rounds of experiments as 

random factor to incorporate experimental variation. Indicator species analysis was based on 

105 permutations using the indicator value to assess the association for each taxon [117]. All 

P-values of the genera and OTU associations were adjusted by the Benjamini-Hochberg 

procedure. Taxon co-occurence networks were calculated by SPARCC based on 105 

permutations and significant associations (P < 0.05) were included in the network 

construction [118]. 
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Figures 

 

 

Figure 1: Tissue-specific expression of B4galnt2 glycans influence susceptibility to 

S. Typhimurium-induced colitis. Mice were treated with streptomycin 24 h prior to infection 
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with S. Typhimurium strain SL1344 for 24 h (acute) or with the attenuated strain 

S. Typhimurium ∆aroA for 14 days (chronic). (A) B4galnt2 expression phenotype is 

characterized by GalNAc residues, stained for by Dolichus biflorus agglutinin (DBA). H&E 

staining of cecal sections illustrated higher numbers of cells in the lumen (L), an increased 

influx of inflammatory cells to mucosa (M) and submucosa (Sm), epithelial cell desquamation 

and the formation of submucosal edema (E) upon infection with S. Typhimurium (bar=100 

µm). (B) Cecal weight indicated a significant influence of intestinal B4galnt2 glycans on 

S. Typhimurium induced colitis in the acute model (B6: F1,49=8.709, P=0.0048; Linear model). 

(C) Histological scoring revealed higher inflammation in B6 +/- compared to B6 -/- mice (B6: 

F1,49=13.242, P=0.0007; Linear model of X4 transformed inflammation scores). (D) Intestinal 

S. Typhimurium colonization was determined in tissue homogenates (RIII: F1,49=10.537, 

P=0.0021; Linear model of log(CFU)). Data are presented as mean ± SEM, N=9-19 per 

group in the acute model, N=5-7 in the chronic model (# P<0.100, * P<0.050, ** P<0.010, *** 

P<0.001). 
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Figure 2: B4galnt2 glycosylation in S. Typhimurium-induced colitis. (A) MUC2 (red) and 

DBA lectin (green) staining in formalin fixed cecal tissue sections (B) Acidic mucus was 

stained with alcian blue in Carnoy’s-fixed tissue sections (bar=20 µm). (C) Mucus thickness 

was determined at five different regions within one animal from which mean values were 

analysed (N=3-5; Z=-1.807, P=0.0816; Wilcoxon test via Monte-Carlo resampling). (D) 

B4galnt2 glycan residues (GalNAc) were stained with fluorescein labeled DBA (green) in 

formalin fixed cecal tissue sections before and 1 day p.i. with S. Typhimurium. GlcNAc 

residues were stained with Alexa633 labeled Wheat Germ Agglutinin (WGA) (red). (E) 

Relative expression of B4galnt2 before and after infection with S. Typhimurium showing 
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significant differences between B6 and RIII genotypes before infection (B6: F1,17=0.216, 

P=0.64779; RIII: F1,17=23.959, P=0.00014; B6/RIII: F1,17=7.687, P=0.01304 [pairwise 

comparisons- B6 -/-/RIII +|B6 -/-/RIII -: P=0.00018, B6 +/-/RIII +|B6 -/-/RIII -: P=0.08626, B6 -/-

/RIII +|B6 +/-/RIII -: P=0.02673]; Linear model and Tukey post-hoc test) and B6 genotype 

differences after infection (F1,53=11.787, P=0.001165). Infection has additional influence on 

B4galnt2 expression (Z=5.268, P<0.00001, Wilcoxon test via Monte-Carlo resampling), 

which is also genotype specific (B6 +/-/RIII +: Z=2.6458, PBonferroni=0.01192, B6 +/-/RIII -: 

Z=2.6122, PBonferroni=0.02832; B6 -/-/RIII +: Z=3.5496, PBonferroni=0.00016, B6 -/-/RIII -: Z=2.0642, 

PBonferroni=0.16132; Wilcoxon test via Monte-Carlo resampling; # P<0.100, * P<0.050, ** 

P<0.010, *** P<0.001; error bars indicate SEM). 

 

 

 

Figure 3: Epithelial B4galnt2-expression increases invasion by S. Typhimurium. (A) 

Carnoy’s fixed cecal sections were stained by FISH (Gam42a probe) to visualize bacteria. 

Measurement of Salmonella adherence (t2.286=-1.349, P=0.2954, unpaired t-test) and mucosa 

invasion (t2.430=-3.681, P=0.0491; bacterial counts in 10 high power fields per individual, N=3; 

unpaired t-test). (B) B4galnt2 expression in Mode-K cells after transfection with B4galnt2 

specific siRNA and scrambled siRNA relative to untreated cells (t3.025=-3.3601, P=0.0432; 

unpaired t-test). (C) Salmonella invasion of Mode-K cell cultures transfected with B4galnt2 

specific and scrambled siRNA, infected with S. Typhimurium. There is no significant effect of 

B4galnt2 expression for adhesion of the bacteria to Mode-K cells (0.5 h: F1,14=3.133, 

P=0.0985; LMM with experiment as random factor; see “Statistical anaysis”), while invasion 

of S. Typhimurium into Mode-K cells expressing B4galnt2 was slightly better than into cells 

with B4galnt2 knockdown (1 h: F1,14=7.644, P=0.0152, 4 h: F1,14=26.336, P=0.0002; LMM 

with experiment as random factor; # P<0.100, * P<0.050, ** P<0.010, *** P<0.001; error bars 

indicate SEM). 
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Figure 4: B4galnt2-dependent immune response after S. Typhimurium infection. (A-D) 

Relative gene expression of Tnf-α, Il-6, Inf-γ and Mcp-1 was determined by RT-qPCR 

analysis. Values were normalized to Gapdh and Hprt and calculated as fold expression 

compared to the non-infected samples of each respective genotype. (E) Lipocalin-2 levels 
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were measured by ELISA in supernatants of cecal homogenates (N=3-11 per group) before- 

and one day p.i. with S. Typhimurium, showing a clear increase with infection (Z=-2.219, 

P=0.0261; Wilcoxon test via Monte-Carlo resampling) and differences between B6 and RIII 

genotypes (Table S1, # P<0.100, * P<0.050, ** P<0.010, *** P<0.001; error bars indicate 

SEM). 

 

 

 

Figure 5: B4galnt2-dependent infiltration of immune cells after S. Typhimurium 

infection. (A and B) Immunofluorescence staining and enumeration of positive cells per 

vision field showed that B6 +/- mice have higher numbers of CD68 (red) and CD3 (white) 

positive cells in the cecal mucosa 1 day p.i. (N=5-7). Nuclei were stained with DAPI (blue) 

and B4galnt2 glycans by using fluorescein labeled DBA (green). (C) Myeloperoxidase (MPO) 
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positive cells (white) and S. Typhimurium (red) were determined by immunofluorescence 

staining. (D) MPO signal in lumen and edema was quantified and expressed as relative 

fluorescence units (RFU) (N=7; Linear model; # P<0.100, * P<0.050, ** P<0.010, *** 

P<0.001, error bars indicate SEM). 
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Figure 6: Analysis of microbial alpha diversity among genotypes and their association 

with intestinal inflammation. Microbial diversity was estimated from 97% species level 

OTUs and focused on the mean species richness (A; Chao1), and mean abundance based 

diversity (B; Shannon H), in the untreated animals. (C) The bacterial species richness is (i) 
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decreasing with increasing inflammation (F1,22=14.2123, P=0.0011; LMM), (ii) but highly 

predictive of inflammation with differences among B4galnt2 genotypes (D; Chao1 

F1,21=9.8274, P=0.005, B6: F1,21=9.2976, P=0.0061, see also Table 2). The predictive power 

of alpha diversity for the outcome of infection is significantly improved by incorporating the 

B6 genotype (Chao1: R2
adjusted=0,320, ΔAIC=-5.936, LR=7.9360, PLR-Test=0.0048; Shannon H: 

R2
adjusted=0,271, ΔAIC=-6.1811, LR=8.1811, PLR-Test=0.0042; NTI: R2

adjusted=0.2625, ΔAIC=-

8.8842, LR=10.8842, PLR-Test=0.001). The turnover of bacterial communities (Δ unweighted 

UniFrac) over the course of the experiment is strongest in animals expressing B4galnt2 in 

the epithelium (E; Z=-2.3213, P=0.01978; Wilcoxon test via Monte-Carlo resampling), and is 

highest in animals with strong inflammation (F; ρ=0.5894, P=0.00005; Spearman rank 

correlation). The community disturbance is also highest in animals with a high species 

richness before treatment (G; ρ=0.6040, P=0.000042; Spearman rank correlation; # P<0.100, 

* P<0.050, ** P<0.010, *** P<0.001, error bars indicate SEM; only results of best models are 

shown and pairwise tests are indicated). 
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Figure 7: Treatment wise Principle Coordinate Analysis (unweighted UniFrac) of 

untreated- and S. Typhimurium inoculated mice and distribution of indicator bacteria 

among mice. The significant sample clusters and correlations are shown, displaying a 

strong influence of epithelial B4galnt2 expression on the microbial community composition 

(no treatment (A): R2=0.1480, P=0.0019; Salmonella treatment (B): B6: R2=0.0607, 

P=0.08669, RIII: R2=0.0781, P=0.040, inflammation: R2=0.5531, P<0.0001). Abundance 

distribution of indicator genera before (C) and after S. Typhimurium infection (D) for B4galnt2 

gut expression among mice. 
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Figure 8: Targeted co-occurrence network analysis of indicator genera and overall 

network analysis. (A) Indicator genera for B6 genotypes were correlated to abundances of 

the remaining community members to investigate proximate interactions among indicator 

genera and the surrounding community (interactions are Spearman correlations see Table 

S6; square - B6 +/- indicator, rectangle - B6 -/- indicator, circle - no indicator/neutral). (B) 

Microbial co-occurrence network based on genera abundances (only significant associations 

shown), with indicator species highlighted. Microbial communities show significant higher 

interaction strength among positive interactions (i.e. potential mutualistic; SPF: W=489396, 

P < 2.20 × 10-16; Wilcoxon test). However, the higher frequency of negative weak interactions 

overall has a stabilizing effect preventing the communities from collapsing (positive/negative 

interactions=0.482; # P<0.100, * P<0.050, ** P<0.010, *** P<0.001). 
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Figure 9: B4galnt2-dependent microbiota composition is responsible for enhanced 

susceptibility to inflammation. (A) Representative H&E staining of cecal sections with 

higher number of luminal cells (L), increased influx of inflammatory cell populations into the 

mucosa (M) and epithelial cell desquamation and submucosal edema (E) upon infection with 

S. Typhimurium (bar=100 µm). (B) Cecum weight (Z=1.087, P=0.3013, (C) and Salmonella 

abundance in the cecum (Z=0.447, P=0.7098) do not differ between donor genotypes (N=7 

infected and N=3 uninfected controls per donor genotype). (D) Histological inflammation is 

significantly reduced in mice that received a B6 -/- microbiome (Z=-2.074, P=0.0459; 

Wilcoxon test via Monte-Carlo resampling, # P<0.100, * P<0.050, ** P<0.010, *** P<0.001, 

error bars indicate SEM).  
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Tables 

Table 1: Results of the alpha diversity analyses before and after infection with S. 

Typhimurium (best models after REML fitting). 

Time point Metric Factor DF F-value P-value Adjusted R
2
 

before Shannon H (X
2
) Intercept 1,22 38.7456 <0.0001 0.0354 

treatment 
 

RIII 1,22 1.6823 0.2081 
 

 
Chao1 Intercept 1,23 95.9510 <0.0001 0.0737 

  
Gender 1,13 3.0484 0.1044 

 
 NRI Intercept 1,23 50.9385 <0.0001 0.0239 

  Gender 1,13 1.1028 0.3128  

 
NTI Intercept 1,22 365.5594 <0.0001 0.1234 

  
RIII 1,22 5.3731 0.0301 

 
1 d.p.i. Shannon H Intercept 1,22 126.3060 <0.0001 0.2538 

  
Inflammation 1,22 13.7716 0.0012 

 

 
Chao1 (X

1/2
) Intercept 1,22 101.5123 <0.0001 0.2644 

  
Inflammation 1,22 14.2123 0.0011 

 

 
NRI Intercept 1,18 123.7569 <0.0001 0.2019 

  
RIII 1,18 1.9857 0.1758 

 

  
poly(Inflammation)* 2,18 1.3985 0.2725 

 

  
RIII:poly(Inflammation) 2,18 2.2966 0.1293 

 

 
NTI Intercept 1,22 100.8313 <0.0001 0.1184 

  
Inflammation 1,22 5.3981 0.0298 

 

* quadratic polynomial fit 
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Table 2: Prediction of inflammatory response by different aspects of alpha diversity 

(best models after REML fitting). 

Factor DF F-Value P-Value adjusted R2 

Intercept 1,21 22.3707 0.0001 0.3200 

Chao1 1,21 9.8274 0.0050 
 

B6 1,21 9.2976 0.0061 
 

Intercept 1,21 19.5089 0.0002 0.2707 

Shannon H 1,21 4.4470 0.0471 
 

B6 1,21 10.5759 0.0038 
 

Intercept 1,21 27.2684 <0.0001 0.2625 

NTI 1,21 3.4459 0.0775 
 

B6 1,21 12.1853 0.0022 
 

Intercept 1,21 27.5336 <0.0001 0.2212 

NRI 1,21 1.2906 0.2687 
 

B6 1,21 10.1947 0.0044 
 

Intercept 1,21 21.8733 0.0001 0.3505 

ΔChao1 [before-after S. T. infection] 1,21 13.6973 0.0013 
 

B6 1,21 8.8243 0.0073 
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Supplementary Material  

Supplementary Figures: 

 

 

Figure S1: Inflammation after chronic infection with S. Typhimurium ∆aroA. (A) We find 

no difference between mice differing in B4galnt2 expression in histological inflammation 

(Z=0.447, P=1.000), Salmonella load (B; Z=-0.747, P=0.5658) and (C) cecum weight 

(Z=0.490, P=0.7311) (Wilcoxon test via Monte-Carlo resampling ;# P<0.100, * P<0.050, 

** P<0.010, *** P<0.001). 
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Figure S2: B4galnt2 glycosylation dynamics in the intestinal mucosa (addition to 

Figure 2A and 2E). (A) Mucin-2 (MUC-2) and B4galnt2 glycan residues (GalNAc) were 

stained with fluorescein labeled DBA in formalin fixed cecal tissue sections (Sm-submucosa , 

M-mucosa, L-lumen). (B) B4galnt2 glycan residues (GalNAc) were stained with fluorescein 

labeled DBA in formalin fixed cecal tissue sections before and 1 days p.i. with 

S. Typhimurium. GlcNAc residues were stained with Alexa633 labeled Wheat Germ 

Agglutinin (WGA). 
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Figure S3: B4galnt2-dependent infiltration of immune cells after S. Typhimurium 

infection (addition to Figure 5A and 5C). (A) Immunofluorescence staining and 
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enumeration of positive cells per vision field showed that B6 +/- mice have higher numbers of 

CD68 + and CD3 + cells in the cecal mucosa 1d p.i. (N=5-7; E-edema, M-mucosa, L-lumen). 

Nuclei were counterstained with DAPI and B4galnt2 glycans by using fluorescein labeled 

DBA. (B) Myeloperoxidase (MPO) positive cells and S. Typhimurium were determined by 

immunofluorescence staining in formalin fixed cecal sections (5 µm). 
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Figure S4: Analyses of microbial alpha diversity and beta diversity among treatments. 

Microbial diversity was estimated from 97% species level OTUs and focused on species 

richness (A; Chao1: χ2=78.940, P<2.2 × 10-16; Kruskal-Wallis test), species distribution (B; 
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Shannon H: χ2=65.997, P=4.666 × 10-15; Kruskal-Wallis test), and distant and close 

phylogenetic relatedness (C; NRI: χ2=6.4166, P=0.04043; D; NTI: χ2=50.4593, P=1.104 × 10-

11; Kruskal-Wallis test). Community changes among treatments were measured by the 

Jaccard distance (E; adonis: F2,120=9.577, R2=0.13765, P<0.0001), Bray-Curtis (F; adonis: 

F2,120=12.055, R2=0.1673, P<0.0001), UW-UF (G; adonis: F2,120=13.932, R2=0.18845, 

P<0.0001), and W-UF (H; adonis: F2,120=20.615, R2=0.25572, P<0.0001). Within treatment 

community variability (I-L) was also strongly influenced by the treatment regime (J- 

F2,120=5.5668, P=0.0054; BC- F2,120=9.1942, P=0.0004; W-UF: F2,120=11.832, P<0.0001; UW-

UF: F2,120= 1.7496, P=0.1804). 
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Figure S5: Analysis of microbial alpha diversity among genotypes and their influence 

on intestinal inflammation. Microbial diversity was estimated from 97% species level OTUs 

and focused on species distribution (Shannon H: C), and close and distant phylogenetic 

relatedness (NTI: A, D; NRI: B, E), in the untreated state (A, B) and 1 day post infection with 

S. Typhimurium (C-E; Table 1 for the respective statistics). 

 

 

 

Figure S6: Salmonella abundance among B4galnt2 genotypes based on sequence 

abundance. Salmonella abundance significantly differed between B6 and RIII genotypes 

(B6: F1,20=5.32081, P=0.0319; RIII: F1,20=6.91949, P=0.0160; B6/RIII: F1,20=2.74565, 

P=0.1131, adj.R2=0.28114; LMM) with the lowest abundance in RIII +/B6 -/- animals (Tukey 

pairwise comparisons: RIII +/B6 -/--RIII -/B6 -/-: Z=-3.102, P=0.00979; RIII +/B6 -/--RIII -/B6 +/-: 

Z=-3.430, P=0.00341; RIII +/B6 +/--RIII +/B6 -/-: Z=2.582, P=0.04698). 
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Figure S7: Prediction of infection outcome by alpha diversity. The severity of histological 

inflammation was significantly predictable by the change of species richness inflicted by 

S. Typhimurium infection and streptomycin treatment (A, ΔChao1), by the eveness of 

species distribution before infection (B, Shannon H), and clusteredness of closely related 

phylogenetic groups before infection (C, NTI). Phylogenetic clustering of distantly related 

species before infecation shows no significant association to the resulting inflammation (D, 

NRI, see Table 2). 
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Figure S8: Analyses of community disturbance. The community distances between 

animals before and after treatment were used as a measure of community disturbance. This 

disturbance signifies an increased species turnover (higher distance) in animals with a 

diverse microbial community measured in different ways, considering species number, 

distribution and phylogenetic relatedness (see Table S2). Community turnover also 

correlates strongly with severity of inflammation, and increased Salmonella load (see Table 

S2). Furthermore animals lacking epithelial B4galnt2 expression have on average less 

disturbance/higher resilience than mice with gut epithelial expression (Δ W-UniFrac: Z=-

1.6171, P=0.1090; Δ Jaccard: Z=-2.2731, P=0.02311; Δ Bray-Curtis: Z=-2.2998, P=0.0205; 

Wilcoxon test via Monte-Carlo resampling; see also Figure 7). 
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Figure S9: Principal coordinate Analyses of different beta diversity measures. PCoAs 

of phylogenetically informed (A, B) and species based (C-F) metrics of beta diversity, that 

show clustering of microbial communities by epithelial B4galnt2 expression (C: R2=0.1478, 

P=0.0011; E: R2=0.1373, P=0.0020) and sex (A: R2=0.0884, P=0.0260) before any 

treatment. After S .Typhimurium infection the community structures show strong and 

consistent correlation to histological inflammation (B: R2=0.5054, P<0.0001; D: R2=0.3167, 

P=0.0006; F: R2=0.4935, P=0.0002) and significant discrimination among epithelial and 
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endothelial B4galnt2 expression patterns (B: B6-R2=0.1272, P=0.005199; F: B6-R2=0.0951, 

P=0.01430). 

 

 

 

Figure S10: Community variability between genotypes. Comparison of bacterial 

community distances (beta diversity) between animals with and without epithelial B4Galnt2 
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expression, before and after S. Typhimurium infection (not infected- Jaccard: F1,39=4.1584, 

P=0.04779; Bray-Curtis: F1,39=3.961, P=0.05379, UW-UF: F1,39=5.414, P=0.0246; W-UF: 

F1,39=1.235, P=0.2732; 1d p.i. S. Typhimurium- Jaccard: F1,39=7.614, P=0.006399; Bray-

Curtis: F1,39=9.1036, P=0.003399; UW-UF: F1,39=2.3871, P=0.1334; W-UF: F1,39=4.7569, 

P=0.03379). The beta diversity within genotypes was approximated by the distance of each 

sample to the centroid of its respective cluster (B6 +/- or B6 -/-). 

 

 

 

Figure S11: Co-occurrence network after streptomycin and S. Typhimurium infection. 

(A) Distribution of pairwise genera correlations after Salmonella infection, with a higher 

number of weak negative interactions, but higher positive interaction strength 

(positive/negative interactions=0.4381;W=74056, P < 2.20 × 10-16; Wilcoxon test). (B) 

Genera co-occrurence network with highlighted indicators for B6 genotypes. The network 

also visualizes the central and strong influence of Salmonella on other community members 

(square - B6 +/- indicator, rectangle - B6 -/- indicator, circle - no indicator/neutral; see Table 

S6). 

 

 

Supplementary tables: 

 



 

 

Table S1: Statistical analyses of CFU counts, cecum weights, inflammation markers, and gene expression. 

 
not infected 1 day p.i. 14 days p.i. 

Measurement Factors Df F-Value P-Value Factors Df F-Value P-Value Factors Df F-Value P-Value 

Lipocalin-2 (Lcn-2)** 1 16 NA NA B6 1,28 17.494 0.0003 - - - - 

     
RIII 1,28 7.271 0.0117 - - - - 

Colony Forming Units* - - - - RIII 1,49 10.537 0.0021 B6 1,23 0.0098 0.92207 

 
- - - - 

    
RIII 1,23 1.1159 0.30176 

 
- - - - 

    
B6 : RIII 1,23 7.3680 0.01237 

CD3 cells* - - - - B6 1,22 20.170 0.0002 - - - - 

CD68 cells - - - - B6 1,22 19.060 0.0003 - - - - 

MPO (RFU signal) - - - - B6 1,26 20.300 0.0001 - - - - 

* log(X); ** X1/4; *** X2 data transformations; NA - no data available 
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Table S2: Analyses of community resistance/turnover as community distance between 

pre- and post-infection time points in SPF raised mice. 

Distance Factor ρ P-Value Comparison Z P-Value 

Bray-Curtis Inflammation 0.6131 0.000020 B6 -2.2998 0.0205 
(no-1 d.p.i.) Salmonella 0.6393 0.000007 RIII -1.0139 0.3204 

  Chao1 (no treatment) 0.5062 0.000733 
   

  Shannon H (no treatment) 0.4332 0.004670 
   

  NRI (no treatment) 0.0922 0.566500 
   

  NTI (no treatment) 0.3631 0.019610 
   

  ΔChao1 (1 d.p.i.-no treat.) -0.5911 0.000047 
   

Jaccard Inflammation 0.6092 0.000024 B6 -2.2731 0.0231 
(no-1 d.p.i.) Salmonella 0.6236 0.000013 RIII -1.0139 0.3227 

  Chao1 (no treatment) 0.5266 0.000405 
   

  Shannon H (no treatment) 0.4484 0.003283 
   

  NRI (no treatment) 0.0768 0.633100 
   

  NTI (no treatment) 0.3785 0.014680 
   

  ΔChao1 (1 d.p.i.-no treat.) -0.6098 0.000023 
   

unweighted Inflammation 0.5894 0.000050 B6 -2.3213 0.0198 
UniFrac Salmonella 0.6024 0.000031 RIII -0.3742 0.7216 

(no-1 d.p.i.) Chao1 (no treatment) 0.6040 0.000042 
   

  Shannon H (no treatment) 0.5057 0.000869 
   

  NRI (no treatment) 0.1030 0.520500 
   

  NTI (no treatment) 0.2920 0.064310 
   

  ΔChao1 (1 d.p.i.-no treat.) -0.6897 0.000001 
   

weighted Inflammation 0.5429 0.000245 B6 -1.6171 0.1090 
UniFrac Salmonella 0.7412 0.000000 RIII -0.1871 0.8649 

(no-1 d.p.i.) Chao1 (no treatment) 0.4469 0.003701 
   

  Shannon H (no treatment) 0.4132 0.007664 
   

  NRI (no treatment) 0.2145 0.177600 
   

  NTI (no treatment) 0.3334 0.033660 
   

  ΔChao1 (1 d.p.i.-no treat.) -0.5148 0.000680 
   

 

 

Table S3: Results of distance based redundancy analysis on different beta diversity 

metrics before and after S. Typhimurium infection. 

Time point Distance Factor DF F-Value P-Value R2 adj. R2 

before UW-UniFrac B6 1,39 1.6603 0.0008 0.0408 0.0162 
treatment NW-UniFrac B6 1,39 1.3449 0.1336 0.0333 0.0085 

 
Jaccard B6 1,39 1.6369 0.0006 0.0403 0.0157 

 
Bray-Curtis B6 1,39 2.2698 0.0010 0.0550 0.0308 

 
RDA B6 1,39 2.3381 0.0028 0.0566 0.0324 

1 d.p.i. UW-UniFrac B6 1,39 1.4054 0.0402 0.0348 0.0100 
 NW-UniFrac B6 1,39 4.5133 0.0028 0.1078 0.0849 
 Jaccard B6 1,39 1.5109 0.0114 0.0373 0.0126 

 
Bray-Curtis B6 1,39 2.7568 0.0034 0.0664 0.0424 

 
RDA B6 1,39 3.1621 0.0058 0.0750 0.0513 

 
UW-UniFrac RIII 1,37 1.2393 0.0942 0.1351 0.0650 

  
B6 1,37 1.5350 0.0180 

  
  

Inflammation 1,37 3.0064 0.0002 
  

 
NW-UniFrac RIII 1,37 1.2393 0.0996 0.1351 0.0650 

  
B6 1,37 1.5350 0.0186 
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Inflammation 1,37 3.0064 0.0002 

  

 
Jaccard RIII 1,37 1.0892 0.2424 0.1197 0.0483 

  
B6 1,37 1.6055 0.0094 

  
  

Inflammation 1,37 2.3346 0.0002 
  

 
Bray-Curtis RIII 1,37 1.2220 0.1866 0.1901 0.1244 

  
B6 1,37 2.9999 0.0020 

  
  

Inflammation 1,37 4.4022 0.0002 
  

 
RDA RIII 1,37 1.5673 0.1046 0.2140 0.1503 

  
B6 1,37 3.3826 0.0050 

  
  

Inflammation 1,37 5.1250 0.0002 
  

 

 

Table S4: Indicator species analysis based on consensus genera for B4Galnt2 

expression patterns in SPF mice (B6, RIII), before and after S. Typhimurium treatment. 

Time point 
Classification (RDP 9, modified by 

P.Schloss) Factor r.g. P-Value 
P-Value 
(FDR) 

before Barnesiella B6 -/- 0.31314 0.02480 0.25624 
treatment unclassified Porphyromonadaceae B6 -/- 0.41552 0.00390 0.06044 

 Turicibacter B6 -/- 0.42849 0.00030 0.01860 

 Bacteroides B6 +/- 0.42503 0.00280 0.05786 
 Parasutterella B6 +/- 0.33333 0.04970 0.44016 
 Prevotella B6 +/- 0.41335 0.00880 0.10911 
 unclassified Prevotellaceae B6 +/- 0.49092 0.00160 0.04960 

1 d.p.i. unclassified Bacteroidales B6 -/- 0.33913 0.03040 0.37631 
 unclassified Firmicutes B6 -/- 0.31522 0.03580 0.37631 

 Salmonella B6 +/- 0.42981 0.00580 0.22618 
 Streptophyta B6 +/- 0.33049 0.03860 0.37631 

before unclassified Erysipelotrichaceae RIII + 0.43033 0.00640 0.19838 
treatment Marvinbryantia RIII + 0.34085 0.02800 0.57861 

 
Turicibacter RIII + 0.40214 0.00110 0.06819 

1 d.p.i. unclassified Lachnospiraceae RIII + 0.19198 0.01900 0.66215 

 
Turicibacter RIII + 0.20854 0.04350 0.66215 

 



 

 

Table S5: Indicator species analysis based on species level OTUs for B4Galnt2 genotypes in SPF mice (B6, RIII), before and after 

S. Typhimurium treatment. 

Time point Classification (RDP 9, modified by P.Schloss) Factor r.g. P-Value P-Value (FDR) 

before 0010-Firmicutes(100);Erysipelotrichia(100);Erysipelotrichales(100);Erysipelotrichaceae(100);Turicibacter(100); B6
 -/-

 0.4151 0.0005 0.2095 
treatment 0013-Bacteroidetes(100);Bacteroidia(94);Bacteroidales(94);Porphyromonadaceae(87);Barnesiella(66); B6

 -/-
 0.4734 0.0005 0.2095 

 0050-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(96); B6
 -/-

 0.4043 0.0034 0.4383 
 0053-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Butyricimonas(66); B6

 -/-
 0.4427 0.0013 0.2607 

 0101-Bacteroidetes(100);Bacteroidia(97);Bacteroidales(97);Porphyromonadaceae(97);Paludibacter(96); B6
 -/-

 0.3598 0.0072 0.5538 
 0125-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(96); B6

 -/-
 0.2386 0.0449 0.8453 

 0157-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(98);Hydrogenoanaerobacterium(91); B6
 -/-

 0.4036 0.0082 0.5608 
 0189-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Lachnobacterium(98); B6

 -/-
 0.2080 0.0073 0.5538 

 0195-Bacteroidetes(100);Bacteroidia(89);Bacteroidales(89);Porphyromonadaceae(89);Paludibacter(53); B6
 -/-

 0.3612 0.0146 0.7134 
 0196-Bacteroidetes(100);Flavobacteria(53);Flavobacteriales(53);Flavobacteriaceae(53);Pseudozobellia(53); B6

 -/-
 0.3631 0.0061 0.5538 

 0215-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Tannerella(59); B6
 -/-

 0.4028 0.0029 0.4050 
 0216-Bacteroidetes(100);Bacteroidia(97);Bacteroidales(97);Marinilabiaceae(83);Anaerophaga(83); B6

 -/-
 0.3159 0.0450 0.8453 

 0252-Bacteroidetes(100);Bacteroidia(92);Bacteroidales(92);Marinilabiaceae(63);Anaerophaga(63); B6
 -/-

 0.3349 0.0067 0.5538 
 0276-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Lachnospiracea incertae sedis(96); B6

 -/-
 0.3711 0.0084 0.5608 

 0286-Firmicutes(100);Clostridia(100);Clostridiales(100);Peptococcaceae 1(96);Peptococcus(96); B6
 -/-

 0.2774 0.0464 0.8453 
 0287-Bacteroidetes(100);Sphingobacteria(55);Sphingobacteriales(55);Flammeovirgaceae(55);Limibacter(55); B6

 -/-
 0.3494 0.0076 0.5538 

 0293-Bacteroidetes(100);Bacteroidia(61);Bacteroidales(61); B6
 -/-

 0.3617 0.0204 0.8453 
 0317-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Barnesiella(71); B6

 -/-
 0.4350 0.0020 0.3352 

 0356-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(86); B6
 -/-

 0.2958 0.0487 0.8453 
 0358-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Marinilabiaceae(93);Anaerophaga(93); B6

 -/-
 0.3329 0.0460 0.8453 

 0361-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Acetitomaculum(100); B6
 -/-

 0.3213 0.0488 0.8453 
 0370-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(93); B6

 -/-
 0.3392 0.0236 0.8453 

 0391-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(100);Flavonifractor(100); B6
 -/-

 0.3437 0.0324 0.8453 
 0420-Firmicutes(100);Erysipelotrichia(100);Erysipelotrichales(100);Erysipelotrichaceae(100);Turicibacter(100); B6

 -/-
 0.3859 0.0226 0.8453 

 0424-Firmicutes(100);Clostridia(100);Clostridiales(100);Peptococcaceae 1(100);Peptococcus(100); B6
 -/-

 0.3456 0.0175 0.7926 
 0512-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(89); B6

 -/-
 0.2872 0.0494 0.8453 

 0525-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(78);Paludibacter(78); B6
 -/-

 0.3361 0.0487 0.8453 
 0678-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Barnesiella(100); B6

 -/-
 0.4082 0.0216 0.8453 

 0815-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(100);Butyricicoccus(100); B6
 -/-

 0.3676 0.0448 0.8453 

 0019-Bacteroidetes(100);Bacteroidia(97);Bacteroidales(97);Porphyromonadaceae(96);Tannerella(95); B6
 +/-

 0.3155 0.0393 0.8453 
 0031-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Prevotellaceae(100);Prevotella(85); B6

 +/-
 0.4956 0.0009 0.2514 

 0034-Bacteroidetes(100);Sphingobacteria(93);Sphingobacteriales(93);Flammeovirgaceae(93);Limibacter(93); B6
 +/-

 0.3795 0.0145 0.7134 
 0074-Bacteroidetes(100);Bacteroidia(96);Bacteroidales(96);Porphyromonadaceae(96);Paludibacter(92); B6

 +/-
 0.3838 0.0073 0.5538 



 

 

 0079-Bacteroidetes(100);Bacteroidia(70);Bacteroidales(70);Porphyromonadaceae(66);Paludibacter(66); B6
 +/-

 0.3530 0.0247 0.8453 
 0082-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Bacteroidaceae(100);Bacteroides(100); B6

 +/-
 0.3912 0.0076 0.5538 

 0090-Bacteroidetes(100);Bacteroidia(97);Bacteroidales(97);Porphyromonadaceae(92);Tannerella(92); B6
 +/-

 0.3549 0.0149 0.7134 
 0092-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(100);Rikenella(100); B6

 +/-
 0.4292 0.0001 0.0838 

 0100-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(99);Robinsoniella(98); B6
 +/-

 0.2492 0.0060 0.5538 
 0117-Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Flammeovirgaceae(100);Limibacter(100); B6

 +/-
 0.3921 0.0069 0.5538 

 0120-Bacteroidetes(100);Bacteroidia(98);Bacteroidales(98);Porphyromonadaceae(98);Paludibacter(98); B6
 +/-

 0.3845 0.0111 0.6001 
 0147-Bacteroidetes(100);Sphingobacteria(54);Sphingobacteriales(54);Flammeovirgaceae(54);Limibacter(54); B6

 +/-
 0.3258 0.0229 0.8453 

 0149-Bacteroidetes(100);Bacteroidia(83);Bacteroidales(83);Porphyromonadaceae(83);Paludibacter(81); B6
 +/-

 0.4141 0.0052 0.5538 
 0150-Bacteroidetes(100);Sphingobacteria(90);Sphingobacteriales(90);Flammeovirgaceae(90);Limibacter(90); B6

 +/-
 0.3965 0.0014 0.2607 

 0153-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Syntrophococcus(77); B6
 +/-

 0.1881 0.0477 0.8453 
 0159-Bacteroidetes(100);Bacteroidia(80);Bacteroidales(80);Porphyromonadaceae(63);Paludibacter(56); B6

 +/-
 0.3678 0.0183 0.8070 

 0161-Bacteroidetes(100);Bacteroidia(74);Bacteroidales(74);Marinilabiaceae(53);Anaerophaga(53); B6
 +/-

 0.3256 0.0227 0.8453 
 0165-Bacteroidetes(98);Bacteroidia(52);Bacteroidales(52); B6

 +/-
 0.5930 0.0001 0.0838 

 0168-Bacteroidetes(100);Bacteroidia(66);Bacteroidales(66);Porphyromonadaceae(61); B6
 +/-

 0.3764 0.0161 0.7495 
 0201-Bacteroidetes(100);Bacteroidia(76);Bacteroidales(76);Rikenellaceae(61);Rikenella(61); B6

 +/-
 0.3816 0.0108 0.6001 

 0203-Bacteroidetes(100);Sphingobacteria(54);Sphingobacteriales(54);Flammeovirgaceae(54);Limibacter(54); B6
 +/-

 0.4490 0.0026 0.3961 
 0212-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(97); B6

 +/-
 0.3074 0.0446 0.8453 

 0244-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Marinilabiaceae(76);Anaerophaga(76); B6
 +/-

 0.3409 0.0087 0.5608 
 0316-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Roseburia(77); B6

 +/-
 0.2837 0.0095 0.5663 

 0325-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Prevotellaceae(100);Prevotella(71); B6
 +/-

 0.3295 0.0327 0.8453 
 0384-Bacteroidetes(100);Bacteroidia(54);Bacteroidales(54);Marinilabiaceae(54);Anaerophaga(54); B6

 +/-
 0.3145 0.0219 0.8453 

 0393-Bacteroidetes(100);Bacteroidia(54);Bacteroidales(54); B6
 +/-

 0.3248 0.0462 0.8453 
 0394-Bacteroidetes(100);Bacteroidia(93);Bacteroidales(93);Rikenellaceae(93);Rikenella(93); B6

 +/-
 0.4201 0.0092 0.5663 

 0433-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Marinilabiaceae(82);Anaerophaga(82); B6
 +/-

 0.3466 0.0313 0.8453 
 0442-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Prevotellaceae(55);unclassified; B6

 +/-
 0.3756 0.0147 0.7134 

 0443-Bacteroidetes(100);Bacteroidia(82);Bacteroidales(82);Porphyromonadaceae(82);Paludibacter(73); B6
 +/-

 0.2247 0.0416 0.8453 
 0460-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(70);unclassified; B6

 +/-
 0.2847 0.0471 0.8453 

 0463-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Bacteroidaceae(100);Bacteroides(100); B6
 +/-

 0.3725 0.0198 0.8453 
 0496-Bacteroidetes(100);Bacteroidia(78);Bacteroidales(78);Rikenellaceae(78);Rikenella(78); B6

 +/-
 0.4750 0.0007 0.2346 

 0502-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Tannerella(100); B6
 +/-

 0.3333 0.0496 0.8453 
 0528-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(88);Paludibacter(88); B6

 +/-
 0.3922 0.0098 0.5663 

 0557-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Marinilabiaceae(88);Alkaliflexus(88); B6
 +/-

 0.5000 0.0013 0.2607 
 0590-Bacteroidetes(100);Bacteroidia(86);Bacteroidales(86);Marinilabiaceae(58);Anaerophaga(58); B6

 +/-
 0.3145 0.0466 0.8453 

 0630-Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Flammeovirgaceae(100);Limibacter(100); B6
 +/-

 0.3540 0.0245 0.8453 
 0633-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(100);Alistipes(100); B6

 +/-
 0.3333 0.0499 0.8453 

 0668-Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Flammeovirgaceae(100);Limibacter(100); B6
 +/-

 0.3145 0.0466 0.8453 
 0696-Proteobacteria(100);BetaproteoBurkholderiales(100);Sutterellaceae(100);Parasutterella(100); B6

 +/-
 0.3333 0.0453 0.8453 

 0769-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Howardella(100); B6
 +/-

 0.3131 0.0488 0.8453 



 

 

 0813-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(100); B6
 +/-

 0.3131 0.0472 0.8453 
 0856-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(61);Rikenella(61); B6

 +/-
 0.3333 0.0499 0.8453 

 0906-Bacteroidetes(100); B6
 +/-

 0.3333 0.0466 0.8453 
 0912-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(100);Oscillibacter(100); B6

 +/-
 0.3333 0.0484 0.8453 

 0951-Bacteroidetes(100);FlavoFlavobacteriales(100);Flavobacteriaceae(100);Flagellimonas(75); B6
 +/-

 0.3333 0.0430 0.8453 
 0992-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Butyrivibrio(75); B6

 +/-
 0.3333 0.0499 0.8453 

 1002-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(100);Pseudoflavonifractor(100); B6
 +/-

 0.3333 0.0492 0.8453 
 1013-Bacteroidetes(100);Sphingobacteria(75);Sphingobacteriales(75);Flammeovirgaceae(75);Limibacter(75); B6

 +/-
 0.3333 0.0498 0.8453 

1 d.p.i. 0002-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(95);Rikenella(95); B6
 -/-

 0.3264 0.0330 1.0000 

 0001-Proteobacteria(100);GammaproteoEnterobacteriales(100);Enterobacteriaceae(100);Salmonella(100); B6
 +/-

 0.4243 0.0065 1.0000 
 0008-Proteobacteria(100);GammaproteoEnterobacteriales(100);Enterobacteriaceae(100);Salmonella(68); B6

 +/-
 0.4241 0.0038 1.0000 

 0072-Firmicutes(100);Clostridia(100);Clostridiales(100);Clostridiaceae 1(100);Clostridium sensu stricto(100); B6
 +/-

 0.3383 0.0282 1.0000 

before 0012-Bacteroidetes(100);Sphingobacteria(95);Sphingobacteriales(95);Cytophagaceae(95);Meniscus(95); RIII
 -
 0.3034 0.0256 1.0000 

treatment 0024-Bacteroidetes(100);Bacteroidia(96);Bacteroidales(96);Rikenellaceae(91);Rikenella(91); RIII
 -
 0.3546 0.0240 1.0000 

 0160-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(89);Tannerella(89); RIII
 -
 0.3725 0.0199 1.0000 

 0168-Bacteroidetes(100);Bacteroidia(66);Bacteroidales(66);Porphyromonadaceae(61); RIII
 -
 0.3351 0.0378 1.0000 

 0170-Bacteroidetes(100);Bacteroidia(95);Bacteroidales(95);Marinilabiaceae(88);Anaerophaga(88); RIII
 -
 0.3274 0.0284 1.0000 

 0324-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Prevotellaceae(100);Hallella(100); RIII
 -
 0.3588 0.0361 1.0000 

 0346-Bacteroidetes(100);Bacteroidia(87);Bacteroidales(87);Rikenellaceae(61);Rikenella(61); RIII
 -
 0.3171 0.0279 1.0000 

 0363-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(93); RIII
 -
 0.3052 0.0315 1.0000 

 0010-Firmicutes(100);Erysipelotrichia(100);Erysipelotrichales(100);Erysipelotrichaceae(100);Turicibacter(100); RIII
 +

 0.4010 0.0013 1.0000 
 0025-Firmicutes(100);Bacilli(100);Lactobacillales(100);Lactobacillaceae(100);Lactobacillus(100); RIII

 +
 0.4979 0.0004 0.6703 

 0066-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(89); RIII
 +

 0.3395 0.0406 1.0000 
 0118-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(52); RIII

 +
 0.3155 0.0437 1.0000 

 0230-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(86); RIII
 +

 0.3399 0.0289 1.0000 
 0337-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(100); RIII

 +
 0.2768 0.0149 1.0000 

 0378-Firmicutes(100);Erysipelotrichia(100);Erysipelotrichales(100);Erysipelotrichaceae(100);Allobaculum(70); RIII
 +

 0.3780 0.0181 1.0000 
 0390-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(93); RIII

 +
 0.3940 0.0177 1.0000 

 0445-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(100); RIII
 +

 0.3245 0.0175 1.0000 
 0447-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Roseburia(100); RIII

 +
 0.4001 0.0054 1.0000 

 0590-Bacteroidetes(100);Bacteroidia(86);Bacteroidales(86);Marinilabiaceae(58);Anaerophaga(58); RIII
 +

 0.3560 0.0188 1.0000 
 0668-Bacteroidetes(100);SphingoSphingobacteriales(100);Flammeovirgaceae(100);Limibacter(100); RIII

 +
 0.3560 0.0188 1.0000 

 1000-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Barnesiella(75); RIII
 +

 0.3216 0.0495 1.0000 

1 d.p.i. 0005-Firmicutes(100);Erysipelotrichia(100);Erysipelotrichales(100);Erysipelotrichaceae(100);Turicibacter(100); RIII
 +

 0.2099 0.0142 1.0000 
 0136-Firmicutes(100);Clostridia(100);Clostridiales(100);Clostridiaceae 1(100);Clostridium sensu stricto(100); RIII

 +
 0.2071 0.0067 1.0000 
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Table S6: Correlation of indicator genera to the rest of the pre-infection microbial 

community based on Spearman rank correlations (see Figure S10). 

Indicator Correlated genera ρ P-Value P-Value (FDR) 

Bacteroides Parabacteroides -0.5811 0.0001 0.0025 

 Turicibacter -0.4847 0.0013 0.0198 

 Anaerotruncus 0.3992 0.0097 0.0728 

 Parasutterella 0.4042 0.0088 0.0728 

 Robinsoniella 0.4278 0.0053 0.0494 

 uncl. Alphaproteobacteria 0.4282 0.0052 0.0494 

 Odoribacter 0.4690 0.0020 0.0248 

 Prevotella 0.5452 0.0002 0.0043 

 uncl. Bacteroidales 0.5536 0.0002 0.0043 

 uncl. Prevotellaceae 0.9070 <0.00001 <0.00001 

Parasutterella Prevotella 0.4491 0.0032 0.0807 

 Anaerophaga 0.4809 0.0015 0.0547 

 uncl. Lactobacillales 0.4809 0.0015 0.0547 

Prevotella Parasutterella 0.4491 0.0032 0.0807 

 Bacteroides 0.5452 0.0002 0.0085 

 uncl. Prevotellaceae 0.6216 <0.00001 0.0011 

uncl. Prevotellaceae Parabacteroides -0.6046 <0.00001 0.0007 

 Turicibacter -0.4474 0.0034 0.0360 

 Anaerotruncus 0.4338 0.0046 0.0431 

 Odoribacter 0.4865 0.0013 0.0157 

 Robinsoniella 0.5249 0.0004 0.0064 

 uncl. Bacteroidales 0.5480 0.0002 0.0039 

 Prevotella 0.6216 <0.00001 0.0005 

 Bacteroides 0.9070 <0.00001 <0.00001 

Turicibacter Bacteroides -0.4847 0.0013 0.0546 

 uncl. Prevotellaceae -0.4474 0.0034 0.0601 

 uncl. Erysipelotrichaceae 0.4398 0.0040 0.0601 

 Lactonifactor 0.4473 0.0034 0.0601 

 uncl. Porphyromonadaceae 0.4810 0.0015 0.0546 

 



 

 

Table S7: Correlation of consensus genera- and species level OTU abundance before and after S. Typhimurium infection to the final 

histological inflammation score. 

Time point RDP9 Classification (modified by P. Schloss) Abundance ρ P-Value P (FDR) 

before treatment uncl. Erysipelotrichaceae 5 -0.3196 0.04169 0.5995 

1 d.p.i. Acetanaerobacterium 9 -0.3241 0.03869 0.1439 

 
uncl. Bacteria 40 -0.5697 0.00010 0.0010 

 
uncl. Bacteroidales 5899 -0.5598 0.00014 0.0010 

 
uncl. Bacteroidetes 3032 -0.6429 0.00001 0.0002 

 

uncl. Clostridiales 92 -0.3932 0.01098 0.0535 

 
uncl. Firmicutes 59 -0.5952 0.00004 0.0008 

 
Parabacteroides 1349 -0.4823 0.00141 0.0078 

 
uncl. Porphyromonadaceae 691 -0.5572 0.00015 0.0010 

 
uncl. Ruminococcaceae 50 -0.3401 0.02960 0.1283 

 
Salmonella 17259 0.5685 0.00011 0.0010 

 
Turicibacter 1165 0.3212 0.04059 0.1439 

before 0195-Bacteroidetes(100);Bacteroidia(89);Bacteroidales(89);Porphyromonadaceae(89);Paludibacter(53); 34 -0.5176 0.00053 0.8241 
treatment 0318-Firmicutes(100);Bacilli(100);Lactobacillales(100);Lactobacillaceae(100);Lactobacillus(100); 17 -0.4900 0.00115 0.8241 

 
0620-Bacteroidetes(100);Bacteroidia(86);Bacteroidales(86);Rikenellaceae(86);Rikenella(86); 7 -0.4539 0.00287 0.8241 

 
0312-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(95);Paludibacter(95); 17 -0.4499 0.00317 0.8241 

 
0618-Bacteroidetes(100);Bacteroidia(86);Bacteroidales(86); 7 -0.3644 0.01915 0.8241 

 

0406-Bacteroidetes(100);Bacteroidia(92);Bacteroidales(92);Porphyromonadaceae(59);Paludibacter(59); 12 -0.3640 0.01931 0.8241 

 
0500-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(56);Rikenella(56); 9 -0.3568 0.02204 0.8241 

 
0796-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(80);Paludibacter(61); 5 -0.3547 0.02287 0.8241 

 
0273-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Marinilabiaceae(91);Anaerophaga(91); 22 -0.3510 0.02442 0.8241 

 
0732-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Marinilabiaceae(84);Anaerophaga(84); 6 -0.3493 0.02517 0.8241 

 

0692-Bacteroidetes(100);SphingoSphingobacteriales(100);Cytophagaceae(100);Meniscus(100); 6 -0.3416 0.02883 0.8241 

 
0494-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(78);Rikenella(78); 9 -0.3386 0.03036 0.8241 

 
0378-Firmicutes(100);Erysipelotrichia(100);Erysipelotrichales(100);Erysipelotrichaceae(100);Allobaculum(70); 13 -0.3383 0.03050 0.8241 

 
0320-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(77); 17 -0.3257 0.03770 0.8241 

 

0730-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(100); 6 -0.3233 0.03924 0.8241 

 
0634-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(100); 7 -0.3120 0.04706 0.8241 

 
0217-Bacteroidetes(100);Bacteroidia(94);Bacteroidales(94);Porphyromonadaceae(73);Tannerella(73); 29 -0.3103 0.04833 0.8241 

 
0809-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(100); 5 0.3089 0.04941 0.8241 

 
0840-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(80);Butyricicoccus(80); 5 0.3089 0.04941 0.8241 

 
0099-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(100);Oscillibacter(99); 94 0.3168 0.04360 0.8241 

 
0586-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Clostridium XlVa(86); 7 0.3181 0.04271 0.8241 

 

0272-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(96); 22 0.3210 0.04070 0.8241 

 
0451-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(100);Anaerotruncus(91); 11 0.3213 0.04051 0.8241 

 
0460-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(70); 10 0.3253 0.03797 0.8241 

 
0432-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(82); 11 0.3267 0.03710 0.8241 



 

 

 

0640-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Lachnospiracea incertae sedis(86); 7 0.3470 0.02625 0.8241 

 
0693-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Catonella(100); 6 0.3483 0.02563 0.8241 

 
0313-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Anaerostipes(83); 17 0.3543 0.02302 0.8241 

 
0343-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(87); 15 0.3555 0.02255 0.8241 

 

0772-Firmicutes(100);Clostridia(100);Clostridiales(100);Ruminococcaceae(100);Pseudoflavonifractor(100); 5 0.3634 0.01953 0.8241 

 
0065-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(87); 200 0.3744 0.01587 0.8241 

 
0226-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Blautia(97); 27 0.3747 0.01580 0.8241 

 
0042-Firmicutes(100);Clostridia(100);Clostridiales(100);Lachnospiraceae(100);Robinsoniella(98); 398 0.4456 0.00351 0.8241 

1 d.p.i. 0087-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(62);Rikenella(62); 127 -0.5791 0.00007 0.0113 

 
0111-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(75);Rikenella(75); 82 -0.5640 0.00012 0.0128 

 
0002-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(95);Rikenella(95); 13695 -0.5510 0.00019 0.0147 

 

0122-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Barnesiella(99); 65 -0.4986 0.00091 0.0565 

 
0142-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Rikenellaceae(83);Rikenella(83); 51 -0.4550 0.00280 0.1245 

 
0032-Firmicutes(100);Bacilli(98);Lactobacillales(98);Carnobacteriaceae(98);Isobaculum(86); 604 -0.4462 0.00346 0.1245 

 
0278-Bacteroidetes(100);Bacteroidia(72);Bacteroidales(72);Porphyromonadaceae(62);Paludibacter(58); 21 -0.4458 0.00349 0.1245 

 

0013-Bacteroidetes(100);Bacteroidia(94);Bacteroidales(94);Porphyromonadaceae(87);Barnesiella(66); 2084 -0.4444 0.00360 0.1245 

 
0068-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Barnesiella(98); 181 -0.4096 0.00782 0.2254 

 
0176-Bacteroidetes(80); 39 -0.4045 0.00872 0.2254 

 
0077-Bacteroidetes(100);Bacteroidia(75);Bacteroidales(75);Porphyromonadaceae(51); 163 -0.4013 0.00931 0.2254 

 

0006-Bacteroidetes(100);Bacteroidia(95);Bacteroidales(95);Porphyromonadaceae(91);Paludibacter(87); 4936 -0.4007 0.00942 0.2254 

 
0015-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(98);Paludibacter(98); 1762 -0.3683 0.01782 0.3198 

 
0017-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Parabacteroides(100); 1590 -0.3675 0.01811 0.3198 

 
0240-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(96);Parabacteroides(80); 25 -0.3596 0.02093 0.3198 

 

0083-Firmicutes(100);Bacilli(95);Lactobacillales(95);Carnobacteriaceae(95);Isobaculum(95); 136 -0.3576 0.02173 0.3198 

 
0132-Firmicutes(100);Bacilli(75);Lactobacillales(75);Carnobacteriaceae(75);Isobaculum(75); 58 -0.3576 0.02173 0.3198 

 
0354-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Paludibacter(100); 15 -0.3546 0.02292 0.3198 

 
0108-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(93);Tannerella(75); 88 -0.3545 0.02295 0.3198 

 

0026-Firmicutes(100);Clostridia(100);Clostridiales(100);Clostridiaceae 4(61);Geosporobacter(61); 724 -0.3528 0.02365 0.3198 

 
0119-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(73);Paludibacter(73); 68 -0.3482 0.02569 0.3328 

 
0071-Firmicutes(100);Bacilli(99);Lactobacillales(99);Carnobacteriaceae(99);Pisciglobus(97); 173 -0.3413 0.02897 0.3604 

 
0430-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(82);Paludibacter(82); 11 -0.3311 0.03446 0.3759 

 

0274-Bacteroidetes(100);Bacteroidia(100);Bacteroidales(100);Porphyromonadaceae(100);Parabacteroides(77); 21 -0.3305 0.03483 0.3759 

 
0023-Bacteroidetes(100);Bacteroidia(99);Bacteroidales(99);Porphyromonadaceae(99);Paludibacter(96); 839 -0.3304 0.03485 0.3759 

 
0450-Bacteroidetes(100);Bacteroidia(55);Bacteroidales(55);Rikenellaceae(55);Rikenella(55); 11 -0.3265 0.03724 0.3782 

 
0322-Bacteroidetes(100);Bacteroidia(77);Bacteroidales(77);Rikenellaceae(59);Rikenella(59); 17 -0.3107 0.04804 0.3782 

 
0005-Firmicutes(100);Erysipelotrichia(100);Erysipelotrichales(100);Erysipelotrichaceae(100);Turicibacter(100); 5193 0.3724 0.01649 0.3198 

 
0001-ProteoGammaproteoEnterobacteriales(100);Enterobacteriaceae(100);Salmonella(100); 15356 0.5894 0.00005 0.0113 
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Conclusions 

In this thesis I investigated several important aspects of intestinal microbial communities in 

humans and mice. This included the influence of chronic- and acute diseases on the 

microbiome, but also genetic and environmental effects that influence the composition and 

dynamics of host associated microbial communities. 

In the first chapter of this thesis, I explored population differences in the mucosa 

associated microbial community in patients with inflammatory bowel diseases and healthy 

controls. I was able to identify population-specific and common disease signatures, even 

though differences among populations were a dominating pattern. However, local and 

common disease signatures were more pronounced in the active microbial community, which 

we investigated by analyzing the 16S rRNA gene (DNA) and its transcripts (RNA) in parallel. 

These analyses reveal the impact of environmental factors on the human associated 

microbiome, especially in a disturbed state. Several comparisons of microbial communities 

among human populations have been performed so far, but these were mainly restricted to 

relatively defined geographic distribution within a population sample. Future studies should 

increase the sample size and include a broader sampling of healthy and diseased individuals 

across geographical gradients to validate those biogeographic patterns observed. By 

broadening the sampling effort and increasing the resolution of physical distance between 

sampled individuals, it should be possible to explore similarity distance-decay relationships in 

human microbial communities. Data about diet, age, diseases, and genetic information could 

help to disentangle neutral community dynamics, from host- and life-style dependent 

community adaptation. This would enable us to identify population specific parts of the 

microbial communities, which might influence the susceptibility to local environmental 

stressors, like infections. 

Chapters two and three demonstrate how ABO blood group antigens influence the 

bacterial communities in health and disease. We were able to identify consistent FUT2 

associated patterns of microbial community characteristics (e.g. alpha diversity, beta 

diversity) in two different human populations (German, Norwegian) and tissues (colonic 

mucosa, bile). I also investigated the role of Fut2 on the bacterial community development in 

a knockout mouse model over an 11 week time course. I established several breeding lines 

which were founded either by a Fut2 +/+ or a Fut2 -/- dam. This allowed me to observe an 

increasing effect of Fut2 genotype with time and differences in community stability between 

genotypes. Furthermore maternal/grand maternal genotype effects on the offspring’s 

microbial community were very prominent. Multiple disturbances, such as different infections 

or community instabilities over a lifetime, differing immune responses, and a slightly more 

labile barrier are as single factors not of high importance. However, an accumulation of those 
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slight imbalances could be the driving force to change low baseline responses of the mucosa 

to its native microbial community into chronic and exacerbated inflammation. The higher risk 

of nonsecretors to develop Crohn Disease may in part be a side effect of ongoing host-

pathogen coevolution between a wide spectrum of infectious agents, the ABO histo-blood-

group genes and environmental changes associated with modern living. 

In chapter four, I investigated multiple putative disturbances simultaneously, i.e. a 

host genotype-dependent (B4galnt2) change in the intestinal microbiota, antibiotic treatment 

and infectious colitis. This revealed a more resilient and less susceptible microbial 

community in mice lacking B4galnt2 gut expression. This provides strong experimental 

evidence for a scenario of complex selection on the B4galnt2 gene, which balances 

beneficial host-microbe relationships and lowered susceptibility to enteric pathogens, with the 

costs of compromised blood homeostasis. In conclusion, my thesis demonstrates the 

importance of blood-group-related antigens for the microbiome and susceptibility to chronic- 

and acute diseases. 
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