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Zusammenfassung

Das Gen B4galnt2 ist eine, mit Blutgruppen in Zusammenhang stehende Glykosyltrans-
ferase, die bei den meisten Sdugetieren im Magen-Darm Trakt exprimiert wird. Die
genaue Funktion des Gens ist unbekannt. In Hausmausen fuihrt eine Mutation in der cis-
regulatorischen Region zu einer gewebsspezifischen Veranderung der Expression, der Ex-
pressionsort ist also entweder der Magen-Darm Trakt und/oder die Blutgeféafie (C57BL6/J
Allel (Expression im Epithelgewebe) oder RI11S/J Allel (Expression im Endothelgewebe)).
Die Expression des Gens B4galnt2 in den Blutgefafien fiihrt zu einem Phénotyp, der der
menschlichen Bluterkrankheit, der Von Willebrand Krankheit dhnelt. Die Auswirkun-
gen der veranderten Darmexpression sind jedoch unbekannt. Die hier vorliegende Dis-
sertation verbindet die Populationsgenetik mit der Metagenomik. Neben populations-
genetischen Untersuchungen in Bezug auf das Gen B4galnt2 beleuchteten wir zudem
die Einflusse biogeografischer Faktoren auf die Zusammensetzung von Darmbakterienge-
meinschaften.

Die populationsgenetische Untersuchung des Gens B4galnt2 in natiurlichen Populatio-
nen von allen drei Unterarten von Mus musculus und der Schwesterart M. spretus zeigte,
dass die verschiedenen Allele, die in der Region vor dem Gen vorkommen, schon seit
langer Zeit erhalten werden. Verschiedene Expressionsmuster konnten bis zur Aufspal-
tung von der Art M. famulus, also mehr als 2,8 Millionen Jahre zuriickverfolgt werden.
Die Tatsache, dass Darmexpression in allen Mausen mit wenigstens einem C57BL6/J Al-
lel konserviert ist, fiihrt zu der Annahme, dass der Darm ein Angriffspunkt fur Selektion
ist. Bereits bekannt ist, dass, abhdngig von der An-/Abwesenheit bestimmter Zucker im
Magen-Darm Trakt, sowohl symbiontische/kommensalistische, als auch pathogene Bak-
terien beeinflusst werden. Diese Tatsache, zusammen mit der Langzeit-Erhaltung ver-
schiedener Allelklassen, und somit unterschiedlicher Expressionsmuster Idsst vermuten,
dass Wirt-Pathogen Interaktionen sehr wahrscheinlich eine Rolle in der evolutionédren Dy-
namik des Gens spielen.

Zusétzlich untersuchten wir die die Effekte von Geografie, Populationsstruktur des Wirts
und den Einfluss der Vererbung durch das Muttertier auf die Mikrobiota, da bisher noch
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nicht viel Uber die Einflisse biogeografischer Faktoren auf die Darmmikrobiota bekannt
war. Mit ”high throughput pyrosequencing” erhielten wir die Sequenzen des bakteriellen
16S rRNA Gens zur Beschreibung der Darmbakteriengemeinschaften von M&usen aus
acht verschiedenen Populationen aus Westeuropa. Mit Hilfe von Mikrosatelliten konnten
wir die Populationsstruktur der Hausméuse untersuchen und die mitochondriale DNA er-
laubte uns Aussagen Uber die mitterliche Weitergabe mancher Bakterien zu treffen. Es
stellte sich heraus, dass die Lage des Fangorts (d.h. geografischer Effekt) wesentlich die
Zusammensetzung der Darmbakteriengemeinschaften beeinflusst. Aber auch die Popu-
lationsstruktur des Wirts und die zusammenhdngenden Effekte aus Geografie und Sub-
struktur zeigten deutliche Auswirkungen. Zuséatzlich konnten wir noch Bakterienarten,
gehorig zu den Genera Helicobacter, Robinsoniella und Bacteroides, identifizieren, die
in signifikantem Zusammenhang mit all jenen Faktoren stehen.

Desweiteren erdrterten wir die Verteilung der RI11S/J und C57BL6/J Allelfrequenzen in
den acht Mauspopulationen. Dabei stellte sich heraus, dass das RINIS/J Allel mit mit-
tlerer Frequenz im Suid-Westen Frankreichs auftritt und nach Mittelfrankreich hin deutlich
abfallt. Dies lasst vermuten, dass unterschiedliche selektive Faktoren in den verschiede-
nen Populationen vorherrschen. Um Einblicke in die Dynamik der Allelfrequenzen zu
gewinnen, untersuchten wir das Verteilungsmuster in Bezug auf die Populationsstruktur
der Mduse (welche wir tber Mikrosatelliten und die mt D-loop Sequenzen abschétzten).
Zudem versuchten wir, Uber die Analyse der Darmbakteriengemeinschaften in Bezug auf
die verschiedenen Genotypen mogliche phanotypische Konsequenzen der B4galnt2 Ex-
pression zu erhalten. Es zeigte sich, dass wahrscheinlich lokale Anpassung die Ursache
fur die groien Unterschiede in den Allelfrequenzen ist. Die zugrundeliegende Population-
sstruktur, die durch verschiedene Kolonisationswellen gebildet hétte werden kénnen und
somit auch fur die Differenzen in Allelfrequenzen verantwortlich sein kdnnte, zeigte sich
als eher unwahrscheinlich. Aufierdem konnten wir den Einfluss der B4galnt2 Expression
auf die Bakteriengemeinschaften im Darm bestétigen, was auch schon fiir Labormause
gezeigt wurde. Eine direkte Assoziation zwischen Genotyp und Pathogen konnte nicht
nachgewiesen werden.

Dadurch, dass wir die Langzeit-Erhaltung verschiedener Expressionsmuster des B4galnt2
Gens nachweisen und auch die Rolle verschiedener biogeografischer Faktoren auf die
Darmbakteriengemeinschaften ndher beschreiben konnten, lieen sich die evolutionare
Geschichte des B4galnt2 Gens und seine phanotypischen Auswirkungen genauer charak-
terisieren. Die ungeklarten Fragen im Zusammenhang mit dem Kosten-Nutzen-Ausgleich
der beiden Allele bendtigen fir ihre Beantwortung aber weitere Untersuchungen und vo-
rallem das Wissen um die genaue Funktion und damit den Nutzen des RII1S/J Allels.
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Summary

B4galnt2 is a blood group-related glycosyltransferase expressed in the gastrointestinal
(GI) tract of most mammals. However, cis-regulatory variation at B4galnt2 in house
mice leads to different tissue-specific expression patterns affecting intestinal epithelium
and vascular endothelium according to the alleles present in the direct upstream region
("C57BL6/J”” or "*RIIS/J)” allele, respectively). Blood vessel expression of B4galnt2
leads to a phenotype in mice very similar to a common human bleeding disorder, von
Willebrand disease, but the consequences of altered expression in the intestine are un-
known. This dissertation combines poulation genetics with metagenomics with respect to
the B4galnt2 gene in natural populations of mice and enlightens the role of biogeography
in shaping intestinal micriobial communities in general.

The population genetic study of the B4galnt2 gene in all three subspecies of M. musculus
(i.e. M. m. domesticus, M. m. musculus and M. m. castaneus) and the sister species
M. spretus revealed the long-term maintenance of different allele classes present in the
direct upstream region of B4galnt2. Varying expression patterns could be identified to be
present for > 2.8 MY, since the divergence of M. famulus. The finding, that gut expres-
sion was conserved in all mice exhibiting the C57BL6/J allele lead to the suggestion the
the gut is a likely target of selection. It is known, that glycosylation profiles in the Gl
tract can influence both symbiotic/commensal and pathogenic bacteria. Together with the
long-term maintenance of alleles conferring differences in B4galnt2 expression suggests
that host-pathogen interactions in the gut are likely involved.

As not much was known about the biogeographic influences on the intestinal microbiota
we described and thus shed light on the effect of different factors (i.e. geography, host
population structure, maternal transmission) on them. We performed a survey of eight
house mouse populations throughout western Europe, by applying high throughput py-
rosequencing of the bacterial 16S rRNA gene, we obtained the microbiota composition
of those mice, microsatellites were used for estimating hosts population structure and se-
quencing of the mitochondrial D-loop region for the inference of maternal inheritance.
Geography was found to be the most dominant factor shaping the bacterial composition,
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followed by host population structure and the interaction of both. Additionally we could
identify several bacterial ”species” which showed significant correlation to the underlying
population structure of their host, maternal lineages and geography.

We also performed a survey of B4galnt2 allele frequencies of the eight sampled popula-
tions in France and Germany. We detected a clear pattern of allele frequency distribution
with a clear decline of the RINIS/J allele frequency in central France, where we would
thus locate the selective pressure(s). To shed light on the population dynamics concerning
B4galnt2 allele frequencies we analysed the frequency distribution pattern according to
population substructure (as estimated by microsatellites and mtDNA). To follow up on
the question of possible phenotypic consequences of B4galnt2 expression, likely on the
intestinal microbiota, we analysed the gut microbiota composition according to B4galnt2
genotype by keeping in mind the newly gained insights of Chapter 2. This survey al-
lowed us to infer that local adaptation is the most likely explanation for these dramatic
differences in allele frequencies, rather than population substructure (e.g. due to different
colonization waves). We could also confirm the influence of B4galnt2 expression on the
microbiota composition in wild-caught mice as already described for lab mice. A direct
pathogen-genotype association could not be detected, which might be due to our sampling
size. By identifying the long-term maintenance of different B4galnt2 expression patterns
and elucidating the role of biogeography on the intestinal microbiota we were able to fur-
ther characterize the evolutionary forces acting at B4galnt2. We shed light on the complex
dynamics acting at the B4galnt2 gene, but, until the beneficial consequence(s) of exhibit-
ing the RI11S/J allele is known, the story of B4galnt2 will remain a mystery and has to be
further explored.
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GENERAL INTRODUCTION 1

General Introduction

This dissertation comprises work of two different fields in biology - population genetics
and metagenomics. What all three projects have in common is the model organism - the
house mouse Mus musculus. Population genetics will be applied to the candidate gene
B4galnt2 in natural populations of all subspecies and a sister species of the house mouse.
The metagenomics part concentrates on the microbial community in the gut of natural
populations throughout France and Germany. In this introduction I will first introduce the
house mouse as model organism. Thereafter | will focus on the background of population
genetics and the candidate gene B4galnt2 as well as on metagenomics and the gut micro-
biome.

1. The History of a Model Organism

The genus Mus emerged ~5 MYA and can be divided into several subgenera as Nanno-
mys, Coelomys, Pyromys and the subgenus Mus per se (Figure 1-1, Guénet and Bonhomme
(2003)). The subgenus Mus comprises several species from Asia (M. caroli, M. cooki and
M. cervicolor), India (M. famulus) and Thailand (M. fragilicauda) which split ~2-3 MYA.
Parallel to the M. musculus complex M. spretus and M.spicilegus/M. macedonicus share
a common ancestor ~1.5 MYA. M. musculus is thought to have originated on the Indian
subcontinent where the three major subspecies (M. m. domesticus, M. m. musculus and M.
m. castaneus) split ~0.5 MYA (Boursot et al., 1993; Guénet and Bonhomme, 2003).The
house mouse (Mus musculus, Schwarz & Schwarz 1943) is a commensal species which
followed humans during their spread all over the world (Figure 1-2) since the Neolithic
(Auffray et al., 2001; Cucchi et al., 2005). While M. m. castaneus colonized the East
and M. m. musculus central and eastern Europe, M. m. domesticus arrived in France over
the Mediterranean see via the seaway and colonized western Europe ~3000 years ago
(based on palaeontological fossil records (Cucchi et al., 2005)). From there it spread to
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Figure I-1: Phylogeny of the genus Mus (taken from Guénet and Bonhomme (2003)).

America and the rest of the world in the last hundreds of years. The three subspecies of
M. musculus are not completely genetically distinct. Hybrid zones exist between M. m.
musculus/ M. m. domesticus and M. m. musculus /M. m. castaneus (Figure 1-2). The
hybrids between M. m. musculus and M. m. castaneus are forming one single population
in Japan and are often referred to as M. m. molossinus (Yonekawa et al., 1988). Even M.
m. domesticus and M. m. castaneus could potentially form fertile hybrid offspring, but no
contact zones exist between the two subspecies.

Its potential to reproduce in captivity, its small size, the short generation time and easy
handling made the house mouse a very popular animal model in science, be this in biol-
ogy or medicine (Kile and Hilton, 2005; Guénet and Bonhomme, 2003). Not forgetting
the fact, that the house mouse is a mammal, which makes studies comparable to higher
organisms, especially to humans. The first labstrains were set up by C.C. Little in 1921,
based on a stock of Miss Abby Lathorp, those mice are the founders of the C57BL inbred
line (http://www.informatics.jax.org/morsebook/index.shtml), the most common inbred
mouse strain. Most inbred mouse strains are of polyphyletic origin of the three sub-
species of M. musculus. M. m. domesticus is the primary source of labstrains, also M. m.
castaneus and M. m. musculus contribute to their genetic set up (Wade and Daly, 2005;
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Figure I-2: Colonization routes of the different (sub)species of the genus Mus (taken from Guénet
and Bonhomme (2003)).

Wade et al., 2002). In the last decades the evolutionary history of mice has been studied
extensively (Boursot et al., 1993; Bonhomme et al., 2011; Boursot et al., 1996), as well
as its behaviour (Mackintosh, 1970; Montero, 2010) and genetics (see for review Guénet
and Bonhomme (2003); Kile and Hilton (2005)). In addition the whole genome sequence
has been available for a decade (Mouse Genome Sequencing Consortium 2002) and thus
makes it even more a perfect model system for studies in evolutionary biology.

In addition to the house mouse we included in our studies individuals of the species M.
spretus (western Mediterranean mouse, Lataste 1883). Its species range is north Africa/
Portugal/ Spain/ southern France (Figure 1-2). Thus, it occurs sympatrically with M. m.
domesticus but they do not interbreed in nature (Palomo et al., 2009), although this is
possible in the lab. Contrary to the house mouse they are not commensal and also differ
in some morphological traits, like coat color, body size or tail length (Palomo et al., 2009).
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2. Population Genetics

2.1 The History of Population Genetics

The basic principles of “evolution is driven by natural selection” and that "all organisms
originate from a common ancestor but gradually modified over time” proposed by Darwin
in his book ”On the Origin of Species” (1859), together with the letters of Gregor Mendel
describing the three laws of inheritance (1865), served as basis for S. Wright, R.A. Fisher
and J.B.S. Haldane to found the field of classical population genetics at the beginning of
the 20" century. Later on several other fields of biology beside genetics, also botany, mor-
phology, palaeontology and ecology have been integrated to the concept of population ge-
netics and was called ”"The Modern Synthesis” (Huxley, 1942) a nowadays well-accepted
concept of evolution. Bringing this together, today ”Population geneticists spend most
of their time doing one of two things: describing the genetic structure of populations or
theorizing on the evolutionary forces acting on populations” (Gillespie, 2004). Popula-
tion genetics is defined as the study of the change of allele frequencies within populations.

2.2 The Main Principles

A central goal of evolutionary biology is to understand the forces underlying variation
within and between populations and species. After Hartl and Clark (2007) a population
is defined as a ”group of organisms of the same species living within a sufficiently re-
stricted geographical area so that any member can potentially mate with any other mem-
ber of the opposite sex”. The starting point for population geneticists constitutes the
Hardy-Weinberg principle. This principle from ~1908 states that under the assumptions
of diploidy, sexual reproduction, discrete generations, infinite population size, no selec-
tion and random mating, genotype frequencies can be derived from the allele frequencies.

AA: p? Aa: 2pq aa: ¢ (see Hartl and Clark (2007))

Whereas AA, Aa and aa are the zygotes of any generation, p?, 2pq and g? are the geno-
type frequencies and p and g the allele frequencies of ”"A” or ”a”, respectively, from the
previous generation. The allele frequencies of p and q add up to 1 (see Hartl and Clark
(2007)). Random mating causes the same allele frequencies in the next generation as in
the one before. This results in a constant distribution of allele frequencies that is due to
Mendelian inheritance if no other evolutionary forces are present. Deviations from this so
called Hardy-Weinberg Equilibrium thus facilitate the identification of allele frequency
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changes.

Which reasons are possible for this deviation? The evolutionary forces shaping the ge-
netic variation in populations are demography, random genetic drift, mutation, recom-
bination and selection. Demography deals with the history of populations such as pop-
ulation bottlenecks, population growth, shrinkage or migration/gene flow due to envi-
ronmental/social influences, thereby influencing allele frequencies. To assess important
information on the demographic history of a population, population structure can give
useful insights, for which Wright’s F; (Wright, 1951) is a widely used estimator. Nowa-
days programs exist to estimate population structure, e.g. STRUCTURE, a "model-based
clustering method for inferring population structure using genotype data consisting of
unlinked markers” (Pritchard et al., 2000; Falush et al., 2003a). A second evolutionary
force is genetic drift, which stands for random, neutral changes of allele frequencies over
time. It removes genetic variation from populations. Mutation and recombination are two
factors which bring in new alleles, hence, restoring allelic variation in populations. Some
time after evolution and natural selection became commonly accepted theories, in 1983
Motoo Kimura presented his profound ideas of the ”Neutral Theory of Molecular Evo-
lution”. The neutral theory does not exclude Darwin’s idea of selection but it states that
most changes that occur at the molecular level do not affect the individuals fitness, thus are
(nearly) neutral and get fixed or lost by random genetic drift. The variation in a population
in the end is dependent on the population size and the rate in which new mutations enter
the genome. The neutral theory can, as population size and mutation rate affect the whole
genome, thus be seen as null hypothesis in population genetics. Neutrality tests have been
developed, so that observed data from natural populations can be tested against the neutral
expectations. Either the null hypothesis of neutrality can be accepted, thus mutation and
demography are the driving forces for molecular evolution, or discarded, leaving selection
as a possible influencing factor. Tajima’s D (Tajima, 1989) for example is a neutrality test,
that is based on the site frequency spectrum, thus, on the nucleotide diversity which can
be analyzed with two estimators: 1) 7 (Tajima, 1983), which is sensitive to the allele fre-
quency and takes the pairwise average between sequences and 2) 0y asrerson (VWatterson,
1975), which solely counts the number of segregating sites, corrected by sample size. If
only one locus is considered, Tajima’s D equals 0 when all neutral expectations are met,
Tajima’s D < 0 can indicate directional selection or population expansion, and values > 0
can indicate balancing selection or population admixture.

Mainly two different types of selection can be distinguished (Hartl and Clark, 2007) -
negative/purifying and positive selection. Negative selection removes detrimental alleles
from populations. Positive selection either increases the allele frequency of beneficial



6 GENERAL INTRODUCTION

alleles (directional selection) or maintains allelic variation in populations (balancing se-
lection). Selection can act either on coding sequences (e.g. Bustamante et al. (2005);
Chamary et al. (2006)) resulting in changed proteins/ protein functions or on non-coding
DNA, where selection can act on the level of gene expression, e.g. though changes in the
cis - or trans- regulatory regions. (Wittkopp et al., 2004; Hahn, 2007; Wray, 2007). The
relative contribution of changes in the cis-regulatory versus the protein-coding regions
of genes to the adaptive process has been the subject of recent debate (Carroll, 2005;
Hoekstra and Coyne, 2007; Wray, 2007). Cowles et al. (2002) tried to quantify the ex-
tent of regulatory variation in inbred mouse strains. Even though it is hard to identify
cis-regulatory elements as they can be quite far away of its targeted gene (Kleinjan and
van Heyningen, 2005) and expression can differ depending on developmental stage and
tissue, they still detected a significant amount of variation. A list of studies of individual
genes under purifying and directional selection (for sexual signaling and local adaptation)
and balancing selection, oftentimes due to host- parasite interactions (with variation in re-
sistance to pathogens and/or susceptibility to disease) and along environmental clines has
been reviewed in Hahn (2007). For example, a positively selected polymorphism in the
cis-regulatory region of the Interleukin-4 (IL4) locus in humans increases the inducibility
of expression, leading to a more rapid response against harmful pathogens, but is as-
sociated with diseases such as asthma and atopic dermatitis, where the immune system
appears to be inappropriately stimulated by otherwise harmless agents in the environment
(Rockman et al., 2003). Bamshad et al. (2002) detected a strong signature of balancing
selection in the cis-regulatory region of the CCR5 gene in humans. A strong haplotype
structure could be identified in the direct 5° region, resulting in varying degrees of sus-
ceptibility to HIV-1 and the progression of AIDS.

2.3 Balancing Selection

As mentioned in the previous section 2.2, balancing selection maintains genetic variation
in populations (see Charlesworth (2006) for review), whereby polymorphisms are pre-
served significantly longer than under random genetic drift. Different types of balancing
selection can be distinguished. Under temporal and/or spatial variation in the environ-
ment either the one or the other homozygous allelic state can be advantageous (frequency
dependent selection (Stahl et al., 1999)) or heterozygotes serve a higher fitness in popula-
tions (overdominance; Kojima (1971); Allison (1954)). Classical examples for balancing
selection are the MHC system in mammals (Apanius et al., 1997), the Rpm1 locus in
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plants (Stahl et al., 1999) or the human ABO gene (Calafell et al., 2008), as well as the
(although debated) textbook example of the peppered moth in England during the indus-
trial melanism (Kettlewell, 1973; Cook, 2003). Balancing selection could also be iden-
tified in many other cases in plants (e.g. Filatov and Charlesworth (1999); Kamau and
Charlesworth (2005), in insects (e.g. Fitzpatrick et al. (2007); Wheat et al. (2010); Cho
et al. (2006), and mammals (Hiwatashi et al., 2010; Newman et al., 2006; Bamshad et al.,
2002). The Oasb1l locus in house mice gives an example of long-term balancing selection
where the maintenance of different alleles predates several speciation events and results in
trans-species polymorphism (Ferguson et al., 2008). Oftentimes the retention of various
alleles is due to the identification or response to pathogens and therefore can influence the
susceptibility/resistance to diseases (Hahn, 2007; Apanius et al., 1997; Ferguson et al.,
2008; Andrés et al., 2009; Fumagalli et al., 2009). Andrés et al. (2009) surveyed the hu-
man genome specifically for genes under balancing selection. They detected an excess of
disease related genes such as the HLA-B gene in the MHC and the FUT2 locus, a blood
group associated gene. Fumagalli et al. (2009) concentrated on balancing selection on
blood group antigen genes (BGAs) and reported for several BGAs a correlation between
”pathogen richness” and different BGA gene variants. Another target of balancing se-
lection is the gene B4galnt2 (5-1,4-N-acetylgalactosaminyltransferase-2) locus in mice,
which is a blood group related glycosyltransferase and will be discussed further in the
next section.

2.4 An Example - B4galnt2 as Candidate Gene

B4galnt2 adds "GalNAc” sugars to proteins and lipids and is responsible for the last step
in the Sda and Cad blood antigen synthesis (Montiel et al., 2003). The actual function
of the gene is unknown yet. B4galnt2 expression in the gastrointestinal tract (Gl tract)
is highly conserved in vertebrates from fish to humans (Stuckenholz et al., 2009; Mon-
tiel et al., 2003). Interestingly, some mice exhibit, beside the common gut expression,
gene expression in the endothelium (blood vessel). This includes the inbred mouse strain
RIIIS/J as well as some natural populations of the western house mouse (Johnsen et al.,
2008, 2009).

A tissue specific switch of B4galnt2 expression from epithelial to endothelial cells, the
site of von Willebrand Factor (VWF) synthesis (Jaffe et al., 1973), leads to a detrimental
phenotype, which is similar to the human bleeding disorder von Willebrand Disease type
1 (VWD). In humans, this is the most common inherited bleeding disorder with a preva-
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lence of 1% (Rodeghiero et al., 1987). The expression of B4galnt2 in the blood vessels
results in rapid clearance of VWF from the bloodstream (Mohlke et al., 1996, 1999). As
the VWEF is an essential protein in the blood coagulation system this results in prolonged
bleeding (Sweeney et al., 1990). VWD in general has also been found to be present in
a variety of mammals, besides in mice also in horses and calves (Brooks et al., 1991;
Sullivan et al., 1994).

On the molecular level, Mohlke et al. (1996) located the region responsible for this tissue
specific switch to chromosome 11, termed the mutation ”Modifier von Willebrand Factor
1” (MvWEF1) and showed that this autosomal dominant effect is independent of the vVWF
gene itself, which lies on chromosome 6. In 2008 Johnsen and colleagues found a highly
conserved haplotype block spanning ~97kb in 12 inbred mouse strains which also carry
the MVWF1 which resembles clearly the sequence of the RI11S/J strain. They also could
narrow the cis-regulatory mutation to lie ~30kb upstream of B4galnt2. Changes in the
coding region could not be detected. A refined look on the sequence level reveals a clear
peak of divergence (up to 12%) between the sequences of the lab strains RINIS/J (RI1II)
and C57BL6/J (C57) in the cis-regulatory region (Johnsen et al., 2008) which is sev-
eral fold higher than the expected difference between inbred mouse strains (Wade et al.,
2002). Johnsen et al. (2009) detected a strong haplotype structure in the upstream region
of B4galnt2, corresponding to the sequences of the C57 and RIII labstrains, respectively.
Interestingly, they detected those two haplotype classes and with it the bleeding pheno-
type also in natural populations. Population genetic analyses revealed balancing selection
as the most likely explanation for this unusual pattern of sequence divergence at B4galnt2
(Figure 1-3), even if introgression (i.e. the introduction of genetic material from one
gene pool into another) cannot be completely ruled out (Johnsen et al., 2009). Finally,
all these observations raise several important evolutionary questions regarding the ori-
gin and maintenance of the two divergent haplotypes at B4galnt2 and their phenotypic
consequences. Concerning the phenotypic consequences two possibilities have to be con-
sidered, either selection acts in the gut epithelium and/or in the blood vessel endothelium.
As blood-group related glycosyltransferases influence the attachment and colonization of
both pathogenic and symbiotic/commensal microorganisms in the Gl tract (Sonnenburg
etal., 2005), this may be one reason they are frequent targets of selection (Fumagalli et al.,
2010). Furthermore, it has been demonstrated that individual members of the microbiota
forage upon glycans present on host mucosal surfaces when not provided dietary sources
of polysaccharides (Backhed et al., 2005). Thus, blood-group related glycosyltransferases
represent good candidates for describing the evolutionary forces shaping host-microbiota
interactions. Variation in those glycosyltransferases, and hence the composition of the
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Figure 1-3: Sliding window analysis of the nucleotide divergence between the sequences of the
labstrains R111S/J and C57BL6/J in the gene region of B4galnt2 (figure taken from Johnsen et al.
(2008)).

sugars present in the Gl tract, may have significant influences on the gut ecosystem, al-
though this remains largely unexplored. This information makes the Gl tract a good
candidate to investigate the phenotypic consequences of the different B4galnt2 alleles.

3. Metagenomics

3.1 A Global View on Metagenomics

In 1998 Jo Handelsman and colleagues first introduced the word “metagenomics”, to-
day also known as environmental genomics or community genomics. Put in wider terms,
”Metagenomics has also been more broadly defined as any type of analysis of DNA ob-
tained directly from the environment” (Hugenholtz and Tyson, 2008). Microbiology took
the first steps to explore the world of microorganisms, but as it is largely limited to the
culturing of organisms and which is not possible fot the majority of microbes, a lot of
information on microbial variation is invisible. After Riesenfeld et al. (2004) and Mon-
godin et al. (2005) culturing of 99% of the microorganisms is not possible by standard
techniques. With advances in technological methods (e.g. pyrosequencing) genome se-
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quences or at least portions of them (for bacteria mostly the 16S rRNA gene) from whole
communities inhabiting the same enviromnment can be assessed. Culturing and even
PCR-based methods in some cases can thereby be circumvented (Handelsman, 2005).
With this large amount of information a new impression of the microbial world is pos-
sible. In general also viruses and archae can and already have been included in metage-
nomic studies (see Figure 1-4), but most often metagenomics is referred to in relation to
bacterial communities, as it also is in this dissertation, where we particularly focus on the
gut microbiome.
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Figure I-4: Sequence based metagenomic projects from 2003 - 2008 (techniques used: in black
shotgun sequencing, in red fosmid library sequencing and in green pyrosequencing; figure taken
from Hugenholtz and Tyson (2008)).

3.2 An Introduction to the (Gut) Microbiome

Antoni van Leeuwenhoek (1632-1723) first discovered the so called “animalcula”, today
known as bacteria. He described them as broadly distributed and very diverse organisms
and identified three different forms and their occurences ranging from rain water to the
human mouth and intestine (reviewed in Smit and Heniger (1975)). After the field of mi-
crobiology was established many scientists started thinking about those tiny cohabitants of
our world, meanwhile more than 10,000 species (http://www.bacterio.cict.fr/number.html)
have been described. In the soil they decompose dead plant or animal material to their
constituents, and cyanobacteria form together with green algae the phytoplankton which
is an important nutrition for a diverse set of water organisms. Bacteria also show up on
and in organisms like vertebrates, including humans (e.g. on skin and hair or in lungs,
mouth, the Gl tract, etc.) and form own communites. Great diversity of the community
composition among different body parts of a healthy human has been described (Spor
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et al., 2011), even one single organ can house differentiated communities according to
the location sampled (general: Costello et al. (2009), skin: Grice et al. (2009), GI tract:
Staubach et al. (2012)). Especially the Gl tract became of outstanding interest as the bac-
terial communities also within the different parts of it are highly diverse (~800 species
and ~10-fold more strains; Backhed et al. (2005)) and reach the highest cell densities
known for any microbial habitat (up to 1012 cells/ml; Whitman et al. (1998)). So gut
communites can also be described as “worlds within worlds” (Ley et al., 2008) or as
our microbial organ (Backhed et al., 2005). The importance of the gut microbiome for
vertebrates, including humans has been studied on several levels as these microbial com-
munites are highly involved in physiological processes of their hosts as the metabolism of
nutrients and organic substrates (Hooper et al., 2002), the development of the intestinal
epithelium (Falk et al., 1998), the detection of foreign pathogens (Stecher et al., 2010) and
the maturation and development of the immune system. They also tend to influence the
behaviour of their hosts (Heijtz et al., 2011). Already recognized by Robert Koch 1876,
bacteria don‘t live exclusively commensalistic or even mutualistic (e.g. Bacteroides ple-
beius (Hehemann et al., 2010)) with their hosts, some rather occur as harmful agents (e.g.
Bacillus anthracis, Mycobacterium tuberculosis). They can influence the health/disease
status of humans and other vertebrates and are associated with diseases like type 2 dia-
betes, obesity, inflammatory bowel disease and many more (see Round and Mazmanian
(2009) for Review), either due to a shift in their bacteria compositions, i.e. dysbiosis,
or due to different community compositions. Despite their important roles gut bacte-
ria achieved, still considerable variation exists between host individuals (Eckburg et al.,
2005). Little is known regarding the impact of the range of variation on host fitness.

Besides those effects of the microbiota on their hosts there is a second side of the coin -
the effects of the host on the microbiota, regarding the relative roles of the contributing
factors to this community variation (see also Walter and Ley (2011) for Review). The first
step of bacteria colonizing vertebrates happens at birth where the first ”basic” community
is transmitted from the mother to the newborn (Koenig et al., 2011; Palmer et al., 2007).
Even differences in the newborns and also children’s gut communities can be observed
between natural born offspring and offspring born via C-section (Koenig et al., 2011;
Dominguez-Bello et al., 2010; Salminen et al., 2004). Furthermore, the colonization
history in total shapes microbial diversity (Emerson and Gillespie, 2008; Cavender-Bares
etal., 2009), colonization of e.g. environmental bacteria is thought to be influenced by the
already resident community (Stecher et al., 2010). Of course also the local environment
the host is exposed to plays an important role in the composition of the gut microbiota
(Spor et al., 2011), and together with it the available local diet can cause changes to the



12 GENERAL INTRODUCTION

gut flora (e.g. Hehemann et al. (2010); De Filippo et al. (2010)). For vertebrates it could
be shown that according to their diet categories (herbivore, omnivore, carnivore) there are
essential differences in the gut morphology as well as in the fecal bacteria community
(Ley et al., 2008). Broader scale analysis of many mammalian hosts reveals that other
individual bacterial lineages are found in multiple host species, suggesting they may be
more promiscuous/environmentally-acquired (Ley et al., 2008). Last but not least, the
host itself is a contributing factor to its own microbiota. As already said above, the differ-
ent body parts serve as different environments within the host and so assemble different
bacteria communities. Also comparative studies between humans differing by varying de-
grees of genetic relatedness suggest a strong influence of host genotype (Zoetendal et al.,
2001; Rehman et al., 2011; Sonnenburg et al., 2005; Benson et al., 2010), as does the
co-evolution and -diversification of individual lineages together with their hosts (Falush
et al., 2003b; Oh et al., 2010). A recent study of closely related hominid species exam-
ined the correspondence between intestinal communities and host phylogeny based on
mitochondrial DNA (mtDNA) (Ochman et al., 2010). A list of single host genes influ-
encing the gut community can be found in Spor et al. (2011). It is likely that colonization
of the intestinal environment arises from a spectrum of lineages, ranging from strong
host-specific to promiscuous associations, although their relative contribution to overall
community composition and structure remains largely unclear.

4. Scope of the Thesis

Overall this thesis aims to characterize the selective forces acting on B4galnt2 and de-
scribes the dynamics of natural populations of house mice. Furthermore the gut micro-
biota communities of eight house mouse populations will be characterized and analyzed
with respect to host genetics and the environment.

More specifically, the work comprises molecular insights of the B4galnt2 gene locus in
the three subspecies of Mus musculus and Mus spretus, as well as gene expression anal-
yses for known and alternative alleles in the direct flanking region of the gene (Chapter
1). The fact, that sequence divergence between the two haplotypes at B4galnt2 is much
higher (up to 12%; Johnsen et al. (2008)) than the sequence divergence between M. m.
domesticus and M. spretus (~2%; Galtier et al. (2004)) raises the question whether long-
term balancing selection is acting in the upstream region of B4galnt2. For the second
and third chapters eight house mouse populations in western Europe were sampled. Our
dataset consisting of a panel of microsatellite loci, mitochondrial D-loop sequences and
sampling location information allows us to shed light on the underlying population struc-



GENERAL INTRODUCTION 13

ture and the influence of genetic and environmental factors on the bacterial composition in
the intestine. The second chapter serves as a basis for interpreting the anaylses concern-
ing the intestinal microbiota with respect to the B4galnt2 gene, which is part of chapter
3. With the refined information on allele frequency distribution of B4galnt2 from France
and Germany and the information about population substructure and the role of biogeog-
raphy on the intestinal microbiota we address the question, whether local adaptation is a
viable explanation for the great difference in allele frequencies or whether this is better
explained by population substructure. We also analyze the gut microbiota with respect to
the B4galnt2 genotype in wild-caught mice and posed the question of whether a pheno-
typic influence is observable among highly variable microbioal communities.
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Chapter 1

Long-term balancing selection at the
blood group-related gene B4galnt2 in
the genus Mus (Rodentia; Muridae)

Linnenbrink M, Johnsen J, Montero |, Brzezinski C, Harr B, Baines JF (2011) Long-term bal-
ancing selection at the blood group-related gene B4galnt2 in the genus Mus (Rodentia; Muridae).
Molecular Biology and Evolution, 28, 2999-3003.

Abstract

Recent surveys of the human genome have highlighted the significance of balancing se-
lection in relation to understanding the evolutionary origins of disease-associated varia-
tion. Cis-regulatory variation at the blood group-related glycosyltransferase B4galnt2 is
associated with a phenotype in mice that closely resembles a common human bleeding
disorder, von Willebrand disease. In this study, we have performed a survey of the 5’
flanking region of the B4galnt2 gene in several Mus musculus subspecies and M. spretus.
Our results reveal a clear pattern of trans-species polymorphism and indicate that allele
classes conferring alternative tissue-specific expression patterns have been maintained for
> 2.8 million years in the genus Mus. Furthermore, analysis of B4galnt2 expression pat-
terns revealed the presence of an additional functional class of alleles, supporting a role
for gastrointestinal phenotypes in the long-term maintenance of expression variation at
this gene.
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The phenomenon of balancing selection, whereby natural selection acts to maintain mul-
tiple alleles in a population, may arise by a number of diverse processes including a het-
erozygote advantage, frequency dependent selection (Kojima, 1971) and temporal or spa-
tial variation in selective pressures (Hedrick, 1976). Although the frequency and overall
impact of balancing selection on the levels of diversity in natural populations has been
a subject of debate since the collection of the first polymorphism data (Lewontin and
Hubby, 1966), a diverse set of individual examples exists (see Charlesworth (2006) for a
review). Some of the first genome-level studies cast doubt on the existence of appreciable
balancing selection in the human genome (Asthana et al., 2005; Bubb et al., 2006). How-
ever, a recent landmark study of polymorphism data in the human genome demonstrates
the clear significance of this mode of selection (Andrés et al., 2009). Among their conser-
vative list of 60 targets of balancing selection, roughly a third are known to be associated
with human disease.

Studies of DNA sequence variation surrounding the blood group-related glycosyltran-
ferase 3 -1,4-N-acetylgalactosaminyltransferase-2 (B4galnt2) gene in house mice have
uncovered the presence of two divergent haplotypes, one corresponding closely to the
sequence of the RINIS/J (RIN) inbred mouse strain and the other to the C57BL6/J (C57)
strain (Johnsen et al., 2008, 2009). The RIII allele carries a cis-regulatory mutation that
directs a remarkable tissue-specific switch in B4galnt2 gene expression from its more
common site in intestinal epithelium (observed in C57) to vascular endothelium. Vascu-
lar expression of B4galnt2 results in the aberrant glycosylation of the clotting protein von
Willebrand Factor (VWEF), leading to accelerated VWEF clearance from circulation and
low VWEF levels (Mohlke et al., 1999) similar to the common human bleeding disorder,
Type 1 von Willebrand disease (Sweeney et al., 1990).

Both the RIII allele and the C57 allele are found in inbred mouse strains and natural Mus
musculus domesticus populations, where the relationship between B4galnt2 genotype and
tissue-specific expression was confirmed (Johnsen et al., 2008, 2009). Striking signa-
tures of natural selection were present in the populations studied by Johnsen et al. (2009),
and simulation analyses revealed introgression alone as an unlikely explanation for these
patterns. We proposed long-term balancing selection as the most likely explanation, but
direct support for this hypothesis was lacking, as the study surveyed only a single sub-
species.

To determine whether long-term balancing selection played a role in the generation of
extreme sequence divergence (up to 8%) between B4galnt2 haplotypes, we extended our
previous survey to ancestral populations of three house mice subspecies (M. m. muscu-
lus, M. m. domesticus and M. m. castaneus), and the more distantly related M. spretus
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(see Supplemental Material). The haplotypes previously described in M. m. domesticus
from France extended over ~60 kilobases. However, due to the ample opportunity for
recombination, the signatures of long-term balancing selection are predicted to localize to
narrow regions (Charlesworth, 2006). Thus, we increased the density of sequence frag-
ments spanning the peak of polymorphism observed by Johnsen et al. (2009) and added
the additional fragments to our previous data (Figure A-S1 and Table A-S1). In addition,
we sequenced seven reference loci in the M. spretus sample (Table A-S2), for which data
from all other populations was available (Baines and Harr, 2007) and thus provide the
first information on DNA sequence polymorphism in this species.

As previously observed in M. m. domesticus from France, a peak of polymorphism ap-
proximately 10 kb upstream of the B4galnt2 start codon is present in all species and
populations, which displays a minimum of 3-fold, up to ~13-fold higher levels compared
to the panel of reference loci (Figure 1.1 a).In three of the five populations, the fragments
with elevated polymorphism also display significantly positive Tajima’s D (Tajima, 1989)
values (Figure 1.1b). After closer inspection, the difference in Tajima’s D between these
and the remaining two populations is clearly due to differences in the frequency of diver-
gent haplotypes (see below).

To analyze the pattern of haplotype variation, we estimated the phase of diploid sequences
(Stephens et al., 2001; Stephens and Donnelly, 2003). Two divergent haplotype classes
similar in sequence to the RI11S/J and C57BL6/J inbred mouse strains are ubiquitously
present (Figure A-S2). However, the extent of linkage disequlibrium (LD) differed by
population (Table 1.1). LD was highest in the M. m. domesticus population from France

Table 1.1: Linkage Disequilibrium.

Population Informative Average Pairwise Significant Range of Signifi-
Sites® r2b Comparisons ~ Comparisons®(%) cant SNPs (bp)

MC 51 0.9 1128 1035 (91.76 %) 18878 bp

IR 35 0.78 561 440 (87.43 %) 12141 bp

KH 68 0.55 2211 1322 (59.8 %) 18933 bp

IN 63 0.3 1953 472 (24.17%) 17239 bp

SP 75 0.43 2278 1288 (56.54 %) 13655 bp

@ Sites with at least two copies of the rarer variant present in the sample.

b Composite genotypic r?, the squared correlation of genotypic indicators at two loci in diploid
individuals, was calculated using the composite. LD function submitted to the Bioperl project
(Stajich et al., 2002) as described in Johnsen et al. (2009).

¢ Based on the y? test.

(average r? = 0.9), followed by Iran (average r? = 0.78). Values from the other sub-
species/species were comparatively lower (range 0.3 - 0.55). Due to the high number of
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Figure 1.1: (A) Nucleotide diversity and (B) Tajima’s D across the B4galnt2 upstream gene
region. Populations analyzed were M. m. domesticus from Iran (IR, light green) and France (MC,
dark green), M. m. musculus (KH, pink), M. m. castaneus (IN, blue) and M. spretus (SP, brown).
Dashed lines represent average values at seven autosomal reference loci Baines and Harr, 2007)
and this study (M. spretus). * p < 0.05,* p < 0.01,** p < 0.001
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pairwise comparisons no association is significant after Bonferroni correction.

To further investigate the relationship between haplotypes, we examined representative
sequence fragments using phylogenetic analysis. For this we included a single individual
of M. famulus, which shares a common ancestor with the studied taxa approximately 2.8
Myr ago (Ferguson et al., 2008). The sequences at ~ -2 kb and ~ -20 kb cluster largely
according to species (Figure 1.2a,c).However, the pattern observed ~ 10 kb upstream of
the start codon is particularly striking (Figure 1.2b). Although the three house mouse sub-
species and M. spretus share a common ancestor 1.4 Myr ago (Ferguson et al., 2008), the
sequences clearly cluster according to allele class rather than by species, demonstrating a
clear pattern of trans-species polymorphism. Furthermore, the single M. famulus is most
closely related to the RI1I allele class.

To test whether the B4galnt2 expression patterns conferred by the RI11 and C57 haplotype
classes are conserved in other populations and species, we performed Dolichos biflorus
(DBA) lectin staining, which is specific for B4galnt2-carbohydrate residues (Johnsen
et al., 2008, 2009). In wild-derived mice from M. m. domesticus (Iran) and M. spretus
(Spain) we compared staining patterns with respect to B4galnt2 genotype using amplicon
#5 (~ -10 kb upstream) as a diagnostic marker (Table 1.2).Wild-derived M. m. muscu-

Table 1.2: Relationship between genotype (allele class) and DBA lectin staining pattern.

Population Allele Class  Gut+/Vessel-  Gut-/\Vessel+  Gut+/Vessel+  Gut-/Vessel-
MC C57/C57 8¢
(Johnsen et al. 2009) C57/RIII 10

RI/RITI 5
CRK/CRK

IR C57/C57 2
C57/RIII 5
RHI/RIN 10
CRK/CRK

SP C57/C57 1
C57/RIN 7
RHI/RITN 19
CRK/CRK

KH C57/C57 1
C57/RIN 11
RI/RITI 6
CRK/CRK 3

“Numbers indicate the sample size of each genotype tested per population- /species-of-origin.

lus (Kazakhstan) individuals harbored a recombinant C57 and RIII haplotype, which we
termed "CRK?” class. Thus, additional amplicons (as in the population data; Table A-S1)
were sequenced in those individuals in order to correlate haplotype classes with their ex-
pression phenotype (Table 1.2).
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Figure 1.2: Neighbor-Joining trees of B4galnt2 upstream regions. Sizes of the circles are pro-
portional to the number of occurrences. Sequences of RINIS/J and C57BL6/J were included for
reference and M. famulus as an outgroup. Trees are from sequences located (A) ~ 2 kb-(B) ~ 10
kb-(C) and ~20 kb upstream of B4galnt2 (fragments 6.2, 5 and 3.5 in Table A-S1).
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As expected, all individuals homo- or heterozygous for the C57 allele class exhibited
lectin staining in the Gl tract, and all individuals homozygous for the RIII allele class ex-
hibited loss of Gl staining. However, in contrast to the blood vessel positive DBA lectin
pattern observed in RIlI-homozygous individuals from France (Johnsen et al., 2009) and
Kazakhstan, all individuals with the RIII allele class from Iran and M. spretus failed to
display a blood vessel staining pattern. Thus, a third functional class of alleles is present,
which confers neither GI- nor blood vessel B4galnt2 expression, but is related to the
RIlI-class alleles at the sequence level. To investigate whether this loss of expression
might be due to a loss-of-function mutation, we sequenced all B4galnt2 exons, intronic
flanking sequences and UTRs of four M. spretus (one C57 and three RIIl homozygotes)
and five M. m. domesticus (Iran) individuals (two C57 and three RIIl homozygotes), but
detected no variants predicted to disrupt the transcript or protein (Figure A-S3). Surpris-
ingly, CRK homozygotes displayed both bowel and blood vessel lectin staining indistin-
guishable from RIII-C57 heterozygotes, supporting a modular model of tissue-specific
B4galnt2 gene regulation in which two or more GI or vascular-specific regulatory ele-
ments lie within distinct genomic regions.

We here report a pattern of both great haplotypic and functional diversity at B4galnt2
across the genus Mus. These results have important implications regarding the nature of
the selective forces maintaining variation at B4galnt2. Together with extreme divergence
between haplotypes, elevated polymorphism and significantly positive Tajima’s D values,
the presence of these two distinct haplotype classes in all subspecies of Mus musculus
and the closely related species M. spretus provides strong evidence of long-term balanc-
ing selection. This adds to a growing list of examples of this mode of selection in mice
such as (3-globin (Storz et al., 2007) and the Oaslb locus associated with West Nile virus
infection (Ferguson et al., 2008).

Interestingly, the common pattern across all species, subspecies and populations included
in this study is the presence of B4galnt2-GalNAc residues on the Gl tracts of any individ-
ual with the C57 allele class, and the loss of these residues in all individuals homozygous
for the RIII allele class. Although the function of B4galnt2 is unknown, gene expres-
sion is conserved in the Gl tract in vertebrates from fish (Stuckenholz et al., 2009) to
humans (Montiel et al., 2003). We speculate that selection on glycosylation in the gut
is a contributing factor to the long-term maintenance of this variation, likely by altering
glycan-specific host-pathogen interactions.
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Chapter 2

The Role of Biogeography in Shaping
Diversity of the Intestinal Microbiota in
House Mice

Linnenbrink M, Jun Wang, Emilie A. Hardouin, Sven Kiinzel, Dirk Metzler and John F. Baines
(Molecular Ecology, in Review)

Abstract

The microbial communities inhabiting the mammalian intestinal tract play an important
role in diverse aspects of host biology. However, little is known regarding the forces
shaping variation in these communities and its influence on host fitness. To shed light
on the contribution of host genetics, transmission and environmental factors on the diver-
sity in microbial communities between individuals, we performed a survey of intestinal
microbial communities in a panel of 100 house mice derived from eight locations across
western Europe using high throughput pyrosequencing of the bacterial 16S rRNA gene.
The host factors studied included population structure estimated by microsatellite loci,
mitochondrial DNA and geography. We found geography, host population structure and
their interaction to be critical to understanding the overall pattern of divergence in the
composition and structure of the intestinal microbiota, although to different degrees, with
geography being the strongest determinant. In addition, we identified individual bacte-
rial species belonging to genera including Bacteroides, Helicobacter and Robinsoniella
that displayed correlations with host genetic clusters, maternal lineages and geographic
locations, enabling general properties of their life-history to be inferred.



24 BIOGEOGRAPHY OF INTESTINAL MICROBIOTA IN MICE

Introduction

Together with pioneering gnotobiotic animal studies (Béackhed et al., 2004; Rawls et al.,
2006; Turnbaugh et al., 2009), the recent expansion of culture-independent analyses of
bacterial communities has highlighted the biological significance those inhabiting verte-
brate hosts, in particular the intestinal tract, so much so as to consider the intestinal mi-
crobiota a "forgotten organ” (O’Hara and Shanahan, 2006) or a ”malleable third genome”
(Carroll et al., 2009). Although the majority of the details surrounding host - microbiota
interactions have yet to be described, it is clear that the microbiota play an important role
in diverse processes of host biology including as the metabolism of nutrients and organic
substrates (Hooper et al., 2002), the development of the intestinal epithelium (Falk et al.,
1998), the detection of foreign pathogens (Stecher et al., 2010), the maturation and de-
velopment of the immune system (Hooper, 2001; Round and Mazmanian, 2009) and even
brain development and behavior (Heijtz et al., 2011). The intestinal microbiota are highly
diverse, composed of ~800 species and ~10-fold more strains (Backhed et al., 2005) and
despite their important roles also vary considerably between individuals (Eckburg et al.,
2005). While gross imbalances in these communities (dysbioses) are linked to inflamma-
tory bowel disease (IBD) (Ott et al., 2004; Round and Mazmanian, 2009), little is known
regarding the impact of the ”"normal” range of variation on host fitness, nor regarding the
relative roles of the contributing factors to this variation, be they genetic and/or environ-
mental (Ley et al., 2006). Comparative studies between humans differing by varying de-
grees of genetic relatedness suggest a strong influence of host genotype (Zoetendal et al.,
2001), as does the co-evolution and -diversification of individual lineages together with
their hosts (Oh et al., 2010). However, other individual phylotypes are found in multiple
host species, suggesting they may be more promiscuous /environmentally-acquired (Ley
etal., 2008). Thus, it is likely that colonization of the intestinal environment arises from a
spectrum of such lineages, ranging from strong host-specific to promiscuous associations.
A recent study of humans and four species of great apes revealed a correspondence be-
tween host phylogeny based on mitochondrial DNA (mtDNA) and the relationship of fe-
cal communities to one another (Ochman et al., 2010). However, the mtDNA phylogeny
explained only 25% of the variation in the microbial community tree, leaving the rest
to be explained by other factors such as geography, diet and health status. Furthermore,
the relationship to host phylogeny based on mtDNA may also be confounded if maternal
transmission plays a large role in community assembly.

In this study, we have performed a large biogeographical survey of natural M. m. do-
mesticus populations in order to simultaneously assess the contribution of host genetics,
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maternal transmission and geography to the diversity in intestinal microbial communities
between individuals, i.e. beta diversity. For each of 100 individual mice sampled from
eight populations spanning a continuous area of Germany and France, we collected data
from a panel of microsatellite loci, sequenced the mitochondrial D-loop and profiled the
intestinal microbiota by performing barcoded 454 pyrosequencing of the bacterial 16S
rRNA gene. By performing an analysis of host population structure and geography, we
found both variables to be significantly correlated to the patterns of divergence in the
composition and structure of the intestinal microbiota, with geography being the stronger
determinant. However, we also identified individual bacterial species among these com-
munities that displayed correlations with host genetic clusters and maternal lineages in
addition to geographic locations.

Material and Methods
Animal Material and Tissue Sampling

121 mice were sampled in barns and stables in eight geographic locations throughout a
continuous area of Germany and France in the summers of 2009 and 2010 (Table 2.1).
The sampling strategy described by Ihle et al. (2006) was followed, maintaining a mini-

Table 2.1: General information on sampling locations and molecular data.

Location
Area Year  Country Latitude Longitude Microsatellites 16S
and mtDNA  rRNA
Cologne/Bonn 2010 Germany 51° 0’ 6.00"N 7° 2’18.00"E  15¢ 11
Schémberg/Langenbrand2010  Germany 48°47°31.80”"N 8°38’ 7.38’"E 12 12
Severac le Chateau 2009 France 44°19’ 6.13"N 3° 3'57.00"E 18 14
Espelette 2009 France  43°21°10.49”N 1°26°49.34”W 22 16
Angers 2009 France  47°27°11.48"N 0°35°41.77"W 18 14
Nancy 2010 France  48°39°32.39”"N 6° 8'29.41"E 12 10
Louan-Villegruis 2010 France  48°37°57.53"N 3°29’ 4.10"E 12 11
Divonne les Bains 2010 France  46°22’35.04”"N 6° 7’'12.77"E 12 12

% Numbers indicate the sample size per analysis

mum distance of one kilometer between sampling sites, only single individuals from any
given sampling site were included in the analysis. Thus, 121 distinct sampling sites were
included. The cecum was the location of the gastrointestinal tract chosen for study due
to its large size, diverse microbial communities and important role in hindgut fermenta-
tion. Mice were dissected directly in the field and the cecum tissue was carefully flayed,
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separated from its contents and stored in 1.5ml ice cold RNALater for future processing
according the manufacturer’s instructions.

DNA Extraction

Mouse DNA was isolated from ear punches using the Dneasy Blood & Tissue Kit (Qia-
gen). Bacterial DNA was extracted from cecum tissue using a modification of the QIAmp
DNA stool mini kit (Qiagen). Tissue samples were transferred to 2 ml screw-cap tubes
containing 50 mg each of 0.1 mm, 0.5 mm and 1 mm glass beads (BioSpec Products).
Tubes containing beads were treated with UV exposure for 2 hours prior to extraction.
After adding 1.4 ml ASL lysis buffer, samples were subjected to bead beating using the
Precellys (Peglab) for 3 x 15 sec at 6500 rpm. Samples were then heated to 95C for 10
minutes, after which the manufacturer’s protocol was followed.

Molecular Analysis of Mouse DNA

D-loop Sequencing

A ~950 bp portion of the mitochondrial D-loop was sequenced as described by Prager
et al. (1993). Sequencing reactions were performed using ABI Big Dye v3.1 sequenc-
ing chemistry (Applied Biosystems, Foster City, CA) and run on an ABI 3730 automated
sequencer. Sequence chromatograms were edited using Seqman (DNASTAR, Inc., Madi-
son, Wisc.) and aligned using ClustalW (Thompson et al., 1994) in the program MEGA
4.0.2 (Tamura et al., 2007).

Microsatellite Genotyping

A set of 18 unlinked autosomal microsatellites described in Thomas et al. (2007) were
chosen to perform analyses of population structure. These include: Chr01_25, Chr02_01,
Chr03_21, Chr03_24, Chr04_31, Chr05_15, Chr05_45, Chr07_38, Chr08_11, Chr09_20,
Chrl11.64, Chr12_05, Chr13_22, Chr14_16, Chrl6_21, Chr17_09, Chr18_08 and Chr19_08
(Hardouin et al., 2010). PCR reactions containing forward primers labeled with either
FAM or HEX were performed on 10 ng DNA template using a Multiplex PCR kit (Qia-
gen). PCR products were then diluted 1:20 in water and 1l of diluted product was added
to 10l HiDi formamide and 0.1l of 500 ROX size standard before running on an ABI
3730 automated sequencer (Applied Biosystems, Foster City, CA). The alleles were ana-
lyzed using GeneMapper 4.0 (Applied Biosystems, Foster City, CA).
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Population Genetic Analysis

For the analysis of the mitochondrial DNA we used one sequence of M. m. domesticus
(GenBank accession number: AM182648) as a reference and one sequence each of M.
spretus (GenBank accession number: U47539), M. spicilegus (GenBank accession num-
ber: U47536) and M. famulus as outgroups. A NeighbourNet network was constructed
using the program SplitsTree (Huson, 1998; Huson and Bryant, 2006). For microsatel-
lites, the observed and expected heterozygosities, average number of alleles were calcu-
lated using Arlequin (Excoffier et al., 2005) and Cavalli-Sforza Chord distance (CAS)
was calculated using Microsatellite Analyser (MSA, Dieringer and Schlotterer (2003)).

Population Structure

Two measures of genetic differentiation were used: Slatkin’s Ry, (Slatkin, 1995) for mi-
crosatellites and ~,; for mitochondrial D-loop sequence. Slatkin’s R,; is a measure analo-
gous to Wright’s F,; (Wright, 1951) that is adapted to the high rate of stepwise mutations
occurring at microsatellites. v, is a direct measure of differentiation between populations
based on the mean number of pairwise differences. Isolation by distance (Wright, 1943)
was tested for by applying a Mantel test to both datasets. Population substructure was in-
vestigated using the software STRUCTURE version 2.3.1 (Pritchard et al., 2000; Falush
et al., 2003a). The parameters used were 500,000 burn-in period and 1,000,000 MCMC
simulations with four iterations per number of clusters (K) for K equals 2 to 12. For the
choice of K we applied the criterion of Evanno et al. (2005).

Pyrosequencing of the 16S rRNA Gene and Sequence Processing

The 27F-338R primer pair spanning the V1 and V2 hypervariable regions of the bacterial
16S rRNA was used for PCR amplification and barcoded pyrosequencing on the 454 GS-
FLX platform with Titanium sequencing chemistry as described in Rausch et al. (2011).
Raw sequences were filtered using Mothur (Schloss et al., 2009) requiring sequences to
have a mean quality score > 20 and minimum length of 250 bp. Exact matches of MID
barcodes were used to assign sequences to samples. Chimera detection and sequence
clustering of operational taxonomic units (OTUs) were carried out uisng Usearch/Uchime
(Edgar, 2010, 2011). Sequences were classified using RDP classifier (Wang et al., 2007).
A phylogenetic tree of the bacterial genera with abundance > 0.1% was generated in
ARB (Ludwig et al., 2004).
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Statistical Analyses on the Gut Microbial Community

Bacterial community analyses including the Bray-Curtis dissimilarity index, analysis of
dissimilarity (Adonis) and constrained ordination of bacterial communities were carried
out using the ”"Vegan” R package (R Development Core Team, 2011; Oksanen et al.,
2011). Phylogenetic alpha-diversity (Faith, 1992) and beta-diversity (Unifrac, Lozupone
and Knight (2005)) were calculated using a tree produced by FastTree (Price et al., 2009)
implemented in Mothur. To test the significance of factors contributing to the divergence
in bacterial communities, we used the R package ”ncf” (Bjornstad, 2012) to perform
Mantel and partial Mantel tests between the Bray-Curtis index, genetic distance (CAS)
and geographic distance. The SIMPER method implemented in the Primer-E package
(Clarke and Gorley, 2006) was applied to 96% similarity level OTUs to test for specific
taxa that are correlated to genetic clusters defined by the STRUCTURE analysis (mice
with >80% probability of belonging to one founder population were considered to be-
long to this genetic cluster) and/or sampling location (geography). The SIMPER method
identifies OTUs contributing to similarity within- and dissimilarity between groups and
ranks their contribution. For our analysis, significant OTUs (ANOVA; p < 0.05 after
FDR correction) contained within the top 80% of the cumulative rank for both similarity
within- and dissimilarity between groups were chosen, and a consensus taxonomy at the
genus level was made for each OTU. To identify taxa that are correlated to the maternal
lineage, OTUs were analyzed with respect to a maximum likelihood tree of the mtDNA
sequences (generated using Mega 5 under the default settings (Tamura et al., 2011) using
Blomberg’s K estimation (Blomberg et al., 2003) implemented in the R package “ape”
(Paradis et al., 2012).

Results

In total, we sampled 121 M. m. domesticus individuals from eight geographic locations
throughout a continuous area of Germany and France in the summers of 2009 and 2010
(Fig. 2.1). To avoid the influence of inbreeding within nests, only single mice from dis-
tinct sampling sites (> 1 km from one another) were included (Ihle et al., 2006). Bacterial
16S rRNA gene profiles meeting our inclusion criteria (i.e. a minimum of 650 reads; see
below) were generated for 100 individuals and the majority of the analyses are based
on this subset. However, mtDNA sequences and microsatellite data were generated for
all samples and were utilized where appropriate (i.e. all samples were included in the
STRUCTURE analysis to aid in assigning individuals to populations and taxonomic sta-
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Figure 2.1: Sampling locations across Western Europe.

tus was confirmed using mtDNA, see below, Table 2.1).

Host Population Structure

To confirm the taxonomic status and evaluate population structure based on the maternal
lineage, we sequenced ~950bp of the mitochondrial D-loop region of all 121 mice. How-
ever, because sufficient 16S rRNA sequence coverage for bacterial community analysis
was achieved for only a subset of 100 individuals, further mtDNA analyses were limited
to this subset. A total of 45 haplotypes were present in the 100 fully analyzed individuals
(Table 2.2). A NeighbourNet network of the sequences reveals the presence of six closely
related haplogroups that correspond to a subset of the haplogroups described in a much
larger survey of M. m. domesticus including 1313 mtDNA sequences (Bonhomme et al.,
2011) (Fig. 2.2). An analysis of ~,; with respect to geographic distance revealed no evi-
dence of isolation by distance (Spearman’s rank correlation; r = 0.0925, p = 0.30817).

To evaluate population structure based on the nuclear genome, we analyzed 18 unlinked
microsatellite loci (Table 2.2) using STRUCTURE (Pritchard et al., 2000; Falush et al.,
2003a). After conducting four independent runs for each number of clusters (K) rang-
ing from 2 to 12, we applied the criterion of Evanno et al. (2005) and chose K = 5 for
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Figure 2.2: NeighbourNet network of 100 mitochondrial D-loop sequences. The numbering of
the haplogroups corresponds to that of Bonhomme et al. (2011).
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Table 2.2: Summary of mitochondrial D-loop and microsatellite variation.

D-loop sequences 18 autosomal microsatellite loci

popU|ati0n N ind Nhaplo N H(”I‘p Hobs Am)
DB 12 7 2400 090 0.60 844
LO 11 2356 0.79 067 6.83
NA 10 23.78 084 0.67 8.22
SL 12 2256 081 054 7.78

3
7
6
AN 14 8 3544 083 061 917
ES 16 8 4244 079 059 9.72
CB 11 9 29.33 0.87 0.62 10.06
MC 14 6 3567 086 0.71 10.06
mean 1250 6.75 29.60 0.84 0.63 8.78

N;na Number of individuals analyzed
Nhaplo  Number of different haplotypes

N Number of gene copies

Hezp  expected heterozygosity

Hops observed heterozygosity

AL average number of alleles across all loci

the number of clusters (Fig. 2.3). The two southernmost localities in France (Severac le

FHT 71

L = EaSRERN A o em
Divonnel.B.¥  Louan Nancy Schémberg Angers Espelette Cologne Severac le Chateau

Figure 2.3: Genetic clusters identified by STRUCTURE for K=5.

Chateau and Espelette) and Schomberg/Langenbrand displayed the most homogeneity in
ancestry, being composed of nearly single clusters, while the other localities displayed
multiple clusters and/or admixed individuals. A test for isolation by distance based on
R, revealed no significant correlation with geographic distance (Spearman’s rank corre-
lation; r = 0.125, p = 0.27987).

Analysis and Structuring of the Gut Microbiota

For the analysis of intestinal bacterial communities, we set a cutoff of 650 reads as the
minimal sequence coverage for individual mice. This resulted in a total of 212,699 se-
quences in the dataset, giving an average of over 2,000 reads per individual. In total 16
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phyla were identified, with the three most abundant being Bacteroidetes (43.89%), Pro-
teobacteria (25.91%) and Firmicutes (25.59%) (Fig. 2.4). Two other phyla, the Spirochae-

Helicobacter

Robi som&&/

outgroup
(Archaea)

Bacteroides

Proteobacteria
Firmicutes
Bacteroidetes

Figure 2.4: Phylogenetic tree of bacterial 16S rRNA gene sequences. The width of each taxo-
nomic group denotes its relative abundance in the entire dataset (n = 100 individuals).

tes and Fusobacteria, were abundant only in single individuals. One individual from
Angers displayed ~39% Spirochaetes, and Fusobacteria were abundant in single individ-
uals from Cologne/Bonn (~26%) and Divonne les Bains (~30%). On the genus level, the
most abundant taxa were the Bacteroides (31.67%), Helicobacter (24.03%) and Robin-
soniella (4.85%), which were also respectively the most abundant members of the three
major phyla Bacteroidetes, Proteobacteria and Firmicutes (Fig. 2.4).

To evaluate the overall differences in bacterial community composition and structure be-
tween individuals and sampling locations, we first analyzed beta diversity using the Bray-
Curtis dissimilarity index. This measure provides an estimate of community divergence
based on the relative abundance of taxa (OTUs) between samples. Using a geographic
location-constrained principle coordinate analysis (PCoA) of Bray-Curtis dissimilarity,
the bacterial communities form four distinguishable clusters (Adonis r” = 0.1289, p =
0.001, see Fig. 2.5). The DB, LO, SL, NA localities group together, AN and CB form a
smaller cluster, while MC and ES form two individual clusters.

In order to test the contribution of individual variables that may contribute to overall bac-
terial community divergence, we first performed Mantel tests to estimate the variation in
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Figure 2.5: Geographic location-constrained principle coordinate analysis (PCoA) of Bray-Curtis
dissimilarity. The first 3 axes are presented, which account for 8.96% of the total variation.
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p < 0.01.

the Bray-Curtis index that can be explained by the genetic distance of the host and the
geographic distance between the individual sampling sites. This revealed significant con-
tributions of both geographic distance and genetic distance as measured by the Cavalli-
Sforza Chord distance (geographic distance: r = 0.2284, p = 0.0019; CAS: r = 0.0829,
p = 0.0199). However, because genetic distance is correlated to geographic distance (r =
0.2305, p = 0.0019), partial mantel tests are necessary to distinguish the contribution of
each single factor while controlling for the effect of the other. Both factors remain sig-
nificantly correlated to the Bray-Curtis index, although the effect of geographic distance
is more pronounced (geographic distance: r = 0.2158, p = 0.0019; CAS: r =0.0319, p =
0.041).

While the above analysis reveals significant contributions of host genetics and geography
to overall community divergence, individual bacterial lineages within communities may
display contrasting patterns of association if they differ in factors such as their degree
of host specialization and/or mode of transmission. Thus, to identify OTUs displaying
associations to geographic location or genetic clusters, we applied the SIMPER method
(Clarke, 1993), which focuses on the importance of individual taxa to the overall simi-
larity within and between groups and ranks their contribution. Applying this method to
geographic locations identified 56 significantly correlated OTUs belonging mainly to the
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genera Bacteroides (23 OTUs) and Helicobacter (11 OTUSs) in addition to twelve other
genera containing one to four OTUs each (Fig. 2.6a). The analysis with respect to pop-
ulation substructure was performed using the five genetic clusters identified by STRUC-
TURE, revealing 23 OTUs also dominated by Bacteroides (13 OTUs) and seven other
genera (Fig. 2.6b). As the two factors population structure and geography are in some
cases closely related (e.g. ES and MC), it is also important to analyze their interaction.
This revealed 30 OTUs, again dominated by Bacteroides (21 OTUs) in addition to six
other genera (Fig. 2.6c).

Another possible factor to consider in our dataset is maternal transmission, which if
present may be reflected by the mtDNA phylogeny. To identify OTUs whose abundance
evolves along mtDNA lineages, we applied the phylogenetic method of (Blomberg et al.,
2003), which determines whether traits display significant evolutionary signals based on
the expectation given the topology, branch lengths, and a Brownian motion model of evo-
lution. Using this method we identified 15 OTUs with significant phylogenetic signals,
with one to three OTUs belonging to each of twelve genera. Eight of these OTUs are
uniquely associated with maternal transmission, while seven others are shared with the
SIMPER analysis of geography and/or population structure (see Appendix B Fig. B-S1).

Discussion

Determining the relative role of the environment and genetics on the gut microbiota is a
challenging undertaking due to the complexity of these communities and the interaction
of factors contributing to diversity. Several different categories of studies addressing this
question have been performed including human twin studies, comparison and experimen-
tal manipulation of mouse lines, quantitative trait loci (QTL) mapping and analyses of
single host genes (reviewed by Spor et al. (2011)). Although different twin studies have
offered some conflicting results, by in large each of these approaches yields support for a
role of host genetics. Using a different comparative evolutionary approach, Ochman et al.
(2010) revealed a correspondence between the gut microbiota and host phylogeny among
closely related hominid species, providing evidence for vertical inheritance among genet-
ically differentiated hosts. Our study complements these previous studies by analyzing
a large number of mice in their natural environment, with varying degrees of relatedness
and spanning a large geographic area including 100 unique sampling sites. In addition,
our focus on the cecal mucosal-associated community likely lends increased power to de-
tect genetic effects compared to the lumen or feces, due to its more intimate association
with the host (Spor et al., 2011).
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Overall, we determined the largest contributing factor to microbial diversity between in-
dividuals to be geography, as measured by the distance between sampling sites. This
parameter can be viewed as an approximation of environmental effects, as it represents
the sum of differences between sampling sites at multiple variables such as local weather
patterns, availability of food sources, etc. Roughly speaking, this environmental compo-
nent, which accounts for ~22% of the variation in the Bray-Curtis index, is comparable
to the estimate provided by the QTL study of Benson et al. (2010), who found environ-
mental (litter and maternal) effects to account for 26% of the variation in abundances of a
core set of bacterial taxa. Host genetic distance is also significantly correlated to the Bray-
Curtis index, although it explains nearly seven-fold less variation (~3.2%). It should be
noted, however, that mice colonized Europe relatively recently, i.e. roughly 3,000 years
ago (Cucchi et al., 2005), and despite the presence of population structure or differences
in historical colonization patterns (Bonhomme et al., 2011), are still closely related. Thus,
sufficient time for genetic differences with substantial effects on the microbiota to accu-
mulate may be lacking in our study.

Our analysis of geographic versus genetic distances was performed on the individual level,
but we also analyzed the structuring of our host samples using the clustering procedure
provided by STRUCTURE (Pritchard et al., 2000; Falush et al., 2003a), which assigns
individuals to populations without a priori knowledge of the population units. In contrast
to absolute measures of genetic distance such as the Chord distance, this method provides
no information regarding the relationship of populations to one another. Nonetheless,
some nominal correspondence between the genetic clusters identified and the degree of
separation of microbial communities based on the Bray-Curtis index exist. For exam-
ple, two of the genetically most homogenous sampling regions (Severac le Chateau and
Espelette) also show up as significantly distinct with respect to clustering based on the
Bray-Curtis index, whereas the sampling regions displaying evidence of admixture do not
(Fig. 2.4 and Fig. 2.5). Thus, it appears that similarity in microbial communities may
in some cases reflect underlying population substructure but may also be similarly ob-
scured by complex demographic histories. In addition to using biogeography as a means
to estimate the relative contribution of the environment and genetics, we also posed the
alternative questions of which specific taxa within the community contribute most to sim-
ilarity within geographic regions, genetic clusters and mtDNA lineages. As expected if
geography plays a predominant role, we identified the largest number of significantly cor-
related OTUs with respect to this variable, most of which belong to the genus Bacteroides.
Fewer OTUs were significantly correlated to the genetic clusters identified by STRUC-
TURE (Pritchard et al., 2000; Falush et al., 2003a), but surprisingly they belonged largely
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to the same genera (Bacteroides and Helicobacter, Fig. 2.6a,b). We also identified taxa,
most belonging to Bacteroides, whose abundance vary with respect to genetic clusters as
well as geography, suggesting an interaction between genetics and the environment (Fig.
2.6¢). Indeed, these genera are highly diverse in these wild mouse samples (see Fig. 2.4),
and it is tempting to speculate that they contain members that differ in their life-history
strategy (e.g. generalists versus specialists) or mode of transmission (e.g. environmental
versus horizontal).

Due to the known influence of maternal transmission on fecal community clustering (Ley
et al., 2005; Benson et al., 2010), we sought to determine whether its signature is de-
tectable on a broad scale and identify the community members most likely following this
mode of transmission. Using the K statistic of Blomberg et al. (2003), we identified nu-
merous species that displayed evidence of evolving along the mtDNA phylogeny. In con-
trast to the analysis of geography and genetic clusters based on nuclear markers, members
of Bacteroides and/or Helicobacter were present, but did not dominate the identified taxa,
and half the species identified were uniquely correlated to mtDNA evolution. A previous
analysis of intestinal communities from the perspective of host development and eco-
logical succession revealed that Bacteroidetes increase in abundance and become stable
members of the community particularly after weaning (Rehman et al., 2011). This may
in part explain the more even distribution between Firmicutes and Bacteroidetes among
the OTUs correlated to the mtDNA phylogeny and suggest those identified as candidates
for some of the initial colonizers transferred via intimate contact with the mother.

Our analysis of the cecal mucosal communities in natural house mouse populations pro-
vides several important points of information for understanding the ecology and evolution
of host-microbiota interactions. Despite our choice of a mucosal-associated community,
which might be expected to display a higher degree of host association, the influence
of host genetics in our study was still comparatively small. However, a detailed analy-
sis of biogeography and mtDNA lineages enabled us to identify many interesting can-
didate species for future study. Although the genera Bacteroides and Helicobacter are
well known and studied, our analysis of wild mice indicates that the genus Robinsionella
is also likely of great significance, as it is the most abundant genus present among the
Firmicutes and displays significant associations with respect to host biogeography and
maternal trasmission. Further analyses including variation in intestinal bacterial commu-
nities both within and between mouse host subspecies may shed additional light on the
nature of coevolution in this important model organism.
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Data Accessibility

All DNA sequences will be deposited in GenBank.
The bacterial 16S rRNA gene sequences reported in this paper will be deposited in the
European Nucleotide Archive.

Supplementary Materials (see Appendix B):

Table B-S1, Figure B-S1
A list of all primer pairs used in this study can be found in Appendix D (Table D-S1).
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the Western House Mouse
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Introduction

As already mentioned in the General Introduction, in some populations of house mice,
B4galnt2 is either expressed in the intestinal epithelium or blood vessel endothelium
(Monhlke et al., 1999), depending on its genotype in a ~30kb upstream region (Johnsen
et al., 2008). This tissue specific switch of gene expression is due to a cis-regulatory mu-
tation in the region flanking Exon 1 of B4galnt2. Expression in the blood vessel causes
a harmful effect on the blood coagulation and results in a bleeding disorder called von
Willebrand Disease (Mohlke et al., 1999). To answer the question if those two allele
classes (RII1 or C57) and therefore the bleeding disorder is present in natural populations
of house mice, Johnsen et al. (2009) sequenced one diagnostic fragment lying within the
cis- regulatory region. The RIII allele class was present at intermediate frequency in three
out of four tested populations (France (39%), Chicago (25%) and Cameroon (22%), Ger-
many(0%)). The associated phenotype of a mild bleeding diathesis was confirmed by
measuring VWEF levels (Johnsen et al., 2009). Interestingly the German population from
Cologne/Bonn was monomorphic for the C57 allele and therefore the bleeding disorder
could not be detected. Further analysis of the French and German populations revealed
that the RIII allele class likely experienced a very recent increase in frequency in the
French population.

The “trench warfare” hypothesis proposed by (Stahl et al., 1999) describes a scenario
where variation is maintained in a population. Changes in allele frequencies due to se-
lection vary over space and time. Specifically, if a resistance allele carries a cost, it will
increase in frequency in the presence of the pathogen and decrease in its absence. In the
case of B4galnt2 this hypothesis seems like a plausible explanation for the intriguing dis-
tribution of B4galnt2 haplotypes in natural populations (Johnsen et al., 2009).

In Chapter 1, we confirmed the long term maintenance of both allele classes since the
species split of M. famulus (> 2.8 MYA) and identified different expression patterns in
the subspecies of M.musculus and M. spretus (Linnenbrink et al., 2011). Based on the
fact, that B4galnt2 expression in the gut is conserved (Stuckenholz et al., 2009; Montiel
et al., 2003), yet is turned off in mice homozygous for the RIII allele class (Linnen-
brink et al., 2011), an intestinal phenotype seems a likely underlying factor contributing
to the long-term maintenance of variation at this gene. Patterns of balancing selection
and the involvement in pathogen resistance have already been observed for ABO (Stajich
and Hahn, 2005; Fry et al., 2008; Calafell et al., 2008) and FUT2 (Andrés et al., 2009)
in humans, both glycosyltransferases, expressed in the Gl tract. Besides the information
from studies of the B4galnt2 gene itself, also the fact that host glycans play an important
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role in host-microbe interactions (Bishop and Gagneux, 2007) underpins the importance
to test if B4galnt2 expression patterns influence the microbial composition in the intes-
tine due to the presence or absence of GalNAc sugars. The contribution of single genes
to the micobiota composition has already been found in several studies (Benson et al.,
2010; Vijay-Kumar et al., 2010; Peterson et al., 2007; Rausch et al., 2011). Staubach
et al. (2012) investigated the microbiota of B4galnt2 of knockout vs. wildtype mice on a
C57BL6/J (gut expression) background, and detected habitat preference of some bacterial
species (OTUs) according to genotype and suggested that differing B4galnt2 expression
leads to changes in susceptibility to diseases in the gastrointestinal tract. Although the
influence of B4galnt2 on the microbiota could be detected in lab mice, information from
wild mouse populations is still lacking and needs to be further explored.

This chapter aims to address the general evolutionary question of why disease-associated
variation is maintained in natural populations. Therefore we use a population genetics
approach to further describe the evolutionary forces contributing to differences in allele
frequency throughout France and Germany and specifically ask the question whether pop-
ulation substructure or local adaptation is most involved. To this end we conducted a
large biogeographical survey of B4galnt2 allele frequencies in Western Europe where we
include additional six populations from Germany and France (to the already known pop-
ulations described by Johnsen et al. (2009). In addition, we expand the study of Staubach
et al. (2012) to natural populations of house mice and analyze the intestinal microbiota
from two French populations according to B4galnt2 genotype. Chapter 2 will be taken
into account with regard to population structure and the general influence of genetics and
environment on the intestinal microbial communities of these mice.
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Material and Methods

In this Chapter we performed a geographic survey of B4galnt2 haplotype frequencies.
To approach the question why the disease associated RIII allele is maintained in some
populations and not in others, we analyzed this distribution pattern with regard to host
population substructure. Population structure has already been analyzed in Chapter 2
with regard to its role in influencing the intestinal microbiota, additional analyses have
been performed for this chapter. As the bleeding phenotype is not restricted to lab mouse
strains, but also present in nature, maybe the influence of B4galnt2 appears between geno-
type and associated bacteria/pathogens. Here we investigate the same eight house mouse
populations as we did in Chapter 2. Thus, some parts of this Material and Methods section
will overlap with that of Chapter 2 and | will refer back where it is appropriate.

Animal Material, Tissue Sampling and DNA Extraction

See Materials and Methods Chapter 2 and Table 3.1.

Table 3.1: General information on sampling locations and sample sizes.

Area Year  Country Microsatellites  16S rRNA B4galnt2
and mtDNA Genotype
Cologne/Bonn 2010 Germany 15¢ 11 15
Schdmberg/Langenbrand2010  Germany 12 12 12
Severac le Chéteau 2009 France 18 14 19
Espelette 2009  France 22 16 22
Angers 2009 France 18 14 18
Nancy 2010 France 12 10 12
Louan-Villegruis 2010 France 12 11 12
Divonne les Bains 2010  France 12 12 12

“ Numbers indicate the sample size per analysis

Genotyping at B4galnt2 and 18 Microsatellite Loci

Genotyping the Candidate B4galnt2 Gene Locus

PCR and sequencing to assess the presence of B4galnt2 haplotypes has been performed as
described in Johnsen et al. (2009)(i.e. fragment ”5”, length ~355bp). We used standard
Sanger sequencing (Sanger et al., 1992), using PCR amplified DNA as a template and ABI
Big Dye sequencing chemistry (Applied Biosystems, Foster City, CA). The sequencing
reactions were run on an ABI 3730 automated sequencer. The sequences were edited with
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Segman (included in DNASTAR, Inc., Madison, Wisc.) and aligned with the algorithm
ClustalW (Thompson et al., 1994), included in the program MEGA 4.0.2 (Tamura et al.,
2007).

Microsatellite Genotyping

See Material and Methods Chapter 2.

Population Genetic Analyses

Population Structure

See Material and Methods Chapter 2.
Additionally we calculated the proportion of shared alleles (Dps) using the program MSA
(Dieringer & Schltterer 2003).

Population Genetic Analysis of the Candidate Locus B4galnt2

All summary statistics were calculated in DNASp 5.0 (Librado and Rozas, 2009), (a)
number of segregating sites S; (b) Watterson’s estimator 6y, (Watterson, 1975), based on
the number of segregating sites in the sample; (c) 7 (Tajima, 1983) the average number
of pairwise differences in the sample; (d) Tajima’s D statistics (Tajima, 1989) and (e) the
divergence (Jukes and Cantor, 1969).

Pyrosequencing of the 16S rRNA Gene and Sequence Processing

See Material and Methods Chapter 2.

To test for specific OTUs that are correlated to the genotype of the B4galnt2 cis-regulatory
region we used the the Primer-E package "SIMPER” (Clarke and Gorley, 2006) on 96%
similarity level of the OTUs (corresponds to ~ species level).
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Results

During three field seasons in the years 2009 and 2010, we collected eight house mouse
populations throughout Germany and France (see Figure 2.1 and Table 3.1). To avoid
biased results due to inbreeding we included in our analyses just one individual per farm,
with a between farm distance of at least 1km. For the population genetic analyses on the
mitochondrial DNA and the B4galnt2 candidate locus we analyzed 121 and 122 individu-
als, respectively, analyses on the 18 autosomal microsatellite loci were performed on 121
individuals. For metagenomic purposes we analyzed 100 individuals (see Table 3.1).

Population Structure

As described in Chapter 2 the analysis of the population substructure of the mouse pop-
ulations has been carried out using two different genetic markers, the mitochondrial D-
loop and 18 microsatellites. We sequenced ~950 bp of the mitochondrial D-loop and
constructed a Neighbor Joining tree (see Appendix C Figure C-S1), including reference
sequences of Mus musculus domesticus, one sequence each of M. spretus, M. spicilegus
and M. famulus as outgroups, with which we confirmed the taxonomic status of all sam-
pled mice as being M.m.domesticus. To obtain a more detailed picture of the distribution
of D-loop haployptes, we analyzed our dataset with respect to that of Bonhomme et al.
(2011). This analysis displayed the presence of six haplogroups present in our data (see
Figure 2.2).

We further analysed a panel of 18 microsatellite loci, to investigate the underlying popu-
lation structure. In addition to population genetic parameters (see Table 2.2) we assessed
information on populaion structure by applying the program STRUCTURE (Pritchard
et al., 2000; Falush et al., 2003a) to our dataset. We compared all STRUCTURE results
for the different number of clusters (K) and also compared the four independent runs of
each K. After applying the criterion of Evanno et al. (2005) and after all comparisons
among the different runs, we chose for K = 5 to be the number of clusters which best fits
to our data (Figure 3.1a). Also with K > 5 the general pattern of population structuring
remains the same, the individuals were assigned consistently stable to the different clus-
ters. STRUCTURE detected a homogenous ancestry for the populations MC, ES and SL.
All other populations either showed mixed ancestry and/or admixed individuals.

Figure 3.1b shows an allele sharing tree, which is based on the proportion of shared alle-
les (Dps). This tree reflects the relationship between the populations and patterns of gene
flow can be better detected than with mitochondrial D-loop and the SRUCTURE analy-
sis. The short inner branches demonstrate the close relationship of all populations. Still,
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Figure 3.1: Analysis of host population structure using A) STRUCTURE (K=5) and B) the pro-
portion of shared alleles (Dps)
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this tree reflects mainly the same population structure and underlines the STRUCTURE
outcome. Comparable to the pattern observed at the mitochondrial D-loop, also the mi-
crosatellites do not display a homogenous genetic background for all of the populations,
even if some populations can be assigned to single haplogroups/clusters.

Analysis of B4galnt2 Haplotype Frequencies

To determine the frequency of alternative B4galnt2 haplotypes in these newly collected
samples, a diagnostic PCR fragment was sequenced (i.e. fragment #5, see (Johnsen et al.,
2009) and also Chapter 1). We screened all populations for the presence/absence of the
RIIl allele. The RIII allele was present in the populations AN, ES and MC in intermediate
frequency (44%, 36% and 34%, respectively) and at very low frequencies in DB and SL
(4% in each population) (Figure 3.2). In CB, NA and LO the RIII allele could not be
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Figure 3.2: Distribution of C57BL6/J- (gut expression) and RI11S/J- (blood vessel expression)
haplotype classes in sampled populations

identified at all. The relationship between those two haplotype classes is visualized in a
NeighbourNet network (see Figure 3.3). Obviously there are two main haplotypes with
a few variants for each. The C57 haplotype is less variable than the RIII haplotype.We
also calculated summary statistics for all populations (see Table 3.2). The most striking
result were the extremely high values for Tajima’s D of up to 3.6 in AN, in ES and MC
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Table 3.2: Summary statistics for B4galnt2 Upstream Region (Fragment #5).

Population Fragment N S Hap Ow 71' Tajima’s D K
AN 5 18 15 4 0.0263 0.0125 3.5813 *** 0.0356
DB 5 12 19 4 0.0058 0.0158 -2.2818 ** 0.0524
ES 5 22 18 7 0.0224 0.0129 2.3768 * 0.0385
LO 5 12 1 2 0.0007 0.0006 0.1387 0.0483
MC 5 19 15 5 0.0214 0.0111 2.9989 ** 0.0392
NA 5 12 0 1 0 n.a. n.d. n.d. 0.0479
SL 5 12 15 2 0.004 0.0128 -2.434 ** 0.0527
CB 5 15 0 1 0 n.a. n.d. n.d. 0.0479

Tajima’s D of 2.4 and 3, respectively. In those populations both allele classes are present
at intermediate frequency. The high values for Tajima’s D indicate balancing selection,
for which evidence was given already for the population of MC described in (Johnsen
et al., 2009). The significant negative values for Tajima’s D in SL and DB result from dif-
ferences in the frequency of divergent haplotypes, namely one RIII allele per population.
The allele frequencies do not deviate from Hardy Weinberg Equilibrium.
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Figure 3.3: NeighbourNet network of fragement #5 in the cis-regulatory region of B4galnt2,
representing both allele classes and their within-class variants
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B4galnt2 Genotype Dependent OTUs

The analysis of B4galnt2 dependent OTUs was restricted to two populations (MC and
AN) in which homozygotes for the RIIIS/J and C57BL/6 as well as heterozygotes are
present. Sufficient numbers of each genotype were not available for the other popula-
tions. With a corrected similarity level of 96% in total 15 OTUs could be identified
to show specific correlations to the one or other haplotype (see Figure 3.4). OTUs

Angers Severac le Chateau
cc CR RR [ele CR RR

X5505_Paludibacter —
X1823_Acetitomaculum -
X4639_Smithella -
X4479_Limibacter —
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X4265_Helicobacter =
X4722_Helicobacter -
X5661_Helicobacter —

X715_Helicobacter — [ | [ |
X3101_Helicobacter -
X2000_Robinsoniella - [ |
X22_Marvinbryantia —
X400_Bacteroides —— |} * |

Figure 3.4: Bacterial taxa significantly correlated with B4galnt2 genotype.

which show significant correlations with the RI11S/J genotype were also identified with
SIMPER method implemented in the Primer-E package (Clarke and Gorley, 2006). In
summary, RI11S/J homogzygotes have enriched Helicobacter OTUs (one OTU in Angers
and four OTUs in the Severac le Chateau), while Bacteroides were enriched in heterozy-
gotes. This general pattern also shows location-specificity, with different OTUs from
Bacteroides/Helicobacter being involved in the two locations. Other OTUs belonging to
Paludibacter, Acetitomaculum, Smithella, Limibacter, Robinsoniella and Marvinbryantia
are majorly present in the Severac le Chateau and enriched in heterozygotes, while they
are less frequent or missing in Angers.
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Discussion

To expand the existing knowledge about haplotype frequency and nucleotide polymor-
phism data (Johnsen et al., 2009; Baines and Harr, 2007) we sampled mice from six
localities throughout Germany and France. Additionally we resampled the two already
extensively described populations from Cologne/Bonn and the Massif Central (Johnsen
etal., 2009; Baines and Harr, 2007; Ihle et al., 2006) to primarily get tissue samples for the
metagenomic analysis and to confirm former results on the presence/absence of RIlI hap-
lotypes in those two populations (Johnsen et al., 2009). As Johnsen et al. (2009) detected
the strong haplotype structure in the upstream region of B4galnt2, consisting of mainly
two allele classes RIIl and C57, and defined a diagnostic PCR fragment that gives reliable
information about the expression change of B4galnt2 from the epi- to the endothelium
in the French population, we determined the fine scale distribution of B4galnt2 haplo-
types in all eight populations. A clear pattern of allele frequency distribution throughout
western Europe, i.e. France and Germany, could be detected. This pattern raises two
important evolutionary questions regarding the maintenance of these two alleles and the
phenotypic consequences. Do allele frequency differences coincide with local selective
pressures and/or aspects of population structure? What are the consequences of main-
taining the disease associated allele and do we find influences of B4galnt2 expression on
the intestinal microbiota? To address these questions, detailed information on population
structure is important to interpret the dynamics at B4galnt2. Thus, | will discuss popula-
tion structure, as estimated via the mitochondrial D-loop and 18 neutral microsatellites,
with regard to B4galnt2 haplotype frequencies. Further | will concentrate on the influence
of B4galnt2 on the intestinal microbiota.

Population Dynamics at B4galnt2

Population Structure

Population substructure could be detected using two different markers - the mitochondrial
D-loop region and microsatellite loci. The analysis of the D-loop sequences revealed six
different haplogroups, which we numbered according to the assignment of the larger num-
ber of haplogroups described by (Bonhomme et al., 2011), who analyzed 1313 sequences
(Figure 2.2). LO and NA share mainly one haplogroup (#11), as well as MC and SL
(#1). The two populations of MC and CB show consistent results with Ihle et al. (2006),
where MC showed very similar D-loop sequences (haplogroup #1) and CB is much more
diverse, as is ES. A different pattern of population structure, was detected on the basis
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of 18 microsatellites. Observed heterozygosities are in all populations lower than the ex-
pected values and are, for the populations MC and CB, consistent with the results of Ihle
et al. (2006) and Hardouin et al. (2010). This reduced heterozygosity could result from
inbreeding within nests, which is a common factor in the social system of mice. To avoid
a bias of our results due to inbreeding, we included in our analysis just one individual
per farm, with a distance between the farms of > 1km. The STRUCTURE analysis high-
lighted the differentiation of some populations (ES, SL and MC) in comparison to the
other populations. The allele sharing tree revealed close relationship between all popula-
tions, still, consistent with STRUCTURE, some populations like ES, MC and SL are more
genetically homogenous than others. Population structure is oftentimes due to man made
habitat fragmentation (e.g. Yamamoto et al. (2004); Lee et al. (2012)). Habitat fragmen-
tation due to humans (urban landscapes) is not expected to influence house mice because
of their commensal biology. The observed population structure could have resulted from
different colonization waves and/or simple isolation between populations.

Population Structure vs. Local Selective Pressure(s)

Regarding the candidate gene B4galnt2 we screened all populations for the presence or
absence of the two allele classes (RI1I and C57) in its upstream region. We could confirm
the results of (Johnsen et al., 2009) for MC and CB. The presence of the RIII allele at
intermediate frequency in the populations MC, ES and AN and low frequency or even
absence of that allele in all other populations (DB, SL and NA, CB, LO) reveals a clear
decline of the allele frequency in central France. This shows a clear geographic pattern
with respect to the distribution of alternative disease (RI11S/J) and wild type (C57BL6/J)
haplotype classes (Figure 3.2). Evolutionary processes can be influenced either by popu-
lation dynamics, as well as species range/ geographical distribution of populations and/or
selection (de Meaux and Mitchell-Olds, 2003). To shed light on the question which forces
lead to the pattern of haplotype distribution at B4galnt2 we will discuss population struc-
ture, geographic range and selection as possible explanations.

In Figure 3.5 we demonstrate the results of population structure estimated by D-loop
sequences and microsatellites according to the haplotype distribution. To visualize the
STRUCTURE result according to B4galnt2 allele frequencies we assigned the presence
of a genetic cluster to a population (geographic location, e.g. MC) if the average propor-
tion of ancestry for this cluster in a population was > 15%. In both cases, the pattern
of substructure based on the D-loop and microstallites did not match the allele frequency
distribution pattern. Populations with the same genetic background (e.g. MC and SL for
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Figure 3.5: A) Pattern of population structure/clusters identified by STRUCTURE according to
the B4galnt2- allele frequency distribution and B) and the distribution of haplogroups (estimated
with the mitochondrial D-loop sequences; only the two main haplogroups 1 and 11 shown in this
figure) ; Piecharts represent the frequency of the RIII and C57 allele, respectively.



52 POPULATION DYNAMICS AT B4galnt2 IN NATURAL POPULATIONS OF MICE

mt D-loop or AN and NA as estimated by microsatellites) have very different frequencies
of B4galnt2 alleles. Likewise, other populations with very similar B4galnt2 allele fre-
quencies differ in their genetic setup (ES and MC differ in their homogeneity of D-loop
and microsatellites). This makes population structure a very unlikely explanation for this
outstanding pattern of haplotype distribution at the B4galnt2 gene and supports the hy-
pothesis of local selective pressure.

Together with indications for balancing selection acting at B4galnt2 in the population
MC (Johnsen et al., 2009; Linnenbrink et al., 2011) (see Chapter 1) and population ge-
netic analyses of that locus of all populations used in this Chapter, it seems there are
different selective pressures present throughout western Europe. None of the populations
show deviations from Hardy-Weinberg Equilibrium, which gives evidence that either het-
erozygote advantage is not the driving force for the maintenance of both allele classes or
that the selective force(s) are present but transient (i.e. deviations from Hardy-Weinberg
Equilibrium can disappear after one generation). The selective force(s) seem more likely
to be either temporal/spatial changes or be frequency dependent. As this could possi-
bly be the presence or absence of pathogens we included the B4galnt2 gene as candidate
gene possibly influencing the gut microbiota (see next section). As proposed by Johnsen
et al. (2009), the "trench warfare” hypothesis (Stahl et al., 1999) or also recycled poly-
morphism” (Holub, 2001) is one potential explanation for the ongoing population genetic
processes at B4galnt2. The maintenance of two allele classes at one single locus in the
host could be explained by a change in the frequency of occurrence of a certain pathogen.
Setting the populations CB and MC from Johnsen et al. (2009) in the bigger picture of ad-
ditional six populations throughout Germany and France, new conclusions can be drawn.
The survey of B4galnt2 haplotype frequencies seems to be a combination of local adap-
tation to some geographical dependent factors (e.g. the presence/absence of a pathogen)
which constitutes the inter-population allele frequency differences and balancing selec-
tion acting. Likewise, balancing selection could act within those local populations with
intermediated RIII alleles (e.g. fluctuating allele frequencies according to the frequency
of pathogen occurrence), or, seeing all populations together as one (i.e. metapopulation),
both alleles are maintained, the certain pattern of allele frequency distribution, still, may
just be because of the spatial distribution of the sampling locations.

The trench warfare hyptothesis (Stahl et al., 1999) would still represent one possible and
likely explanation for this intriguing pattern of allele frequency distribution. The varying
allele frequencies over western Europe may be a snapshot, where MC, ES and AN repre-
sent a status with high RIII allele frequencies, CB, NA and LO miss RIII alleles and DB
and SL would represent an intermediate step. Also local adaptation remains as possible
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explanation for the differing allele frequencies. The presence or absence of a pathogen
could lead to the maintenance of both allele classes in some populations but not in others.
As both explanations are not mutually exclusive, more sampling locations and sampling
over a long period of time could help to disentangle both possiblities. Without knowing
the beneficial consequences of exhibiting the RIII allele at B4galnt2 this will remain an
open question.

Consequences of B4galnt2 Expression Change on the Gut Microbiota Communities

Several loci in the mouse genome have been already mapped for controlling certain groups
of bacteria (Benson et al., 2010). The strong contribution of host genetics to the set up of
gut bacteria has already been found in humans (Zoetendal et al., 2001) and mice (Rehman
et al., 2011; Rausch et al., 2011). As listed in the review of Spor et al. (2011), many ex-
amples for single genes influencing the microbiota exist.

B4galnt2 is a glycosyltransferase whose Gl expression of GalNAc residues might serve as
binding sites for pathogens or as nutrient source to feed on (Hoskins and Boulding, 1976;
Sonnenburg et al., 2005) and could result in differences in the susceptibility to pathogens
in the gastrointestinal tract (Robinson et al., 1971).

In this study we investigate the influence of the gene B4galnt2 on the intestinal micro-
biota in wild-caught animals from natural populations. Evidence of such interactions was
provided by Staubach et al. (2012) in lab mice, where wild type and B4galnt2-knockout
mice were profiled.

Our data revealed individual bacterial OTUs belonging to Helicobacter, Bacteroides and
others, whose abundances were significantly correlated to B4galnt2 genotype. (Figure
3.4). Unfortunately our analysis was restricted to two populations, namely AN and MC,
which were the only populations with sufficient numbers of all three genotypes to be an-
alyzed. Within the two populations AN and MC differences in habitat preference (i.e.
genotype) can be seen, but an overall pattern is not visible. As shown in Chapter 2, ge-
ography is the strongest factor, determining the bacterial communities in the gut, together
with host population structure and the interaction of both. Thus, it might be, that the
general pattern of B4galnt2 genotype influence on the intestinal microbiota is hidden by
stronger determinants, as we analysed natural populations and not animals raised under
controlled laboratory conditions.

Still, similar to the observations of Staubach et al. (2012), different strains of Helicobac-
ter are significantly correlated to B4galnt2 genotype (Figure 3.4), also in wild- caught
mice. This suggests that strains belonging to the same genus differ in their biological
niche, as defined by B4galnt2 genotype and thus the presence or absence of GalNAc
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sugars. Helicobacter might be, amongst others (e.g. Bacteroides), a good candidate for
pathogen-driven selection. Helicobacter spp. are well known pathogenic bacteria which
naturally infect rodents (Fox et al., 1995; Lee et al., 1992; Simmons et al., 2000) in-
cluding mice (Feng et al., 2005), mostly cause infection in the intestine. As reported by
Aspholm-Hurtig et al. (2004), binding of Helicobacter pylori strains is determined by the
occurrence of sugar residues at the blood group antigens H1 and Lewis b in the gastric
mucosa in humans. To determine the phenotypic consequences in of B4galnt2 on the
gut microbiota in more detail many more individuals are needed to get a reliable answer.
Sampling more individuals from one location, even from one single farm, where the Rl
haplotype is known to occur, would make the investigation of the gut microbiota and
B4galnt2 habitat preference easier as geographical and other environmental effects (e.g.
diet, climatic changes) and population structure as influencing factors can be ruled out.

Conclusions and Future Perspective

This chapter elucidated important evolutionary questions regarding the blood group re-
lated gene B4galnt2. The B4galnt2 gene displays recent as well as long term signatures
of selection in several M.musculus subspecies and species. Great differences in the RIII
allele frequency distribution throughout France and Germany are likely due to local selec-
tive pressure(s) (possibly because of pathogen occurrence). If the differentiation between
the populations is due to local selective pressures we would locate the divide somewhere
in central France. As proposed in Chapter 1 selection might act on glycosylation in the
gut and thus, influence possible attachment sites or nutrient sources for pathogens. This
might be a contributing factor to the long-term maintenance of both allele classes and thus
expression variation.

As B4galnt2 is a blood group related gene and thus represents a good candidate for host-
pathogen interaction, host gut microbiota has been profiled according to B4galnt2 geno-
type. Thus, for full understanding of the evolutionary forces governing B4galnt2 more
localities have to be sampled in central France, along the “gradient” of RIII allele fre-
quency. To ascertain the phenotypic consequences on the gut microbiota of the different
B4glant2 expression profiles much more work remains to be done. This comprises the
identification of good bacterial candidates for pathogen driven selection, followed by iso-
lating and culturing of bacterial strains in the lab. To confirm the relationship between
host B4galnt2 genotype, candidate bacteria and the phenotypic consequence infection ex-
periments have to be performed.

For several reasons, the intestine seems very likely to be the site of selection acting, most
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likely due to host-pathogen interactions, determined by the presence or absence of certain
sugar residues in the gut. But also the endothelium may not be forgotten as possible target
of selection as the cis-regulatory mutation that leads to B4galnt2 expression in the blood
vessel may also confer resistance in this tissue. Several examples of pathogens interact-
ing with blood platelets exist (reviewed by Fitzgerald et al. (2006)), also some of them
have been associated with attachment to the VWF (e.g. Helicobacter pylori (Byrne et al.,
2003). VWEF is also known to be the attachment site for Staphylococcus aureus during
endothelial infection (Herrmann et al., 1997) by the binding adhesin Protein A (Hartleib
et al., 2000). Thus altering the glycosylation status of VWF might either change the
intensity or even inhibit bacterial infection, e.g. of S. aureus.

Supplementary Information

See Appendix C for Supplementary Figure C-S1.
See Appendix D for Primers used in this Chapter.
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Appendix

Appendix A - Online Material Chapter 1

All Online Material can also be found on:
http://mbe.oxfordjournals.org/content/early/2011/09/26/molbev.msr150/suppl/DC1

1. Animal Material
2. Table A-S1

3. Table A-S2

4. Figure A-S1

5. Figure A-S2

6. Figure A-S3

Figure A-S2 and A-S3 are printed in this Appendix just as ”sketch”. For an appropriate
view please look at the Online Material on the homepage of Molecular Biology and
Evolution (see above). Both Figures are too big to show them in an appropriate size in
this Appendix.
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Animal material.

The population samples of M. m. domesticus from the Massif Central region of France,
M. m. castaneus from India and M. m. musculus from Kazakhstan were comprised wild-
caught individuals as previously described (lhle et al., 2006; Baines and Harr, 2007).
The M. spretus population was sampled in and around the vicinity of Madrid, Spain in
2004. A newly collected sample of M. m. domesticus from the same locations in Iran
as described in Baines and Harr (2007), for which a wild-derived colony was available
for functional studies, was kindly provided by Rick Scavetta. Wild-derived colonies of
all species/populations used in this study, with the exception of M. m. castaneus from
India and M. famulus, are maintained at the breeding facility of the Max Planck Insti-
tute for Evolutionary Biology in PIon, Germany, and were used for functional analysis of
B4galnt2 expression patterns (DBA lectin staining). DNA from a single M. famulus indi-
vidual (kindly provided by F. Bonhomme) was sequenced as an outgroup for additional
B4galnt2 sequence fragments.
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Table A-S1: Polymorphism and divergence across the B4galnt2 upstream gene region.

Fragment (position®)  population  samplesize length S  7°(%) 6% (%) K€ (%) Tajima’sD
3.1(-19.3kb) IN 16 679 4 0.26 0.34 3.63 -0.75
IR 16 679 2 0.18 0.17 3.00 0.24
MC 16 679 2 0.24 0.17 3.00 1.09
KH 16 679 6 0.61 0.48 3.96 0.92
SP 32 679 4 0.66 0.43 5.16 1.36
4 (-18.7 kb) IN 16 671 9 0.81 0.60 2.86 1.25
IR 16 671 3 0.32 0.18 2.79 220 *
MC 16 671 4 0.34 0.23 2.88 1.59
KH 16 671 5 0.48 0.29 3.16 217 *
SP 32 671 0 0.00 na. 2.66 n.d.
4.1(-17.9 kb) IN 16 260 12 1.87 1.46 3.79 1.06
IR 16 260 4 0.96 0.58 5.33 206 *
MC 16 260 3 0.62 0.35 4.56 223 *
KH 16 260 9 1.78 1.04 3.62 259 **
SP 32 260 10 168 141 1.00 059
5 (-10.4 kb) IN 16 399 15 254 1.73 2.28 1.85
IR 16 399 16 241 143 3.18 269 **
MC 16 399 15 275 155 3.34 3.02
KH 16 399 14 218 1.26 2.78 282 **
SP 32 399 25 202 2.14 3.45 -0.20
5.1 (-7.6 kb) IN 16 611 24 123 1.38 2.36 -0.45
IR 16 611 9 0.83 0.54 1.36 200 *
MC 12 611 14 070 0.77 3.14 -0.36
KH 16 611 15 127 0.82 235 219 *
SP 32 611 9 052 0.85 058 -1.17
5.2 (-5.2 kb) IN 16 312 3 0.32 0.36 1.82 -0.28
IR 16 32 0 0.00 n.a. 2.01 n.d.
MC 16 312 0 0.00 n.a. 2.02 n.d.
KH 6 312 5 0.80 071 215 071
SP 32 312 7 117 0.67 291 213 *
5.3 (-4.3 kb) IN 16 862 5 0.15 0.19 231 -0.76
IR 16 862 2 0.04 0.07 237 -1.04
MC 16 862 2 0.06 0.07 237 -0.58
KH 16 862 7 0.36 0.25 2.25 1.43
SP 32 862 17 055 051 2.80 0.22
5.4 (-2.8 kb) IN 16 506 5 0.19 031 173 -1.22
IR 16 506 O 0.00 n.a. 1.64 n.d.
MC 16 506 5 0.61 0.40 219 1.64
KH 16 506 4 0.56 0.45 1.59 0.76
SP 32 506 2 0.24 0.13 2.19 156
6.1.1 (-1.9 kb) IN 16 38l 2 0.19 0.32 -1.04
IR 12 ‘L 1 0.06 0.11 -1.14
MC 16 8L 8 1.50 0.86 269 **
KH 14 8L 0 0.00 na. n.d.
SP 32 8L 1 0.02 0.08 -1.14
6.1.2 (-1.4 kb) IN 16 34 3 0.38 031 071
IR 16 34 2 0.16 0.20 -0.58
MC 16 34 3 0.43 0.30 1.27
KH 16 34 3 0.64 0.41 1.64
SP 32 34 5 0.22 0.45 -1.38
6.2 (-1 kb) IN 16 690 7 1.19 1.19 3.76 -0.02
IR 16 690 0 0.00 n.a. 439 n.d.
MC 16 690 12 120 0.73 453 251 **
KH 16 690 9 0.63 0.48 5.00 121
SP 32 690 6 0.30 0.32 5.35 -0.19
*p < 0.05; ** p < 0.01; ** p < 0.001 IN = M. m. castaneus
@ Position relative to B4galnt2 start codon IR =M. m. domesticus from Iran
b S = the number of segregating sites MC = M. m. domesticus from France
¢ m = nucleotide diversity (Tajima, 1983) KH = M. m. musculus
4 9 = nucleotide diversity (Watterson, 1975) SP =M. spretus

¢ K = divergence
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Table A-S2: Polymorphism and divergence at seven unlinked reference loci in M. spretus.

Locus sample size length  S¢ (%) 0° (%) K? (%) Tajima’s D
Sfrpl 16 1231 20 0.70 0.40 0.70 254 *
Futl0 16 544 9 0.31 0.46 0.50 -0.99
Nkd1 16 1431 23 0.51 0.42 0.32 0.78
Nudt7 16 1445 31 0.54 0.53 0.47 0.03
Ggh 16 579 11 0.74 0.47 0.94 181
Melk 16 1151 7 0.17 0.15 0.08 0.40
Puml 16 1283 3 0.03 0.06 3.77 -1.08
SUM 7664 104

Mean (SE) 0.43(0.10) 0.36(0.07) 0.97(0.48) 0.5 (0.50)

*p<0.05

@ S = the number of segregating sites

b 7 = nucleotide diversity (Tajima, 1983)

¢ 0 = nucleotide diversity (Watterson, 1975)
4 K = divergence

Chromosome 11 (- strand)

495868469 i 4 95868465

= o e

31 52 53 54 611 612 62

Gmii527

Figure A-S1: Gene region of B4galnt2 and the distribution of all sequenced fragments in its
upstream region. Fragments marked in orange indicate the original fragments ofJohnsen et al.
(2009), blue fragments indicate the newly designed fragments. The distance between the 5’- and
3’-most fragments is ~20kb.
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Figure A-S2: Summary of polymorphic sites across B4galnt2 gene region. Haplotypic phase
was determined using PHASE version 2.1 (Stephens et al., 2001; Stephens and Donnelly, 2003).
The populations included are from M. m. domesticus from Iran (IR) and France (MC), M. m.
castaneus from India (IN), M. m. musculus from Kazakhstan (KH) and M. spretus from Spain
(SP). The sequences of the inbred strains C57BL6/J and RI11S/J as well as a M. famulus individual
were included for reference. Uncertain phase estimates (< 90%) are shown in brackets.
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Figure A-S3: Summary of sequence comparison between B4galnt2 expression classes. Cod-
ing regions are highlighted in yellow and differences between the C57BL6/J and RI11S/J reference
strains in red. Fixed differences between IR and SP are not shown. Circles indicate amino acid
changes. Shaded sites indicate missing data.
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Appendix B - Supplementary Materials Chapter 2
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Figure B-S1: Log relative abundances of OTUs displaying a significant association to A) the in-
teraction between mtDNA and geography and/or population structure or B) exclusively to mtDNA

Table B-S1: Microsatellite information.

Microsatellite information will be uploaded to the journal’s homepage as soon as the paper
is accepted for publication.
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Appendix C - Supplementary Information Chapter 3
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Figure C-S1: Neighbour-Joining tree of the D-loop sequences from all mice used in this study,
as well as sequences from M. m. domesticus, M. m. musculus, M. spicilegus, M. spretus and M.
famulus, used as reference/outgroups.



APPENDIX A-D

83

Appendix D - Primerlist

Table D-S1: List of all primers used in this study.

Primer to amplify B4galnt2 Exons + UTR regions

Primer to amplify the fragments upstream B4galnt2

Name Primer 5'—> 3’ Name Primer 5'->3’
Exonl_F GTAAATACAGCGTTAGAACCTGAC  Fragment.3.1.F ~ AGAAAGGTGCTATTCAGGGAG
Exonl_R ACAACTCGTTTCTGATCCTTCTG Fragment.3.1.R ~ TATGTGAGTACACTGTGGCTG
Exon2_F TGCAGCGTTACTGTCTACACC Fragment_4_F TGCTGGGTTGAAAGCCTGTTAGC
Exon2_R TTGGCAGCTAGTCCCATTAGG Fragment_4_R ACCTTTATTTTCCATGACCTCTG
Exon3_F TCTTTAGTCCCTCCCTTCATCC Fragment.4.1.F  AGTTTGGTTCACAGAAGTTAGC
Exon3_R TATACACAAAGCCCTGCAAATC Fragment.4.1.R  GGATGTATAAATAGGACTGAACGG
Exon4_F TATAAAGGGCTTGTCAGGGTTG Fragment_5_F TCCCACAAGGTGTATGTGATG
Exon4_R GAACTTGACATTGGGCTAGGAC Fragment_5_R TGTTCCTTTGATCCTGTCTC
Exon5_F CTTGGAAGAGAACCAGTTCAGC Fragment.5.1.F  AGGGGCACTTCACAGAAATCTT
Exon5_R CTCCCTACAGTCACTCCAAAGG TTTAACAGAGTTTACAAAGG
Exon6_F CATCCTGAGTACTTGCCTTTCC Fragment.5.1.R  TTGTGGCAATGCAGTATTATGAA
Exon6_R ATTGGGTGCAGTAAATAGGCAG TATTATGAAACTGTCTCTTAC
Exon7_F ACTGTCCTGGTCTTGTCATTGG TTGTGGCAATGCACTATTATGAA
Exon7_R ATATCCCAACAGGGCCTCCTAC Fragment.5.2.F = GTCATCAAACATGTTGTTCCTC
Exon8_F TAAACAACTCCTGCAACTCCTG Fragment.52.R ~ CTACTGCAGAGTGTATATGC
TGCAACTCCTGTGTACAGAAGG Fragment.5.3.F  GTGGCAGAAGTTGTTATAATCC
Exon8_R TCTGCATCAGAACAAGAGAAGC Fragment.5.3.R  CCTTTCCTCATCTTTAACTTGG
ATGTTTGGCGGAAGATAGGAGG Fragment5.4.F  AGTAACAGTAGGCTCCTTTGAG
Exon9_F AGCCTCTGATCCAGAAAGTCAC Fragment.54.R  AAGTTCAGTCTGCTAGCCAC
TATCACTGAGCGCAAATGTTCC Fragment.6.1.F  TTTAAGGGAAGGAGAAAGTGAG
Exon9_R ATGTGACCGAACAAGAACATGG Fragment.6.1.R  CTACTGTTGTTCTGATCCTGC
CTCCCTCTGACACTAACATTCC Fragment.6_2.R ~ AAATGCAAGCCATCTCTGCT
Exonl10_F TGAACACTGATCTGCTCAGACC ATCAGAACAACAGTAGGATCC
Exon10_R AGAAAGGTAGAGGGCTGAGCTGC ATCCCATTCTCGTCTCAACG
Exonll_F ACAGTCCCATTTAGTGGAACCC ACAAATGCGGAACGATTTCG
Exonll_R GTGCTGTGATTAAAGGTGTGCC Fragment 6_2.F  AGGGTTTCACAAACACAAATGC
3UTRpartl_F GCACTCCAGTACTTCAAGAACC CAGCCCCGACGACAGTTCTGTG
ACCACCAAGTAAGAACACCACC
3UTRpartl_R ATCTGTAATGGGATCTGATGC Primer to amplify the mitochondrial D-loop
GGTTCTGAGTTCAATTCCCAGC Name Primer 5’—> 3’
3UTRpart2_F AAGACTGACCTCACACTCATGG D-loop F CATTACTCTGGTCTTGTAAACC
3UTRpart2_R GGATCTCTGAATTCAAGGCTGG D-loop R GCCAGGACCAAACCTTTGTGT
3UTRpart2segF AGCCATCTCTCTAGTCTCTAGC
3UTRpart3_F AAGAGCAGTCCATCCTCTTACC

3UTRpart3_R

TAACAGACTTGGTCACTGAGCC
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