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Zusammenfassung

Zusammenfassung

Ein zentrales Ziel der Evolutionsbiologie ist es, die molekulare Basis von
Anpassungsprozessen zu verstehen und zu charakterisieren. Eine Voraussetzung
fur diese Prozesse ist, dass vererbbare Variation in Form von Allelen mit
funktionalem Effekt auf den langfristigen Reproduktionserfolg von Individuen
vorhanden ist. Daher wurden in den letzten Jahren viele Studien durchgefihrt um
Gene zu identifizieren, die unter positiver Selektion stehen und damit aktiv in
Anpassungsprozesse involviert sind. Durch diese umfassenden Datensatze wurden
viele Kandidatengene identifiziert, doch im Verhaltnis dazu gibt es wenig
Informationen Uber ihre allelische Variation und Funktion. In der vorliegenden
Studie, habe ich Daten genutzt, die auf genomweiten Analysen zu
Selektionsereignissen in vier wilden Hausmauspopulationen (Mus musculus L.)
beruhen. Zwei Kandidatengene namens Xprl und Dmrtl wurden aufgrund ihrer gut
beschriebenen, generellen Funktion ausgewahlt. Sie wurden hier hinsichtlich des
Vorkommens von potenziell funktionalen Allelen, deren Variation, der Verbreitung
eventuell assoziierter positiver Selektionsereignisse und funktionaler Effekte

untersucht.

Beide Gene wurden in 11 Populationen und mehreren Auf3engruppen vor allem im
Hinblick auf Variation in der proteinkodierenden Sequenz, als mdgliches Ziel
positiver Selektion, analysiert. Die untersuchten M. m. domesticus-Populationen
stammten aus Deutschland, Frankreich und dem Iran, wéhrend die
M. m. musculus-Populationen aus der Tschechischen Republik und Kasachstan
stammten. Zusatzlich zur Sequenzanalyse wurden Mikrosatelliten in einem Bereich
von 200 kb um beide Gene typisiert, um eine mégliche Ausbreitung des positiven
Selektionsereignisses Uber mehrere Populationen feststellen zu konnen. Die
Analyse der potenziellen funktionalen Effekte der Allele war abhangig von der
jeweilig beschrieben Genfunktion. Xprl ist ein Zelloberflachenrezeptor, der
insbesondere fir seine Rolle bei der Infektion von Zellen durch bestimmte
Mausleukamieviren (X/P-MLVs) bekannt ist, die Leukadmie und Lymphome
verursachen konnen. Der Transkriptionsfaktor Dmrtl ist in Vertebraten hoch

konserviert und bei Mausen wichtig fur die Geschlechtsdifferenzierung.

Beide Gene zeigten Variation in der kodierenden Sequenz. Fur Xprl konnten 14
Allele nachgewiesen werden, die in Form von Haplotypen auftraten. Zwei dieser
Allele zeigten Signaturen positiver Selektion und ein Introgressionsereignis eines

dieser Haplotypen vom Iran nach Sidfrankreich wurde detektiert. AuRerdem fanden
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Zusammenfassung

sich Signaturen balancierender Selektion auf zwei Haplotypen in drei anderen
Populationen aus Frankreich. Die Analyse von mdglichen allelspezifischen
Funktionsunterschieden konzentrierte sich hier auf eine potenzielle Assoziation
zwischen Rezeptorallelen und Variation in transkribierten P-MLVs in gezlichteten
Wildmausen. Es konnten jedoch weder eine solche Assoziation gefunden werden,
noch infektiose Virenpartikel isoliert werden. Zusammen mit Daten aus friiheren
Studien lassen sich diese Ergebnisse so interpretieren, dass die Xprl-Variation in
natlrlichen Hausmauspopulationen wahrscheinlich von andauernden adaptiven
Prozessen gepragt ist. Es scheinen allerdings auch andere Faktoren als nur durch

MLV induzierte Krankheiten diese Prozesse anzutreiben.

In Dmrtl hingegen wurde ein einzelner Aminosaureaustausch von Asparagin (N)
und Serin (S) gefunden. Daten aus anderen Studien legten nahe, dass dieses Gen
in den hier untersuchten Wildmauspopulationen weder alternativ gespleil3t noch
differenziell exprimiert wird. Das N stellt wahrscheinlich die abgeleitete Form des
Allels dar und verursacht eine neue potenzielle Glykosylierungsstelle. AuRerdem
wurde eine mdgliche Signatur positiver Selektion in finf Populationen in Frankreich
identifiziert. Die Analyse von allelspezifischen, funktionalen Effekten konzentrierte
sich auf mogliche Unterschiede in der Regulation von Zielgenen. Eine
vergleichende Microarray-basierte Untersuchung von Mausen friiher postnataler
Altersstadien mit N- und S-Genotypen deutete an, dass Dmrtl-Zielgene vermehrt
differenziell transkribiert wurden, wenn Dmrtl anwesend war. Dies, zusammen mit
den populationsgenetischen Daten, weist darauf hin, dass es anscheinend einen
funktionalen Unterschied zwischen dem N- und S-Allel gibt, der méglicherweise
unter positiver Selektion steht. Allerdings werden weitere funktionale Analysen

notwendig sein, um den eigentlichen vorteilhaften Effekt des N-Allels zu ergrinden.



Summary

Summary

One of the main themes in evolutionary biology is the characterization of the
molecular basis of adaptation. A prerequisite for adaptation is the presence of
heritable variation in the form of functionally distinct alleles which have differential
effects on the lifetime reproductive success of an organism. That is why a lot of
effort has been made in recent years to identify genes that are under positive
selection and thus involved in adaptive processes in natural populations of different
species. Through comprehensive genetic screens a large number of such
candidate genes have been identified. However, knowledge about the allelic
variation, its molecular function and phenotypic effects remains still rare. In this
study, | took advantage of data about candidate genes for selective sweeps from
previous hitchhiking mapping studies in four European wild mouse
(Mus musculus L.) populations and of the extensive knowledge about mice through
years of lab mouse research. Two candidate genes, namely Xprl and Dmrt1, with a
generally well characterized function were analyzed to gain information about
potential functional alleles, their variation and extent of the selective sweep across
different populations and possible functional effects of the different alleles. Xprl is a
cell-surface receptor which is especially known for its function in infection of cells by
polytropic and xenotropic murine leukemia viruses (X/P-MLVs), which can cause
leukemia and lymphomas in mice. The transcription factor Dmrtl is a highly
conserved member of the sex determination cascade in vertebrates and required

for normal gonadal differentiation in mice.

For both genes, | focused on coding sequence variation as potential target of
positive selection in 11 wild mouse populations and several outgroups. Analyzed
M. m. domesticus populations came from France, Germany and Iran, while the
M. m. musulus populations came from Czech Republic and Kazakhstan.
Additionally, microsatellites in a region of 200 kb around both loci were analyzed to
survey the extent of the originally identified selective sweeps across populations.
For the analysis of potential functional effects of the identified alleles, information
about the general function of the genes was used.

The two genes showed coding sequence variation among the populations. For
Xprl, 14 different alleles were identified which occurred as haplotypes. Two of
these alleles were associated to a signature of positive selection and an
introgression of one of these haplotypes from Iran to Southern France was

observed. Furthermore, evidence for balancing selection on two haplotypes in three
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other populations was found. Analysis of potential functional effects of the receptor
alleles focused in associations between these alleles and variation in transcribed P-
MLVs in captive mice. However, no association could be found and no infectious
virions were detected. Together with finding from previous studies, the here
obtained results suggest that Xprl variation in wild mouse populations is shaped by
ongoing adaptive evolution, but that to current knowledge other factors than

disease induction by XPR1-dependent MLVs might drive this process.

For Dmrtl, one amino acid exchange between Asparagine (N) and Serine (S) was
observed, while data from other studies suggested that no differential expression or
alternative splicing occurred. N seemed to be the derived allele and generated a
potential N-linked glycosylation site. It was also found to be potentially under
positive selection in five populations from France. The functional analysis focused
on potential differences in target gene regulation due to the different Dmrtl alleles.
In a comparative microarray-based analysis across early postnatal stages | found
that differential transcription of Dmrtl target genes was increased between the
different alleles when Dmrtl was present. This result together with the population
genetic data suggests that there is possibly a functional difference between the N
and S allele that could be the target of positive selection, though more analyses will
be necessary to gain insights into the potential beneficial nature of the N allele.
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General introduction

General introduction

The analysis of the molecular basis of adaptation is of great interest in evolutionary
biology. Consequently, during the past years a lot of effort has been made to
identify genes that actively contribute to ongoing adaptation processes in wild

populations.

A brief introduction to molecular evolution

The term molecular evolution describes the study of changes in DNA through time.
It aims to understand biological changes at the molecular and cellular level by using
principles of evolutionary biology and population genetics. This field is of central
interest as adaptive and neutral evolution can only occur if there is variation in
lifetime reproductive success among individuals and at least a part of the variation
is heritable. Changes in the frequencies of alleles which are responsible for a trait
represent a record on the action of selection or genetic drift. In other words,
evolution works with phenotypes that influence lifetime reproductive success, but all
evolutionary change in these phenotypes must have a molecular basis
(Jobling et al., 2004; Stearns and Hoekstra, 2005).

First, it is important to know which evolutionary forces shape the molecular variation
in natural populations and what their influence is. There are four such forces that
are described in the following, namely mutation, gene flow, genetic drift and natural
selection  (Mitchell-Olds et al., 2007; Oleksyk et al, 2010;
Stearns and Hoekstra, 2005).

Mutation and gene flow can introduce variation to populations at which mutation is
the ultimate force that generates new variation. The latter occurs randomly, i.e.
there is no systematic relationship between the phenotypic effect a mutation causes
and the actual needs of the organism in which it occurs
(Nachman and Crowell, 2000; Stearns and Hoekstra, 2005). Rates of mutation vary
across genomic regions and marker types that are applied to assess genetic
diversity in populations. Single nucleotide polymorphisms (SNPs) for example
follow a more or less constant mutation rate of about 2.5 x 10® in humans
(Nachman and Crowell, 2000), 2.1.x 10® in mice (Nachman, 1997) and 3 x 10° in
insects (Andolfatto and Przeworski, 2001). In contrast, the mutation rates of
microsatellites, as another often applied marker system, are highly locus specific,

strongly correlated with the number of repeats at a locus and several orders of
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magnitude higher than that of SNPs (reviewed in Ellegren, 2004). Other than
mutation, gene flow cannot generate new variation but can introduce new variants
to a population. This is the case when for example organisms are born in one place
and move to another where they have offspring that survives to reproduce
(Stearns and Hoekstra, 2005).

Complementary to the two forces that can generate new variation in a population,

genetic drift and natural selection both act on this variation.

Genetic drift shapes neutral evolution and describes changes in allele frequency
due to random drawing of gametes that will form the next generation
(Hartl and Clark, 2006). It is the dominant force if a genetically determined trait has
no influence on lifetime reproductive success of the organism carrying it, i.e. it has
no influence on the number of offspring that survive and reproduce compared to the
population average. Thus, it acts randomly on variation and generally plays a
significant role in evolutionary change at the molecular level (Oleksyk et al., 2010).
Its impact is especially large in small populations and often leads to the loss of new
alleles which occur in low initial frequency. This relationship is described by the
term mutation-drift equilibrium which means that the probability of fixation of an
allele is its observed frequency, and the expected fixation time of a new allele
equals four times the effective population size measured in generations (Nei, 1987).

Natural selection shapes adaptive evolution and acts when a genetically
determined trait has an influence on lifetime reproductive success, i.e. when the
individual carrying it has more or fewer offspring than the average number in the
population that survive and reproduce. The resulting evolutionary change will move
the trait and the associated allele frequencies from generation to generation in the
direction of increased adaptation. This direction is induced through the nature of
correlation between the trait value and reproductive success under the given
environmental factors (Stearns and Hoekstra, 2005). This correlation results in

different forms of possible selection that will be described in the following.

There is negative selection that is also often termed as purifying selection and
constitutes the circumstance that deleterious alleles have a decreased chance of
being transmitted to the next generation. This leads to a reduction in their frequency
over time and finally to their loss (Bromham, 2008; Oleksyk et al., 2010).
Commonly, the consequence is a conservation of DNA sequences. In this context,
the term background selection is often used (Fig. 1.1) and refers to selection

against recurrent deleterious alleles that also eliminates neutral or weakly selected
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variants at closely linked sites in the genome (Charlesworth, 2009;
Charlesworth et al., 1993; Nachman, 2001).

Positive Darwinian selection can indicate either balancing selection or directional
selection (Hedrick, 2007). Balancing selection describes a process where genetic
polymorphism in the form of multiple alleles at a locus is actively maintained in a
population. It is often discussed in the context of heterozygote advantage, also
termed overdominance, or frequency-dependent selection (Andrés, 2001,
Hamilton, 2009; Hedrick, 2007; Mitchell-Olds et al., 2007; Oleksyk et al., 2010).

Directional or positive selection is a process that leads to an increased frequency of
one allele which provides a reproductive advantage compared to other present
alleles in the population. In this context, the term selective sweep is used as
opposed to background selection if positive selection drives the beneficial allele and
closely linked neutral alleles to high frequency in a population. This leads to a
reduction in genetic diversity similar to what is observed under background
selection (Fig. 1.1). The fixation time of a beneficial allele depends on the effective
population size and the fithess advantage provided by the allele which is usually
expressed as selection coefficient. The value of this coefficient quantifies the
decrease in allele frequency of other than the beneficial allele from one generation
to the next. Positive selection is acting if the product of four times the selection
coefficient and effective population size is larger than one (4Nes > 1)
(Hartl and Clark, 2006). The curve describing the frequency increase of a beneficial
allele across generations is commonly S-shaped. This means that changes are
slow at low and high frequencies of the respective allele and fast at intermediate
frequencies. Consequently, rare or new beneficial alleles are expected to increase
relatively  slowly in the beginning (Hartl and Clark, 2006;
Stearns and Hoekstra, 2005).

Positive selection, in the sense of directional selection, plays a major role in
phenotypic diversification and local adaptation (Rieseberg et al., 2002). Thus, there
is great interest to identify genomic regions that have been subjected to positive
selection and have been actively involved in adaptation processes
(Harr et al., 2002; Sabeti et al., 2002).
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Figure 1.1: Genetic signatures of natural selection on an allele (filled dot) and its effects on neutral
polymorphisms (differently colored bars) in the neighboring region which are influenced by the
hitchhiking effect. (a) Represents the signature of positive selection on new or rare alleles (hard
sweep). Few alleles are physically linked to the beneficial mutation when it is targeted by positive
selection, and due to this the genetic polymorphism in the region will be extremely reduced. (b)
shows the signature of positive selection on standing variation (soft sweep). Several neutral alleles
are physically linked to the beneficial variant and thus, neutral polymorphism will be decreased less.
(c) represents selection on a polygenic trait, which means that the selection intensity is spread
across several variants and individual alleles experience weaker selection. (d) shows the case of
background selection where neutral alleles that are linked to deleterious alleles are driven to
extinction. (Taken from Cutter and Payseur (2013)).

Identification and analysis of adaptively relevant genes

Evolutionary processes like positive selection leave characteristic footprints in the
genome. If a beneficial allele is targeted by positive selection not only this allele
increases in frequency in the population but also the neighboring alleles which are
physically linked due to their chromosomal position. This effect is called hitchhiking
effect and provides the basis for various population genetic approaches to detect
positive selection events. In large populations, hitchhiking can reduce the neutral

diversity much more than random genetic drift and it was proposed as one
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explanation why very abundant species do not show correspondingly high levels of

genetic diversity (Maynard Smith and Haigh, 1974).

The size of the concerned region with reduced genetic diversity and the power to
detect it as influenced by positive selection, depends on the recombination rate and
intensity of selection. The intensity is positively correlated with the window size
whereas the recombination rate is negatively correlated with it (Fay and Wu, 2000;
Harr et al., 2002). The timeframe in which such a pattern of positive selection will be
observable depends on the mutation rate of the applied marker. After a beneficial
allele has reached fixation, its genetic footprint in the neighboring region will be
gradually lost by reconstituting genetic variability through mutation and subsequent
recombination. This process leads to so called recovery patterns which are
characterized by an excess of rare and new mutations at low frequencies.
Altogether, the footprint of positive selection is thus characterized by a locally
reduced level of genetic diversity (Maynard Smith and Haigh, 1974), an altered
allele frequency spectrum due to recovery (Braverman et al., 1995; Tajima, 1989)
and a locally increased extend of linkage equilibrium (Kim and Stephan, 2002;
McVean, 2007; Przeworski, 2002).

Knowledge of the characteristic signatures of positive selection provides the
opportunity to directly use genomic information to detect its targets without using
information about phenotypic variation (Sabeti et al., 2002; Schlétterer, 2003;
Stearns and Hoekstra, 2005). This concept can be implemented by different
approaches. Traditionally, most tests for selection have concentrated in comparing
a set of variable markers within a gene region against assumed neutral
expectations. In other words, these statistical tests aim to discriminate between
natural selection and genetic drift as the most likely cause for the observed
differences in homologous DNA sequences between populations or species
(Oleksyk et al., 2010; Schiotterer, 2003; Stearns and Hoekstra, 2005).

An example for such a test is Tajima's D which tests for specific changes in the
allele frequency distribution i.e. the accumulation of rare alleles in a region. In order
to this, the local nucleotide diversity is compared with the number of segregating
sites. If the nucleotide diversity is significantly lower than the number of segregating
sites, the value becomes negative and is interpreted as a sign for positive selection
whereas a positive value indicates balancing selection (Tajima, 1989). Another
commonly applied statistics is Wright's Fg which detects regions of increased
differentiation between populations which can be interpreted as a sign for differing

local selective pressures (Wright, 1951). Both above mentioned methods and many
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more have often been applied in the context of candidate gene approaches which
require an a priori knowledge about the function of a gene and its potential
involvement in adaptation processes. Because of the suspected function
homologous sequences are compared within or across populations to check for a

possible significant departure from neutral variation patterns (Schlétterer, 2003).

These standard tests of neutrality that use mostly locus-specific sequence
polymorphism data are often sensitive to past demographic events as underlying
assumption for neutrality, like constant population sizes are often violated in natural
populations (Nielsen, 2001; Otto, 2000; Przeworski, 2002). For example, a
population expansion would also increase the proportion of low frequency variants
and thus mimic the effect of a selective sweep as identified by Tajima’s D. On the
other hand, a population bottleneck could produce an excess of intermediate
frequency variants which would result in a signature similar to that induced by

balancing selection (Nielsen, 2005).

Opposing to candidate gene approaches, hitchhiking mapping or mulitlocus screens
refer to genome-wide surveys for genes that have been under positive selection in
natural populations. In this case, no a priori assumptions about phenotypic effects
are made and these screens have become more common in a range of species
with increasing availability of polymorphism data (Harr et al.,, 2002,
Oleksyk et al., 2010; Sabeti et al., 2007; Schlttterer, 2003; Staubach et al., 2012;
Storz et al., 2004). Besides the advantage of identification of genes or adaptively
relevant alleles that have no known or easily visible phenotypic effect, this also
contributes to our knowledge about the overall influence of positive selection on the
genome variation. The latter will also support a more complete functional
characterization of the genome complementary to phenotypic-based approaches
(Barton, 2000; Schiétterer, 2003).

The markers of choice for multilocus screens are often SNPs which have been
successfully applied to identify selective sweeps in big data sets for example from
humans and mice by means of different statistics. The focus of these statistics is
mostly on changes in allele frequency or allelic differentiation among populations in
regions of extended linkage disequilibrium. The “extended haplotype homozygosity”
(EHH) test for example, searches for sites where the change in allele frequency
since the start of a putative selection event occurred too quickly to be due to
random drift. The start if the putative selection event is assessed by the derived
allele frequency, and the speed of the allele frequency change is measured by the

extend of linkage disequilibrium around the tested allele (Sabeti et al., 2002, 2007).
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Another test based on this idea is the “cross-population composite likelihood ratio”
(XP-CLR) test which tests for allelic differentiation that must have occurred more
quickly than just due to genetic drift. Again the speed of the differentiation is
assessed by the linkage disequilibrium in the region that is expected to be more
extended under selection than under neutrality (Chen et al., 2010). This test has
been applied in humans and natural populations of the mouse (Chen et al., 2010;
Staubach et al., 2012).

Additionally to SNP-based methods, approaches have been developed that use
multiple microsatellite markers to detect recent selective sweeps. Though these loci
are neutrally evolving, they can also be affected by a hitchhiking effect and it has
been shown that their repeat number is strongly influenced by selection
(Slatkin, 1995). They are less dense in the genome than SNPs but are multiallelic
and thus highly informative (reviewed in Ellegren, 2004; Schlétterer, 2003). A
problem arises from the fact that no uniform background mutation rate can be
assumed for these loci as can be done for many changes on DNA sequence level.
The mutation rate of microsatellites appears to vary widely among loci and alleles,
which prevents testing across different loci (reviewed in Ellegren, 2004; Slatkin,
1995). To circumvent this problem, hitchhiking approaches based on this type of
marker rely on comparing variability levels of the same marker in different
populations. The variability is measured in terms of variance in repeat number (RV)
or expected heterozygosity (RH). Furthermore, a large number of unlinked loci is
included in the analysis which helps to integrate the demographic history of the
studied populations und thus makes this approach very robust to various
demographic scenarios and reliable for the identification of recent selective sweeps
(Kauer et al., 2003; Schlétterer, 2002). Such microsatellite screens have been
applied to natural populations of the fruit fly Drosophila melanogaster (Harr et al.,
2002) and mouse subspecies M. m. domesticus and M. m. musculus (Blntge,
2010; Ihle et al., 2006; Teschke et al., 2008).

The comprehensive application of SNP- or microsatellite-based multilocus screens
has revealed a high number of selective sweeps in populations of humans and
mice. A genome-wide SNP-based hitchhiking mapping in human populations from
Africa, Asia and Europe suggested about 300 strong candidate regions
(Sabeti et al., 2007). In mice, SNP- and microsatellite-based approaches in four
different populations of two mouse subspecies from Czech Republic and
Kazakhstan (M. m. musculus) and from Germany and France (M. m. domesticus)

indicated 200 to 300 positive selection events per lineage (Staubach et al., 2012;
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Teschke et al., 2008). These numbers probably represent an underestimate as the
hitchhiking mapping will mostly detect positive selection events on new and rare
alleles (hard sweep) and not on standing variation (soft sweep) (Fig. 1.1). In the
case of microsatellite studies, also only very recent events can be traced as the
sweep signatures will be lost relatively fast due to the high mutation rates
(Staubach et al., 2012; Teschke et al., 2008).

After the identification of selective sweeps, questions about the function of the
involved genes and their allelic variation in this context can be addressed. There
are several studies that have worked on such candidate genes to investigate the
molecular basis and associated phenotypic traits that are the actual targets of
positive selection. In the following, two examples for studies on the molecular basis

of local adaptation in deer mice (Peromyscus) are briefly described.

The first example by Storz et al. (2007) is a population genetic analysis of a two-
locus a-globin polymorphism that is apparently involved in adaptation to oxygen-
availability along an elevation gradient. The molecular basis of this adaptation has
been characterized as functionally distinct protein alleles due to five amino acid
exchanges in strong linkage disequilibrium. These alleles seem to be maintained as
long-term balanced polymorphism and change in frequency from low to high
altitude. Furthermore, they were predicted to change the oxygen affinity of a-globin

which probably represents a physiological adaptation to high-altitude hypoxia.

Another well studied example for a molecular change that is involved in local
adaptation is the charge changing amino acid replacement in the melanocortin-1
receptor (Mclr) in beach mice. The mutation decreases the function of the receptor
and is apparently involved in controlling pigmentation differences between the
lightly colored beach mice and their darker colored mainland conspecifics. More
detailed analysis also revealed epistatic interactions between this locus and the
Agouti candidate gene which is a ligand of MC1R and has alleles which differ in
expression levels. The different observed phenotypes probably evolved due to
selection for crypsis as the lighter fur provides an advantage for the beach mice on
light-colored sand. Furthermore, analyses have shown that the genetic basis of the
light coloration seems to have evolved independently in different parts of the
species range and is controlled by variation at different loci (Hoekstra et al., 2006;
Steiner et al., 2007).

Although there are more examples like these two, knowledge about the molecular

basis of adaptation processes remains relatively rare compared to the amount of
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identified candidate genes. It still remains a challenge of central interest in
evolutionary biology to combine population genetic approaches with information on
molecular function, phenotypic variation and potential ecological consequences.
Though this type of approach is mostly restricted to a gene-by-gene basis, it will
help to gain insights into how natural selection influences phenotypic traits through
molecular changes and to understand the basis of adaptation in natural

populations.

The wild mouse (Mus musculus L.) as a model system

The house mouse (Mus musculus) has become one of the major model organisms
especially for genetics and medical research. Easy handling in the laboratory, small
size and short generation times already make it an attractive study organism.
Additionally, it is also a mammal which makes studies often comparable to higher
organisms like humans. Due to this attractiveness the house mouse has been well
studied for decades including its phylogeny and history which also makes it
interesting for evolutionary biologists (Boursot et al.,, 1993, 1996;

Guénet and Bonhomme, 2003).

Extensive genomic and molecular data is available for the house mouse. Since
2002 the complete genome sequence as derived from the lab strain C57BL/6J is
accessible (Mouse Genome Consortium 2002). Then in 2011, complete genome
sequences of altogether 17 inbred strains became available which showed
extensive genetic and functional variation among these strains (Keane et al., 2011).
Additionally to the genetic information, gene function is studied systematically by
the former Knock-out Mouse Consortium and since 2011 by the International
Mouse Phenotyping Consortium through generation of targeted knockout mutations
in embryonic stem cells. Mutant mouse lines are then tested through an extensive

phenotyping pipeline to describe the biological function of each gene.

About the phylogeny and history of the house mouse we know that it originates
from the Indian subcontinent. There, M. musculus split into the three major
subspecies M. m. castaneus, M. m. musculus and M. m. domesticus about
0.5 MYA (Fig. 1.2).
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Figure 1.2: Phylogeny of the genus Mus (take from Guénet and Bonhomme (2003)).

Today, M. m. castaneus is distributed all over South East Asia, M. m. musculus can
be found all over Northern Asia and Eastern Europe, while M. m. domesticus
populations range from the Near East to Northern Africa and Western Europe. From
Western Europe the house mouse has then spread all over the world with the help
of human transport. The three lineages are not completely genetically isolated from
each other and form natural hybrid zones in contact areas. M. m. domesticus and
M. m. musculus meet in Central Europe in a narrow, stable hybrid zone as well as
in the Caucasus and a region southeast of the Caspian Sea. M. m. castaneus and
M. m. musculus have a hybrid zone in China and another one in Japan where they
hybridize extensively and form a unique population which is often referred to as
M. m. molossinus (Yonekawa et al., 1988). There is no natural contact zone for
M. m. domesticus and M. m. castaneus, but they can produce fertile offspring in the

laboratory (Fig. 1.3).
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Figure 1.3: Today's geographical distribution of the genus Mus including secondary contact zones
and colonization routes (taken from Guénet and Bonhomme (2003)).

The colonization of Western Europe by M. m. domesticus originating from the Near
East, happened through the Mediterranean route about 3,000 years ago. This
process is documented by detailed paleontological records (Cucchi et al., 2005).
Humans already settled in Europe 6,000 BP, but the mice followed the Neolithic
diffusion about 5,000 years later. This delay has been attributed to two possible
reasons. The first reason is the limited maritime exchange between the Eastern and
Western Mediterranean Basin until 1,000 BP which probably only allowed for a
weak migratory flow before the increase. The second possible reason is the
absence of suitable ecological niches. Neolithic commensal niches were probably
poorly represented and less stable in Western Europe than in the Near East until
1,000 BP and favored by the wood mouse. Then, with an increase in human
settlements more stable commensal niches became available that were then
favored by the house mouse. As a result, a massive invasion of Europe by house

mice took place 3,000 years ago (Cucchi et al., 2005).

As well as this study, previous studies on the population genetics of wild mouse
populations and the occurrence of selective sweeps are based on samples from
wild populations (Biintge, 2010; Ihle et al. 2006; Linnenbrink, 2012;
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Staubach et al., 2012; Teschke et al., 2008). The studied M. m. domesticus
populations come from different locations in France, Germany and Iran, while the
M. m. musculus populations originate from Czech Republic and Kazakhstan. A
study of Ihle et al., 2006 on several populations of both subspecies has shown that
they are genetically distinct which allowed the identification of population-specific
selective sweeps (Blntge, 2010; Staubach et al., 2012; Teschke et al., 2008).

Altogether, the extensive background knowledge on genes and gene function, well
documented population history, data from previous population genetic analyses and

screens for selective sweeps provide an ideal basis to study molecular evolution.

Scope of the thesis

In this study two candidate genes were analyzed which were previously identified
as potential targets for positive selection events in wild populations of the house
mouse by SNP- and microsatellite-based hitchhiking mapping approaches
(Buntge 2010, Staubach et al. 2012). The presence of putative sweep signatures at
these genes implied that there are functionally distinct alleles present in nature.
Both genes were chosen as candidates for this study as their general function or
adaptive potential has already been well characterized in previous studies. This

provided the basis to address the following questions in this study:

(1) What are the potential functional alleles of the two genes that are targeted by

positive selection in wild populations?

(2) How are these alleles characterized i.e. do they for example occur in the form of

expression changes or as protein-coding change?

(3) How is the geographic variation of these alleles and the associated sweep

signature in different populations and subspecies?

(4) Are there functional differences between the identified alleles when looking at

gene-specific traits?

In the first chapter, | describe a population genetic analysis of the gene Xprl
(xenotropic and polytropic retrovirus receptor 1) which is particularly known for its
key role in the interaction with murine leukemia viruses (MLVs). Thus, here | aimed
at identifying potential associations between the different receptor alleles and

present MLVs.
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The second chapter deals with a similar population genetic analysis of the
transcription factor Dmrtl which is known to be involved in sex differentiation in
mice. Consequently, here | focused on potential effects of the different alleles on

target gene transcription.
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Chapter 1

Natural variation in the cell-surface receptor Xprl

in wild populations of the house mouse

Abstract

The interaction between the cell-surface receptor Xprl and the xenotropic and
polytropic murine leukemia viruses in mice is a suitable model to study the
molecular basis of adaptive evolution and the factors shaping this process. X/P-
MLVs can cause disease in mice such as leukemia and lymphomas and use XPR1
as receptor to infect host cells. Previous studies already demonstrated substantial
co-evolution between the interaction partners and that Xprl is targeted by positive
selection in wild mouse populations. To complement the previous studies, |
analyzed 11 wild mouse populations of the two  subspecies
Mus musculus domesticus and M. m. musculus for Xprl coding sequence variation
and associated variability in neighboring microsatellites. Furthermore, | analyzed
the P-MLV receptor-binding domain variation of transcribed proviruses in captive,
wild-derived mice from three different origins to assess possible functional effects of
the allelic variation of Xprl. The Xprl sequence analysis revealed the presence of
14 different Xprl haplotypes that were characterized by several SNPs and varied in
abundance and frequency among populations. | identified signatures of positive
selection in a Czech M. m. musculus population, and in an ancestral
M. m. domesticus population from Iran on different haplotypes. In the Ilatter
population, the advantageous haplotype was characterized by a missing potential
N-glycosylation motif in one of the extracellular loops which is involved in virus
interaction. There also seemed to be introgression of this haplotype between the
Iranian and a Southern French population. Additionally, |1 found signatures of
balancing selection in three other French populations. The analyzed proviruses of
captive mice exhibited a variation pattern which is consistent with the mouse
population history, and | did not detect any infectious XP-MLV virions. Altogether,
our findings and previous studies suggest that Xprl variation in wild mouse
populations is shaped by ongoing adaptive evolution, but that to current knowledge
disease induction by XPR1-dependent MLVs does not seem to be the main factor

driving this evolution.
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Introduction

Host-virus interactions are an important driver of evolutionary processes and the
characterization of their molecular basis is of great interest in evolutionary biology
(Woolhouse et al., 2002). An extensively studied example is the interaction between
xenotropic and polytropic murine leukemia viruses (XP-MLVs) and the xenotropic

and polytropic retrovirus receptor 1 (XPR1).

Xprl is highly conserved in metazoans on the amino acid sequence level and
expressed in various cell types. The gene encodes a cell-surface receptor with
eight transmembrane domains which putatively form four extracellular loops (ECL).
It belongs to the group of G protein-coupled receptors and has been shown to
function in the export of inorganic phosphate (Battini et al, 1999;
Giovannini et al., 2013; Tailor et al., 1999; Vaughan et al., 2012). In contrast to its
only recently described native function, the receptor was already described as P-
MLV susceptibility gene in mice in 1983 (Kozak, 1983, 2010). Subsequent studies
then demonstrated that XPR1 mediates infection of cells by both P- and X-MLVs in
a variety of hosts (Chesebro and Wehrly, 1985; Cloyd et al., 1985; Kozak, 1985;
Lyu and Kozak, 1996). XP-MLVs belong to the gammaretroviruses and are
distinguished according to their host tropism, interference pattern and pathogenicity
(Chesebro and Wehrly, 1985; Cloyd et al., 1980, 1985; Hartley et al., 1977,
Yan et al., 2010). Generally, MLVs can cause leukemia and lymphomas, but their
pathogenicity is highly variable and dependent on virus strain and host background
(reviewed in Kozak, 2010). Sources of this variation are the generation of
pathogenic P-MLVs (mink cell focus forming MLVS) by recombination events,
genetic variability in the receptor binding domain of the viral Env glycoprotein and
representation of proviral elements in the respective genome (Battini et al., 1992;
Cloyd et al., 1980; Fischinger et al., 1975; Hartley et al., 1977; Kozak, 2013; Stoye
et al., 1991).

Co-evolution between XPR1 and XP-MLVs has been suggested in various studies
based on lab strains and samples of wild-caught mice from scattered locations.
Altogether, five MLV-restrictive alleles of Xprl have been identified which for
example lead to the resistance of Mus musculus castaneus against P-MLV infection
or of some lab strains against X-MLV infection. Mutagenesis and phylogenetic
analyses identified XPR1 residues which are important for virus interaction and
showed that the receptor has been under re-current positive selection
(Kozak, 1985; Lyu and Kozak, 1996; Marin et al., 1999; Tailor et al., 1999;

16



Chapter 1: Natural variation in Xprl

Yan etal.,, 2007, 2010). Furthermore, in the genome-wide SNP analysis of
Staubach et al. (2012), Xprl was found to show a difference in haplotypes between
a French and a German population which could suggest that positive selection was

acting on it.

Altogether, there are a lot of data available which show that there is functional
variation among Xprl alleles and that this plays an important role in the adaptation
of mice to infections by XP-MLVs (reviewed in Kozak, 2010; Kozak 2013).
However, information about the receptor variation on this level in the wild is still
rare. In this study, | analyzed the variability of Xprl alleles and associated
microsatellite loci on a finer scale compared to previous studies in European wild
populations of two mouse subspecies. | followed a sampling scheme that allowed
us to assess the variation in unrelated individuals from different geographic regions.
Furthermore, | tested captive mice originating from different wild populations for a
possible association between population-specific XPR1 alleles and transcribed P-

MLV-related RBD (receptor-binding domain) variants.

Material and Methods

Mice and sampling

Population samples

122 samples from two subspecies and 11 distinct wild mouse populations were
analyzed to assess patterns of allelic variation of Xprl. Samples were collected by
Ihle et al. (2006) and Linnenbrink et al. (2013) according to the same sampling
strategy (Tab. S1, Fig. 2.1). The samples represented distinct sampling sites to

ensure that individuals were unrelated (lhle et al. 2006).

Samples from the breeding stock

From the wild-derived breeding stock in Plén (Germany), | collected ear punches of
two Mus spretus, Mus spicilegus and Mus musculus castaneus individuals to
complement the population sampling. Additionally, I collected feces samples and
ear punches of six Gercg, six Dom-IR and 12 Frayc mice to analyze variation in the
receptor binding domain (RBD) of P-MLVs with regard to allelic differences in Xprl.
The animals had been kept in the stock over several generations and the breeding
followed an outcrossing scheme. The feces samples were stored at -80°C for later
RNA extraction and analysis of P-MLV variation. The ear punches were transferred

to HOM buffer and stored at 4°C until DNA extraction and Xprl allele determination.
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Figure 2.1: Overview map of the tested wild mouse populations.

Experimental crosses

To test whether the identified virus variants occurred in the form of infectious
particles or as transcribed proviruses, | conducted a crossing experiment with two
Iranian x German pairs. | chose this combination as mice from the two populations
exhibited easily distinguishable virus variants. The males were removed from cages
as soon as the females were visibly pregnant. Before birth, the females were
moved to fresh cages, and thus the pups were only in contact with the mothers. The
feces samples were collected from the adult mice before and after mating, while the
pups were sampled upon weaning. Therefore, | accounted for eventual virus
transmission between the parents, from mother to pups or inheritance of the
viruses. The feces samples were stored at -80°C until RNA extraction.
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Extraction of nucleic acids

DNA from the population samples was extracted as described in lhle et al. (2006) or
Linnenbrink et al. (2013), respectively. Extraction of DNA from ear punches of mice
from the breeding stock was done by a standard salt extraction procedure. Until

further processing, DNA was stored at -20°C and diluted to 5 ng/uL for PCR.

RNA from feces samples was extracted using TRizol (ambion) in combination with
the PureLink RNA Mini Kit (ambion) following the protocol by the manufacturer. The

samples were stored at -80°C.

Molecular analysis of DNA and RNA

cDNA synthesis

The RNA from the feces samples was reverse transcribed for later PCR and
Sanger sequencing. The first strand cDNA synthesis was performed with help of the
MMLV High Performance Reverse Transcriptase (epicentre). This was done by
using 350 ng of extracted RNA and following the manufacturer protocol. Afterwards,
cDNA was stored at -20°C.

Microsatellite genotyping

| typed nine microsatellite loci within a region of 200 kb around Xprl (Fig. 2.2). The
loci were identified applying the software “tandem repeats finder” (Benson 1999)
and primers were designed with “Primer3Plus” (Untergasser et al. 2007). The
forward primers were labeled with Hex at the 5 end and four primer pairs were
pooled per reaction. Care was taken that the pooled primer pairs yielded distinct
product size ranges (Tab. S2.2). PCRs were carried out by means of a multiplex
PCR kit (Qiagen) in 5 pL final volumes and using 5 ng DNA as template.
Amplification conditions were as follows: 95°C for 15 min followed by 28 cycles at
95°C for 30 s, 60°C for 1.30 min, 72°C for 1.30 min with a final extension at 72°C
for 10 min. Afterwards, PCR products were diluted 1:20 in water and 1 yL was
transferred to 10 pL Hidi formamide and 0.1 pL 500 Rox size standard (Applied
Biosystems). The subsequent denaturation step was performed with the following
incubation times: 90°C for 2 min and 20°C for 5 min. Product sizes were
automatically determined by a 3730 DNA Analyzer (Applied Biosystems), and
alleles were called by means of the GeneMapper v4.0 software (Applied

Biosystems).
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Sanger sequencing

First, | identified variation in Xprl alleles by sequencing parts of the coding
sequence supposed to be variable which were exon 4 and two putative extracellular
loops (ECL3 and 4; Fig. 2.2). For this purpose, six primer pairs (Metabion) that were
designed with “Primer3Plus” were used (Tab. S2.3). Secondly, | analyzed the
variation in the receptor binding domain of the surface unit of the viral envelope
gene of P-MLVs.

PCR reactions were carried out in 10 pl final volume with a multiplex PCR kit
Qiagen and following cycling conditions: 95°C for 15 minutes followed by 35 cycles
of 95°C for 30 s, 60°C for 1.30 min, 72°C for 30 s/90 s and 10 min at 70°C for
elongation time. Exo-Sap purification (USB Corp.) was performed with the following
incubation: 37°C for 20 min and 80°C for 20 min. Cycle sequencing reaction was
done with help of the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems). Reaction parameters were 96°C for 1 min followed by 29 cycles of
96°C for 10 s, 55°C for 15 s and 60°C for 4 min. Then, sequencing products were
purified with the BigDye XTerminator Purification Kit (Applied Biosystems).
Sequences were automatically generated by a 3730 DNA Analyzer (Applied
Biosystems). Independent base calling and analysis was done using
CodonCodeAligner v4.0.2 (CodonCode Corp.).
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Figure 2.2: Genomic overview of the analyzed candidate gene on chromosome 1 (chr1:155).
The exons are shown by black and the microsatellite loci by red boxes. Their respective
genomic positions are indicated next to the boxes. On the right side an enlarged view of
exons 9 to 13 is shown. Sequenced parts of the gene are represented by orange boxes
and variable parts are marked by a star.
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Population genetic analysis

The phase of Xprl alleles was determined manually with regard to the homozygous
individuals. Then, allele frequencies were calculated for all populations and their
spatial distribution was visualized on a map made by NaturalEarth. A median
network was generated with SplitsTree4 v4.13.1 (Huson and Bryant, 2006), while

Tajima’s D calculations were done in DNAsp v5 (Librado and Rozas, 2009).

For the microsatellite loci, allele frequencies in populations were calculated with
regard to Xprl allele and plotted in histograms. Those were then visually inspected
for signatures of positive selection and associations between Xprl and

microsatellite alleles.

The aligned sequences of the receptor binding domain in the surface unit of the
viral envelope were all inspected for SNPs and a phylogenetic tree was calculated
using MrBayes v3.2 (Huelsenbeck and Ronquist, 2001;
Ronquist and Huelsenbeck, 2003).

Results

Haplotypic variation of Xprl in wild mouse populations

To assess the allelic variation of Xprl on the population level in the wild, | analyzed
Sanger sequences of different parts of Xprl from several species and population

samples.

Between 11 and 12 individuals per population and two individuals per outgroup
could be sequenced successfully. The analysis revealed the presence of altogether
14 different Xprl alleles. These alleles occurred in the form of distinct haplotypes
which were characterized by eight nonsynonymous SNPs, nine synonymous SNPs
and two indels. The two indels occurred in Mus musculus castaneus and musculus
and were located in the forth putative extracellular loop (ECL4). The SNPs were
distributed over exon 4, exon 12 and ECL 3, and 4 (Tab. 2.1, Tab. S2.4).
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Table 2.1: Identified Xprl haplotypes in wild populations of the house mouse or wild-derived mice
from the breeding stock. Grey background indicates a nonsynoymous SNP, blue letters indicate the
SNPs located in one of the extracellular loops.
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The identified Xprl haplotypes varied in abundance and frequency in the
populations. Of the eight European Mus musculus domesticus -populations, seven
exhibited two haplotypes in differing, but mostly intermediate frequencies. Only the
population Gercg was almost fixed for one of the two haplotypes. The population
Frayc showed the highest Xprl diversity with eight different haplotypes. Notably, |
could identify a new haplotype in the Iranian (Dom-IR) population which was
ancestral to the European M. m. domesticus -populations. This haplotype, was
almost fixed in Dom-IR, but was also found in one other population in Southern
France (Frayc). Furthermore, it was characterized by a nonsynonymous SNP in
ECL3. A comparison between this haplotype, termed Xprl' and previously identified
virus restrictive haplotypes is shown in Tab. 2.2. The two analyzed M. m. musculus
populations exhibited haplotypes that were different from the M. m. domesticus
variants. While Musc-AL showed three different haplotypes, Musc-CR was fixed for
one (Fig. 2.3).
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Table 2.2: Comparison of SNPs in ECL 3 and 4 of Xprl. The first five alleles were
identified in previous studies and known to be virus restrictive (Kozak et al. 2010).
The sixth allele (Xprl) is the one identified in an Iranian and Southern French
population in this study.

Allele SNP

ECL3 ECL4
Xpr1¥ K N S T V | A T T F K P D
Xpr1" E . . : . : .- . . . N
Xpr1™ : . : : . . Ko . :
Xpr1® : . . : . . .- - -
Xpr1P K . P Y K| . V
Xpri' . K :

Populations:
1: Ger-CB [\
2: Ger-SL LB
3: Fra-NA vi
4: Fra-LO o v
5: Fra-DB L4
6: Fra-AN °
7:Fra-ES L]
8: Fra-MC L4
9: Dom-IR e

10: Muse-CR @

11: Musc-AL ®

Figure 2.3: Map of the haplotype frequencies of Xprl in wild populations of the house
mouse. The color code corresponds to the one in the haplotype overview table
(Tab. 4).

| also used the sequencing data to search for patterns of positive selection in the

populations. Complementary to that, | analyzed several microsatellite loci in the

region of Xprl to identify selective sweeps. The distribution of Xprl haplotypes

across populations demonstrated that there is no clear differentiation of Xprl

according to populations. The samples rather differed by Xprl haplotype than by

population of origin (Fig. 2.4). Analysis of Tajima’s D indicated significant balancing

selection on two haplotypes in the three M. m. domesticus-populations Fra o
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(Tajima’s D = 2.249), Fraan (Tajima’s D = 2.079) and Frapg (Tajima’s D = 2.079).
Separate analysis of the sequenced parts of Xprl revealed that this signal is
caused by exon 4 which exhibits most of the SNPs. With the microsatellite data, |
was able to identify a selective sweep in the ancestral Iranian population.
Furthermore, there was apparently introgression of this novel Xprl haplotype
between Iran and Southern France (Frayc) as it was mostly associated to the same
microsatellite alleles in both populations. Another positive selection event seemed
to have happened in Musc-CR where a different haplotype was found to be fixed
(Fig. 2.3, Fig. S2.1).

IX
Xl

Figure 2.4: Haplotype network of Xprl exon sequences generated with
SplitsTree. Each haplotype is indicated by Roman numerals and pie charts
indicate which populations carry the respective haplotype.

Variation of P-MLVs in wild-derived mice of different populations

In this part of the study, | aimed to assess possible adaptive effects of the identified
allelic variation in Xprl with regard to susceptibility to murine leukemia viruses. In

order to do this, | analyzed the variation in the receptor-binding domain (RBD) of
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polytropic murine leukemia viruses in wild-derived mice from three distinct

populations that exhibited different Xprl haplotypes.

Altogether, | could amplify transcribed P-MLVs in 12 samples originating from Frayc
and six samples each from Gercg and Dom-IR. | detected 41 sites in the amplified
P-MLVs that were variable within or between populations (Tab. S2.5, Fig. S2.2).
Phylogenetic analysis of the unphased sequences revealed no separation of
samples according to Xprl receptor, but rather according to the population of origin.
The samples from Iranian mice were clearly separated from German and French
samples. The latter are not clearly separated regardless of the Xprl haplotypes of

the respective individuals (Fig. 2.5).

— Ind_10007037 Iran @
———Ind_10007040 Iran @
—— Ind_50010262 Iran @
——— Ind_50010191 Iran O
ind_10007049 lran O

Ind_50010030 Iran O

m France ——— ind_10006355
m Germany ——— ind_10006710
m Germany ———— ind_10006704
m Germany ———— ind_10008760
m Germany ——— ind_10006876
@ Germany ——————— Iind_10006926
@ Germany ———— ind_10006714
m France Ind_10006336
@ France Ind_10008471
m France
m France
@ France —— ind_10008084
m France ———— Ind_10008466
@ France ———— Ind_10007045
m France ind_10006472
Xpri-haplotype: @ France ——— ind_10008473
m VI @ France ——— Ind_10006571
m X
s IX/X m France Ind_10008403
m other

Figure 2.5: Bayesian tree of P-MLV RBD Env sequences of wild-derived mice generated with
MrBayes. Population of origin and Xprl haplotype of the respective individuals are indicated next to
the samples.

After analyzing the variation of P-MLVSs, | tested whether the amplified viruses were
infectious in wild-derived mice from our stock or simply inherited proviruses. To be
able to test this, | set up crosses between mice from Iran and mice from Germany.

The results of this experiment demonstrated that the amplified P-MLV variants were
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a combination of the parental variants. Thus, | probably detected no infectious
viruses with our approach, but proviruses that are transcribed in the cells
(Tab. S2.2).

Discussion

To gain insights into potentially functional variation among Xprl alleles on the level
of wild populations of Mus musculus, | analyzed DNA samples from 11
geographically distinct regions. Further, | looked for possible effects of this variation
on MLVs which mostly depend on Xprl to infect cells. Here our findings are
discussed in context of knowledge about previously identified restrictive Xprl
alleles, implications due to the applied markers, the population history of our

samples and the role of MLV-induced disease in wild mice.

Various Xprl alleles in wild M. m. domesticus and M. m. musulus populations

| analyzed two of the extracellular loops of Xprl (ECL 3 and 4) which are known to
be involved in virus interaction and carry several in this context important residues
(Van Hoeven and Miller, 2005; Marin et al., 1999; Tailor et al., 1999;
Yan et al., 2007, 2010). Additionally, exon 4 was sequenced because it was found
to be variable among inbred strains (Keane et al., 2011). To better assess the
variation in Xprl not only across populations, but also across several species, | also
sequenced the same regions in two samples of M. m. castaneus, M. spretus and
M. spicilegus as outgroups. All included gene regions were variable among our
samples and several SNPs and Indels resulted in distinct Xprl haplotypes which

varied in abundance and frequency among European M. musculus populations.

To date, Xprl alleles were mostly described in a Mus species or Mus musculus
subspecies context and variation of alleles on the population level had not been
studied (reviewed in Kozak, 2010; Kozak 2013). All identified Xprl alleles were
characterized by several SNPs in ECL3 and 4 and the ones of some lab strains,
M. m. musculus and M. m. castaneus carried unique deletions in ECL4. These
deletions occur in most of the to date identified MLV-restrictive Xprl alleles and
have been shown to contribute to resistance phenotypes (Marin et al., 1999;
Yan et al., 2010). One exception is the Xpr1® variant which was found in Mus pahari
and represents a full-length receptor, mediating resistance to P-MLVs
(Yan et al., 2007). So far analyzed wild-caught M. m. domesticus mice from the

Americas and Europe were described as having all a full-length Xprl allele which
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was called Xpr1®¥ and is apparently permissive to all XP-MLVs tested
(Kozak, 2011; Yan et al., 2009, 2010). Consistent with the previous studies, | found
the characteristic deletions in the M. m. musculus and M. m castaneus Xprl
variants and a full-length receptor in all analyzed M. m. domesticus samples.
However, with our finer scaled population-based approach, | also found several
different Xprl alleles within M. m. domesticus and M. m. musculus populations that

were characterized by various SNPs in exon 4, ECL3 and ECLA4.

Most of the SNPs occurred in exon 4 and | cannot infer any functional effects of
those SNPs, because they are not directly involved in the interaction between
receptor and RBD of the virus. Nevertheless, | cannot exclude the possibility that
these SNPs contribute to allele-dependent variation in receptor function and
adaptive processes. Additionally, these SNPs can contribute to a comprehensive
understanding of the evolution of Xprl and the influence of local selective
pressures. In fact, European Xprl haplotypes which mostly differed in exon 4,
showed very interesting geographic variation patterns and signatures of balancing
selection in some (Frags, Fraa,, Fra,o) and of positive selection in other populations
(Dom-IR, Musc-CR) according to sequence and microsatellite data. This suggests
involvement in adaptation processes although differences in the known virus-
interaction domain are absent and | do not know what functional effect this variation
has. In contrast to the lack of knowledge about implications of the variation in exon
4, variable sites in ECL3 and 4 have been shown to be determinants for virus entry
or to modulate virus interaction (Van Hoeven and Miller, 2005; Marin et al., 1999;
Yan et al., 2007, 2009, 2010). | identified a nonsynoymous SNP in ECL3 at residue
503 which led to an exchange between the amino acids K and N and was variable
within European M. m. domesticus samples. This site has not been tested yet for its
effect on virus interaction, but interestingly it was shown to be under positive
selection in a previous study (Yan et al., 2010) and marks a possible site for N-
linked glycosylation. This protein modification is known to modulate virus entry in
specific virus-cell combinations and many viruses use glycans on cell-surface
glycoproteins as attachment factor (Kozak, 2011; Olofsson and Bergstrom, 2005;
Yan et al., 2008). In the Xprl haplotype which carried the amino acid K at this
position, the potential glycosylation site was missing which is interestingly also the
case for P-MLV restrictive Xprl® allele of Mus pahari (Yan et al., 2007, 2010).
Furthermore, in our study this haplotype was found to be under positive selection in
the M. m. domesticus population Dom-IR and there seemed to be introgression of

this haplotype between Dom-IR and Frayc according to microsatellite data.

28



Chapter 1: Natural variation in Xprl

Altogether, these findings suggest a possibly important role in virus interaction of

this newly identified M. m. domesticus allele of Xprl which I termed Xpr1'.

Implications due to applied markers and population history

The application of SNPs and microsatellites as markers to detect signatures of
natural selection was successful in this study and had been used many times
before to detect and characterize candidate regions (Johnsen et al., 2009;
Teschke et al., 2008). However, it has to be considered that evolutionary processes
can be influenced by population dynamics, geographic distribution of populations
and selection. Therefore, also the identified signatures can be influenced by other
processes than selection, and it is an important challenge to disentangle the
different factors (de Meaux and Mitchell-Olds, 2003). The population structure of
the M. m. domesticus populations studied here was analyzed in previous studies
which helps us to address this issue (lhle, 2006; Linnenbrink, 2012). The variation
pattern of the mitochondrial D-loop region and genome-wide distributed
microsatellite markers from the previous studies do not match the allele frequency
distribution pattern of Xprl. The population Frayc, for example, is according to the
neutral markers very homogenous compared to other populations, but it exhibits the
most Xprl haplotypes. The populations Gercg and Fraya as well as Fra o and Frapg
have a similar genetic background based on microsatellites but different Xprl allele
frequency patterns. The same is the case based on D-loop sequences for Frayc
and Gerg,. On the other hand, the Xprl allele frequencies in Fray, and Frags are the
same, but the genetic background is different. Altogether, these findings make
population structure a less likely explanation for the Xprl haplotype distribution and

support the hypothesis that local selective pressures act on this gene.

Besides the population history, also implications due to the marker system have to
be considered for the interpretation of observed patterns. Microsatellites can be
applied to detect recent positive selection events which represent so called hard
selective sweeps. These signatures are caused when individual alleles of neutral
markers are dragged towards high frequency by positive selection on a neighboring
functional allele and the genetic diversity in the whole region is reduced. However,
this only occurs if the functional allele under positive selection is very rare or new in
a population and thus linked to only one or a few alleles in the neighboring
microsatellite loci. If the advantageous allele was present at intermediate
frequencies for a long time before it was subjected to positive selection, it would be
linked to various alleles and there would be no clear sweep sighature
(Charlesworth, 1992; Cutter and Payseur, 2013; Schiétterer, 2003). Furthermore,
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microsatellites have a variable but generally fast mutation rate and soon
accumulate new mutations which will clear older sweep signhatures (reviewed in
Ellegren, 2004). Altogether, this means that the signatures of positive selection in
our study are recent and caused by new or very rare alleles which occurred in the
ancestral Iranian M. m. domesticus and the Czech M. m. musculus population,

respectively.

The role of MLV-induced disease in Xprl evolution

The support for the hypothesis of ongoing adaptive evolution of Xprl across the
Mus phylogeny and also in wild populations from this and other studies
(Staubach et al., 2012; Yan et al.,, 2010), raises the question which factors are
responsible for these processes. The fact that restrictive receptor variants coincide
with the acquisition of XP-MLV endogenous retroviruses (ERV) highlights the role of
XP-MLVs in receptor evolution. However, data on wild M. m. domesticus individuals
sampled at scattered locations suggests that these mice only carry inactive P-MLV
ERVs and have maintained the full length, permissive Xprl allele (Kozak, 2013). P-
MLVs can get involved in disease if they are rescued by ecotropic MLVs which are
known to cause disease in wild and lab mice, but use a different receptor
(Jung et al., 2003). The rescue involves recombination events which results in the
formation of mink cell focus-forming MLVs (MCF). Those viruses often carry a P-
MLV RBD and are oncogenic in some lab mice (Hartley et al., 1977,
Stoye et al., 1991). Endogenous E-MLVs have not been found in M. m. domesticus
so far (Kozak, 2013) which means that the formation of MCF-MLVs would depend
on re-occurring exogenous infections. These exogenous E-MLV infections have
been shown to play a role in some wild mouse communities as for example in mice
sampled in California at Lake Casitas (Gardner, 1993; Gardner et al., 1973, 1976).
Yet, no recombination between endogenous MLV-DNA and the infectious E-MLVs
could be detected so far in wild mice (Barbacid et al., 1979; Rassart et al., 1986).
Furthermore, wild mice have been shown to be quite resistant to disease induced
by MLVs and if they develop disease, general immunity and fertility seem not to be
affected (Gardner et al., 1976; Kozak, 2013). Thus, in contrast to results which
suggest that MLVs are an important factor in Xprl evolution, the few results
concerning the pathogenicity of XPR1-dependent MLVs in wild mice do not support
this (reviewed in Kozak, 2013).

In accordance to this, | did not find infectious viruses with a P-MLV-related RBD.

The sequenced RBDs of captive mice from Frayc, Gercg and Dom-IR was similar to
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the corresponding region of the MCF247 isolate which belongs to the recombinant
MCF-MLVs and is leukemaogenic in inbred mice (Kelly et al., 1983). The crossing
experiment with wild-derived mice from Gercg and Dom-IR demonstrated that the
partially sequenced viruses were not transmitted as infectious particles but as
genomic proviruses. Furthermore, the phylogenetic analysis revealed that the
separation of the RBD matches the mouse population history. The Iranian mice are
ancestral to the European ones, and arrived in the Middle East about 14,000 years
ago. The European mice arrived here and split about 3,000 years ago
(Cucchi et al., 2005). This is reflected in the RBD-tree with a clear separation of
Iranian from German and French mice and incomplete splitting of the latter,
regardless of Xprl allele. Overall, these findings suggest that the analyzed viral

sequences have remained inactive in the mouse genome for a long time.

In the end, knowledge about the factors which shape the evolution of Xprl in wild
mouse populations and the role of XPR1-dependent MLVs in these processes
remains scarce. The results presented here show that Xprl is subjected to differing
local selective pressures in wild mouse populations which implies that there are
functional and adaptively relevant differences among Xprl alleles. MLV-induced
disease does not seem to be a sufficient explanation for the complex variation of
Xprl alleles. It has also been reported that virus receptors are often down regulated
by expression of virus Env glycoproteins, probably to avoid superinfection of cells
(Dudley et al., 2011; Wensel et al., 2003) which could have an effect on native
receptor function and evolution of it. Interestingly, results from a previous study
suggested that Xprl was significantly higher transcribed in brain and testis in mice
from the population Frayc compared to mice from Gercg (Bryk et al., 2013). This
and the recently identified native XPR1 function in phosphate export provide an
improved basis for functional analyses. It might be interesting to analyze the
different receptor alleles in context with expression levels and phosphate export to
gain a more comprehensive picture of XPR1 function and the factors which shape

its evolution.
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Chapter 2

Characterization of functional allelic variation in Dmrtl in

wild populations of the house mouse

Abstract

Alterations in the activity of transcription factors is most likely a major source of
adaptation and detailed analysis of the nature of adaptive changes in these proteins
is of great interest in evolutionary biology. The transcription factor Dmrtl is a highly
conserved member of the sex-determination cascade in vertebrates and for
example required for testis differentiation in mice. Notably, in a previous systematic
microsatellite screen, a potential positive selection event in this gene was detected
in a single wild mouse population from Southern France. In this study, | took
advantage of the large amount of data available about Dmrtl function to further
investigate the apparent adaptive changes in this gene. | aimed to identify the allele
which was targeted by positive selection, to assess its geographic distribution
across several distinct wild mouse populations and to study its potentially functional
effects. Through sequencing analysis of the coding region | identified a
nonsynonymous SNP which caused an exchange of the amino acids Asparagine
(N) and Serine (S). Interestingly, the N allele showed signs of positive selection in 5
French populations according to microsatellite profiles of six loci within a 200 kb
window around Dmrtl. That this SNP characterizes the allele targeted by positive
selection was also supported by the fact that so far no evidence for differential
alternative splicing or differential expression of this gene could be found among
populations. A microarray-based screen for differential expression of genes in brain
and testis across different postnatal stages, revealed that Dmrtl target genes were
enriched among the most differently transcribed genes between mice carrying N or
S across different postnatal stages. Identified functional links between these
differently transcribed target genes were in central nervous system development
and spermatogenesis. Further analysis in the future will be required to investigate
this functional aspect in more detail and to find out through which effects and

mechanisms the presumably advantageous nature of the N allele is mediated.
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Introduction

Understanding the evolutionary change of transcription factors (TFs) is of particular
interest for evolutionary geneticists as alterations in their activity and regulatory
specificity are potentially a major source for phenotypic diversity and adaptation
(Bustamante et al., 2005; De et al., 2008; Lopez-Bigas et al., 2008). They constitute
proteins that bind to the DNA in a sequence-specific manner (Wunderlich and
Mirny, 2009) and enhance or repress gene expression (Latchman, 1997). Many of
these factors play a crucial role in the development of organisms and tissue

differentiation (de-Leon and Davidson, 2007; Vaquerizas et al., 2009).

Dmrtl is the most highly conserved member of the sex determination network and
has homologues even in flies and worms (Raymond et al., 1999, 2000). It belongs
to a transcription factor family with a cysteine-rich zinc DNA binding motif, called
DM domain (Erdman and Burtis, 1993; Zhu et al., 2000). The target gene specificity
of this TF is probably facilitated by homo- and heterodimerization on the DNA and a
set of target genes has recently been identified in mice (Murphy et al., 2007, 2010).
Like other members of the DM domain TF family, DMRT1 binds to the minor groove
of the DNA at sites potentially overlapping with those of major groove-binding
proteins. Thus, it can repress or activate transcription by physical interference with
the binding of other TFs or cooperation with them which has been observed for
MAB-3 and DSX (Kopp et al., 2000; Lints and Emmons, 2002; Ross et al., 2005;
Wang et al., 2011; Williams et al., 2008).

In mice Dmrtl shows a complex temporal and tissue-specific expression pattern. It
was detected in testis and ovary between embryonic day E9.5 and E15.5
(Hong et al., 2007; Kim et al., 2007; Krentz et al., 2009, 2011, Lei et al., 2007) and
in the brain during embryonic development (Ahituv et al.,, 2007). After birth it
reappears in testis and seems to be expressed there throughout postnatal
development and adulthood (Hong et al, 2007; Kim et al, 2007,
Krentz et al., 2009, 2011; Lei et al., 2007). Male Dmrtl knockout mice are sterile
(Raymond et al., 2000), while female knockout mice are fertile, but form a reduced
number of follicles due to severely decreased Stra8 expression and an abnormal
meiotic prophase (Krentz et al., 2011). Extensive functional studies, mostly in the
context of developing testis tissue, have demonstrated that Dmrtl contributes to
sex differentiation rather than determination (Herpin and Schartl, 2011,
Hong et al., 2007). Specifically, DMRT1 seemed to be involved in germ cell

proliferation, pluripotency and control of mitosis versus meiosis decisions in adult
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spermatogonia as well as differentiation of Sertoli cells in neonates
(Kim et al., 2007; Krentz et al., 2009; Matson et al., 2010; Raymond et al., 2000).
Additionally, recent studies have demonstrated that Dmrtl is required to actively
maintain male testis identity by suppressing the transcription of female-specific
factors like FOXL2 (Matson et al., 2011; Raymond et al., 2000).

Notably, Dmrtl was also identified as a candidate target for positive selection in a
wild house mouse population from Southern Europe called Frayc (Blintge, 2010;
Staubach et al., 2012). This suggested that this gene is actively involved in

adaptation processes and that functionally different alleles of the gene are present.

Altogether, the vast amount of knowledge about Dmrtl function and the signature of
positive selection in wild mouse populations provide an exceptional good basis to
study the nature and effect of potentially functional alleles. In this study, | identified
such alleles of Dmrtl in wild mice and assessed their geographic variation across
several genetically distinct populations together with possibly associated positive
selection events. Further, | aimed to describe potential functional effects of the
identified alleles on target gene regulation, by breeding mice that carried the

different alleles, or were heterozygous for them.

Material and Methods

Mice and Sampling

Population samples

132 DNA samples from 11 distinct wild mouse populations representing two
subspecies (Mus musuclus musculus and M. m. domesticus) were analyzed for the
coding sequence variation of Dmrtl. The samples were mostly collected by
Ihle et al. (2006) and Linnenbrink et al. (2013). Sampling was performed according
to a common sampling strategy (described in lhle et al. (2006)) and the samples
used for this study represented distinct sampling sites to ensure that individuals
were unrelated (Tab. S1, Fig. 2.1).

Wild-derived mouse samples from breeding stock

Additional to the wild population samples of M. m. domesticus and M. m. musculus,
| collected ear punches of two Mus spretus, Mus spicilegus, Apodemus uralensis
and 12 M. m. castaneus individuals from the breeding stock for sequencing and

Dmrtl allele comparison.
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After the identification of adaptively relevant Dmrtl alleles in wild populations, | also
analyzed Dmrtl allele-dependent transcription of Dmrtl and potential target genes
across different developmental stages. Wild-derived mice from the outcrossed
breeding stock in Plén were used to generate mouse lines which were homozygous
for the respective Dmrtl allele in its native population background. Two lines
originated from the population Gercg (N and S) and one from the population Frayc
(MC-N). Apart from Dmrtl allele and population of origin, mice from these lines
were genetically heterogeneous i.e. originated from six to eight different families
and no inbreeding was performed. The mice were kept under the same conditions
and for breeding purposes Dmrtl alleles were identified by Sanger sequencing
samples obtained from ear punches. For the final transcription profile analysis, male
mice carrying the Dmrtl alleles N, S, SN (heterozygous Gercg) and MC-N were
sacrificed one, five, seven and nine days after birth (P01, P05, P07, P09). Brain and

testis tissue was sampled, flash frozen and stored at -80°C for later RNA extraction.

Extraction of nucleic acids

DNA from the wild population samples was extracted by lhle et al. (2006) or
Linnenbrink et al. (2013), respectively. Extraction of DNA from mice from the
breeding stock followed a standard salt extraction procedure. DNA stocks were
stored at -20°C and diluted to 5 ng/pL prior to PCR.

Total RNA from brain and testis tissue was extracted by means of the NucleoSpin
96 RNA kit (Macherey-Nagel) following the protocol by the manufacturer. The
samples were stored at -80°C. RNA quality and content was assessed by repeated

NanoDrop (Peqglab) and RNA Nano Chip (Agilent Technologies) measurements.

Molecular analysis of DNA and RNA

Sanger sequencing and sequence analysis

To identify coding sequence variants (here referred to as alleles) of Dmrtl occurring
in wild mouse populations, | first sequenced its complete coding sequence (Fig. 3.1)
in two individuals from each European M. m. domesticus population. Afterwards, |
focused on exon 2 and sequenced 12 individuals from all available populations and
2 individuals from the above mentioned other species. The applied primer pairs
(Metabion) were designed with the software “Primer3Plus” and are listed in
Tab. S3.1.
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Figure 3.1: Overview of the analyzed candidate gene.

(A) shows the genomic overview of Dmrtl on chromosome 19 and its surroundings including the
closest neighboring gene Dmrt3. The exons and their positions are shown below the genes,
analyzed microsatellite loci are indicated by green boxes and the nonsynonymous SNP (nsSNP) by
the orange box. The chromosomal positions of the markers are indicated below the label.

(B) shows a sketch of the DMRT1 protein including the DM DNA binding domain as the only
functionally characterized region. The nsSNP is indicated by the orange bar. The amino acid (aa)
positions of the DM domain and the SNP in the protein are indicated below the labels and by the
scale bar.

PCR reactions were carried out in 10 yL final volume with a multiplex PCR kit
(Qiagen) under the following cycling conditions: 95°C for 15 minutes followed by 35
cycles of 95°C for 30 s, 60°C for 1.30 min, 72°C for 30 s and 10 min at 70°C
elongation time. Exo-Sap purification (USB Corp.) was conducted with the following
incubation: 37°C for 20 min and 80°C for 20 min. Cycle sequencing reaction was
performed by means of the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems). Reaction parameters were 96°C for 1 min followed by 29 cycles of
96°C for 10 s, 55°C for 15 s and 60°C for 4 min. Sequencing products were purified
with the BigDye XTerminator Purification Kit (Applied Biosystems). Sequences were
generated by a 3730 DNA Analyzer (Applied Biosystems). Independent base calling

and analysis was done by means of CodonCodeAligner v4.0.2 (CodonCode Corp.).
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Microsatellite genotyping

Six microsatellite loci within a region of 200 kb around Dmrtl were typed for the
European M. m. domesticus populations. This window contained another gene of
the Dmrt family, named Dmrt3 (Fig. 3.1). The microsatellite loci were identified
applying the program “tandem repeats finder” (Benson, 1999) and primers were
designed with help of “Primer3PIlus” (Untergasser et al., 2007). The forward primers
respectively carried a Hex or Fam label at their 5° end and several primer pairs
(Metabion) were pooled for each reaction. The pools contained primer combinations
which yielded distinct product size ranges (Tab. S3.2) and only high quality loci
were used for further analyses. PCRs were done with the help of a multiplex PCR
kit (Qiagen) in 5 uL final volumes with 5 ng DNA as template. Cycle conditions were
as follows: 95°C for 15 min followed by 28 cycles at 95°C for 30 s, 60°C for 1.30
min, 72°C for 1.30 min with a final extension at 72°C for 10 min. PCR products were
diluted 1:20 in water and 1 pL was denatured in 10 pL Hidi formamide and 0.1 uL
500 Rox size standard (Applied Biosystems). The denaturation step was performed
at 90°C for 2 min followed by 20°C for 5 min. Product sizes were determined by a
3730 DNA Analyzer (Applied Biosystems), and allele calling was done by means of
the GeneMapper v4.0 software (Applied Biosystems).

Sequence and microsatellite analysis

Frequencies of Dmrtl genotypes were calculated for all populations and spatial
patterns visualized on a map made by NaturalEarth. For the microsatellite loci,
allele frequencies were calculated with regard to Dmrtl genotype and population
and plotted in histograms. These histograms were visually inspected for potential
signatures of positive selection and associations between Dmrtl genotypes and

microsatellite alleles.

An intrinsic protein disorder prediction was performed by means of the
DisEMBL 1.5 (Linding et al., 2003, available from: http://dis.embl.de/cgiDict.py) to
assess whether identified polymorphisms lay in regions with a defined or a flexible,
disordered secondary structure. For this analysis the whole amino acid sequence of

Dmrtl was used with the default settings of DiSEMBL.

Microarray design and sample preparation

To analyze Dmrtl allele-dependent changes in the transcription profile of target
genes and co-transcribed genes, | designed custom oligonucleotide microarrays

using the Agilent e-array software (https://earray.chem.agilent.com/earray/). A list of
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7479 protein coding genes was used as input to generate specific 60-mer
oligonucleotide probes. These genes had been found to be either directly regulated
by Dmrtl (Murphy et al., 2010) or to be co-transcribed during the developmental
stages of interest (Su et al., 2004; Zhang et al., 2004). The design also included
replication of oligonucleotide probes 8 times for each target and random distribution
of these replicates across each of the ordered 60 k expression microarrays,

following the procedure recommended in (Pozhitkov et al., 2014).

The total RNA samples were pooled with respect to organ, developmental stage
and Dmrtl allele. For each of these conditions, samples from 5 individuals were
pooled in equal amounts and then labeled using the Agilent Low Input Quick Amp
Labeling kit (Agilent). Before loading the arrays with labeled cRNA as described in
the Agilent protocol for One-Color Microarray-Based Gene Expression Analysis
(v. 6.6, June 2013), a calibration pool containing equal amounts of labeled cRNA
from all tested samples was prepared. Then, additional to the sample pools seven
arrays were loaded with dilutions of the calibration pool of 0.125, 0.25, 0.5, 1, 2, 4,
4.975 times the recommended amount of cRNA (600 ng). Microarrays were
scanned with an Agilent DNA Microarray Scanner type C and feature extraction
was performed with the Agilent feature extraction software (v. 10.7.3.1).

Microarray data calibration and analysis

The unprocessed “gMedianSignal” of the obtained microarray data was used for the
calibration of the microarrays as described in Pozhitkov et al. (2014). During this
calibration procedure, raw intensity values are corrected for probe responsiveness
and transformed into measures of relative content of transcript, further referred to
as transcript content or level. The calibration was conducted by means of scripts by
Alexander Pozhitkov (available from
http://web.evolbio.mpg.de/~alexander.pozhitkov/microarray123/). With help of these
scripts signal intensities of replicated probes were averaged for each array.
Afterwards, the signals were corrected for the probe responsiveness based on
parameters that were calculated from calibration arrays for each probe. According
to this, poorly responding probes were removed (at the recommended cutoff level of
R? < 0.98). Furthermore, values which lay outside of the calibration range (dynamic
range) were treated as missing data. After the calibration, a between array
normalization was performed by dividing all values on an array by their 75
percentile as recommended in the “One-Color Microarray-Based Gene Expression

Analysis (Low Input Quick Amp Labeling. Protocol (v. 6.5, May 2010) by Agilent).
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After calibration and data filtering, | aimed to find signal differences due to different
Dmrtl alleles. Thus, | focused on differences that occurred between arrays for the
lines N and S. The 1% of genes most differently transcribed between S and N was
analyzed for Dmrtl target gene enrichment relative to genes detected at this stage
in the respective organ. This was done by means of Fisher’'s exact tests calculated
in R (R Core Team, 2013). The Bonferroni correction was applied to obtain p-values
for multiple testing. Furthermore, | assessed to which extent heterozygote samples

showed intermediate transcription levels.

Results

Variation of Dmrtl alleles in wild mouse populations

Sequencing of the complete coding sequence of Dmrtl of two wild
M. m. domesticus individuals, each from eight European locations, revealed the
presence of 3 synonymous and 1 nonsynonymous SNPs in the second exon at

residue 160. The other exons did not show any polymorphism.

The single nonsynonymous SNP caused an exchange of the amino acids
Asparagine (N) and Serine (S) and was located at residue 160 outside of the DNA
binding domain. The N created a potential motif for N-linked glycosylation.
According to the disorder prediction, the region showed an elevated disorder
probability relative to the random expectation level. The synonymous SNPs
occurred only in single individuals from the populations Fra,y and Gercg and were

not considered for further analyses.

The comparison of the identified alleles across different rodent species revealed
that N seemed to be only present in M. m. musculus and M. m. domesticus
whereas S was carried by Rattus norvegicus according to NCBI (NP_446158) and

all tested Apodemus uralensis, Mus spicilegus and Mus spretus (Fig. 3.2).
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- (DB) Rattus norvegicus

(2) Apodemus uralensis —

7] (2) Mus spicilegus

(2) Mus spretus

— (12) M. musculus castaneus
3 _[ (24) M. m. musculus
N (108) M. m. domesticus =——
Figure 3.2: Phylogenetic relationships of the species whose Dmrtl coding sequence was analyzed.
Letters on the left indicate the functional alleles of Dmrtl characterized by a single nonsynonymous

SNP. S=Serine, N=Asparagine. Numbers in brackets show the number of analyzed individuals, DB=
reference genome.

Sequencing of the variable exon in 12 M. m. musculus and M. m. domesticus
individuals per population showed that the S allele is dominant in M. m. musculus
where the N allele was only found in heterozygote individuals. In the Iranian
population, which is ancestral to the European M. m. domesticus populations, both
alleles were present in homozygous and heterozygous state. The other M. m.
domesticus populations in Europe exhibited only N homozygously and interestingly
this allele was fixed in 4 populations, namely Frayc, Frapg, Frags and Fra . In the
other 4 populations heterozygous individuals were present at varying frequencies
(Fig. 3.3). Notably, the microsatellite allele frequency data indicated recent positive
selection on the N allele in the populations Frayc, Fraan, Fraps, Frags and Fra o
(Fig. 3.3, Fig. S3.1). This potential signature of positive selection was consistently
indicated by all loci except for ms 16 which was located in the intragenic region of
Dmrt3 (Fig. 3.1, Fig. S3.1).
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Figure 3.3: Frequencies of the Dmrtl genotypes corresponding to the identified nhonsynonymous SNP
in wild house mouse populations. Musc-CR and Musc-AL belong to the subspecies
Mus musculus musculus, the other populations to M. m. domesticus. Blue stars indicate positive
selection signatures.

Functional effects of Dmrtl alleles in terms of differential target gene transcription

To assess possible functional effects of the different Dmrtl alleles on transcriptional
regulation of other genes, we aimed to analyze the transcriptional activity of 7479
protein-coding genes in wild mouse lines carrying either N or S or both alleles (SN).

Of the 7479 probes, 7262 showed an appropriate dose-response behavior and
were considered for further analysis. To measure deviations between N and S, |
used difference (N minus S) instead of fold change, as high fold changes in our
dataset were to a large extent due to low transcription levels with higher
uncertainty. High differences on the other hand were mostly due to intermediate or
high transcription levels (Fig. 3.4).
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Figure 3.4: Exemplary comparison of difference measures for the microarray data analysis.

In the upper panel calibrated values obtained from animals carrying the Dmrtl N allele were plotted
against S. The respective functions of the difference thresholds were plotted in blue. In (A), the
difference measure corresponded to the actual difference (N-S), while in (B) it corresponded to the
log-transformed logarithm (log2(ratio)).

In the lower panel, the difference measures were plotted against the mean of the calibrated values
in N and S. The blue lines correspond again to the 1% threshold that was calculated in (A) as
difference and in (B) as log-transformed fold change.

All data points above or below the blue lines correspond to the 1% most differently

transcribed genes between mice carrying the N or S allele, respectively.

Dmrtl transcripts were detected in testis tissue at all tested developmental stages
(P01, PO5, P07, P09) and in the brain one day after birth (P01). After PO1, Dmrtl
was not detected in the brain anymore. Deviations in transcript levels of Dmrtl
ranged from 0.079 to 0.409 between N and S, 0.017 to 0.235 between MCN and N
and 0.059 to 0.328 between MCN and S. Thus, the gene did not belong to the most
differently transcribed ones at any tested stage or for any tested allele combination
(Tab. S3.3).
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I checked for Dmrtl target gene enrichment, Dmrtl-dependent behavior of
heterozygote (SN) individuals and overrepresentation of GO terms among the 1%
most differently transcribed genes. This fraction of 1% comprised a set of 72 genes
per stage and organ. Significant enrichment of Dmrtl target genes among these 1%
most differently transcribed genes, was found in brain at PO1 and in testis at P05
and P09 when Dmrtl was present. At day one and seven (P01, PO7) there was no
significant enrichment of Dmrtl targets but by trend their representation was higher
than in the brain samples after day 1. The fraction of Dmrtl target genes in SN
samples which showed intermediate transcript levels compared to N and S ranged
from 43% to 85% across the different stages (Tab. 3.1). Between 12% and 48% of
the Dmrtl target genes showed higher transcript levels in SN samples compared to
N and S, while between 9% and 29% exhibited lower levels. In brain at P01, two
GO terms were significantly enriched among the most differently transcribed genes
relative to the detected genes at this time and location. These GO terms were
central nervous system development and system development (Tab. 3.2). For the
other stages and tissues no GO term enrichment was found. In the following, Dmrtl
target genes that belonged to the 1% most differently transcribed genes and
showed in addition intermediate transcription on SN arrays are briefly described for
each stage and organ. Complete lists of all most differently transcribed genes
between N and S for each stage and tissue can be found in the supplement
(Tab. S3.4).
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Table 3.1: Overview of test results from microarray analysis. In the first column the arrays are labeled
according to stage and organ (BR=brain, TE=testis). The term “candidate” refers to the genes that
belonged to the 1% most differently transcribed genes between mice carrying the Dmrtl-N or -S
allele respectively. “Targets” are known Dmrtl target genes which were identified by Murphy et al.
2010. Column 2 to 5 show counts of the genes that served as matrix input for Fisher's exact test.
The corrected significance threshold corresponds to the Bonferroni-adjusted 0.05 threshold.
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.Table 3.2: GO terms enriched among the 1% most differently transcribed genes in brain at
P01, including the genes which contributed to the enrichment.

FDR
GO term Description P-value g-value Enrichment (N, B, n, b) Genes
Cyp26¢cl
B3gnt5
central nervous Lig4
GO0:0007417 system 5.03E-07 4.70E-03 19.23 (6857,31,69,6) Otx2
development .
Zicl
Zic2
Lig4
G0:0048731 system 1.70E-06 7.96E-03  4.89 (6857,264,69,13)
development Otx2
PO1

Among most differently transcribed Dmrtl target genes in the brain were Gnas,
Bcatl, Zicl and Bfsp2 which showed a higher transcript abundance in mice
carrying N. The genes DpyslI3, Eyal, Inhbc, Dirasl, Mmp24, Nfe2l3, Sap130 and

Pcdhacl showed a higher transcript abundance in mice carrying S.

In testis the genes Htr7, Bcat2, 4930429B21Rik, H2-T22, TIr9, Raetld and
Krtap31-1 exhibited a higher transcript abundance on N arrays. In contrast,
transcripts of Gcekr, Slc9a, 9530002B09RIk, Actl1ll, Pded4a and Sppl seemed to be

more abundant in animals carrying S.

P05

In brain, the most differently transcribed Dmrtl targets that showed intermediate
transcription in mice carrying SN and higher abundance with the N allele were Osm,
Kcna6, Msrl, Clca3 and Mapk4. Higher transcript abundance in mice carrying S
was exhibited by Cdk19, Tcpll and Tmco4. In testis, the genes Tmco4, OIfr958,
Ermn, A430078G23Rik, H2-T22, Cst9, Bcat2, Prokrl, Ifnal3 and Rab19 showed
higher transcript abundance in samples carrying N. In contrast, transcripts of
Xrcc6bpl, Wtap, Sfrp2, Chrnal, Sohlhl, Heatr5a, Cyct, Stra8, Fndc3cl and

AA467197 were more abundant in mice carrying S.

PO7

In the brain samples exhibiting the allele N, 119, AI597479, Tbx4 and Ralgpsl
exhibited higher transcript abundance. In mice carrying S, Bfsp, Pcdhb9, Gotl,
Cwec22, Cartpt, Tas2r102, Ankrd28 and OIfr958 were transcribed more abundantly.
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In testis of mice carrying N, transcripts of Slc25a44 and Emb were more abundant.
Gpbplll, Aard, Lonrf3, Histlhla, Col4a3, Trim52 and Stra8 showed higher

transcript abundance in samples carrying S.

P09

Among the most differently transcribed Dmrtl targets in brain were QK,
9530002B09Rik, Pearl, Gplba, 4930547C10Rik and Aqp6 which were more
abundant in mice carrying N. In samples exhibiting the allele S, among the most

abundant transcripts were Wisp2, Drdla and Tmem161.

In testis of mice carrying the allele N, transcripts of Myhl, Sfrp2, F2rll1, Siglecl,
Ceacam?20, Chrnal, Clcnl and Heatr5a were more abundant. In mice exhibiting S,
more abundant transcripts belonged to Mapk4, Efcabll, Tmeml61b, Gbpll,
Mapkapk3, Spink12, Histlhla, Histlhlt and Cst9.

| found little overlap in the 1% of most differently transcribed genes for both organs
between the different stages (Fig. 3.5) and the shared genes are listed in the

supplement (Tab. S3.5).

A

additional overlaps (A):
P01/P09 = 3 (7)
P05/P07 = 6 (0)

additional overlaps (B):
P01/P09 =1 (5)
P05/P07 =6 (0)

Figure 3.5: Venn-Diagrams showing the overlap of detected genes in brain (A) and testis (B) across
the tested postnatal stages. The black numbers represent the 1% most differently transcribed genes
between N and S. The grey numbers represent the overlaps of all detected genes.

Discussion

The previous detection of Dmrtl as candidate gene for a positive selection event in

the wild mouse population Frayc (Blintge, 2010) suggested that there are different
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functional alleles of this transcription factor. In this study, | successfully identified
potential functional, adaptively relevant coding sequence variation in this gene, and
signatures of positive selection in several additional wild mouse populations.
Finally, | was able to provide first insights into functional and potentially adaptive

effects of the different Dmrt1 alleles on target gene regulation.

Coding sequence variation of Dmrtl and multiple positive selection events

Functionally different alleles can be generated by diverse mechanisms like protein-
coding changes, allele-specific alternative splicing which is known to contribute to
variation in protein function (Hull et al., 2007; Kwan et al., 2007; Lin et al., 2010;
Nembaware et al., 2004) or differential expression of genes caused by regulatory
changes (Carroll et al., 2008; Hoekstra and Coyne, 2007; Khaitovich et al., 2005;
Staubach et al., 2010). Thus, there are many different possible ways for positive

selection to act on allelic variation.

Dmrtl has previously been reported to be alternatively spliced during development
and in adults (Lu et al., 2007). However, in the here studied adult mice from the
populations Frayc and Gercg ho alternative splicing could be detected in RNA-Seq
data of 8 individuals per population (Rafik Neme, personal communication).
Possible significant differential expression of Dmrtl between Frayc and Gercg was
also not found in adult mice (Bryk et al., 2013). Additionally, it was included in this
study here, but neither ranked among the most differently transcribed genes when
comparing the identified coding sequence variants nor when comparing the
populations regardless of the coding sequence variants. Hence, it appears unlikely
that splicing variants or expression differences have caused the putative sweep

sighature.

| was able to identify a single nonsynonymous SNP in the M. m. musculus and
M. m. domesticus populations which caused an amino acid change from Serine (S)
to Asparagine (N). The apparent prevalence of S in the analyzed rodents suggested
that this variant is the ancestral and N the derived state. Furthermore, | observed an
interesting geographical pattern of allele frequency distribution with a frequency
shift between S and N when comparing the two subspecies. In the Eastern
European populations only S was present in the homozygous state and N only in
heterozygous individuals. This pattern was reversed in the Western European
populations, though an Iranian population ancestral to those exhibited both alleles
in the homozygous state and heterozygous genotypes. This allele distribution

pattern and the intriguing fact that the N allele was associated to signatures of
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positive selection in neighboring microsatellite loci in several populations indicates
that there is in fact a functional difference between these two coding sequence

alleles.

| detected signatures of positive selection by applying microsatellite markers which
have been used many times to successfully identify recent positive selection events
and to characterize the respective regions in more detail (Johnsen et al., 2009;
Teschke et al., 2008). These studies infer positive selection events mainly by
applying statistics like the InRH-calculation (Kauer et al., 2003) which relies on
comparing the variability of one microsatellite in two populations with a large
genome-wide reference set of neutrally evolving microsatellites. A positive signal is
only obtained if the variability is reduced in one population compared to the other
one and if this reduction deviates significantly from the neutral expectations. This
approach accounts for (1) the marked differences in microsatellite mutation rates
which makes it difficult to compare different loci and (2) for demographic effects that
can cause signatures similar to positive selection events. In this study, | relied on
inferring signatures of positive selection from the microsatellite allele frequency
distribution patterns of 6 loci located within a 200 kb window including Dmrtl and
the neighboring gene Dmrt3. This approach was already used by
Teschke et al. (2008), complementary to the InRH-statistics, who demonstrated that
the frequency distributions consistently reflected the signatures detected by the
statistics. Considering these previous results, | expected to find one microsatellite
allele per locus in high frequency due to its linkage with the functional allele which
was presumably targeted by positive selection. The occurrence of several additional
alleles in low frequency and mostly gathered around the high frequency allele can
also be expected as microsatellites have a high mutation rate and fast accumulate
new mutations in a stepwise manner (reviewed in Ellegren, 2004). This high
mutation rate is also the reason why microsatellite markers are very useful to detect
recent positive selection events on new or rare alleles which cause signatures
called “hard selective sweeps” (reviewed in Cutter and Payseur, 2013). These
signatures come about, if positive selection acts on a functional allele which is
linked to few other alleles in the neighboring markers. Positive selection would drive
the functional variant to high frequency as well as the few other linked alleles which
results in a well detectable loss of genetic diversity in this region. The N allele is not
a new allele in the Western European house mouse populations as it also
segregates in the ancestral Iranian population as well as in the M. m. musculus

populations. Consequently, the fact that | detected a signature of positive selection
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by microsatellites, gives evidence that it was recently introduced to the respective
populations in low frequency, before it got targeted by positive selection and spread

quickly to relative high frequency.

| observed such a pattern of positive selection in the five microsatellite loci in the
French populations except for Fraya. The latter population as well as Gercz and
Gerg. exhibited different allele distribution patterns with several alleles being
represented in more balanced frequencies compared to the other populations.
Thus, apparently no positive selection event on Dmrtl happened in these
populations which dragged the neighboring microsatellite alleles into high
frequency. This is supported by the fact that these populations also exhibited a
relatively high amount of heterozygous individuals and that the N allele is not close

to fixation as could be expected under positive selection.

Apart from positive selection evolutionary processes and their genomic signatures
are also influenced by other factors than selection like population dynamics and
geographical distribution of populations (de Meaux and Mitchell-Olds, 2003). For
example demographic events like population bottlenecks can result in reduced
genetic diversity which could be misinterpreted as signature of positive selection
when only looking at one particular genomic region (reviewed in Hughes, 2008) for
review). An approach to distinguish these effects is to compare the genome-wide to
the local variability, as demographic events have genome-wide effects while
positive selection acts locally (Stajich and Hahn, 2005). This comparison is
implemented in the InRH-statistics (Kauer et al., 2003) which was used in a
previous study that identified Dmrtl as a candidate target for positive selection in
Frauc (Blntge, 2010).

In addition, previous studies on here studied populations have addressed questions
concerning their population history and structure. The population history was very
well documented based on fossil records (Cucchi et al., 2005), the genome-wide
variability was assessed (Baines and Harr, 2007; Ihle et al., 2006) and the
population structure had been investigated by means of D-loop sequences and
genome-wide distributed microsatellites (Bonhomme et al., 2011;
Linnenbrink, 2012). Altogether, this data provides a good basis to discuss which
forces apart from positive selection might have shaped the observed allelic variation
of Dmrtl.

Cucchi et al. (2005) documented a massive invasion of Europe by house mice and

a split into several populations about 3,000 years ago based on fossil records.
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Strong subsequent bottlenecks at least in the Central European house mice are
unlikely as the European populations showed a slightly reduced, but still relatively
high genome-wide diversity when comparing ancestral and derived populations
(Baines and Harr, 2007; Teschke et al., 2008). Furthermore, the population
structure inferred from D-loop sequences and genome-wide distributed
microsatellite data (Linnenbrink, 2012), did also not match the genotype variation
pattern observed for Dmrtl in this study. There are populations which exhibit a
similar genetic background, but different Dmrtl genotype compositions, like Frayc
and Gerg. for the D-loop and Frao, and Fraya for the microsatellite data
(Linnenbrink, 2012). On the other hand, other populations have a different genetic
background, but similar Dmrtl genotype distributions, like Frags and Frayc for D-

loop sequences and microsatellites (Linnenbrink, 2012).

Altogether, this indicates that population-specific positive selection rather than
population structure or severe demographic events have shaped the variation

pattern of Dmrtl in wild European house mouse populations.

Potential functional effects of Dmrtl alleles in terms of transcriptional requlation

Given the evidence of positive selection in the N allele, | was interested in possible
functional differences between N and S alleles. Thus, | focused on testing whether
known or potential target genes of DMRT1 were differentially transcribed in a Dmrtl
allele-specific manner in mice of different ages sharing the same population

background.

In order to do this, | mainly focused on the analysis of wild-derived mice from Gercg
exhibiting N, S or SN Dmrt1 genotypes. | conducted microarrays and quantified the
transcription of 7262 genes of which 1256 were previously identified targets of the
transcription factor in nine day old mice (Murphy et al., 2010). An underlying
assumption of microarray-based expression analysis is that there is a one-to-one
relationship between detected probe response and transcript abundance. However,
previous studies have demonstrated that the binding behavior of the surface bound
probes can vary considerably such that the signal intensities do not reflect the
actual transcript abundance (Pozhitkov et al., 2007). That is why | here applied a
recently developed calibration method which enabled me to account for the
individual probe responsiveness i.e. to identify probes producing a reliable signal
and to correct for the probe-specific binding behavior (Pozhitkov et al., 2014). By
using this approach | obtained reliable transcription activity data that | then used to

get first insights into potential Dmrtl allele-dependent regulatory changes.
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Our approach with pooled individuals was meant to screen several developmental
stages for differentially regulated target genes. As a consequence of pooling, it is
limited in the sense that | could not test for statistically significant differences in
transcript levels. However, assuming that especially direct DMRT1 targets would be
influenced by different alleles, | first tested for an enrichment of targets among the
1% most differently transcribed genes between N and S. This served as an indirect
test of the influence of the transcription factor variants, which | notably found in the
tissues where Dmrtl was active (including several testis samples and one brain
sample). In testis the enrichment of targets was by trend generally higher than in
the brain, except for P01, with two significant values for PO5 and P09 after very
stringent correction for multiple testing. This repeated target gene enrichment at
different stages when Dmrtl transcripts were present, and its absence when none
were detectable, strongly supported the hypothesis that the two coding sequence

alleles of this gene are functionally different.

As mentioned above, functional effects on target gene transcription due to
differences in transcript abundance of Dmrtl itself, did not seem to be likely at the
tested stages. Also the fact that Dmrtl transcription was detected in the brain at
PO1 only in mice carrying the N allele, was probably rather a result of the post
calibration filtering than of differential transcription. The Dmrt1 transcript abundance
at this day was treated as unknown for all alleles except for N as the detected
intensity values were outside of the dynamic range for the calibration and thus not
to be determined reliably. However, they seemed to be only slightly lower than the
value measured for the N allele i.e. there was no big difference in the transcript
abundance between the different alleles. Thus, | continued to focus on the possible

functional role of the identified coding sequence alleles.

It has long been under discussion whether transcription factor evolution by coding
sequence change is likely and how such changes could influence the transcription
factor function. Coding changes were thought to be generally deleterious as they
would result in the alteration of the regulation of too many downstream genes and
most studies so far focused on changes in cis-regulatory elements (Carroll, 2000;
Tautz, 2000). However, recent experimental evidence has changed this view by
demonstrating that coding changes in TFs can also only alter the transcription of a
subset of target genes without disrupting the entire downstream regulation
(reviewed in Hsia and McGinnis, 2003). One famous example for this is the
transcription factor FOXP2 which is highly conserved and relevant to the

development of language in humans (Lai et al., 2001). After the divergence of the
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chimpanzee and human lineage, a two amino acid sequence variation was fixed
and maintained in the human lineage which might have contributed to the
acquisition of speech and language (Enard et al., 2002). The two SNPs are located
outside of the DNA binding domain. An exchange of Threonine and Asparagine
apparently caused a minor change in the secondary structure, while an exchange of
Asparagine and Serine generated a potential target site for phosphorylation
(Enard et al., 2002).

Notably, the here detected substitution of S by N creates a potential site for N-
linked glycosylation. Generally, glycosylation is a common posttranslational
modification that is known to influence for example protein folding and stability as
well as signaling processes (Alberts et al., 2008). Studies on glycosylation of
transcription factors have shown that it can have effects on DNA binding, co-
activator binding and transcriptional activation (Ahmad et al, 2006;
Chan et al., 2010; Gewinner et al., 2004; Jackson and Tjian, 1988). Besides the
generation of the possible modification motif, the only apparent difference between
N and S seems to be the size. The latter belongs to the smallest amino acids while
N carries a larger side chain which could influence the secondary structure of the
protein (Alberts et al., 2008; Haubold and Wiehe, 2006). The biochemical conditions
in the concerned region are probably not altered as both amino acids belong to the
uncharged polar group.

Assessment of the potential effect of the observed exchange on gene function is
complicated by the fact that the altered DMRT1 domain is not functionally
characterized. However, | found that the SNP was situated in a region of increased
disorder probability. This feature might also explain why this region has not been
further characterized so far, as such stretches often lead to difficulties in protein
expression, purification and crystallization (Linding et al., 2003). Disordered regions
have been shown to be overrepresented in TFs and seem to be often involved in
DNA binding and protein-protein interactions (Liu et al., 2006). They seem to be
functionally very important as they provide an intrinsic plasticity that enables a
single protein to recognize and bind many biological targets with high specificity
(Dunker et al., 2001; Dyson and Wright, 2002, 2005; Gunasekaran et al., 2003;
Meador et al., 1992; Wright and Dyson, 1999) and have the potential to form large
interaction surfaces (Dunker et al, 2001; Gunasekaran et al, 2003;
Meador et al., 1992). It is conceivable that an exchange of amino acids of different
sizes or even the generation of a glycosylation site might have an influence on the

flexibility of this region and thus on the interactions with other proteins.
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Nevertheless, the question how exactly the functional difference between the N and

S allele is mediated remains still open.

After concluding that the two identified Dmrtl alleles are in fact functionally different
and that such a difference due to the observed coding sequence change is
principally possible, |1 was interested in the actual functional effects of the two
alleles. Thus, to get an impression of potential functional links between genes
whose transcription was most affected by differing Dmrtl alleles, | tested for GO
term enrichment among the most differently transcribed genes. Though the set of
genes chosen to run this test was very limited (72 genes per stage), | nonetheless
found an overrepresentation of two overlapping GO terms at P01 in the brain.
These terms were “system development” and more specifically “central nervous
system development”. For other stages no significant enrichment was found, which
could be due to the small set of genes used as input. Interestingly, in testis at P09
there was by trend an enrichment of differently transcribed genes specifically

involved in spermatogenesis.

There was little overlap between the most differently transcribed genes as well as
between by trend enriched GO terms between all analyzed stages. Possible
reasons for this could be again the very small fraction of genes | looked at and the
tested stages which altogether represented a time frame of nine days. During this
time, DMRT1 apparently contributes critically to germ cell differentiation, Sertoli cell
maturation, mitosis initiation and spatial organization of Sertoli cells as well as germ
cells. I chose stages for the analysis at which important developmental changes
occur and which are affected when DMRT1 is knocked out (Kim et al., 2007;
Lei et al., 2007; Murphy et al., 2010). At PO1 Dmrtl transcripts reappear the first
time after its expression was switched off in the developing testis during
embryogenesis. It has been shown that the mitosis initiation in germ cells is closely
correlated with DMRTL1 acquisition at this stage (Kim et al., 2007; Lei et al., 2007).
PO5 represents the initial period of spermatogenesis (Kim et al., 2007). At PO7 germ
cells start to migrate and DMRT1 seems to be required in germ cells for migration
to the tubule periphery as well as in Sertoli cells for the proper development of germ
cells (Kim et al.,, 2007; Lei et al., 2007). Testis at P09 were sampled for the
identification of DMRTL1 target genes and at this stage DMRT1 seems to be
involved in the ring shaped organization of Sertoli cells (Kim et al., 2007,
Murphy et al., 2010). Altogether, DMRT1 involvement in these various processes
over time, probably associated with the interaction of numerous proteins might

explain the little overlap of differentially regulated targets across stages.
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Altogether, the data from this study suggests that the N and S allele are functionally
different and that this divergence can influence certain developmental processes.
However, so far | do not know through which mechanisms this functional difference
is mediated. Furthermore, the comparisons only refer to allele function within the
same population background. The included samples from the population Frayc
where N was fixed presumably due to positive selection highlighted that the
functional, allele-specific effects depend on the (population)genetic background.
Thus, | cannot directly draw conclusions about the advantageous nature of N that
led to its fixation in the French populations. Future analyses, focused on the
background-dependent function of the different Dmrtl alleles will be necessary to

highlight the potentially beneficial effects of the N allele in the French population.
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Appendix

S1 (General):

Table S1: Origin of wild-caught mice.

population ) ) Mus musculus
sampling location ) sampled by year
ID subspecies
Musc-AL Kazakhstan musculus lhle et al. 2001
Musc-CR  Czech Republic musculus Ihle et al. 2001
Dom-IR Iran domesticus Bonhomme et al. NA
Gercg Cologne-Bonn, Germany domesticus Linnenbrink et al. 2010
Schémberg/Langenbrand, ) ) )
Gerg, domesticus Linnenbrink et al. 2010
Germany
Fraya Nancy, France domesticus Linnenbrink et al. 2010
Fra, o Louan-Villegruis, France domesticus Linnenbrink et al. 2010
Frapg Divonne les Bains, France  domesticus Linnenbrink et al. 2010
Fraan Angers, France domesticus Linnenbrink et al. 2009
Frags Espelette, France domesticus Linnenbrink et al. 2009
R i Ihle et al., 2001
Framc Severac le Chéateau domesticus ) )
Linnenbrink et al. 2009
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S2 (Chapter 1):

Table S2.2: Primers for microsatellite loci in the genomic region of Xpr1l.

mean

primer
D sequence product pool
length
ms1-F ACAGCTGGCAATTTGGAGAT
ms1-R AGTCAGCTGCCACAACACAG 345 2
ms2-F GAGGAGGGAGGCTCTCAAGT
ms2-R TCCTTTCTGTCACCAATGGAC 240 "
ms3-F TGCAACTCCAGTAACGCAAG
ms3-R GCCTCCTATATGGCCACTCA 251 d
ms6-F TGAAGAAAATTGTCATGAACAAGAA
ms6-R CCAGAGTCACAGTCACAAGCA 266 ¢
ms8-F ATACAGGCGCCAAGTCCATA
ms8-R GAGTGCCAGGGTTACATGGT 158 2
msl1l0-F TCCATCACAAGGCTGTATGTG
ms10-R  AAACACCGGGCTATGAAATG 147 "
msll-F CAGCTGCCCAGAGGAGTAAG
msll-R TTTCATACCTGCAACCCACA 344 d
msl3-F CCCTTTCCCTGGTCTTCAAT
msl3-R CAAGGCTTTTGGAGGGTTTT 459 ¢
msl1l5-F GAGGTAGAGCGCATGGATTC 448 .

ms15-R  TCCCCCAGCTCTACTCTGAA
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Table S2.3: PCR and sequencing primers (Metabion) with PCR program

modifications.

elongat
primer 1D sequence ion
time (s)
ex4-F GGGCCAAAATGCTTTCTCTT
ex4-R TGATTTCAATCTTTAGAGGATTCAGT
ECL3.1-F TCCATAAGGTAGGCTTTGCTG 30
ECL3.1-R TCTTGGTTTATGCTGGCAATC
ECL3.2-F CACACACTGATGGGGAGTTG
ECL3.2-R GCAAAGTCCAGGAAAGCAGA 30
ECL3.3-F TGGGCACTATGAAGAATCCA
ECL3.3-R GAGACCCCAGTCCATCTTGA 30
ECL4-F AACGCTTCTCCATGAGTCTTTG
ECL4-R GATCAGACTTGGTATAAGTGTCT 30
P-MLV-F AAGGGCAGGAGTATCAGTACAACAT
P-MLV-R GGGACGCGGGGCCCTATATTGAG %0
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Table S2.4: Overview of SNPs that characterize individual Xprl-haplotypes in wild mouse populations. Grey background indicates nonsynonymous SNPs, white letters

show SNPs in regions which are involved in virus interaction.

individuals

Fra-AN1301-1
Fra-AN1301-2
Fra-ANS55-1

Fra-AN55-2

Fra-AN2601-1
Fra-AN2601-2
Fra-AN3101-1
Fra-AN3101-2
Fra-AN3001-1
Fra-AN3001-2
Fra-AN2901-1
Fra-AN2901-2
Fra-AN0801-1
Fra-AN0801-2
Fra-AN1501-1
Fra-AN1501-2
Fra-AN2301-1
Fra-AN2301-2
Fra-AN1401-1
Fra-AN1401-2
Fra-AN0601-1
Fra-AN0601-2

EX4 ECL3.2

O o0 o0 o0

ECL
3.3

EX 12

ECL4

e A T T A CAACGTTTAAGTCTCT

haplotype

ZS — xipuaddy



G

individuals EX 4 ECL 3.2 E3C3L EX 12 ECL 4

Fra-AN2701-1
Fra-AN2701-2
Ger-CB17-1
Ger-CB17-2
Ger-CB15-1
Ger-CB15-2
Ger-CB18-1
Ger-CB18-2
Ger-CB20-1
Ger-CB20-2
Ger-CB01-1
Ger-CB01-2
Ger-CB09-1
Ger-CB09-2
Ger-CB05-1
Ger-CB05-2
Ger-CB13-1
Ger-CB13-2
Ger-CB03-1
Ger-CB03-2
Ger-CB21-1
Ger-CB21-2
Ger-CB10-1
Ger-CB10-2

haplotype

ZS — Xipuaddy



9.

individuals

Fra-DB221-1
Fra-DB221-2
Fra-DB7-1
Fra-DB7-2
Fra-DB81-1
Fra-DB81-2
Fra-DB151-1
Fra-DB151-2
Fra-DB11-1
Fra-DB11-2
Fra-DB3-1
Fra-DB3-2
Fra-DB201-1
Fra-DB201-2
Fra-DB191-1
Fra-DB191-2
Fra-DB22-1
Fra-DB22-2
Fra-DB131-1
Fra-DB131-2
Fra-DB14-1
Fra-DB14-2
Fra-DB18-1
Fra-DB18-2

EX4

ECL3.2

ECL
3.3

EX 12

ECL4

haplotype

ZS — Xipuaddy



L)

individuals

Fra-ES0201-1
Fra-ES0201-2
Fra-ES0501-1
Fra-ES0501-2
Fra-ES0901-1
Fra-ES0901-2
Fra-ES1101-1
Fra-ES1101-2
Fra-ES1301-1
Fra-ES1301-2
Fra-ES1501-1
Fra-ES1501-2
Fra-ES1201-1
Fra-ES1201-2
Fra-ES1401-1
Fra-ES1401-2
Fra-ES0801-1
Fra-ES0801-2
Fra-ES0701-1
Fra-ES0701-2
Fra-ES0601-1
Fra-ES0601-2
Fra-ES0401-1
Fra-ES0401-2

ECL3.2

O o0 o0 o0 o0 0

0O

ECL
3.3

EX 12

ECL4

haplotype

ZS — Xipuaddy



8.

ECL

individuals EX 4 ECL 3.2 33 EX 12 ECL 4 haplotype
Fra-LO101-1 c X
Fra-LO101-2 C X
Fra-LO13-1 c X
Fra-LO13-2 C X
Fra-LO21-1 c X
Fra-LO21-2 C X
Fra-LO31-1 c X
Fra-LO31-2 C X
Fra-LO141-1 c X
Fra-LO141-2 IX
Fra-LO81-1 c X
Fra-LO81-2 IX
Fra-L0O91-1 c X
Fra-LO91-2 IX
Fra-LO51-1 c X
Fra-LO51-2 IX
Fra-LO41-1 c X
Fra-LO41-2 IX
Fra-LO11-1 c X
Fra-LO11-2 IX
Fra-LO61-1 IX
Fra-LO61-2 IX
Fra-LO71-1 IX
Fra-LO71-2 IX

ZS — xipuaddy



6.

individuals

Fra-MC_27-1
Fra-MC_27-2
Fra-MC_2-1
Fra-MC_2-2
Fra-MC_3-1
Fra-MC_3-2
Fra-MC_18-1
Fra-MC_18-2
Fra-MC_13-1
Fra-MC_13-2
Fra-MC_21-1
Fra-MC_21-2
Fra-MC_25-1
Fra-MC_25-2
Fra-MC_22-1
Fra-MC_22-2
Fra-MC_7-1
Fra-MC_7-2
Fra-MC_10-1
Fra-MC_10-2
Fra-MC_4-1
Fra-MC_4-2
Fra-MC_6-1
Fra-MC_6-2

G
G
G
G
G
G
G
G
G
G
G

EX4

ECL3.2

ECL
3.3

> >» >» >» » >» > > > > >

EX 12

ECL4

haplotype

ZS — Xipuaddy



08

individuals

Fra-MC_2101-1
Fra-MC_2101-2
Fra-MC_2301-1
Fra-MC_2301-2
Fra-MC_1501-1
Fra-MC_1501-2
Fra-MC_1201-1
Fra-MC_1201-2
Fra-MC_0301-1
Fra-MC_0301-2
Fra-MC_1301-1
Fra-MC_1301-2
Fra-MC_2201-1
Fra-MC_2201-2
Fra-MC_0201-1
Fra-MC_0201-2
Fra-MC_2001-1
Fra-MC_2001-2
Fra-MC_2501-1
Fra-MC_2501-2
Fra-MC_0601-1
Fra-MC_0601-2
Fra-MC_1101-1
Fra-MC_1101-2

G
G
G
G
G
G
G
G
G
G

EX4

ECL3.2

ECL
3.3

> » >» >» » » »>» > > >

EX 12

ECL4

haplotype

ZS — xipuaddy



T8

ECL

individuals EX4 ECL3.2 33 EX 12 ECL4

Fra-NA141-1
Fra-NA141-2
Fra-NA31-1
Fra-NA31-2
Fra-NA61-1
Fra-NA61-2
Fra-NA21-1
Fra-NA21-2
Fra-NA131-1
Fra-NA131-2
Fra-NA101-1
Fra-NA101-2
Fra-NA111-1
Fra-NA111-2
Fra-NA121-1
Fra-NA121-2
Fra-NA41-1
Fra-NA41-2
Fra-NA71-1
Fra-NA71-2
Fra-NA92-1
Fra-NA92-2
Fra-NA81-1
Fra-NA81-2

haplotype

ZS — xipuaddy



Z8

individuals

Ger-SL11-1
Ger-SL11-2
Ger-SL3-1
Ger-SL3-2
Ger-SL91-1
Ger-SL91-2
Ger-SL181-1
Ger-SL181-2
Ger-SL51-1
Ger-SL51-2
Ger-SL41-1
Ger-SL41-2
Ger-SL171-1
Ger-SL171-2
Ger-SL151-1
Ger-SL151-2
Ger-SL131-1
Ger-SL131-2
Ger-SL141-1
Ger-SL141-2
Ger-SL83-1
Ger-SL83-2
Ger-SL16-1
Ger-SL16-2

EX4

ECL3.2

ECL
3.3

EX 12

ECL4

haplotype

ZS — Xipuaddy



€8

individuals

Dom-IR21-1
Dom-IR21-2
Dom-IR63-1
Dom-IR63-2
Dom-IR64-1
Dom-IR64-2
Dom-IR61-1
Dom-IR61-2
Dom-IR52-1
Dom-IR52-2
Dom-IR51-1
Dom-IR51-2
Dom-IR31-1
Dom-IR31-2
Dom-IR29-1
Dom-IR29-2
Dom-IR27-1
Dom-IR27-2
Dom-IR25-1
Dom-IR25-2
Dom-IR23-1
Dom-IR23-2
Dom-IR22-1
Dom-IR22-2

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

EX4

ECL3.2

ECL
3.3

> >» >» >» » » » > » » > > > » > > > > > > > > > >

EX 12

ECL4

haplotype

Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil
Vil

ZS — Xipuaddy



¥8

individuals

Musc-CR1-1
Musc-CR1-2
Musc-CR18-1
Musc-CR18-2
Musc-CR10-1
Musc-CR10-2
Musc-CR12-1
Musc-CR12-2
Musc-CR13-1
Musc-CR13-2
Musc-CR14-1
Musc-CR14-2
Musc-CR16-1
Musc-CR16-2
Musc-CR17-1
Musc-CR17-2
Musc-CR2-1
Musc-CR2-2
Musc-CR3-1
Musc-CR3-2
Musc-CR6-1
Musc-CR6-2
Musc-CR5-1
Musc-CR5-2

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

EX4

ECL3.2

ECL
3.3

EX 12

Q. o > > 9 9 9 9 9 O OH OH H H /Y Y O ® P> P> 9 O O O

ECL4

haplotype

\i
\
\i
\
\i
\
\i
\
\i
\
\i
\
\i
\
\i
\
\i
\
\i
\
\i
\
\i
\

ZS — xipuaddy



G8

individuals

Musc-AL11-1
Musc-AL11-2
Musc-AL1-1
Musc-AL1-2
Musc-AL6-1
Musc-AL6-2
Musc-AL15-1
Musc-AL15-2
Musc-AL13-1
Musc-AL13-2
Musc-AL2-1
Musc-AL2-2
Musc-AL3-1
Musc-AL3-2
Musc-AL4-1
Musc-AL4-2
Musc-AL9-1
Musc-AL9-2
Musc-AL14-1
Musc-AL14-2
Musc-AL10-1
Musc-AL10-2
Musc-AL7-1
Musc-AL7-2

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

EX 4 ECL 3.2 E3C3L EX 12

> > 9 9 9 99 9 o9 9 O OH OH H H O O O © T P> O O O O

ECL4

haplotype

ZS — xipuaddy



98

individuals

Cast-TAI2967-1
Cast-TAI2967-2
Cast-TAI2971-1
Cast-TAI2971-2
Scl100-1
Scl100-2
Scl103-1
Scl103-2
SP2723-1
SP2723-2
SP2729-1
SP2729-2

EX4

ECL3.2

O o0 o o0

> >» >» > > > > >

s T T R B

- 4 4 -

ECL
3.3

EX 12

haplotype

ZS — Xipuaddy
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Table S2.5: Overview of SNPs which occurred in the sequences provirus RBDs. Grey background indicates nonsynonymous SNPs, blue letters mark SNPs that lie in one of

the hypervariable regions.

Sample
Position

Dom-
IR7049

Dom-
IR10191

Dom-
IR10262

Dom-
IR7037

Dom-
IR7040

Dom-
IR10030

Ger-
CB6926

Ger-
CB6710

Ger-
CB6704

Ger-
CB6760

Ger-
CB6714
Ger-
CB6876

Fra-
MC6355

Fra-
MC6336

Fra-
MC6437

Fra-
MC6471

Fra-
MC6984

Fra-
MC6398

Fra-
MC6472

Fra-
MC6403

Fra-
MC6571

Fra-
MC6466

16

36

39

59

100

114

122

154

155

200
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Appendix — S2

Figure S2.1: Allele frequency spectra of microsatellite loci around Xprl. The frequency of each
microsatellite allele in a population is shown for each occurring Xprl allele which is indicated below
the x-axis in Roman numbers. Numbers above the histograms indicate the number of successfully
genotyped samples with the respective Xprl allele. The microsatellite locus is indicated below the
each histogram.
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Figure S2.2: Amino acid sequence alignment of the RBD of the sequenced proviruses in captive, wild-
derived mice from three different populations (Fra-MC, Ger-CB. Dom-IR). The hypervariable regions
VRA and VRB are marked by blue rectangles.
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Figure S3.1: Microsatellite allele frequency distribution of all loci and for occurring Dmrtl genotypes in the European M. m. domesticus populations.
The loci are shown in the order in which they are located on the chromosome and each population is represented by a different color. The populations Fraan,
Fraps, Fraes, Fraio and Frauc exhibited a pattern indicative for a selective sweep with one major allele in high frequency in all loci except for ms 16. This

locus is located in the intragenic region of Dmrt3 which is the closest neighbor to Dmrtl. The populations Frana, Gers. and Gercg did not show signs of a
selective sweep as they exhibited several alleles in intermediate frequencies for all loci.
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Table S3.1: PCR and sequencing primers for Dmrtl coding
sequence analysis.

primer 1D sequence
Ex1_F TATCCAAAAGTCCTGGGCTA
Ex1_R GGGATTCAAGCAGACGGAAC
Ex2_F TGAGTGTGCTCTGCTGGAGT
Ex2_R CACATGCCTACCACCCTCTT
Ex3_F TGCCCCTTAACCACATCTTT
Ex3_R TGCATGCGTGTTTCACATATT
Ex4_F CTGGGGGACGTTTCGTATT
Ex4_R GCCATCCCAACCCAGACT
Ex5_F CCAGTGTTCTCGCCCC
Ex5 R GACGAGTGAGCCGCCGCC

Table S3.2: Primers for microsatellite loci.

. mean
primer label sequence product pool

D length
ms2-F FAM CCAAAAGGTCTAGACAGGAAGC 173 a
ms2-R GGCACAGCACTGAGTCCTTC
ms4-F FAM TTCAGATGCACAGTGTCTCCA 399 b
ms4-R GAAACGTCCCCCAGAGGAT
ms6-F HEX TCTTTTAAGTTGAAGCGGGAAA 273 a
ms6-R AGTCCCTGGCAGCCATTT
msll-F FAM CCATTAGCACCTTTTGATGCTCCC 213 .
msl1ll-R GGGACCATTCTCACTCAAACCACC
msl1l6-F HEX GTGCCTTCTGGAAGCTGCTTTGATG 387 q
ms16-R AATAGTCAGAAGGAGTGGGCAAGG
msl18-F HEX ATGCCCAAGGACTTCACATGAAGG 203 o
ms18-R GATGGGGAGAAATTACACAATTTCC
Table S3.3: Transcript levels of Dmrtl for different alleles (MCN, N, S, SN),
tissues and stages.
Stage brain testis

MCN S SN MCN N S SN

PO1 NA 0.093 NA NA 0.698 0.836 0.757 0.847
P05 NA NA NA NA 139 1609 1.724 1.491
PO7 NA NA NA NA 1579 1344 1753 1910
P09 NA NA NA NA 1767 1783 1991 2.001
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Table S3.4.1: List of 1% most differently transcribed genes in brain at PO1 between mice carrying the N or S allele of Dmrt1.

probe ensembl_id gene_id POLMCNBR POINBR PO1SBR PO01SNBR Diff I;T;élt interrilt\aldiate
CUST_6829_PI1428259748 ENSMUST00000115535 Zfp944 1.076 3.693 1.220 0.801 2473 0 0
CUST_4085_PI1428259748 ENSMUST00000056449 Arhgap30 0.964 3.214 0.848 0.917 2.366 0 1
CUST_5717_PI1428259748 ENSMUST00000075888 Zic2 2.720 3.539 1.703 3,535 1.835 0 1
CUST_5656_PI1428259748 ENSMUST00000174379 Dctd 1.011 2.951 1.309 1114 1.641 0 0
CUST_2586_P1428259748 ENSMUST00000061469 Wfikkn2 0.856 2.321 0.871 0.805 1.450 1 0
CUST_6333_PI1428259748 ENSMUST00000110602 Wdr76 0.623 2.050 0.657 0.555  1.393 0 0
CUST_4371_PI1428259748 ENSMUST00000109174 Col2al 2.393 2,913 1.671 2,156  1.242 0 1
CUST_6810_PI1428259748 ENSMUST00000073391 Cyp26cl 1.228 2.143 1.136 1485 1.008 0 1
CUST_1379_PI1428259748 ENSMUST00000031378 Stx2 0.380 1.402 0.447 0.450 0.955 0 1
CUST_1471_PI1428259748 ENSMUST00000031145 Pdcl2 0.939 1.764 0.818 0.812  0.946 1 0
CUST_4481_PI1428259748 ENSMUST00000080754 Pknox2 0.993 2.103 1.194 1.056  0.909 0 0
CUST_2319 PI428259748 ENSMUST00000055688 Phf13 0.603 1.463 0.641 0.567  0.823 1 0
CUST_415_PI1428259748  ENSMUST00000010434 AI597479 1.238 1.959 1.163 1.123  0.795 1 0
CUST_2146_PI1428259748 ENSMUST00000028794 Siglecl 1.064 1.864 1.094 0.963 0.771 1 0
CUST_609_P1428259748  ENSMUST00000021438 Noval 2.342 2.780 2.019 3.006 0.761 0 0
CUST_3345_PI1428259748 ENSMUST00000044277 Chmp4b 0.805 0.978 0.218 0.820 0.759 0 1
CUST_6342_PI1428259748 ENSMUST00000093126 BC107364 1.133 1.853 1.099 1.031 0.754 1 0
CUST_7021_PI1428259748 ENSMUST00000093486 Lhx9 1.353 1.908 1.176 1773 0.732 0 1
CUST_7001_PI1428259748 ENSMUST00000155301 FbxI12 0.590 1.286 0.553 1.056 0.732 0 1
CUST_2835_PI1428259748 ENSMUST00000043336 St8sia4 2.096 2.844 2.113 2509 0.732 0 1
CUST_6579_Pl1428259748 ENSMUSTO00000099571 Prmt2 1.816 1.695 0.981 0.797 0.714 0 0
CUST_6806_PI1428259748 ENSMUST00000106355 Zfp691 0.656 1.377 0.672 0.851  0.705 0 1
CUST_345_Pl1428259748  ENSMUST00000006701 Tmem110 0.597 1.227 0.523 0.531 0.704 0 1
CUST_5034_PI1428259748 ENSMUST00000112428 Zfp384 0.757 1.337 0.694 0.788  0.643 0 1
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probe ensembl_id gene id POIMCNBR POINBR PO1SBR PO1SNBR  Diff gr’g; imerri': iate
CUST_7287_Pl428259748 ENSMUST00000066237 Ddc 0.992 1456  0.818 1.816  0.639 1 0
CUST 1687 Pl428259748 ENSMUST00000027020 Gria4 1418 1841 1241 1.980  0.601 0 0
CUST_6736_P1428259748 ENSMUST00000109096 Gnas 1391  1.054  0.457 0916 0597 1 1
CUST _6085_Pl1428259748 ENSMUST00000119070 Otx2 3015 3442  2.850 NA  0.591 0 0
CUST_6799_P1428259748 ENSMUST00000111742 Bcatl 1.607 1913  1.323 1.895  0.590 1 1
CUST 5978 Pl428259748 ENSMUSTO00000166551 NA 0577 1214  0.631 0752 0583 0 1
CUST_1748_Pl428259748 ENSMUST00000029852 NA 2445 2039  1.465 2158 0573 0 0
CUST 2324 P1428259748 ENSMUST00000034927  Zicl NA 3109 2538 2963 0570 1 1
CUST_7236_P1428259748 ENSMUST00000124310 Bfsp2 0.980 1284  0.716 1131  0.568 1 1
CUST 533 P1428259748  ENSMUST00000020308 Ddit4 0.927 1016  0.448 0.879  0.567 0 1
CUST_7426_Pl428259748 ENSMUST00000116408 Hdac7 0.641 1311  0.751 0.811  0.560 0 1
CUST 2311 Pl428259748 ENSMUST00000052377 NA 2204  1.607  1.059 0973  0.549 0 0
CUST_6309_P1428259748 ENSMUST00000121805 Dpys|3 2215 1642  2.318 2078 -0.676 1 1
CUST_7035_Pl428259748 ENSMUST00000067776 NA 2045 1555  2.234 1769 -0.679 0 1
CUST_6266_P1428259748 ENSMUST00000085519 Anp32a 0619  0.809  1.494 0.767 -0.685 0 0
CUST 974 P1428259748  ENSMUST00000019117 Hoxbl 0778 0779  1.470 1.307 -0.691 0 1
CUST_2200_P1428259748 ENSMUST00000054226 BC049762 0550 0643  1.346 0.626 -0.703 1 0
CUST 4581 Pl428259748 ENSMUST00000084731 Ipo7 0912 0816  1.519 0.781 -0.703 0 0
CUST 5412_Pl428259748 ENSMUST00000112097 Rnf10 0953 0809  1.520 0.787 -0.711 1 0
CUST 6414 P1428259748 ENSMUST00000170033  Lig4 1236 1398  2.110 1.066 -0.712 0 0
CUST 2273 _Pl428259748 ENSMUST00000060061 Pygo2 1.073  1.099  1.813 0.970 -0.714 0 0
CUST 1716_Pl428259748 ENSMUST00000027066 Eyal 1.082 0902 1616 1353 -0.714 1 1
CUST_1659_P1428259748 ENSMUST00000029421 Ptx3 2517 1787 2512 2233 -0.725 0 1
CUST 6697 Pl1428259748 ENSMUST00000108589 Dig4 1192 0941  1.667 1.037 -0.726 0 1
CUST_6011_Pl428259748 ENSMUST00000074897 OIfr535 1175 0995  1.734 1.389 -0.739 0 1
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probe ensembl_id gene id POIMCNBR POINBR PO1SBR PO1SNBR  Diff gr’g; imerri': iate
CUST_3519_P1428259748 ENSMUST00000064762 Maplb 1593  1.803  2.552 1.871 -0.749 0 1
CUST 6504 Pl428259748 ENSMUST00000074924 NA 2153 1403  2.155 1583 -0.753 0 1
CUST_1609_P1428259748 ENSMUST00000026472  Inhbc 1175 0932  1.700 1522 -0.768 1 1
CUST 3830 Pl428259748 ENSMUST00000059562 Lhfp 0410 0913  1.687 0.885 -0.774 0 0
CUST_3515_Pl428259748 ENSMUST00000055125 Dirasl 1288 1303  2.082 1564 -0.779 1 1
CUST 337 P1428259748 ENSMUST00000006667 Gvinl 0.654 1051  1.832 1162 -0.781 0 1
CUST_3116_Pl428259748 ENSMUST00000062213 Sfxn3 1344 1180  1.974 1130 -0.795 0 0
CUST 7253 Pl428259748 ENSMUST00000164397 B3gnt5 1887 2280  3.140 2618 -0.860 0 1
CUST_5480_P1428259748 ENSMUST00000084677 Gm21093 0.887 0922  1.801 0.988 -0.879 0 1
CUST 2135_Pl428259748 ENSMUST00000025803 Dkk1 1130 0872 1763 1.040 -0.892 0 1
CUST_6990_P1428259748 ENSMUST00000111824 Cwc22 NA 0736 1629 0.676 -0.894 1 0
CUST 1963 Pl428259748 ENSMUST00000029141 Mmp24 2349 1970  2.874 2.098 -0.905 1 1
CUST_6079_P1428259748 ENSMUST00000116362 Gm11678 NA 0503 1414 0.754 -0.912 0 1
CUST 4870 P1428259748 ENSMUST00000103101 Pigt 0.813  1.048  2.003 0.895 -0.955 0 0
CUST _5004_P1428259748 ENSMUST00000112104 Mid1 0932 0792  1.770 0.743 -0.978 0 0
CUST 6361 Pl1428259748 ENSMUST00000096121 Gm5458 0539 1221  2.240 2362 -1.019 0 0
CUST_165_P1428259748  ENSMUST00000005103 Nfe2I3 2070 2204  3.285 2201 -1.082 1 1
CUST 6501 Pl428259748 ENSMUST00000095456 Mcf2 2199 1929  3.036 2067 -1.107 0 1
CUST _2920_P1428259748 ENSMUST00000051676 Fam46b 0546 0510  1.631 0738 -1.121 0 1
CUST 5742_Pl1428259748 ENSMUST00000167140 Mpst 1389 0894  2.021 0.664 -1.127 1 0
CUST_1572_Pl428259748 ENSMUST00000025109 Sap130 0753 0839  2.101 0.867 -1.262 1 1
CUST 6387 P1428259748 ENSMUST00000070797 Pcdhacl 1345 1257  2.607 1619 -1.350 1 1
CUST 4515 Pl428259748 ENSMUST00000119336 Ankrd24 0.893  0.909  2.894 0.643 -1.986 0 0
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Table S3.4.2: List of 1% most differently transcribed genes in testis at PO1 between mice carrying the N or S allele of Dmrt1.

probe ensembl_id gene_id POIMCNTE POINTE PO1STE POISNTE  Diff g:‘grg imemsq';' diate
CUST_808_P1428259748  ENSMUST00000020185 120ra 0.753  2.073  0.701 0.666  1.372 1 0
CUST_5086_P1428259748 ENSMUST00000119892 Gm15800 0574  2.019  0.668 0911  1.351 0 1
CUST_4436_P1428259748 ENSMUST00000166074 Htr7 0433  1.694  0.444 0572  1.250 1 1
CUST_6923_P1428259748 ENSMUST00000114471 Cblb 1.034 2204  1.038 1.022  1.166 0 0
CUST_6979_P1428259748 ENSMUST00000068923 Adpgk 0.607  1.920  0.761 0.925  1.159 0 1
CUST 7229 P1428259748 ENSMUST00000107885 Aktlsl 0.879 2201  1.057 1070 1.144 0 1
CUST_3736_P1428259748 ENSMUST00000033098 Bcat2 1.020 1572  0.462 1424  1.110 1 1
CUST_6536_P1428259748 ENSMUST00000068068 1700041G16Rik 1883 2177  1.096 0.918  1.080 1 0
CUST_3912_P1428259748 ENSMUST00000064795 Egrl 1.188  1.995  0.923 0.901  1.072 0 0
CUST_2372_P1428259748 ENSMUST00000049572 Lipa 0.683 1515  0.493 0.936  1.022 0 1
CUST_2695_P1428259748 ENSMUST00000034795 NA 0771  1.694  0.700 0.714  0.993 0 1
CUST_441_PI428259748  ENSMUST00000007301 Myh3 0700  1.909  0.925 NA  0.984 0 0
CUST_7108_P1428259748 ENSMUST00000086795 Barhl2 0.865  1.884  0.921 0.844  0.963 0 0
CUST_3041_P1428259748 ENSMUST00000057090 Synpo2! 0751  1.621  0.703 0.891  0.919 0 1
CUST_5952_P1428259748 ENSMUST00000109309 Shank3 0531  1.419  0.546 0.605  0.873 0 1
CUST _2875_P1428259748 ENSMUST00000057768 4930429B21Rik 0564 1521  0.661 0.720  0.860 1 1
CUST_6823_P1428259748 ENSMUST00000156895  [i203 2.967  1.746  0.917 2.286  0.830 0 0
CUST _4506_P1428259748 ENSMUST00000078816 9130023H24Rik 0.848  1.818  0.989 0.964  0.829 0 0
CUST_4047_P1428259748 ENSMUST00000038760 Lad1l 1255 2016  1.189 1.118  0.827 0 0
CUST_4701_P1428259748 ENSMUST00000077960 H2-T22 1115 1972  1.148 1632  0.824 1 1
CUST_4255_P1428259748 ENSMUST00000062241  TIr9 0988  1.716  0.950 1.150  0.766 1 1
CUST_4686_P1428259748 ENSMUST00000095795 Raetld 2504 2598  1.841 2404  0.757 1 1
CUST_6945_P1428259748 ENSMUST00000132795 Tnnil 2153  2.853  2.099 3.315  0.755 0 0
CUST_115_PI428259748  ENSMUSTO00000001544 Vwa5a 1160  2.390  1.653 1652  0.737 0 0
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probe ensembl_id gene_id POIMCNTE POINTE PO1STE POISNTE  Diff E;TJ; imemsq': diate
CUST_1968_P1428259748 ENSMUST00000025271 Pou5fl 2.810  2.377 1657 1.690  0.720 0 1
CUST_1763_P1428259748 ENSMUST00000025197 Tap2 0475 1147 0474 0.684  0.672 0 1
CUST_6357_P1428259748 ENSMUST00000093935 Krtap31-1 1.158  1.493  0.823 1.024  0.670 1 1
CUST 4957 P1428259748 ENSMUST00000066134 Rpia 2.020 1224  0.586 0.549  0.638 0 0
CUST_4730_P1428259748 ENSMUST00000079012 8-Mar 0.662  1.139 0535 0.661  0.603 0 1
CUST_903_PI428259748  ENSMUST00000021246 Snx11 0515  1.121  0.538 0538  0.584 0 1
CUST_3481_P1428259748 ENSMUST00000046689 2810474019Rik 1272 1513  0.933 0.860  0.580 0 0
CUST _5525_P1428259748 ENSMUST00000139725 Mitd1 1279 1228  0.651 0.882 0577 0 1
CUST_5878_P1428259748 ENSMUST00000139560 Tmem48 1468  1.489  0.915 0.935  0.575 0 1
CUST 5187 P1428259748 ENSMUST00000174147 Amyl 0552 0902  0.332 0.329 0571 1 0
CUST_1420_P1428259748 ENSMUST00000025025 Duspl 0.806  1.272  0.703 0.710  0.569 0 1
CUST_2109_P1428259748 ENSMUST00000024748 Gtpbp2 1374 2614  2.050 2501  0.563 0 1
CUST_6684_P1428259748 ENSMUST00000066529 Npr3 1439 1532  1.088 1.927  -0.456 0 1
CUST_2651_P1428259748 ENSMUST00000040437 Spacas 1185  1.022  1.488 1.380 -0.466 0 1
CUST_4657_P1428259748 ENSMUST00000072228 Gckr 1501 0983  1.453 1177  -0.470 1 1
CUST_1902_P1428259748 ENSMUST00000027885 Angptil 0700 1291  1.770 1970  -0.479 0 0
CUST_1716_P1428259748 ENSMUSTO00000027066 Eyal 0.840  0.855  1.337 1.345 -0.482 1 0
CUST_6506_P1428259748 ENSMUST00000092162 Lyz1l 1252  1.099 1587 1234  -0.488 0 1
CUST_1744_P1428259748 ENSMUST00000028854 Mal 0500  0.650  1.148 0.669  -0.498 0 1
CUST 2891 P1428259748 ENSMUST00000040104 Hand2 2485 2606  3.108 2219  -0.502 0 0
CUST_5508_P1428259748 ENSMUST00000121043 Hoxal0 1349 1270 1775 2194  -0.505 0 0
CUST_2135_P1428259748 ENSMUST00000025803 DKkl 0.659 0993  1.501 1372 -0.509 0 1
CUST_6806_P1428259748 ENSMUST00000106355 Zfp691 1.032 0797  1.306 0.905  -0.509 0 1
CUST_1001_P1428259748 ENSMUST00000022536 Ska3 1576  1.338  1.857 1406 -0.519 0 1
CUST_7076_P1428259748 ENSMUST00000099494 Btafl 0538 0578  1.108 0.777  -0.530 0 1
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probe ensembl_id gene_id POIMCNTE POINTE PO1STE POISNTE  Diff E;TJ; imemsq': diate
CUST_3814_P1428259748 ENSMUSTO00000050952 Stbd1 2016 1527  2.072 1422  -0.545 0 0
CUST_6942_P1428259748 ENSMUST00000098090 Coq7 1020  1.207 1766 1.309  -0.559 0 1
CUST_1156_P1428259748 ENSMUST00000023265 Psca 0582  0.396  0.958 0.426  -0.562 0 1
CUST_974_PI428259748  ENSMUST00000019117 Hoxb1l 1147 0868  1.441 1239 -0.574 0 1
CUST_1624_P1428259748 ENSMUST00000027231 Slc9a2 0531 0492  1.068 0.684 -0.576 1 1
CUST_1559_P1428259748 ENSMUST00000024032 9530002BO09Rik 0.786 0583  1.175 0.741  -0.592 1 1
CUST_171_PI428259748  ENSMUST00000003574 Cyp4f18 2153 1377  1.989 1545 -0.612 0 1
CUST_1322_P1428259748 ENSMUST00000030041 Ambp 0.685 0971  1.596 1677 -0.626 1 0
CUST_2740_P1428259748 ENSMUST00000039559 Thbsl 1.168  1.097 1726 1.163  -0.629 0 1
CUST_7384_P1428259748 ENSMUST00000161178 Fam109b 2223 1590  2.224 1674 -0.634 0 1
CUST_649_P1428259748  ENSMUST00000021682 Angell 0929 0785  1.491 1.027  -0.706 0 1
CUST_5683_P1428259748 ENSMUST00000100420 LoxI2 2222 1744  2.453 2.748  -0.709 0 0
CUST_1649_P1428259748 ENSMUST00000027695 Slc45a3 1.940  1.346  2.060 1633 -0.714 0 1
CUST_7183_P1428259748 ENSMUST00000111751 Myl2 1295 0395  1.142 2440  -0.746 0 0
CUST_5696_P1428259748 ENSMUST00000085073 Acti1l 0.751  0.843  1.602 1311  -0.758 1 1
CUST_6864_P1428259748 ENSMUST00000140490 Steap3 0.904 0969 1732 1.060 -0.763 0 1
CUST_606_P1428259748  ENSMUSTO00000018765 Mmp8 1399  1.413  2.180 NA  -0.767 0 0
CUST 2248 P1428259748 ENSMUST00000036618 Stabl 2493 2009 2778 2436  -0.769 0 1
CUST_4301_P1428259748 ENSMUST00000037685 Sptl 1.028 0675  1.453 2.601 -0.778 0 0
CUST_2639_P1428259748 ENSMUST00000053871 Ckap4 1903 1581  2.373 1437  -0.792 0 0
CUST_3413_P1428259748 ENSMUST00000064725 Serpincl NA 1951 2778 2.149  -0.826 0 1
CUST 3143 P1428259748 ENSMUST00000039413 Pde4a 0.374 0518  1.447 0.616  -0.929 1 1
CUST 1427 P1428259748 ENSMUST00000031243 Sppl 0.325 0958  2.340 1.802  -1.382 1 1
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Table S3.4.3: List of 1% most differently transcribed genes in brain at PO5 between mice carrying the N or S allele of Dmrt1.

probe ensembl_id gene_id POSMCNBR POSNBR PO5SBR PO5SNBR  Diff ';TJS ime”?]': diate
CUST_6417_P1428259748 ENSMUST00000168501 Phf8 1.183 3731  0.850 0.981  2.881 0 1
CUST_6102_P1428259748 ENSMUST00000102921 Myl7 0710 3222  0.665 0.688  2.557 0 1
CUST_6848_P1428259748 ENSMUST00000075221 Osm 0523  3.098  0.565 0.605  2.533 1 1
CUST_1261_P1428259748 ENSMUST00000023601 St6gall 0.448  2.815  0.407 0.471  2.408 0 1
CUST_90_PI428259748  ENSMUSTO00000001583 EII2 0.450  2.558  0.395 0.438  2.163 0 1
CUST_6739_P1428259748 ENSMUST00000150235 Crem 0921 3159  1.049 1076  2.111 0 1
CUST_6541_P1428259748 ENSMUST00000165307 Anp32e 0.296  2.337  0.242 0.225  2.094 1 0
CUST_728_PI428259748  ENSMUST00000019721 Pdk4 1168 2966  0.919 1161  2.047 0 1
CUST_1166_P1428259748 ENSMUST00000027059 Tfap2b 0.444 2278  0.233 1775  2.044 0 1
CUST_6822_P1428259748 ENSMUST00000112242 Kcna6 1290  3.059  1.153 1.324  1.907 1 1
CUST_6167_P1428259748 ENSMUSTO00000091252 Secl6a 0594 2190  0.585 0.612  1.604 0 1
CUST_4336_P1428259748 ENSMUST00000121979 Cepl135 0.418  1.990  0.461 0580  1.528 0 1
CUST_7340_P1428259748 ENSMUSTO00000176204 Pegl0 0.829 2296  0.827 0.837  1.469 0 1
CUST_46_PI428259748  ENSMUST00000000895 Necab3 1309 2490  1.022 1.365  1.468 0 1
CUST_2168_P1428259748 ENSMUST00000026021 Msrl 0.456  1.659  0.256 0.355  1.403 1 1
CUST_2208_P1428259748 ENSMUST00000039994 Cep250 0.656  2.101  0.749 0.675  1.352 0 0
CUST_36_PI428259748  ENSMUSTO00000000579 Sox9 0515  1.780 0517 0535  1.263 0 1
CUST_6090_P1428259748 ENSMUST00000075422 Mab21I1 1.027 2623  1.361 2186  1.262 0 1
CUST_5260_P1428259748 ENSMUST00000105726 NA 0.142  1.826  0.567 0.180  1.259 0 0
CUST_7229_P1428259748 ENSMUST00000107885 Aktlsl 0.844  1.829 0587 0.905  1.241 0 1
CUST_4106_P1428259748 ENSMUST00000034184 Irx5 0.892 2156  0.929 1276 1227 0 1
CUST _3318_P1428259748 ENSMUST00000046322 Fcrla 0.699  1.802  0.600 0.641  1.201 0 1
CUST_6810_P1428259748 ENSMUST00000073391 Cyp26cl 3199  1.918  0.829 1.227  1.089 0 1
CUST _5232_P1428259748 ENSMUST00000077548 Cttnbp2nl 0.884  1.837  0.834 0.974  1.003 0 1
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probe ensembl_id gene_id POSMCNBR POSNBR PO5SBR PO5SNBR  Diff ';TJS imemsq': diate
CUST_6536_P1428259748 ENSMUST00000068068 1700041G16Rik 1389 2114 1125 1.068  0.989 1 0
CUST_5007_P1428259748 ENSMUST00000103157 Gip 1592 1951  0.985 1.055  0.966 0 1
CUST_5713_P1428259748 ENSMUST00000072837 Foxkl 0.861  1.791  0.829 0.730  0.962 0 0
CUST_6351_P1428259748 ENSMUST00000117102 Fzd10 0.609 1542 0585 0.600  0.957 0 1
CUST_1602_P1428259748 ENSMUST00000026360 Itgh8 0.989  1.610  0.683 0.741  0.927 0 1
CUST_1633_P1428259748 ENSMUST00000029919 Clca3 0677 1579  0.685 0.895  0.894 1 1
CUST_3155_P1428259748 ENSMUST00000050887 Prokrl 1176  1.609  0.724 0.695  0.885 1 0
CUST 4514 P1428259748 ENSMUST00000091851 Mapké 0616  1.427  0.562 0.651  0.865 1 1
CUST_2625_P1428259748 ENSMUST00000050544 Has?2 0.897  1.390  0.528 0.704  0.862 0 1
CUST_6085_P1428259748 ENSMUST00000119070 Otx2 0976  2.030  1.199 1.600  0.830 0 1
CUST_6768_P1428259748 ENSMUST00000072271 Agxt2I1 1296 1976  1.148 1.173  0.828 0 1
CUST_2692_P1428259748 ENSMUST00000061496 Tcf7I2 0982  1.997 1173 0.858  0.824 0 0
CUST_717_P1428259748  ENSMUSTO00000021333 Foxgl 1.870 1416  1.799 1.820 -0.383 0 0
CUST_4250_P1428259748 ENSMUST00000044672 Cdk19 1106 0744  1.130 1.082 -0.386 1 1
CUST_4506_P1428259748 ENSMUSTO00000078816 9130023H24Rik 0.963  0.684  1.073 0.944  -0.389 0 1
CUST_5717_P1428259748 ENSMUST00000075888  Zic2 1.086  1.894  2.283 1.754  -0.389 0 0
CUST_5696_P1428259748 ENSMUST00000085073 Acti1l 1150  0.999  1.390 1430 -0.391 1 0
CUST_5669_P1428259748 ENSMUST00000102655 Pdela 1427 1222 1616 1.956  -0.395 1 0
CUST_3554_P1428259748 ENSMUST00000045628 R3hdm4 1331 1219  1.616 1.284  -0.397 0 1
CUST_4738_P1428259748 ENSMUST00000133595 Jmjd8 1237 0822 1222 1.060 -0.401 0 1
CUST_3154_P1428259748 ENSMUST00000042692 Tcpll 0.959 0920  1.328 1.026  -0.408 1 1
CUST_1716_P1428259748 ENSMUST00000027066 Eyal 1227 0966  1.377 1.824  -0.411 1 0
CUST_5270_P1428259748 ENSMUST00000107374 NA 1633 1312  1.724 1.884 -0.411 0 0
CUST_4200_P1428259748 ENSMUST00000061895 Pisd 1377 0791  1.210 1.072  -0.419 0 1
CUST_3350_P1428259748 ENSMUST00000060918 Amzl 1437 1725  2.150 1.819  -0.425 0 1
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probe ensembl_id gene_id POSMCNBR POSNBR PO5SBR PO5SNBR  Diff ';TJS imemsq': diate
CUST_3189_P1428259748 ENSMUST00000035061 Ngp 0.982 0705  1.144 1.171  -0.439 0 0
CUST 1624 P1428259748 ENSMUST00000027231 Slc9a2 1.095 0875  1.316 1.369  -0.442 1 0
CUST_3747_P1428259748 ENSMUST00000043042 Tmco4 0.438 0410  0.856 0.496  -0.445 1 1
CUST 5829 P1428259748 ENSMUST00000108681 Gas7 1.025 0950  1.397 1.126  -0.447 0 1
CUST_5632_P1428259748 ENSMUST00000114251 Ptgds 1178  1.836  2.288 2.144  -0.452 0 1
CUST_3694_P1428259748 ENSMUST00000038104 Bdpl 0678 0461  0.938 1.105  -0.477 0 0
CUST_5108_P1428259748 ENSMUST00000111089 Nefm 1232  0.849  1.337 1.299  -0.489 0 1
CUST_268_PI428259748  ENSMUST00000014640 Ankrd28 1481 1706  2.196 1.695  -0.490 1 0
CUST_6079_P1428259748 ENSMUST00000116362 Gm11678 0.133  0.385  0.909 2.080 -0.525 0 0
CUST_3422_P1428259748 ENSMUST00000044833 Oas3 1160  1.008  1.544 0.947 -0.536 0 0
CUST_1569_P1428259748 ENSMUST00000027797 Nv 0.662  0.834  1.398 0.988 -0.564 0 1
CUST_196_PI428259748  ENSMUST00000002925 Timmdcl 0.810 0555  1.122 1131  -0.568 0 0
CUST_1659_P1428259748 ENSMUST00000029421 Ptx3 1454 1010  1.588 1.616 -0.578 0 0
CUST_2301_P1428259748 ENSMUST00000041331 Scdl 1.088 0347 0926 0.613 -0.578 0 1
CUST_6331_P1428259748 ENSMUST00000069922 Mia3 1175 1162  1.768 1.739  -0.605 0 1
CUST_6990_P1428259748 ENSMUST00000111824 Cwc22 NA 0463 1115 1719  -0.652 1 0
CUST_2390_P1428259748 ENSMUSTO00000037057 Zfp40 0.832 0939 1610 1541 -0.671 0 1
CUST_1770_P1428259748 ENSMUST00000024832 Rsphl 0552 0620  1.339 0518 -0.719 0 0
CUST_4301_P1428259748 ENSMUST00000037685 Sptl 1576  0.815  1.540 1.565 -0.725 0 0
CUST_3005_P1428259748 ENSMUST00000041099 Neurodl 2068 1125  1.855 2.244  -0.730 0 0
CUST_6011_P1428259748 ENSMUST00000074897 OIfr535 1501  0.838  1.604 1.225  -0.766 0 1
CUST _5530_P1428259748 ENSMUST00000107894 Dgke 1169 1139  2.046 1215  -0.907 0 1
CUST 1383 P1428259748 ENSMUST00000030489 Tall 1.086 1527  2.447 1437 -0.921 0 0
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Table S3.4.4: List of 1% most differently transcribed genes in testis at PO5 between mice carrying the N or S allele of Dmrt1.

probe ensembl_id gene_id POSMCNTE POSNTE POSSTE POSSNTE  Diff E;Tgr; imemsq';' diate
CUST_3747_P1428259748 ENSMUST00000043042 Tmco4 1.045 2435  1.190 1268  1.246 1 1
CUST_3901_PI428259748 ENSMUST00000062545 OIfr958 1157 2245 1121 1986  1.124 1 1
CUST_7408_P1428259748 ENSMUST00000090940 Ermn 0736  1.720  0.638 0.697  1.082 1 1
CUST_2625_P1428259748 ENSMUST00000050544 Has2 1035 2110  1.101 1071 1.009 0 0
CUST_2149_P1428259748 ENSMUST00000028931 Cst8 1799  1.764  0.828 1.147  0.937 0 1
CUST_6823_P1428259748 ENSMUST00000156895  Ifi203 NA 1903  0.984 1756  0.919 0 1
CUST_4287_P1428259748 ENSMUST00000050011 Gbp6 0777 1976  1.059 1.018 0917 1 0
CUST_5598_Pl428259748 ENSMUST00000098966 A430078G23Rik 1148  1.993  1.175 1417 0818 1 1
CUST_3985_P1428259748 ENSMUST00000058856 Scd4 0.884  1.953  1.170 1564  0.783 0 1
CUST_4701_P1428259748 ENSMUST00000077960 H2-T22 1891  1.799  1.026 1567  0.773 1 1
CUST_1925_P1428259748 ENSMUST00000028935 Cst9 2283  1.234  0.469 0.939  0.766 1 1
CUST_1388_P1428259748 ENSMUST00000032198 Uspl8 0488  1.408  0.647 1445  0.761 1 0
CUST_7154_P1428259748 ENSMUST00000115598 NA 1135 1772 1.016 1193  0.756 0 1
CUST_271_PI428259748  ENSMUST00000009340 Mnda 2530 1217  0.468 0.982  0.749 0 1
CUST_3736_P1428259748 ENSMUST00000033098 Bcat2 0.982  1.909  1.166 1742  0.743 1 1
CUST_6536_P1428259748 ENSMUST00000068068 1700041G16Rik 1493 1958  1.231 1.064 0727 1 0
CUST_6051_P1428259748 ENSMUST00000100097 NA 1453 1577  0.865 1453 0711 0 1
CUST_601_P1428259748  ENSMUST00000022629 Dpysl|2 0.238 0904  0.196 0.203  0.708 0 1
CUST_2731_Pl428259748 ENSMUST00000040271 Cep85 1114  1.849  1.156 1.149  0.693 0 0
CUST_3155_Pl428259748 ENSMUST00000050887 Prokrl 0981 1912  1.239 1358  0.673 1 1
CUST_1508_P1428259748 ENSMUST00000025181 H2-K1 0251  1.614  0.945 1267  0.670 0 1
CUST_4968_P1428259748 ENSMUST00000092966 Dynltlc 0717  1.081  0.442 0.938  0.639 0 1
CUST_40_PI428259748  ENSMUST00000001092 Zfp276 0.822 1555  0.946 0.865  0.609 0 0
CUST_1499_P1428259748 ENSMUST00000023610 Adamtsl 1481 1405  0.806 0.882  0.599 0 1
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probe ensembl_id gene_id POSMCNTE POSNTE POSSTE POSSNTE  Diff g:‘gr; imemsq';' diate
CUST_6740_P1428259748 ENSMUST00000118539 Cth 0.966  1.330  0.767 0915  0.563 0 1
CUST_1602_P1428259748 ENSMUST00000026360 Itgh8 0567  1.092  0.533 0.544  0.558 0 1
CUST_5692_P1428259748 ENSMUST00000111241 NA 0708  1.313  0.758 1130  0.555 0 1
CUST 429 P1428259748 ENSMUST00000017153 Sdc4 0.850  1.926  1.371 1635  0.554 0 1
CUST_1636_P1428259748 ENSMUST00000031542 Oasl2 0793  1.690  1.162 1431 0528 0 1
CUST 2213 Pl428259748 ENSMUST00000045693 Smyd5 0.637  1.134 0615 0.601  0.519 1 0
CUST_2372_Pl428259748 ENSMUST00000049572 Lipa 0474  1.052  0.534 0.677  0.518 0 1
CUST_7265_P1428259748 ENSMUST00000072734 Ifnal3 0.882 1557  1.039 1.066 0518 1 1
CUST_1784_P1428259748 ENSMUST00000031986 Rab19 1412 1702  1.184 1515 0518 1 1
CUST_1313_PI428259748 ENSMUST00000027279 Nabpl 1538 1506  0.991 1216 0515 0 1
CUST_1320_P1428259748 ENSMUST00000029017 Pckl 0.650  1.347  0.835 1171 0512 0 1
CUST_1597_Pl428259748 ENSMUST00000025979 Aldh18al 0969  1.117 0615 0.852  0.502 0 1
CUST_3694_P1428259748 ENSMUST00000038104 Bdpl 0.673 0539  0.976 1.039  -0.437 0 0
CUST_6331_PI428259748 ENSMUST00000069922 Mia3 1243 0923  1.366 1565  -0.443 0 0
CUST_1440_P1428259748 ENSMUST00000026504 Xrcc6bpl 1468 0722  1.186 0.805  -0.464 1 1
CUST_6528_P1428259748 ENSMUST00000072097 Hsh2d 0681  0.735  1.200 1.030  -0.466 0 1
CUST_1968_P1428259748 ENSMUST00000025271 Pousfl 1016  0.841  1.307 0.976  -0.466 0 1
CUST_1333_P1428259748 ENSMUST00000023779 Nrdal 1129 0793  1.262 0.796  -0.469 0 1
CUST_4364_P1428259748 ENSMUST00000171999 Gcat 1113 0975  1.446 1.184 -0.471 0 1
CUST _5878_P1428259748 ENSMUST00000139560 Tmem48 1235 0937 1412 1.050 -0.474 0 1
CUST_4510_P1428259748 ENSMUST00000159551 Wtap 0.821 0812  1.294 0.974  -0.481 1 1
CUST_1192_PI428259748 ENSMUST00000029625 Sfrp2 1338 1311  1.798 1757  -0.487 1 1
CUST_7076_P1428259748 ENSMUST00000099494 Btafl 0679 0924  1.412 1.344  -0.488 0 1
CUST _5552_Pl428259748 ENSMUST00000142242 Gm12588 0702 0897  1.421 1193  -0.524 0 1
CUST_6293_P1428259748 ENSMUST00000111265 Tspanl8 0452 1133  1.657 1.859  -0.524 0 0
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probe ensembl_id gene_id POSMCNTE POSNTE POSSTE POSSNTE  Diff g:‘gr; imemsq';' diate
CUST_4044_P1428259748 ENSMUST00000064204 Actn2 2.784 0253  0.778 0563  -0.526 0 1
CUST_1438_P1428259748 ENSMUST00000028515 Chrnal 2195 0656  1.184 0.811 -0.529 1 1
CUST_6703_P1428259748 ENSMUST00000076989 Sohlhl 0.951  1.438  1.973 1470 -0.534 1 1
CUST_2752_Pl428259748 ENSMUST00000040583 Heatr5a 0.900  1.325  1.869 1502  -0.544 1 1
CUST_7183_P1428259748 ENSMUST00000111751 Myl2 NA 0284  0.836 1224  -0.552 0 0
CUST 1529 Pl428259748 ENSMUST00000028430 Cyct 1166 1503  2.060 1837 -0.557 1 1
CUST_6320_P1428259748 ENSMUST00000132799  Srpr 0.929 0916  1.497 1111  -0.581 0 1
CUST_1872_Pl428259748 ENSMUST00000031876 Stra8 0484 0900 1522 1296  -0.622 1 1
CUST_3446_P1428259748 ENSMUST00000039447 Fndc3cl 1.865  0.832  1.459 1116  -0.627 1 1
CUST_1926_P1428259748 ENSMUST00000027933 Dtl 1192 1199  1.828 1514  -0.628 0 1
CUST_5108_P1428259748 ENSMUST00000111089 Nefm 0.802  0.803  1.442 1220 -0.639 0 1
CUST_4748_P1428259748 ENSMUST00000142767 AA467197 3152 0844 1521 1.093  -0.677 1 1
CUST_1798_P1428259748 ENSMUST00000028718 NA 1175  1.204  1.895 1.306  -0.692 0 1
CUST_2109_P1428259748 ENSMUST00000024748 Gtpbp2 1977  1.688  2.396 2.780  -0.708 0 0
CUST_6079_P1428259748 ENSMUST00000116362 Gm11678 0.146 0612  1.342 2112 -0.731 0 0
CUST 4148 _P1428259748 ENSMUST00000049208 Hfe2 2503 0447 1222 0.822 -0.775 0 1
CUST_6990_P1428259748 ENSMUST00000111824 Cwc22 0.135  0.655  1.464 1.769  -0.809 1 0
CUST_5260_P1428259748 ENSMUST00000105726 NA 0.298  1.003  1.846 0.610  -0.843 0 0
CUST_6945_P1428259748 ENSMUST00000132795 Tnnil NA 0968  1.912 1275  -0.945 0 1
CUST _4301_P1428259748 ENSMUST00000037685 Sptl 1.045  1.018  2.009 1201  -0.991 0 1
CUST_2766_P1428259748 ENSMUST00000032910  Mylpf NA 0444 1583 0.963 -1.139 0 1
CUST_441_P1428259748  ENSMUST00000007301 Myh3 2507 0709  2.239 1669  -1.529 0 1
CUST 7388 _P1428259748 ENSMUST00000171303 NA 0.856 0705  2.271 0.936  -1.566 0 1
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Table S3.4.5: List of 1% most differently transcribed genes in brain at P07 between mice carrying the N or S allele of Dmrt1.

probe ensembl_id gene_id PO7MCNBR PO7NBR PO7SBR PO7SNBR  Diff E;Tgr; imerr?]': diate
CUST_2924_P1428259748 ENSMUST00000041007 Gijd4 1276 4015  1.007 1.318  3.008 0 1
CUST_6810_P1428259748 ENSMUST00000073391 Cyp26cl 2184 3370  0.944 1421 2.426 0 1
CUST_6116_P1428259748 ENSMUST00000110052 Ocell 1.694  3.368  1.207 1.867  2.161 0 1
CUST_7108_P1428259748 ENSMUST00000086795 Barhl2 1157 2855  0.794 0.934  2.061 0 1
CUST_686_P1428259748  ENSMUST00000022019 119 0540  2.056  0.276 0.400  1.780 1 1
CUST_4740_P1428259748 ENSMUST00000086614 Zranb3 0781  2.366  0.647 0741  1.719 0 1
CUST_4301_P1428259748 ENSMUST00000037685 Sptl 1496 2974  1.258 1546  1.715 0 1
CUST_3607_P1428259748 ENSMUST00000056178 NA 1179 2418  0.810 0911  1.608 0 1
CUST_3905_P1428259748 ENSMUST00000047379 Ptger4 0.749  2.332  0.890 0.886  1.442 0 0
CUST_2160_P1428259748 ENSMUST00000023660 Ripply3 0.899 2137 0741 0.671  1.396 0 0
CUST _5532_P1428259748 ENSMUST00000115222 Zbtb44 0599  1.874  0.594 0.679  1.280 0 1
CUST_415_PI428259748  ENSMUST00000010434 AI597479 1208 1978  0.741 0.881  1.237 1 1
CUST_5028_P1428259748 ENSMUST00000109221 B4galts 1287 2352  1.197 1121  1.155 0 0
CUST_480_PI428259748  ENSMUST00000009256 Bcl2I13 0.962  1.989  0.894 0.902  1.096 0 1
CUST_5956_P1428259748 ENSMUST00000172019 NA 25592 2122  1.062 1.076  1.061 0 1
CUST_6146_P1428259748 ENSMUST00000172267 NA 0112  1.093  0.110 0.092  0.983 0 0
CUST_7238_P1428259748 ENSMUST00000105849 Luzpl 0.223  1.208  0.301 0.396  0.907 0 1
CUST_6001_P1428259748 ENSMUST00000108047 Thx4 0977 1545  0.653 0.876  0.892 1 1
CUST_6592_P1428259748 ENSMUSTO00000106410 St3gal3 1121 1953  1.061 1121  0.892 0 1
CUST_7461_P1428259748 ENSMUST00000100866 E130309D14Rik 1134 1783 0918 1.109  0.865 0 1
CUST_2627_P1428259748 ENSMUSTO00000041105 Sfmbt2 1215 1462  0.687 0.929  0.776 0 1
CUST_4182_P1428259748 ENSMUST00000042988 Atgl4d 0.623  1.406  0.639 0.630  0.766 0 0
CUST_4858_P1428259748 ENSMUST00000113165 Ralgpsl 1.346 1916  1.183 1417 0732 1 1
CUST_1779_P1428259748 ENSMUST00000030252 NA 0.811 1495  0.768 0.928  0.727 0 1
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probe ensembl_id gene_id PO7MCNBR PO7NBR PO7SBR PO7SNBR  Diff g:‘gr; imemsq': diate
CUST_6756_P1428259748 ENSMUST00000091178  Sry 0.740  1.486  0.786 0.647  0.700 0 0
CUST_7269_P1428259748 ENSMUST00000119080 Gijbl 1.090 1514  0.843 1215  0.671 0 1
CUST_3718_P1428259748 ENSMUST00000034235 NA 1325 1786  1.122 1.310  0.664 0 1
CUST 4444 P1428259748 ENSMUST00000077680 Tfe3 0.642  1.390  0.730 0.702  0.659 0 0
CUST_7072_P1428259748 ENSMUST00000103164 Acsf2 1.015 1385  0.773 0.829  0.612 0 1
CUST _5353_P1428259748 ENSMUST00000072740 Abr 1300 1969  1.371 1289  0.598 1 0
CUST_6769_P1428259748 ENSMUST00000169502 NA 1989 1313  0.726 1.055  0.587 0 1
CUST_6479_P1428259748 ENSMUST00000089289 Arl13b 0760  1.324  0.751 0.702 0573 0 0
CUST_4431_P1428259748 ENSMUST00000093490 Clcn3 1120 2248  1.686 1672  0.562 0 0
CUST_190_PI428259748  ENSMUST00000003964 Gysl 0.697  1.238  0.693 0555  0.545 1 0
CUST_2611_P1428259748 ENSMUST00000054098 Slc35g1 0.386  0.876  0.331 0.301  0.545 0 0
CUST_1166_P1428259748 ENSMUST00000027059 Tfap2b 0720 1129  0.608 0.146 0521 0 0
CUST_2917_P1428259748 ENSMUSTO00000060603 Vmn1r235 NA 0660  1.080 0.828  -0.420 0 1
CUST_1380_P1428259748 ENSMUST00000025290 Impact 1297 1029  1.453 1242  -0.423 0 1
CUST_7236_P1428259748 ENSMUST00000124310 Bfsp2 1.940 1541  1.967 1.829  -0.426 1 1
CUST_1142_P1428259748 ENSMUST00000028123 Gad? 1523 1415  1.848 1677 -0.433 0 1
CUST_196_P1428259748  ENSMUST00000002925 Timmdcl 0508 0793  1.227 0.748  -0.434 0 0
CUST_4966_P1428259748 ENSMUST00000161002 Ecell 1322 1285  1.723 1.850 -0.439 0 0
CUST_4233_P1428259748 ENSMUST00000057228 Pcdhb9 1273 0810  1.255 1.140  -0.444 1 1
CUST_2900_P1428259748 ENSMUST00000033468 Arhgef6 1.008 0924  1.372 1.107 -0.448 0 1
CUST_1856_P1428259748 ENSMUST00000026196 Gotl 1577 1132 1583 1.403  -0.451 1 1
CUST_3050_P1428259748 ENSMUST00000048229 Myrfl 0.906 0978 1432 1.073  -0.455 0 1
CUST_7076_P1428259748 ENSMUST00000099494 Btafl 0.308 0318  0.776 0.574  -0.458 0 1
CUST_2216_P1428259748 ENSMUST00000050360 P2ry12 1784 1473  1.936 1732 -0.462 0 1
CUST_6990_P1428259748 ENSMUST00000111824 Cwc22 NA 0411  0.876 0.450  -0.464 1 1
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probe ensembl_id gene_id PO7MCNBR PO7NBR PO7SBR PO7SNBR  Diff g:‘gr; imemsq': diate
CUST_1059_P1428259748 ENSMUST00000020081 Zwint 1.607 1629  2.097 1793  -0.468 0 1
CUST_2630_P1428259748 ENSMUST00000062387 Kcnj9 1696 2051 2527 2574  -0.476 0 0
CUST_426_P1428259748  ENSMUSTO00000015987 Rxrg 1249 1366  1.844 1.618 -0.478 0 1
CUST_7367_P1428259748 ENSMUST00000105423 NA 1548 1700  2.180 1567  -0.480 0 0
CUST_5752_P1428259748 ENSMUST00000082373 Luzp2 2488 1465  1.953 1277  -0.489 0 0
CUST_499_PI428259748  ENSMUST00000006559 Tpbg 1127 1305  1.807 1.446  -0.501 0 1
CUST_6667_P1428259748 ENSMUST00000115300 Kcngs 2146 2319  2.827 2.381 -0.508 0 1
CUST_2682_P1428259748 ENSMUST00000038475 Fa2h 1481 1059  1.588 1428  -0.530 0 1
CUST_1311_P1428259748 ENSMUST00000026541 Caly 1611 1703  2.275 2692 -0.573 0 0
CUST _5656_P1428259748 ENSMUST00000174379 Dectd 1134 0974 1570 1209  -0.596 0 1
CUST_1770_P1428259748 ENSMUST00000024832 Rsphl 0.820 0248  0.849 0.807  -0.600 0 1
CUST_3189_P1428259748 ENSMUST00000035061 Ngp 0.869 0552  1.188 1.029 -0.635 0 1
CUST_675_P1428259748  ENSMUSTO00000022150 Cartpt 1525 1371  2.010 1.654 -0.639 1 1
CUST_6134_P1428259748 ENSMUST00000069268 Tas2r102 1613 1229  1.886 1489  -0.657 1 1
CUST_3088_P1428259748 ENSMUST00000065408 Ly6cl 1622  1.061  1.749 1.262 -0.688 0 1
CUST_268_PI428259748  ENSMUST00000014640 Ankrd28 1394 1501  2.255 1.669 -0.754 1 1
CUST_5245_P1428259748 ENSMUST00000115310 Trp63 1494  0.889  1.686 2158 -0.797 0 0
CUST _5552_P1428259748 ENSMUST00000142242 Gm12588 0.682 0466  1.281 1.032 -0.815 0 1
CUST_1383_P1428259748 ENSMUST00000030489 Tall 1180  1.337  2.182 1578  -0.845 0 1
CUST_3901_P1428259748 ENSMUST00000062545 OIfr958 1773 1337  2.323 1564 -0.986 1 1
CUST_4897_P1428259748 ENSMUST00000078694 Ppplrlb 1447 1713 2752 2.952  -1.040 0 0
CUST 5513 P1428259748 ENSMUST00000111064 Ntsr2 1715 1523 2719 2888 -1.196 0 0
CUST 6011 P1428259748 ENSMUST00000074897 OIfr535 1487 0944 2220 1375  -1.276 0 1
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Table S3.4.6: List of 1% most differently transcribed genes in testis at PO7 between mice carrying the N or S allele of Dmrt1.

probe ensembl_id gene id PO7MCNTE PO7NTE PO7STE PO7SNTE  Diff ';TJ; SN intermediate
CUST_4085_P1428259748 ENSMUST00000056449 Arhgap30 1126  3.028  0.818 0.876 2.210 0 1
CUST_6146_P1428259748 ENSMUST00000172267 NA 0.174  1.969  0.165 0.207  1.804 0 1
CUST_1286_P1428259748 ENSMUST00000023758 Asicl 0129  1.366  0.153 0.138 1.214 0 0
CUST 2528 P1428259748 ENSMUST00000057935 Slc25a44 0470 1438 0513 0.621  0.925 1 1
CUST_1570_P1428259748 ENSMUST00000029076 Car3 NA 2930 2014 2165  0.917 0 1
CUST_899_PI428259748  ENSMUST00000020156 NA 0.999  1.936  1.025 1.194 0912 0 1
CUST_2670_P1428259748 ENSMUST00000058755 Fzd4 1709 2027  1.123 1.254  0.904 0 1
CUST_2208_P1428259748 ENSMUST00000039994 Cep250 0935  1.722  0.848 0.964 0.874 0 1
CUST 2784 _P1428259748 ENSMUST00000047419 Tspo 1501 2238  1.387 1493  0.851 0 1
CUST_3422_P1428259748 ENSMUST00000044833 Oas3 2029  1.818  0.989 0.832 0.828 0 0
CUST_6315_P1428259748 ENSMUST00000078849 Gpcé 1037 1616 0817 1.114  0.799 0 1
CUST_260_PI428259748  ENSMUST00000016771 Myh9 1190 2081  1.302 1234  0.779 0 0
CUST_6866_P1428259748 ENSMUST00000160262 Armc2 0.785  1.456  0.693 0.670  0.763 1 0
CUST 959 _PI428259748  ENSMUST00000022242 Emb 1077 1561  0.802 0.825  0.759 1 1
CUST_6252_P1428259748 ENSMUST00000084763 Nirpl4 1237 1689  0.966 2664  0.723 0 0
CUST _5580_P1428259748 ENSMUST00000119026 Tmem132c 0.831  1.367  0.684 0.879  0.682 0 1
CUST 259 _PI428259748 ENSMUST00000016143 Wasf3 0476  1.169  0.493 0.437  0.676 0 0
CUST_3510_P1428259748 ENSMUST00000033608 Sytl4 1545 2360  1.685 1577  0.675 1 0
CUST_2372_P1428259748 ENSMUST00000049572 Lipa 0467  1.109  0.438 0.640  0.671 0 1
CUST_6942_P1428259748 ENSMUST00000098090 Coq7 1188  1.855  1.193 1254  0.662 0 1
CUST_2301_P1428259748 ENSMUST00000041331 Scdl 1402 1454  0.842 1.047 0611 0 1
CUST_5949_P1428259748 ENSMUST00000099137 NA 0.800  1.651  1.041 0.962  0.610 0 0
CUST_2752_P1428259748 ENSMUST00000040583 Heatr5a 0875  1.749  1.139 0.878  0.610 1 0
CUST_1499_P1428259748 ENSMUST00000023610 Adamtsl 1220 1117 0517 0.712  0.600 0 1
CUST_3203_P1428259748 ENSMUST00000045847 Erf 1106 1574  0.981 0.949  0.593 1 0
CUST 4894 P1428259748 ENSMUST00000077918 Cfi 0.611  1.818  1.233 1269  0.585 0 1
CUST_3747_P1428259748 ENSMUST00000043042 Tmco4 1233 1933 1351 1252 0582 1 0
CUST_7028_P1428259748 ENSMUST00000102568 Phactr4 1368 1649  1.084 1.340  0.565 0 1
CUST_1569_P1428259748 ENSMUST00000027797 N 0792 1278  0.717 1.064 0561 0 1
CUST_258_PI428259748  ENSMUST00000005334 Shbg 1631 2255  1.699 1296  0.556 1 0
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probe ensembl_id gene_id PO7TMCNTE PO7NTE PO7STE PO7SNTE Diff target SN intermediate
CUST_3985_PI428259748 ENSMUSTO00000058856 Scd4 0.727 1.504 0.955 1.338 0.550 0 1
CUST_2052_P1428259748 ENSMUST00000023920 Tmem52 1.164 1.609 1.062 1.138 0.548 0 1
CUST_3503_PI1428259748 ENSMUSTO00000034046 Acsll 2.086 2.122 1.581 1.949 0.541 0 1
CUST_1039_PI428259748 ENSMUSTO00000018407 Tbx5 0.797 1.420 0.879 0.993 0.541 0 1
CUST_5004_PI1428259748 ENSMUST00000112104 Midl 0.644 0.965 0.426 0.833 0.539 0 1
CUST_3607_Pl1428259748 ENSMUSTO00000056178 NA 1.061 1.337 0.806 0.892 0.531 0 1
CUST_271_Pl428259748 ENSMUST00000009340 Mnda 1.680 0.201 0.711 0.842 -0.510 0 0
CUST_1371_PI428259748 ENSMUST00000026043 Slk 1.550 1.046 1.558 1.466 -0.512 0 1
CUST_7119 Pl428259748 ENSMUST00000084828 Ncapg2 1.244 0.882 1.395 0.776  -0.513 0 0
CUST_4121_PI428259748 ENSMUSTO00000060798 Uncl19b 1.695 1.311 1.826 2.011 -0.515 0 0
CUST_1442_PI428259748 ENSMUSTO00000030460 Gpbplll 1.108 0.956 1.474 1.396 -0.518 1 1
CUST_3553_Pl428259748 ENSMUST00000033917 Spatasd 0.407 0.462 0.986 0.625 -0.524 0 1
CUST_4539_PI428259748 ENSMUST00000071267 Pcgf5 1.497 1.017 1.542 1.619 -0.525 0 0
CUST_5045_PI1428259748 ENSMUST00000169003 Rbpms2 2.287 1.114 1.652 1.181 -0.537 0 1
CUST_1031_PI428259748 ENSMUST00000022522 Tdh 1.494 0.885 1.428 1.245 -0.543 0 1
CUST_2483_PI1428259748 ENSMUSTO00000050129 Cox7b2 1.560 1.318 1.867 1.868 -0.549 1 0
CUST_6100_P1428259748 ENSMUST00000081321 Poteg 1.090 1.429 1.981 1.332 -0.552 1 0
CUST_6761_PI428259748 ENSMUSTO00000090025 Aard 1.947 2.468 3.020 2.711 -0.552 1 1
CUST_1020_P1428259748 ENSMUST00000022613 Esco2 1.394 1.111 1.664 1.546 -0.553 0 1
CUST_5972_PI428259748 ENSMUSTO00000097419 Fgfrlop 1.359 0.925 1.486 1.333 -0.561 0 1
CUST_7364_PI1428259748 ENSMUSTO00000106059 S100pbp 1.089 0.881 1.446 1.341 -0.565 0 1
CUST_1770_PI428259748 ENSMUST00000024832 Rsphl 0.494 0.313 0.890 0.699 -0.577 0 1
CUST_2501_PI428259748 ENSMUST00000059836 Kif7 2.166 0.909 1.494 1.010 -0.586 0 1
CUST_5739_Pl428259748 ENSMUST00000089056 Tmem255a 0.951 1.103 1.691 1.040 -0.588 1 0
CUST_2056_PI1428259748 ENSMUSTO00000025963 Noc3l 1.490 0.952 1.551 1.400 -0.599 0 1
CUST_388_P1428259748 ENSMUST00000016383 Lonrf3 1.763 1.216 1.825 1.816 -0.608 1 1
CUST_352_Pl428259748 ENSMUST00000005607 Asflb 1.397 1.128 1.739 1534 -0.611 0 1
CUST_3937_PI1428259748 ENSMUSTO00000055770 Histlhla 1.495 1.070 1.715 1.470 -0.644 1 1
CUST_2845_PI428259748 ENSMUSTO00000065216 Spink2 1.464 0.994 1.658 0.514 -0.664 1 0
CUST_4206_PI1428259748 ENSMUSTO00000033414 Sic6al4d 1.317 1.397 2.075 1.257 -0.678 1 0
CUST_5552_Pl1428259748 ENSMUST00000142242 Gm12588 0.833 0.791 1.514 1.350 -0.723 0 1
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probe ensembl_id gene_id PO7TMCNTE PO7NTE PO7STE PO7SNTE Diff target SN intermediate
CUST_574_Pl428259748 ENSMUST00000021816 Susd3 1.067 1.382 2.129 1.616 -0.747 0 1
CUST_2217_PI428259748 ENSMUST00000045866 Ddx21 1.054 1.029 1.779 1.407 -0.751 0 1
CUST_6703_PI1428259748 ENSMUSTO00000076989 Sohlhl 2.080 1.197 2.031 2.281 -0.835 1 0
CUST_6823_PI1428259748 ENSMUSTO00000156895 Ifi203 2.430 0.397 1.259 1.420 -0.862 0 0
CUST_7076_PI1428259748 ENSMUSTO00000099494 Btafl 0.882 0.781 1.644 1.442 -0.863 0 1
CUST_5064_PI1428259748 ENSMUSTO00000113457 Col4a3 1.144 1.250 2.151 2.137 -0.900 1 1
CUST_4872_PI1428259748 ENSMUST00000114875 MbnI3 1.718 0.987 1.949 1.773 -0.962 0 1
CUST_6373_Pl428259748 ENSMUST00000101698 AU022751 1.398 0.998 2.106 1.796 -1.107 0 1
CUST_3178_PI1428259748 ENSMUSTO00000063340 Rhox2a 2.003 0.764 2.157 1.843 -1.393 0 1
CUST_768_P1428259748 ENSMUST00000022708 Trim52 0.947 0.585 2.039 1.063 -1.454 1 1
CUST 1872 P1428259748 ENSMUST00000031876 Stra8 1.396 0.793 2.604 2206 -1.811 1 1
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Table S3.4.7: List of 1% most differently transcribed genes in brain at P09 between mice carrying the N or S allele of Dmrtl.

probe ensembl_id gene_id POOMCNBR POINBR PO9SBR PO9SNBR  piff ~omrtt SN

target intermediate
CUST 2619_PI428259748 ENSMUST00000060576 Lpar4 1019 2660 0408 0366  2.252 0 0
CUST 5486_PI428259748 ENSMUST00000112028 Erlinl 0827 2538  0.638 0.655  1.900 0 1
CUST 2682_PI428259748 ENSMUST00000038475 Fazh 2237 3447 1752 1518  1.696 0 0
CUST 3002_PI428259748 ENSMUST00000051033 NA 0983 2509  0.999 1075 1510 0 1
CUST 6211_PI428259748 ENSMUST00000105590 Esrl 0456  1.956  0.488 0477  1.469 0 0
CUST 6768_PI428259748 ENSMUST00000072271 Agxt2ll 1079 2343  1.004 1.050 1.339 0 1
CUST 4013_PI428259748 ENSMUST00000055884  Htrsb 1659 3034  1.696 1655 1.338 1 0
CUST 2684 _PI428259748 ENSMUST00000053066 Ok 1183 2172 0863 1.089 1.310 1 1
CUST 1559 _PI428259748 ENSMUST00000024032 9530002B09Rik 0164 1227  0.166 0177  1.062 1 1
CUST 2627 PI428259748 ENSMUST00000041105 Sfmbt2 1278 1826  0.798 0698 1.028 0 0
CUST 1259 _PI428259748 ENSMUST00000025224 Gfra3 1295  1.978  0.962 0682 1.016 1 0
CUST _1346_PI428259748 ENSMUST00000027988 Ccdc3 0980  1.850  0.867 0895 0.984 0 1
CUST 6784_PI428259748 ENSMUST00000132743 Tmcc3 0676 1759  0.794 0599  0.965 0 0
CUST 145_PI428259748  ENSMUST00000002640  Scin 0226 1190  0.230 0180 0.961 1 0
CUST _1404_PI428259748 ENSMUST00000031224 Tgfbr3 2079 2911  1.952 2087 0958 0 1
CUST 1594 PI428259748 ENSMUST00000026670 Nptxl 1132 1961  1.059 1284  0.902 0 1
CUST _1496_PI428259748 ENSMUST00000029714 Pearl 1100 1788 0912 1131 0876 1 1
CUST _7165_PI428259748 ENSMUST00000117172 Vwa3b 0897  1.821  0.963 0883  0.859 1 0
CUST 4761 PI428259748 ENSMUST00000108551 Gplba 1150 1738  0.889 0995 0.849 1 1
CUST 7047 _PI428259748 ENSMUST00000133298 Dlgap2 1239 2570 1727 2441 0843 0 1
CUST 4927 PI428259748 ENSMUST00000093207 Hba-a2 0793 1745  0.926 1.042 0819 0 1
CUST_1210_PI428259748 ENSMUST00000029995 4930547C10Rik 0865 1729 0911 0954 0818 1 1
CUST _1490_PI428259748 ENSMUST00000023934 Hbb-b1 0878  1.690  0.890 1.045  0.800 0 1
CUST 4606_P1428259748 ENSMUST00000070659 1700001K19Rik 1362 1548 0778 1315  0.769 0 1
CUST 3394_PI428259748 ENSMUST00000051153 3300002108Rik 2173 2.842  2.079 1875 0763 1 0
CUST 1459_PI428259748 ENSMUST00000023754 Aqp6 1050 1871  1.150 1736 0721 1 1
CUST 4115_PI428259748 ENSMUST00000041203 Cpne9 3176 3.020  2.303 3293 0717 0 0
CUST 4336_PI428259748 ENSMUST00000121979 Cep135 0302 1141 0434 0293 0707 0 0
CUST 4889_PI428259748 ENSMUST00000135107 Sox3 0890 1416  0.721 1.060 0.695 0 1
CUST 4818_PI428259748 ENSMUST00000066337 Alas2 0802 1537  0.867 0842 0670 0 0
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probe ensembl_id gene_id POOMCNBR POINBR PO9SBR PO9SNBR  piff ~ omrtt SN

target intermediate
CUST _1504_PI428259748 ENSMUST00000032194 Bhlhe40 1160  1.966  1.307 1485  0.659 0 1
CUST 3754_PI428259748 ENSMUST00000059794 Nhih1 1219 1844  1.185 1.060 0.659 1 0
CUST 7019 _PI428259748 ENSMUST00000109763 NA 0971  1.698  1.055 1.046  0.644 0 0
CUST _3085_PI428259748 ENSMUST00000053175 Vstm4 0185 0785  0.157 0155 0.628 0 0
CUST 5513_PI428259748 ENSMUST00000111064 Nitsr2 2891 3560  2.952 3614 0608 0 0
CUST 7238 _PI428259748 ENSMUST00000105849 Luzpl 0441  1.070 0481 0478 0589 0 0
CUST 4966_PI428259748 ENSMUST00000161002 Ecell 1920 1709  2.122 1148 -0.412 0 0
CUST 7158_PI428259748 ENSMUST00000090558 Celsr2 1939 1272  1.689 1381 -0.417 0 1
CUST 4055_PI428259748 ENSMUST00000042096 Emcl 1911 1433  1.852 1578 -0.419 0 1
CUST 5700_PI428259748 ENSMUST00000090679 Tacl 2003 2091 2510 1922 -0.419 0 0
CUST 4385_PI428259748 ENSMUST00000172269 Sptbn4 2263 1481  1.906 1926 -0.424 1 0
CUST 3350_PI428259748 ENSMUST00000060918 Amzl 2077 1972 2.400 1719 -0.428 0 0
CUST 6352 _PI428259748 ENSMUST00000089654 BC024139 2350 1105  1.539 1.096 -0.434 0 0
CUST 2042 PI428259748 ENSMUST00000029188 Wisp2 0798 0847  1.286 0.850 -0.439 1 1
CUST 5480_PI428259748 ENSMUST00000084677 Gm21093 1382 0815  1.274 0.640 -0.459 0 0
CUST 2717 _PI428259748 ENSMUST00000034408 Gpr83 2255 2406  2.879 2053 -0.473 1 0
CUST 824 PI428259748 ENSMUST00000022913 Dcstamp 0792 0834 1314 0.766  -0.480 1 0
CUST 898_PI428259748  ENSMUST00000020027  Serincl 1106 1875  2.365 2201 -0.490 0 1
CUST 7367 PI428259748 ENSMUST00000105423 NA 1496 1235  1.726 1250 -0.491 0 1
CUST 5771 _PI428259748 ENSMUST00000070375 Penk 0570  0.643  1.136 0638 -0.493 0 0
CUST 5705 _PI428259748 ENSMUST00000068681 Ngef 2270 2206  2.707 2856 -0.501 0 0
CUST 1748 _PI428259748 ENSMUST00000029852 NA 1239 0880  1.387 0766 -0.507 0 0
CUST 4262 PI428259748 ENSMUST00000037779 NA 1195 1100  1.624 1535 -0.524 0 1
CUST 2569 _PI428259748 ENSMUST00000033545 Rab39b 1407  1.901  2.445 1708 -0.544 0 0
CUST 2791 PI428259748 ENSMUST00000042767  Slitrk5 1514 1228 1777 1518 -0.549 0 1
CUST 2834_PI428259748 ENSMUST00000045692 FbxI16 2393 1957 2517 2219 -0.561 0 1
CUST 4616_PI428259748 ENSMUST00000162875 2010300C02Rik 2033 2094  2.662 2529 -0.568 0 1
CUST 426_PI428259748  ENSMUST00000015987 Rxrg 1434 1248  1.836 1555 -0.588 0 1
CUST 499 PI428259748  ENSMUST00000006559 Tpbg 1269 1340  1.931 2150 -0.591 0 0
CUST 1624 PI428259748 ENSMUST00000027231  Slc9a2 1223 1253  1.866 1120 -0613 1 0
CUST 3050 _PI428259748 ENSMUST00000048229 My 3136 2720  3.345 1734 0625 0 0
CUST 1092 PI428259748 ENSMUST00000021932 Drdla 1711 1338  1.976 1.905 -0.637 1 1
CUST 5409 _PI428259748 ENSMUST00000102608 AU040320 1036 0844  1.482 0.883 -0.638 0 1
CUST 3233 _PI428259748 ENSMUST00000048275 NA 0601 0572  1.238 1.025 -0.666 0 1

€S — Xipuaddy



1A

probe ensembl_id gene_id POOMCNBR POINBR PO9SBR PO9SNBR  piff ~ omrtt SN

target intermediate
CUST 6551_PI428259748 ENSMUST00000090546 Tmem167b 0664 0595  1.266 0349 0671 0 0
CUST 4592 _PI428259748 ENSMUST00000089421 NA 1600 0847 1551 0.885 -0.704 0 1
CUST 2297 PI428259748 ENSMUST00000057495 Tmem161b 0853 0516  1.282 0863 -0.767 1 1
CUST _7001_PI428259748 ENSMUST00000155301 Fbxi12 1198 0473  1.293 0775 -0.820 0 1
CUST 610_PI428259748  ENSMUST00000020920 Rgs9 2158 2169  3.020 2771 -0.851 0 1
CUST 1602 _PI428259748 ENSMUST00000026360 Itgh8 0814 0809  1.662 1526 -0.853 0 1
CUST 4897 PI428259748 ENSMUST00000078694 Ppplrib 2377 2282  4.059 3534 -1.777 0 1
CUST 3189 _PI428259748 ENSMUST00000035061 Ngp 0696  0.605  2.669 0.852 -2.064 0 1
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Table S3.4.8: List of 1% most differently transcribed genes in testis at P09 between mice carrying the N or S allele of Dmrt1.

probe ensembl_id gene_id POOMCNTE POINTE PO9STE PO9SNTE  piff ~ omrtl SN

target intermediate
CUST 1594 PI428259748 ENSMUST00000026670 Nptxl 0721 2475 0526 0673  1.950 0 1
CUST 6240 _P1428259748 ENSMUST00000124516 Myh1 2776 1986  0.247 0362  1.739 1 1
CUST 789 PI428259748  ENSMUST00000021907 Fbp2 1.092 2545  1.283 1850  1.262 0 1
CUST 2766_P1428259748 ENSMUST00000032910 Mylpf 1966 1470  0.221 0367  1.249 0 1
CUST 1078 _P1428259748 ENSMUST00000021778 Prl2c5 1187 2259  1.135 1010  1.124 1 0
CUST 1192 _PI428259748 ENSMUST00000029625 Sfrp2 1806 2125  1.005 1757  1.120 1 1
CUST _1030_P1428259748 ENSMUST00000022185 F2rl1 0298 2471  1.408 1792 1.064 1 1
CUST 7183 _P1428259748 ENSMUST00000111751 Myl2 1050  1.186  0.151 0146  1.034 0 0
CUST 4351 _PI428259748 ENSMUST00000168901 NA 1731 1785  0.759 1.005  1.026 0 1
CUST 5956_P1428259748 ENSMUST00000172019 NA 0894 1798  0.772 0923  1.026 0 1
CUST 6536_P1428259748 ENSMUST00000068068 1700041G16Rik 1379  1.846  0.909 0798  0.937 1 0
CUST 6810_P1428259748 ENSMUST00000073391 Cyp26c1 1140 1675  0.745 0851  0.930 0 1
CUST 4306_P1428259748 ENSMUST00000053441 Adam29 1199  1.787  0.870 0968  0.917 0 1
CUST 2218 P1428259748 ENSMUST00000035077  Ltf 1370 2786  1.878 1802  0.908 0 0
CUST 2146_P1428259748 ENSMUST00000028794  Siglecl 1668  1.748  0.949 1.065  0.799 1 1
CUST 2625 _P1428259748 ENSMUST00000050544 Has?2 0540 1225  0.454 0344 0771 0 0
CUST 2715 _PI428259748 ENSMUST00000039480 Zswimé 0888 2036  1.272 1124 0.765 0 0
CUST 4208 _P1428259748 ENSMUST00000049768 Epx 0856 2025  1.294 1.086  0.732 1 0
CUST 6906_P1428259748 ENSMUST00000172064 NA 1237 2303 1578 1930  0.726 0 1
CUST 5305_P1428259748 ENSMUST00000094753 Ceacam?20 0967 1691  1.019 1117 0672 1 1
CUST 6479 _P1428259748 ENSMUST00000089289  Arl13b 0797 1421  0.753 0851  0.668 0 1
CUST 3888 _P1428259748 ENSMUST00000036072 5031414D18Rik 1.068  1.665  1.014 0882  0.651 1 0
CUST 1438 _P1428259748 ENSMUST00000028515 Chrnal 1137 1398  0.763 0851  0.635 1 1
CUST 4536_P1428259748 ENSMUST00000075595  Olfr504 NA 1328  0.699 0631  0.630 0 0
CUST 1696_P1428259748 ENSMUST00000031221 Cdc7 0977 1485  0.858 0725  0.627 0 0
CUST 6263 _P1428259748 ENSMUST00000171644 Pparg 2761 2543  1.924 2270 0619 0 1
CUST 5481 _P1428259748 ENSMUST00000165774 Gbp2 1729 1519  0.922 1574 0598 1 0
CUST 2212 PI428259748 ENSMUST00000033522 3830417A13Rik 1587 2383  1.787 1420 0596 0 0
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probe ensembl_id gene_id POOMCNTE POINTE PO9STE PO9SNTE  piff ~ omrtl SN

target intermediate
CUST 5497 P1428259748 ENSMUST00000074854 Ptpla 1764 1917 1335 1818 0583 0 1
CUST 5886_P1428259748 ENSMUST00000068860 Ephaé 0095 0677  0.097 NA 0580 0 0
CUST 1983 _P1428259748 ENSMUST00000031894 Clenl 1.066 1542  0.963 1111 0579 1 1
CUST 7294 P1428259748 ENSMUST00000099895 Olfr1054 1181 1352  0.776 1.050 0576 0 1
CUST 2752 _P1428259748 ENSMUST00000040583 Heatr5a 0961 1529  0.966 1010 0562 1 1
CUST 1460 _P1428259748 ENSMUST00000030452 Ccdc163 0860 1655  1.096 1111 0559 0 1
CUST 6243 _P1428259748 ENSMUST00000077248 NA 2483 2879 2321 3098 0558 0 0
CUST 4606_P1428259748 ENSMUST00000070659 1700001K19Rik 1270 1.300  0.744 1.061 0555 0 1
CUST 6609 _P1428259748 ENSMUST00000086556 Elk4 0892 0852  1.249 1.026  -0.397 0 1
CUST 7285 _P1428259748 ENSMUST00000076831 Cdc42ep5 1765  1.650  2.054 1.844  -0.404 0 1
CUST 7119 _PI428259748 ENSMUST00000084828 Ncapg?2 1881 2347  2.752 2283  -0.405 0 0
CUST 4514 _P1428259748 ENSMUST00000091851 Mapké 0604 0444  0.852 0625  -0.408 1 1
CUST 2414 _P1428259748 ENSMUST00000062211 Gpat2 2267 2450  2.859 2020  -0.409 0 0
CUST 6703 _P1428259748 ENSMUST00000076989 Sohlh1 1837  1.999  2.410 1932  -0.411 1 0
CUST 3958 P1428259748 ENSMUST00000046485 Efcabll 1640 1256  1.670 1334 -0.414 1 1
CUST 5191 _PI428259748 ENSMUST00000106000 Cd151 2577 0511  0.925 2535  -0.414 0 0
CUST 366 _P1428259748  ENSMUST00000013458 Adhd 1821 1714  2.164 1671  -0.450 1 0
CUST 4520 _P1428259748 ENSMUST00000105502 Foxo3 1104 0838  1.295 1.809  -0.456 0 0
CUST 498 PI428259748  ENSMUST00000016902 Bik 2154 1862 2321 1716  -0.458 1 0
CUST 3913 PI428259748 ENSMUST00000033691 Tsx 1757 2642  3.101 2318  -0.459 1 0
CUST 6452 _P1428259748 ENSMUST00000071978 not_available 1320 0745 1215 1644  -0.470 0 0
CUST 2297 P1428259748 ENSMUST00000057495 Tmem161b 0655 0339  0.813 0614  -0.475 1 1
CUST 921 PI428259748  ENSMUST00000021495 ~Serpina5 1364 1735 2221 1759  -0.486 0 1
CUST 5166 _P1428259748 ENSMUST00000171587 Gbp1l 0825 0795  1.93 0839  -0.499 1 1
CUST 337 PI428259748  ENSMUST00000006667 Gvinl 0844 1072 1579 1181  -0.507 0 1
CUST 2501 PI428259748 ENSMUST00000059836  Kif? 1990 0787  1.295 1.080  -0.507 0 1
CUST 1602 _P1428259748 ENSMUST00000026360  Itgh8 0495 0425  0.939 0777  -0514 0 1
CUST 4917 P1428259748 ENSMUST00000092298  Zfp750 0782 1185  1.741 1016  -0.556 1 0
CUST 3749 _P1428259748 ENSMUST00000035194 Mapkapk3 0894 0885  1.444 1181  -0.559 1 1
CUST 3233 _P1428259748 ENSMUST00000048275 not_available 0799 0644 1211 1.035  -0.567 0 1
CUST 3186_P1428259748 ENSMUST00000048054 Chtf18 1665 1510  2.093 1569  -0.583 0 1
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probe ensembl_id gene_id POOMCNTE POINTE PO9STE PO9SNTE  piff ~ omrtl SN

target intermediate
CUST 4474_P1428259748 ENSMUST00000082226 not_available 2211 0471  1.068 1441  -0.597 0 0
CUST 4356_P1428259748 ENSMUST00000163360 D17H6S56E-5 0782 0885 1533 1645  -0.648 0 0
CUST 2763 _P1428259748 ENSMUST00000032969 Pold3 0995 1153  1.803 1277 -0.650 0 1
CUST 7471 _P1428259748 ENSMUST00000081271 Spink12 2154 1960  2.618 2283  -0.658 1 1
CUST 5975 _P1428259748 ENSMUST00000163265 Arhgapl9 1331 1242  1.923 1.345  -0.681 0 1
CUST 3189 _PI428259748 ENSMUST00000035061 Ngp 0577 0511 1212 0564  -0.701 0 1
CUST 1427 P1428259748 ENSMUST00000031243 Sppl 0252 0410  1.143 1415  -0.733 1 0
CUST 3937 PI428259748 ENSMUST00000055770 Histlhla 1744 1705 2508 2156  -0.803 1 1
CUST 429 PI428259748  ENSMUST00000017153 Sdc4 0497 1082 1914 1219  -0.831 0 1
CUST 2906_P1428259748 ENSMUST00000041052  Hist1hit 1348 1557 2596 2280  -1.039 1 1
CUST 1925 P1428259748 ENSMUST00000028935 Cst9 2999 0418 1592 1378  -1.173 1 1
CUST 6252 _P1428259748 ENSMUST00000084763 Nirpl4 2057  1.008  2.293 2896  -1.285 0 0
CUST 4300 PI428259748 ENSMUST00000048993 Polr3g 2437 1063  3.290 2178 -2.227 0 1
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Table S3.5.1: Overview about shared genes across the analyzed stages in brain.

genes

P01, 05

P01, 07
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Table S3.5.2: Overview about shared genes across the analyzed stages in testis.
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