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Abstract

Berggren Bremdal, K. 2010. Evolution of MHC Genes and MHC Gene Expression. Acta
Universitatis Upsaliensis. Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 736. 69 pp. Uppsala. ISBN 978-91-554-7792-9.

Polymorphism in coding regions and regions controlling gene expression is the
major determinant of adaptive differences in natural populations. Genes of the major
histocompatibility complex (MHC) possess a high level of genetic variation, which is
maintained by selection over long coalescence times. MHC genes encode antigen-presenting
molecules in the adaptive immune system, which protects the host from infectious diseases.
However, MHC molecules may also present self-peptides and for most autoimmune diseases
there is a genetic factor associated with the MHC.

MHC genes have been used to learn about the interplay of selection and historical population
events. In domestic dogs and their progenitor, the wolf, I explored factors associated with
domestication and breed formation and their influence not only on MHC coding regions but
also on the haplotypic structure of the class II region. Polymorphism and strong selection was
demonstrated in the proximal promoters of MHC genes in dogs and wolves. Hence, genetic
variation associated with MHC gene expression may have at least equal importance for a well
functioning immune system. Associations between promoter sequences and particular coding
alleles suggested allele-specific expression patterns. SNP haplotypes of the MHC class II region
revealed ancestral as well as convergent haplotypes, in which combinations of alleles are kept
by selection. Interestingly, weaker allelic associations were found between different genes and
between coding regions and promoters in dogs compared to wolves. Potentially, this could
cause insufficient defense against infections and predispose dogs to autoimmune diseases.
For example, I identified a site in the promoter region that showed a consistent difference
between haplotypes conferring susceptibility and protection to diabetes in dogs, which should
be investigated further.

Furthermore, I investigated how selection and demographic changes associated with glacial
and inter-glacial periods have affected MHC variation in European hedgehogs and extended the
prevailing knowledge concerning their population history.
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Abbreviations

Aids

APC
B cell
BoLA

CIITA
CREB

dn
DLA
DNA
ds
EHH

HIV
HLA
kb
LD
MHC

Adenine

Acquired immune deficiency syn-
drome

Antigen

Antigen presenting cell

B lymphocyte

Bovine lymphocyte antigen

Base pair(s)

Cytosine

MHC class II transactivator
cAMP response element binding
Measure of LD

Nonsynonymous substitution rate
Dog leukocyte antigen
Deoxyribonucleic acid
Synonymous substitution rate
Extended haplotype homozygosity
Guanine

Human immunodeficiency virus
Human leukocyte antigen

Kilo base pair(s) (10° base pairs)
Linkage disequilibrium

Major histocompatibility complex



Mega base pair(s) (10° base pairs)
Nuclear transcription factor Y
Mitochondrial DNA

Effective population size
Measure of LD

Regulatory factor X gene family
Single nucleotide polymorphism
Single-strand conformation polymor-
phism

Thymine

T lymphocyte

T cell receptor

T helper cell type 1

T helper cell type 2

Peptide binding region

Polymerase chain reaction



Introduction

MHC structure and function

In the early days of immunological science, the major histocompatibility
complex (MHC) molecule was recognized (and named) because of its role in
the rejection of organs and tissues. It was discovered that transplantation of
skin between genetically similar mice was successful while transplantation
of skin between divergent mice strains resulted in rejection of the trans-
planted tissue (Snell 1948). Not until much later was the role of MHC as an
intrinsic component of the immune system elucidated.

The role of MHC in the immune system

There is a constant battle, a kind of arms race, between the immune system
and the foreign substances that regularly invade our bodies. The foreign sub-
stances may be bacteria, viruses or larger parasites, all referred to below as
pathogens. The pathogens use an array of strategies to avoid the immune
system of the host. The immune system tries to respond with a well-adjusted
and often specific response with a mission to destroy the invader. Genetic
variation is crucial for the immune system’s ability to recognize and respond
to the array of pathogens and their avoidance strategies (Frank 2002).

The immune system consists of a large number of components, which in-
tegrate in a complex system to protect the host. The full complexity of the
immune system is explained in e.g. Abbas et al (2000) and the parts of spe-
cial interest for this thesis are also reviewed in e.g. Meyer and Thomson
(2001) and Piertney and Oliver (2006) but are briefly described here. Verte-
brates depend on two types of immune defense. Firstly, the innate immune
response, in which white blood cells, such as macrophages and neutrophils,
secrete proteins that will destroy pathogens by phagocytosis, affords non-
specific defense. Secondly, the adaptive immune system has the capacity to
recognize specific elements and thereby respond with a defense that is
adapted for that particular pathogen. If the adaptive immune system has rec-
ognized and responded against a pathogen, it will create memory cells with
the capability to ‘remember’ the pathogen. If the host is once again exposed
to the same or a very similar pathogen, the immune response will be even
more efficient. The adaptive immune system is derived and not something
with which we are born.



Central to the adaptive immune system are white blood cells called T
lymphocytes (T cells) and B lymphocytes (B cells). Cytotoxic (CD8+) T
cells conduct battles against intra-cellular pathogens, such as viruses. How-
ever cytotoxic T cells rely on co-stimulatory signals from another kind of T
cell, CD4+ T helper cells, upon activation. This is called a cellular response
or THI response (as T helper cell type 1 conduct the defense). B cells pro-
duce antibodies that act to combat extra-cellular pathogens. They also rely
on co-stimulatory signals from T helper cells upon activation in the humoral
response or TH2 (T helper cell type 2).

All T cells have T cell receptors (TCRs), which bind fragments of patho-
gens on the cell surface. Proteins that have been brought into the cell are
broken into peptides and transported back to the cell surface where they are
displayed by MHC molecules and are bound by TCR (Zinkernagel and
Doherty 1974). Peptides that are presented by MHC molecules, recognized
by the receptors and which trigger an immune response are often referred to
as antigens and the part of the antigen, which physically binds to the recep-
tor, is referred to as an epitope.

There are two types of MHC molecule, class I and class II. Cytotoxic T
cells bind to epitopes if presented by MHC class I and T helper cells respond
to antigen presentation by MHC class II molecules (Figure 1). MHC mole-
cules therefore constitute a central role in the specific immune system. As
my research has been conducted entirely on MHC class II, the focus from
now on will be on that molecule and the genes encoding it.

The MHC molecule

The MHC class II molecule consists of two glycoprotein chains, the o-chain
and the B-chain, which form a heterodimeric structure. Each chain consists
of two domains, al + o2 and B1 + B2. The two outer domains, a1 and B1,
interact to form a cleft in which peptides are bound for presentation to T
helper cells. The cleft consists of a B—sheet surrounded by two a—helix struc-
tures. The 02 and B2 domains connect to segments with transmembrane
residues followed by a cytoplasmic tail. The segment with transmembrane
residues anchors the MHC molecule to the cell membrane of the antigen
presenting cell. The molecular structure of MHC molecules is described in
more detail in e.g. Madden (1995) and Hughes and Yeager (1998). Figure 2
shows a simplified picture of the MHC class II molecule. While MHC class I
molecules are expressed on all nucleated cells, MHC class II molecules are
constantly expressed only on certain antigen presenting cells (APCs), such as
macrophages, dendritic cells and B cells. However, MHC class II can also be
expressed elsewhere through stimulation with certain cytokines such as in-
terferon-y and interleukin-4 (Glimcher and Kara 1992; Ting and Trowsdale
2002).
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Figure 1. Antigen (Ag) presentation by MHC class II (black receptor) on the cell
surface of antigen presenting cell (APC). The T-cell receptor (gray receptor) of a
CD4+ T helper cell recognizes the Ag when presented by MHC class II and hence is
activated.

Genetic structure of MHC

The MHC region comprises a large segment of DNA, in humans extending
approximately 4 megabases (Mb). Within the MHC region we find genes of
MHC class I and MHC class II but also genes with other immunological
functions and non-immunological functions (Beck et al. 1999). Many of the
sequences are pseudogenes. The arrangement of MHC genes seems con-
served between eutherian mammals but also with other vertebrates although
there are some organization differences such as intron length and MHC loci
copy number (Kelley et al. 2005; Trowsdale 1995). The terminology also
differs. The MHC region in humans is often referred to as the human leuko-
cyte antigen (HLA), in mice it is called the H2 complex, in cattle bovine
lymphocyte antigen (BoLA) and in dogs dog leukocyte antigen (DLA) to
give some examples.

Not all genes within the MHC class I and class II region are encoding an-
tigen presenting MHC molecules. Those that do are often referred to as the
classical MHC genes. In most mammals the classical genes of MHC class 11
are encoded at the DP, DQ and DR loci. The o-chain and the B-chain of
MHC class II molecules are encoded by separate genes; the A gene encodes
the o-chain and the B gene encodes the B-chain. Hence there is an A gene
and a B gene for each locus. Within each gene there are five to six different
exons with interspersed intron sequences. Exon 2 encodes the main part of
the ol and B1 domains. As described above, these domains are involved in
peptide binding. In many species there are also several copies of each gene,
i.e. DRBI and DRB? etc, and, although most are expressed, some copies are
pseudogenes. For example in humans multiple expressed as well as unex-
pressed copies of the DRB locus have been identified and for DQA and DQB
single expressed genes are found together with pseudogene copies
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PBR

Figure 2. Schematic drawing of a MHC class II molecule. The o-chain and the 3-
chain make up a heterodimeric molecule. The two outer domains, ol and B1, form a
cleft in which peptides are bound. A transmembrane region anchors the molecule to
the cell membrane of an antigen presenting cell.

(Beck et al. 1999). In dogs there are single functional genes for DRB, DQA
and DOB (Wagner 2003) but an incomplete copy of the DRB gene has been
reported in some dogs (Wagner 2003; Wagner et al. 1996b) as well as an
incomplete DOB gene copy (Wagner et al. 1998). A simplified picture of the
MHC class II region is shown in Figure 3. MHC genomic organization is
reviewed in e.g. Meyer and Thomson (2001) and Piertney and Oliver (2006).
A single MHC molecule can bind only a limited number of different pep-
tides, determined by the amino acid residues in certain regions of the peptide
binding cleft. These regions of the molecule are often referred to as the pep-
tide binding regions (PBR). The nucleotides encoding these regions have
been found to be very variable in some genes, particularly in comparison
with surrounding nucleotides (e.g. Hedrick et al. 1991; Hughes and Nei
1988; Hughes and Nei 1989; Parham et al. 1988). Nucleotide sites involved
in peptide binding also have higher heterozygosity than surrounding nucleo-
tides (Hedrick et al. 1991). The genes DQA, DOB and DRB show high levels
of polymorphism in most mammals, DRB generally being the most variable
and DQOA generally the least variable. For example, in humans 878 different
DRB alleles, 108 different DOB alleles and 35 different DQA alleles have
been reported (IMGT, the international ImMunoGeneTics information sys-
tem, April 2010, http://hla.alleles.org/nomenclature/stats.html). This makes
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Figure 3. Schematic picture of a small part of the MHC class II region that covers
the expressed DQAland DQBI genes. Each gene consists of several exons with
interspersed intron sequences. Exon 2 encodes the part of the MHC molecule that
binds and presents antigens to T cells. The promoter region is a cis-acting regulatory
element controlling the expression of the gene.

MHC genes among the most variable in the whole genome (Meyer and
Thomson 2001; Piertney and Oliver 2006).

Certain MHC alleles at different loci are inherited together (as MHC hap-
lotypes) more frequently than what would be expected at random. This phe-
nomenon is called linkage disequilibrium (LD). Among diverged MHC class
II haplotypes in humans, recombination events have been rare compared to
expectations from the genome wide recombination rate (Raymond et al.
2005). Raymond et al. (2005) concluded that the most divergent class II hap-
lotypes in humans have been evolving independently for approximately 40
million years. It is believed that DQOA4 and DQB alleles could encode incom-
patible components of the DQ receptor and hence be strongly selected
against but there are probably also preferred combinations of all DRB, DQA
and DQB alleles. Strong LD and low recombination rate prevents negative
(purifying) selection from removing recessive deleterious mutations on oth-
erwise favorable haplotypes and these mutations may hence become fixed in
some haplotypes. van Oosterhout (2009) suggested that this process may
lead to heterozygote advantage for which the deleterious mutations will not
be expressed.
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Regulation of MHC gene expression

During the last decade many researchers in evolutionary biology have fo-
cused their interest in regions controlling the expression of genes. This has
occurred because the level of polymorphism identified within coding genes
is often insufficient to explain adaptive differences (Streelman and Kocher
2000).

The mechanism controlling expression of MHC genes have been well
characterized (Benoist and Mathis 1990; Glimcher and Kara 1992; Guardiola
et al. 1996, Ting and Trowsdale 2002). Constitutive, as well as cytokine-
induced, expression of MHC class II is primarily controlled at the transcrip-
tional level through the use of gene specific proximal promoters (as well as
other cis-acting elements) and several transcription factors. Several binding
sites for transcription factors have been identified within the proximal pro-
moters. The binding sites are between seven and 14 base pairs (bp) in length
and are located within a region 40-160 bp upstream from the transcriptional
start site (Glimcher and Kara 1992). Furthest away from the transcriptional
start site we find the W box (including the S box), followed by the X box
(including the overlapping X1 and X2 boxes) and then closest to the tran-
scriptional start site, the Y box. There are also some locus specific regions
such as the T box of the DQA1 promoter (Guardiola et al. 1996). Transcrip-
tion factors such as CREB and various RFX and NF-Y proteins, anchor to
the boxes to initiate transcription. The MHC class II transactivator (CIITA)
(Radosevich and Ono 2003; Ting and Trowsdale 2002; van den Elsen et al.
2004) functions as a co-activator, which interconnects the transcription fac-
tors with each other.

The transcription factor binding sites show similarity across species.
However, within-species polymorphism has frequently been observed in
humans and mice (Andersen et al. 1991; Cowell et al. 1998; Janitz et al.
1997; Mitchison and Roes 2002; Perfetto et al. 1993; Singal and Qiu 1995).
Transient transfection assays, in which MHC promoter elements are fused
with a reporter gene to identify their functional level, show that some of
these promoter polymorphisms can affect expression of DR and DQ genes
(Janitz et al. 1997; Louis et al. 1994; Singal and Qiu 1995; Woolfrey and
Nepom 1995).

As described above, T helper cells can either favor a cellular response
(TH1) or a humoral response (TH2). The TH1/TH2 balance is regulated by
the strength of signal released through the presentation of an antigen by
MHC class II to T helper cells. The signal strength may depend on the epi-
tope concentration, the affinity to which the MHC class II molecule can bind
to the epitope and the concentration of MHC class II molecules (Guardiola et
al. 1996). Modulation of MHC class Il expression may hence be important
for a well-functional immune system and polymorphism within the promoter
region may be of evolutionary importance, in addition to polymorphism
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commonly described within the PBR sites of the coding genes. Little is
known about this in general, and analyses of natural populations have been
absent.

Selection on MHC genes

The maximum number of MHC molecules that can be found within a single
individual is limited in comparison to, for example, the total possible number
of TCRs. Although MHC molecules are less specific in their epitope binding
capacity they may still restrict the flexibility of the immune system and its
ability to respond to the pathogens’ avoidance strategies. This limitation
makes them the target of strong selection; selection for high levels of genetic
polymorphism and selection for particular alleles to be maintained in the
population. Selection that acts in favor of polymorphism is called balancing
selection.

Although most MHC researchers agree that MHC polymorphism is main-
tained by balancing selection, in many cases it has been difficult to obtain
convincing evidence, as outlined in several reviews (Bernatchez and Landry
2003; Garrigan and Hedrick 2003; Hughes and Yeager 1998; Meyer and
Thomson 2001; Piertney and Oliver 2006). Different approaches to test for
selection are used depending if one wishes to infer selection in the contem-
porary population, that is, in the current generation or to infer selection over
the history of populations or selection over the history of species (Garrigan
and Hedrick 2003; Piertney and Oliver 2006). A common problem faced is
that selection acts most efficiently in large populations. In smaller and fluc-
tuating populations stochastic events such as random genetic drift may often
override any effects of selection. Furthermore, inferences of selection should
consider over what period of time does selection need to act to leave behind
a detectable signal and over what period of time reduced selection is needed
for a signal to be erased (Garrigan and Hedrick 2003). These factors are par-
ticularly important for inferences of selection acting on the current genera-
tion from effects on genotypic frequencies and fitness of heterozygotes
(Piertney and Oliver 2006). Below, I have described some observations that
have often been used to infer the presence of balancing selection. These ob-
servations may also help us understand the source of polymorphism at MHC
genes. Correlating the observations with the function of the MHC helps to
support the theory of positive natural selection as the driving force in shap-
ing the genetic patterns of this specific genomic region.

1. Substitution rates

For the majority of protein coding genes, any mutation within the coding
sequence that affects the properties of the gene product will result in reduced
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fitness and will be lost due to purifying selection. However, at PBR sites of
MHC genes, selection works to favor such property changes.

For a nucleotide substitution to be subjected to any kind of selection it has
to change the amino acid residue and hence the protein structure. Such muta-
tions are called non-synonymous substitutions. In contrast, synonymous
substitutions maintain the same amino acid and hence are selectively neutral,
and represent the underlying mutation rate. The rate of non-synonymous
substitutions (dy) (number of non-synonymous substitutions/non-
synonymous site) is often compared to the synonymous substitution rate (ds)
(number of synonymous substitutions/synonymous site) to test for the direc-
tion of selection (Hill and Hastie 1987; Hughes and Nei 1988). Under neu-
trality, in which no selection is acting, dy is expected to be equal to ds. If the
changes are disadvantageous and purifying selection operates, dy is smaller
than ds (dn/ds < 1). In the case of MHC where selection acts in favor of ami-
no acid changes, dy is higher than dg (dy/ds > 1), which indicates positive
selection. There are different kinds of positive selection, such as directional
selection when a single variant is selected and eventually becomes fixed in
the population. However, the type of selection acting on PBR sites of MHC
molecules is balancing selection, which acts to establish the variant at an
equilibrium frequency and hence maintain nucleotide polymorphism within
the population (Hughes and Nei 1988; Hughes and Nei 1989) (Figure 4).

The high degree of polymorphism in MHC genes could be explained by a
high mutation rate. However, Hughes and Nei (1988; 1989) showed that dy
only exceeds dg at the gene region coding for the PBR of the molecule. They
also showed that the ds value did not differ from other genes, thus reflecting
a normal mutation rate. Hence, MHC polymorphism is specifically related to
peptide binding and not to the genes in general.

A significant dn/ds ratio requires a considerably long period of time of
mutation and selection. Garrigan and Hedrick (2003) showed with computer
simulations that it is possible to achieve dy/ds ratio significance in the range
of 10 000 generations if the population size is large and selection strong.
However in most cases it would take hundreds of thousands of generations.
Furthermore, Garrigan and Hedrick’s (2003) simulations showed that it takes
even longer for the dy/ds ratio to lose its significance if selection is lost.
Therefore, using the dy/dg ratio as an estimator of balancing selection says
little about the current state in the population. However it provides informa-
tion that a MHC gene of a certain species has been under balancing selection
during the history of that species or even pre-dating that species.

2. Trans-species polymorphism

Under neutral expectations, the number of generations for all alleles within a
species to be traced back to a common ancestor is four times the effective
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Figure 4. Outcome of selection acting on a new mutant (star) allele in a large popu-
lation. dy non-synonymous substitution rate, dg synonymous substitution rate

population size (N), on average. This implies that if two species have been
separated for more than 4N, generations, all alleles in one species are more
related to each other than to any allele in the other species. However, in the
presence of balancing selection, as for MHC, alleles may persist for much
longer periods of time, enabling alleles from different species to be more
related than alleles from a single species (Takahata and Nei 1990). Conse-
quently, in a phylogenetic tree, MHC alleles will cluster according to allelic
lineages and not according to species. This has been shown, for example, in
several studies on humans and chimpanzees (e.g. Gyllensten and Erlich
1989; Mayer et al. 1992), mice (McConnell et al. 1988), fish (Garrigan and
Hedrick 2001; Graser et al. 1996) and birds (Richardson and Westerdahl
2003). This is referred to as trans-species polymorphism or trans-species
evolution and implies that a lot of the variation that we see in MHC genes
today is derived from ancestral species and not generated in each species
following speciation (Figueroa et al. 1988; Klein 1987). The trans-species
evolution theory is supported by unexpectedly large genetic distances be-
tween alleles, that is the number of nucleotide differences between them is
often greater than expected for alleles within a species (Klein et al. 1998).
Polymorphism has accumulated over long time and this is thought to be the
most important way through which polymorphism has arisen. Like dn/ds
ratios, trans-species polymorphism also indicates balancing selection over
long history of time and is not useful at a short time scale.

There are other theories that have been proposed to explain the origin of
diversity at MHC genes. Exchange of sequences, such as interlocus recom-
bination and gene conversion, can shape variation at MHC alleles. It can
result in alleles of a more recent origin showing divergence that otherwise
would result from substitutions accumulating over long periods of time, as
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indicated by trans-species polymorphism (Martinsohn et al. 1999). Although
this mechanism is likely not the most important mechanism in which MHC
polymorphism is derived, it may explain occasional patterns in localized
regions (Bergstrom et al. 1998).

3. Allele frequency distribution and heterozygosity

For neutral genes, the normal pattern is to find a very common allele and
some very rare variants. However in the presence of balancing selection,
most alleles are instead found at intermediate and similar allele frequencies
and we see few common alleles as well as few rare alleles. This has been
demonstrated for MHC genes of many human populations (Hedrick and
Thomson 1983).

Several alleles occurring at intermediate allele frequencies will result in
an excess of heterozygotes and a lower level of homozygotes compared to
that expected under neutrality. Under neutrality, when mutation and genetic
drift are the only forces acting, there is an equilibrium distribution for hete-
rozygosity, which will depend on the number of alleles at a given sample
size (Watterson 1978). Higher than expected levels of heterozygosity has
been interpreted as an indication of balancing selection. This can be assessed
by tests of neutrality, such as the Ewens-Watterson test of neutrality, which
is a statistical test in which homozygosity statistics from the data are com-
pared to expected values under the null hypothesis of neutrality (Watterson
1978). Compared to the methods described above, this approach may allow
for identification of balancing selection over a somewhat shorter time frame,
such as over the history of populations of a given species.

It is important however to consider factors other than selection, which
may affect allele frequencies and heterozygosity levels. Gene flow between
populations may increase the number of rare alleles and hence result in an
underestimation of increased heterozygosity as a result of balancing selec-
tion (Meyer and Thomson 2001). Population bottlenecks may also alter al-
lele frequencies, with alleles lost more rapidly than heterozygosity is reduced
and hence there would be an overestimate of the true signal of selection
(Garrigan and Hedrick 2003). The Ewens-Watterson test of neutrality as-
sumes that population size has remained constant over time, which is rarely
true in natural populations (Garrigan and Hedrick 2003; Piertney and Oliver
2006). A common way to separate the effects of selection from demographic
effects is to compare the patterns observed for MHC genes with those from a
neutrally evolving marker such as microsatellites or mitochondrial DNA
(mtDNA). Such neutral markers are only expected to be influenced by de-
mographic factors and deviations between such markers and MHC can thus
be attributed to selection (Garrigan and Hedrick 2003; Piertney and Oliver
2000).
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Another way to show recent positive selection is to assess the conserva-
tion of MHC haplotype backgrounds. Single nucleotide polymorphisms
(SNPs), which capture surrounding genetic variation, can be used to con-
struct extended haplotypes and extended haplotype homozygosity (EHH)
can be calculated to estimate the level of conservation. The extended haplo-
types are sorted according to the sequence of a specified core region, which
can be anything from a single SNP site to a large genomic region. EHH is
the probability that two randomly chosen chromosomes (with identical core
regions) are identical by descent and hence shows the transmission of an
extended haplotype through time without recombination events (Sabeti et al.
2002). EHH is measured for each SNP site along the extended haplotype and
the decay of EHH can be plotted against the distance from the selected core
region. Unusually high EHH and a high frequency for a core haplotype, for
example a specified MHC allele or the sites of a PBR region, indicates the
presence of a mutation(s) that spread in the gene pool faster than expected
under neutrality (Sabeti et al. 2002). In the absence of selection, high fre-
quency alleles are expected to have been retained in the population suffi-
ciently long for EHH to decay through recombination events. This method
has been used to identify several alleles within the MHC region of humans,
which show evidence of recent selective sweeps (de Bakker et al. 2006).

What drives balancing selection?

It is well recognized that MHC variation is maintained by balancing selec-
tion. However, there have been several theories postulated about the driving
force behind this selection. The theories can be largely summarized into two
types of mechanisms, disease-based and reproductive mechanisms
(Bernatchez and Landry 2003; Meyer and Thomson 2001; Piertney and
Oliver 2006). Disease-based theories are based on the assumption that a spe-
cific MHC allele is favored because of its ability to better recognize and bind
a pathogen to trigger the immune system and hence provide protection from
that pathogen.

An early disease-based theory, which attempted to explain the high MHC
polymorphism, was presented by Doherty and Zinkernagel (1975). They
claimed that, in a population exposed to a varied repertoire of pathogens, it
would be advantageous for an individual to be heterozygous at MHC loci
because each MHC molecule can recognize only a limited number of patho-
gens. Having a more varied array of MHC molecules would make an indi-
vidual less vulnerable to various infections. This heterozygote advantage is
often referred to as overdominant selection. In its simplest form it is assumed
that all heterozygotes have equal and high fitness while all homozygotes
have equal and low fitness. Takahata and Nei (1990) showed that this model
could very well explain the persistence of alleles over time as indicated by
trans-species polymorphism and the accumulation of mutations, which cause
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large number of differences between alleles. However, the assumption of
equal fitness for all heterozygotes (and all homozygotes) is not realistic and
the overdominance model has been criticized as a non-realistic explanation
of the selection-driving force (De Boer et al. 2004).

It has also been argued that, for the individual, high fitness is correlated
with an optimal number of MHC alleles rather than maximum number. The
reason for this is explained in terms of a trade off between having immu-
nological flexibility provided by high genetic diversity at MHC and the
higher risk of reaction against self-peptides that diversity brings (Kalbe et al.
2009; Nowak et al. 1992). Nevertheless, empirical studies have in some cas-
es shown heterozygote advantage. An example, which will be discussed
later, is HIV infected patients and their progression into aids (Carrington et
al. 1999). Another is the association between the number of MHC alleles and
the prevalence of avian malaria infection (Westerdahl et al. 2005). In a popu-
lation of water voles with two MHC alleles, heterozygote individuals were
more resistant to parasite infection than either of the two homozygotes, giv-
ing strong support to the overdominant theory in a straightforward case
(Oliver et al. 2009).

Another disease-based theory, which has received extensive attention, is
the negative frequency dependent selection theory. In this model, genotype
fitness values are not fixed but change in proportion to allele frequencies. If
a new pathogen is introduced or if a rare pathogen increases in frequency or
if an established pathogen changes through mutation, a previously rare MHC
allele which can recognize the pathogen would increase in fitness and hence
in frequency. There will be a cyclic process of fitness values for both host
genotypes and pathogen genotypes or pathogen types, where MHC allele
frequencies fluctuate in time as pathogens adapt to them or are replaced by
others (Clarke and Kirby 1966; Takahata and Nei 1990). Theoretically, it has
been shown that these cycling processes could maintain many alleles in the
population over time (Borghans et al. 2004).

A third disease based theory is the fluctuating selection hypothesis, which
suggests spatial and temporal heterogeneity among pathogens so that the
selective advantage of different MHC genes fluctuates in time or space over
the life time of individuals or over the geographical range of a population
(Hill et al. 1991). Compared to the negative frequency dependent theory, this
model does not assume co-evolution between host and pathogen as the de-
termining factor for pathogen fluctuations but allows for external factors to
decide the distribution of pathogens (Spurgin and Richardson 2010).

The disease-based mechanisms have often been difficult to prove in spa-
tial populations. The relative contribution of overdominance, negative fre-
quency dependent selection and fluctuating selection has been widely dis-
cussed and in most cases all three mechanisms could explain observed pat-
terns of genetic variability at MHC loci in empirical studies (Spurgin and
Richardson 2010). There is also disagreement regarding how large the selec-
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tion coefficient needs to be to explain the long coalescence times of alleles
(Meyer and Thomson 2001; Piertney and Oliver 2006). Evidence for asso-
ciations between particular MHC alleles and resistance to infectious diseases
have, however, been shown in several natural populations (e.g. Langefors et
al. 2001; Lohm et al. 2002; Meyer-Lucht and Sommer 2005; Paterson et al.
1998; Schwaiger et al. 1995).

As an alternative to pathogen-based models, various reproductive me-
chanisms have also been proposed to account for the polymorphism found at
MHC genes. Mate choice based on MHC has been demonstrated in, for ex-
ample, laboratory and wild mice (Egid and Brown 1989; Yamazaki et al.
1983), reviewed in Jordan and Bruford (1998). By disassortative mating,
there is a reduction in the number of homozygotes and it is less likely that
alleles are lost because of drift and can therefore be maintained in the popu-
lation for a longer time (Hedrick 1992). MHC-based selective mating could
be a mechanism to avoid inbreeding more generally, as MHC loci are highly
polymorphic and individuals that share MHC alleles are very likely to be
related (Potts et al. 1994).

It has also been suggested that interactions between a mother and her fe-
tus can play a role in the maintenance of MHC polymorphism (Clarke and
Kirby 1966). If a fetus has increased fitness when it has a MHC type that
differ from its mother, the number of homozygous births will be reduced and
the effect could explain a long coalescence time for alleles (Hedrick and
Thomson 1988). In humans, it has been shown that spontaneous abortions
are more common among couples that share the same MHC alleles (Thomas
et al. 1985). It could be that a homozygous fetus is negatively selected due to
direct effects of MHC but an alternative explanation is that it is more likely
to be homozygous at nearby recessive deleterious loci and therefore have
lower survival.

Reproductive mechanisms have been criticized due to the weak connec-
tion between them and the function of MHC in the immune system, and pa-
thogen-based models are currently accepted to be the primary driving force
of balancing selection. However, reproductive mechanisms may very well
still contribute to shaping the patterns of polymorphism at MHC.

Factors affecting MHC polymorphism

As described previously, the signal of balancing selection is not always easi-
ly detected for MHC genes. Indeed, for some species (or populations), varia-
tion at the MHC is actually quite limited compared to related species (popu-
lations).

By far the most common reason to why selection has been insufficient to
shape patterns at MHC genes is that in small populations, demographic
processes may be a much greater force than selection in influencing the level
of MHC polymorphism. This does not imply that balancing selection is re-
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duced but signifies that the power of genetic drift has been stronger than the
power of selection (Edwards and Potts 1996; Hedrick et al. 2001b). In such
populations, reduced MHC polymorphism is correlated with low genetic
variation across the whole genome. Endangered species with a very low
population size have been shown to possess low levels of MHC polymor-
phism. For example, cheetahs (Aconyx jubatus) show low MHC diversity,
which correlates with a genome-wide loss of diversity (O'Brien et al. 1985).
A similar process has been shown for small, isolated populations of the Aus-
tralian bush rat (Rattus fuscipes greyii) (Seddon and Baverstock 1999). Also,
historical events such as bottlenecks can be reflected in the level of MHC
polymorphism (Ellegren et al. 1993; Mikko and Andersson 1995). In many
European species of plants and animals, the level of genetic variation has
been affected by repeated bottlenecks associated with glacial periods (Hewitt
1999; Taberlet et al. 1998), although the effect on their MHC diversity is
unknown.

Given that balancing selection is the mechanism maintaining MHC poly-
morphism, it is reasonable to expect that factors affecting the strength of
selection would also affect the level of polymorphism at MHC genes. As-
suming disease-based mechanisms as the driving force behind balancing
selection, the load of different pathogens could affect the level of variation
(Edwards and Potts 1996). Low levels of MHC variation have been found in
several marine mammals (Murray et al. 1995; Slade 1992; Trowsdale et al.
1989) and it was hypothesized that low exposure to parasites in marine envi-
ronments compared to terrestrial environments would reduce the selective
pressure for maintaining high MHC polymorphism in marine mammals.
However not all studies on marine mammals support this view (Hoelzel et al.
1999; Murray and White 1998). A study by Wegner et al. (2003) investigates
the relationship between MHC diversity in three-spined sticklebacks and
parasite diversity in different habitats. They confirm an association between
MHC polymorphism and parasite diversity and show that there are only
small differences in microsatellite polymorphism between the different habi-
tats. This study supports the hypotheses that parasite load can influence
MHC variation.

Why study MHC variation

Researchers have been interested in learning about MHC polymorphism for
a number of different reasons.

1. MHC genes have often been stated as an excellent candidate gene for
learning about natural selection and its influence on local adaptation in natu-
ral populations (Hedrick 1994). Studies from MHC may help us understand
the factors that affect the strength of selection and how selection interacts
with other forces such as drift. Further, the power of statistical tests to detect
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selection can be evaluated by using the MHC (Garrigan and Hedrick 2003)
and later applied when testing for selection in other parts of the genome
where the signal of selection may not be as strong.

2. One may take advantage of the large genetic variability and the old al-
lelic age offered by MHC genes. By using distribution patterns of a marker
at which alleles persist over long time, conclusions may be drawn about
historical events for which traces have been erased by drift through time in
other genes. MHC alleles have, for example, been used to estimate effective
population size in humans (Klein et al. 1990). Another example is Vila et al.
(2005) who used MHC diversity to estimate the number of founders in the
domestication of dogs from wolves.

3. In conservation genetics, MHC genes are considered as a possible can-
didate gene that has the potential to directly affect disease resistance and
reproductive success. However, MHC polymorphism may also provide valu-
able information about genetic variability in general (Edwards and Potts
1996). Hughes (1991) proposed that work concerning protection of endan-
gered species and captive breeding programs should put MHC diversity as a
central factor. Although, most conservation geneticists would agree that
MHC polymorphism is relevant to consider, most would probably be cau-
tious in placing too much emphasis on MHC variability considering the
complexities of spatial fitness effects at the MHC (Edwards and Potts 1996).
Nevertheless, parasites constitute a threat to endangered species, especially if
a pathogen introduced to the environment is a novel threat for the endan-
gered species. For example, Hedrick et al. (2001a) showed that the endan-
gered fish Gila topminnow suffered from infections spread through occa-
sional contact with guppies. Inbred strains and individuals homozygous for
MHC had lower survival than outbred controls and heterozygotes, which
could be attributed to lack of important MHC genes or to low genetic varia-
tion in general. Similar results were obtained for an endangered salmon spe-
cies (Arkush et al. 2002).

4. From a medical point of view, MHC allele or MHC haplotype associa-
tions are central to many diseases. For example, there is a clear association
between MHC type and the progression of HIV infection into aids. Carring-
ton et al. (1999) found that HIV patients homozygous for MHC class I loci
and/or with two specific class I alleles progressed to aids faster than HIV
patients who were heterozygous for MHC class I loci or who lacked the two
aids-associated alleles. Similarly, both MHC class I and class II alleles have
been associated with protection from severe malaria infection (Hill et al.
1991).

There are also many examples of associations between MHC type and
non-infectious diseases including many autoimmune diseases (Caillat-
Zucman 2009; Shiina et al. 2004). One example is the association between
DR and DQ alleles and insulin-dependent diabetes (diabetes type 1). DR/DQ
haplotypes have been associated with increased susceptibility to, as well as
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protection from, diabetes type 1 in humans (Erlich et al. 2008) and also in
dogs (Kennedy et al. 2006). In some cases single amino acid polymorphisms
have been shown to influence diabetes type 1 susceptibility patterns (Erlich
et al. 2008). The association between MHC types and diseases are however
rarely straightforward; individuals carrying an allele/haplotype associated
with protection from a disease may still develop the disease and vice versa.
Environmental factors, apart from genetic factors, often contribute to the
susceptibility to autoimmune diseases (Caillat-Zucman 2009). Furthermore,
strong LD makes it problematic to determine whether the cause of associa-
tion to a disease depends on changes in the sequence of the protein binding
regions (encoded by exon 2) of these genes or in nearby regions. Erlich et al.
(2008) highlight the possibility that polymorphism in MHC regions other
than the exon 2 alleles of DR and DQ could be important for diabetes type 1
susceptibility.

Abnormal expression of MHC class II has also been suggested to be asso-
ciated with autoimmune diseases (Guardiola et al. 1996). An up-regulation
of MHC class II and hence increased signal strength may direct the immune
response towards a cellular (TH1) response (Baumgart et al. 1998). In turn, a
bias towards a cellular response could predispose those individuals to au-
toimmune diseases (Mueller-Hilke and Mitchison 2006). An example is the
correlation between MHC class II expression patterns and the susceptibility
to, as well as the progression of, rheumatoid arthritis (Heldt et al. 2003). It
has been hypothesized that balancing selection acts on the promoter regions
to obtain an appropriate TH1/TH2 balance and hence maintain promoter
polymorphism within the population (Mitchison et al. 1999; Mueller-Hilke
and Mitchison 2006). Deviations from normal MHC class II expression pat-
terns have also been associated with diseases such as severe immunodefi-
ciency resulting from defects in the regulatory mechanisms of MHC class 11
expression (Mach et al. 1996; Mach et al. 1994).

Studied species

Below I have described relevant background information for the species
studied in this thesis.

European hedgehogs

In Europe, there are two parapatric species of hedgehogs, the brown-breasted
Erinaceus europaeus and the white-breasted E. concolor (Reeve 1994). E.
europaeus is usually found in western Europe while E. concolor is found in
eastern Europe. In hedgehogs, as in many other European species, the level
and distribution of genetic variation has been strongly affected by repeated
glacial periods (Hewitt 1999). Seddon et al. (2001) and Santucci et al. (1998)
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showed a deep split between the two species using mtDNA haplotypes. Fur-
ther subdivisions within the species were also identified, reflecting post-
glacial colonization patterns. As for other animals, it is assumed that genetic
diversity is highest in the regions where the hedgehogs survived during ice
ages and from where they expanded during inter glacial periods (Hewitt
1999; Taberlet et al. 1998). Iberia, Italy and the Balkans constituted the most
important refugia for European hedgehogs (Santucci et al. 1998; Seddon et
al. 2001).

Both species are hibernating animals. During hibernation body tempera-
ture and many physiological systems such as the immune system, are greatly
affected (Boyer and Barnes 1999; Burton and Reichman 1999).

Samples from both European species of hedgehogs have been used in this
study.

Dogs

Dogs (Canis familiaris) were domesticated from grey wolves probably at
some point between 15 000 and 100 000 years ago. The precise point in time
has been widely discussed (Lindblad-Toh et al. 2005; Savolainen et al. 2002;
Vila et al. 1997). Nonetheless, the domestication of dogs predates that of
other domesticated animals, such as cattle, pigs, horses and chickens
(Bruford et al. 2003). The first dog domestication event probably took place
in East Asia as suggested by the distribution of genetic diversity (Savolainen
et al. 2002). However, the number of founder events and the number of
founders involved in the events has been a question of debate. Studies in
which mtDNA has been used as a genetic marker suggest between four and
six founder events (Savolainen et al. 2002; Vila et al. 1997). However, ge-
netic diversity of this marker may have been lost through drift over time.
Vila et al. (2005) used MHC diversity to estimate the number of founders
and suggested an absolute minimum of 19-32, probably up to hundreds,
founders of the dog population. The relatively large number of founders may
be explained by a large original domestication event with many wolves con-
tributing with genes to the dog gene pool or more likely by continuing hy-
bridization between dogs and wolves (Vila et al. 2005). It is commonly
known that dogs and wolves hybridize to produce fertile offspring (Verardi
et al. 2006; Vila et al. 2003) and continued backcrossing was likely.

Dogs constitute the morphologically most diverse mammal species and
we recognize hundreds of dog breeds, most of which are less than 150 years
old (Ostrander and Wayne 2005; Parker et al. 2004). In evolutionary terms
this is a very short time. Nevertheless, the formation of breeds has had a
major effect on the distribution of genetic variability among dogs. For a
puppy to be registered to a certain breed, it is required that both parents be-
long to that same breed (Ostrander and Wayne 2005; Parker et al. 2004).
This requirement has resulted in limited or no gene flow between breeds and,
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as a consequence, reduced genetic variability within breeds and genetic dif-
ferentiation among breeds (Lindblad-Toh et al. 2005; Ostrander and Wayne
2005; Parker et al. 2004; Sutter et al. 2004).

The dog genome has been subjected to strong evolutionary forces as there
has been strong artificial selection for traits associated with morphology and
behavior (Saetre et al. 2004; Svartberg 2006). Such strong artificial selection
on morphological and behavioral traits may have caused reduced selection
on other traits. Bjornerfeldt et al. (2006) suggested that relaxation of selec-
tive constraint may have allowed accumulation of slightly deleterious muta-
tions in the mitochondrial genome of dogs. The results were supported by
Cruz et al. (2008) who used whole-genome SNP data to show that the dy/ds
ratio is 50% higher in dogs than in wolves. Strong selection is expected to
affect not only the selected locus but also nearby regions through genetic
hitchhiking. Through a selective sweep, regions surrounding a selected re-
gion may lose their genetic variability and high LD with the selected region
results (Kim and Nielsen 2004). However, it has been suggested that for
artificial selection associated with domestication, the target region for selec-
tion may have been selectively neutral prior to domestication and the reduc-
tion of surrounding genetic variability may be less than from sweeps caused
by natural selection (Innan and Kim 2004).

The dog genome has also been strongly influenced by drift as a result of
strong bottlenecks in the early domestication of dogs and in the later forma-
tion of breeds. Gray et al. (2009) modeled the demographic patterns asso-
ciated with the bottlenecks of domestication and breed formation. The au-
thors reached the conclusion that the contraction as a result of the domestica-
tion resulted in only a modest reduction in nucleotide diversity compared
with the contraction associated with breed formation. This may be explained
by the potentially large degree of back-crossing between wolves and dogs as
suggested from MHC data (Vila et al. 2005). A consequence of the bottle-
necks is high LD within breeds, often 10-100 times more extensive than that
found in humans (Gray et al. 2009; Lindblad-Toh et al. 2005; Sutter et al.
2004). The number of breed founders as well as the current and past popular-
ity of a breed is reflected in the extent of LD (Gray et al. 2009; Lindblad-
Toh et al. 2005; Sutter et al. 2004). Gray et al. (2009) concluded that the
patterns of LD reflect population history in a similar way to nucleotide di-
versity levels.

One may take advantage of high LD when it comes to disease association
mapping. In combination with haplotype sharing between breeds, high LD
allows for disease association mapping with much fewer markers compared
to the numbers of markers required in association studies of humans
(Lindblad-Toh et al. 2005; Ostrander and Wayne 2005; Parker et al. 2004;
Sutter et al. 2004). Dogs share many diseases, such as cancer, heart diseases
and immune related diseases, with humans (Ostrander and Giniger 1997).
For example, human autoimmune diseases such as type 1 diabetes, rheuma-
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toid arthritis, haemolytic anaemia and Hashimoto’s disease all have equiva-
lents that are common in many dog breeds (Kennedy et al. 2007b). The re-
lease of the dog genome sequence (Kirkness et al. 2003; Lindblad-Toh et al.
2005) has enabled extensive evolutionary research on the dog genome and
has further facilitated the dog as an excellent model organism for learning
about selection processes as well as disease associations.

The samples used in this thesis come from various breeds from Scandina-
via (paper I, IIl and V) and from Australia (paper IV).

Grey wolves

The wild progenitor of dogs, the grey wolf (Canis lupus), was once distri-
buted across most of the Northern Hemisphere. However, during the last
centuries the distribution area has been drastically reduced, leaving geo-
graphically and genetically isolated populations (Wayne et al. 1992). As for
other species, wolves have been affected by glacial periods. However, be-
cause of high mobility in between glacial periods, some adaptation to living
in glacial regions and changes of habitat distribution there is a lack of histor-
ical phylogeographical structure (Vila et al. 1999).

Based on a study of mtDNA, the total effective population size of female
wolves was estimated to be 173 000 individuals, giving a total estimated
population size of approximately a million wolves throughout the world.
However, this is likely to be an overestimate because wolves are well sur-
veyed and because the population declines are recent, resulting in high
worldwide genetic variability that has not yet been affected by drift (Vila et
al. 1999). The true worldwide population size is probably not more than
300 000 individuals (Vila et al. 1999).

In North America there is a large and continuous population distribution
reaching throughout Alaska and Canada (Roy et al. 1994). In Europe the
population is much more fragmented with recent bottlenecks (Ellegren et al.
1996; Wayne et al. 1992). By using samples from locations throughout Eu-
rasia and North America, Vila et al. (1999) showed little genetic differentia-
tion between wolves on both a regional scale as well as over continents.
However they found indications of a local genetic structure as a consequence
of recent restricted gene flow. In a similar way as for dogs, demographic
history is reflected in the level of LD. Gray et al. (2009) showed that LD
(measured as r* = 0.2) reached less than 10 kilo base pairs (kb) among
wolves from Alaska, Canada and Yellowstone, compared with wolves from
Spain and Sweden among which LD reached approximately 1 Mb, that is,
100 x longer.

The wolf samples used in this study come from the Finnish/Russian wolf
population. Aspi et al. (2006) showed that wolves from Finland have kept
their genetic variation in spite of rapid population decline during the last 150
years. Furthermore, there was no strong evidence of inbreeding. The Finnish

27



wolf population is connected with the Russian wolf population, which has
also been affected by population declines (Pulliainen 1980). Aspi et al.
(2006) also showed that, although a conservation management program has
allowed for an increase in total population size during the last decade, the
effective population size has not increased. This could be explained by in-
creased isolation. The dispersal distances of Finnish wolves seem to have
decreased over recent times (Aspi et al. 2006; Kojola et al. 2006). Shorter
dispersal distances may lead to a more rapid loss of genetic diversity
(Leonard et al. 2005). Nonetheless, the Finish/Russian wolf population still
constitutes a genetically variably wolf population, with expected heterozy-
gosity levels exceeding those of other European populations and most North
American populations (Aspi et al. 2000).
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Research aims

In my research I have tried to understand how evolutionary forces act to
shape the genetic patterns of MHC class II genes. I have a combined re-
search interest in evolutionary biology, conservation management and im-
munogenetics. For me, MHC is a natural choice of genetic system to use for
a variety of purposes and the core of this thesis is to increase the understand-
ing of MHC class II genes, how they evolve and how they can be used in
various fields of research.

A specific interest has been to understand more about the evolution of
MHC gene expression as | believe that changes in regulatory features of
genes may be of even greater adaptive importance than changes of protein
encoding genes themselves. Obviously, genetic regions involved in gene
expression regulation are also subjected to evolutionary forces such as drift
and selection. Although the regulatory features controlling MHC class II
gene expression have been well characterized in human and laboratory mice,
little is known about how evolutionary forces act on these elements in natu-
ral populations. To take it another step further, I was also interested to sur-
vey if and how protein encoding MHC genes and regulatory elements of
MHC genes co-evolve. I believe that the integration and association of gene
evolution and gene regulatory element evolution is central and significant in
both biological and medical science.

Specific research aims:

Paper I

e Take advantage of the high level of MHC gene inter-species conserva-
tion to derive MHC class II exon 2 gene sequence from a previously un-
surveyed species, in this case from two species of European hedgehogs.

e Use the old allelic age of MHC genes to improve the knowledge of phy-
logeographical patterns associated with glacial and inter glacial periods.

e Study how evolutionary forces such as selection and demography have
contributed to shaping genetic patterns at exon 2 of MHC genes in hed-
gehogs.
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Paper 11

Characterize MHC class II promoter sequences in Swedish dogs and
Russian/Finnish wolves to detail the level and the location of polymor-
phism within these important gene regulatory elements.

Paper 111

Evaluate the signature of selection on promoter and exon 2 sequences in
dogs and wolves.

Survey haplotypic association patterns between DQBI exon 2 alleles and
promoter variants and test how evolutionary forces associated with do-
mestication and breed formation have influenced these patterns.

Analyze phylogenetic relationships among promoter variants and exon 2
alleles as well as relationships among promoter/exon 2 haplotypes.

Paper 1V

Use SNP markers to determine the evolutionary history of MHC class 11
haplotypes to distinguish between conserved and convergent extended
haplotypes in dogs.

Apply the above information to analyze disease associations using di-
abetes mellitus as an example.

Sequence the DOBI promoter region of dogs with diabetes mellitus and
Australian control dogs to identify disease associated/geographically as-
sociated promoter variants.

Paper V

30

Analyze how evolutionary forces, such as drift and selection associated
with dog domestication, have affected MHC class II haplotypes, the as-
sociation of exon 2 alleles and their genetic background, defined by ex-
tended SNP haplotypes.

Further explore the processes involved in the generation and mainten-
ance of MHC class II haplotypes.



Research investigations

The research investigations included in this thesis are presented as publica-
tions/manuscripts later on in this thesis. However, below I have described
and discussed the background, the methodology and the results, putting my
personal research aims in focus. Some details, especially concerning the
methods, have been left out here while other aspects are presented or dis-
cussed more thoroughly.

Paper I - Understanding the phylogeographic patterns of
European hedgehogs, Erinaceus concolor and E.
europaeus using the MHC

In this study we derived the first MHC sequences from hedgehogs. We had
access to information from mtDNA and also preliminary results from a nu-
clear intron sequence from the same samples. Results from mtDNA sug-
gested a deep split between E. concolor and E. europaeus and further subdi-
visions within the species that corresponded to postulated glacial refugial
regions (Santucci et al. 1998; Seddon et al. 2001). However, the preliminary
results from nuclear sequence data failed to divide E. europaeus into differ-
ent monophyletic subgroups. We intended to analyse how information from
an additional nuclear marker with old allelic age could complement previous
knowledge about hedgehog phylogeographical patterns associated with gla-
cial periods.

We also wanted to explore the evolutionary forces that may have acted on
MHC genes in hedgehogs. In particular, we wanted to investigate whether
hibernation can affect the selection pressure on MHC genes. During hiberna-
tion, the immune system is severely suppressed (Burton and Reichman
1999). Hibernating animals seem to have evolved a system making it possi-
ble to defeat pathogens in spite of immunosuppression through the manipu-
lation of body temperature. By relying on an alternative way of pathogen
control, the selection pressure on MHC genes could be affected.
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Material and Methods

In total, 22 samples from E. concolor and 62 samples from E. europaeus,
were used in this study. Primers were designed to amplify DRBI, DQAI and
DQBI by aligning published sequences from several mammals. Samples
were sequenced and alleles were assigned in heterozygous samples using
single-strand conformation polymorphism (SSCP) (Orita et al. 1989) and/or
cloning.

PBR sites were assigned according to the predictions from human MHC
genes (Brown et al. 1988; Brown et al. 1993). Phylogenetic relationships
among alleles were analyzed in a neighbor-joining tree and the strength of
selection was tested using dy/ds estimates. The number of DQOBI alleles
compared to the number of mtDNA types (MHC/mtDNA ratio) was calcu-
lated from a resampled unbiased data set (Table 1).

Deriving MHC sequences from a new species

Amplification of DQAI and DOBI was successful. However, the amplifica-
tion of DRBI failed, most likely due to the lack of inter-species conserva-
tion. DRBI is the most variable locus and finding suitable regions for pri-
mers was indeed difficult. Because of this, primers may match the hedgehog
sequence poorly and so the polymerase chain reaction (PCR) products will
be non-specific. An alternative, but less likely explanation is that hedgehogs
might lack the DRBI locus. It is known that some species lack certain loci.
For example, the DQ locus is absent in cats (Yuhki et al. 2003).

Using MHC genes to understand phylogeographical patterns

The level of genetic diversity at DQAI was limited, with two alleles identi-
fied in each species. For E. concolor the geographical distribution of the two
alleles was clearly subdivided by the Bosphorus. For DOBI ten alleles were
found in E. concolor and six in E. europaeus. As for DOAI, there were no
shared alleles across the Bosphorus in E. concolor. However, there was not a
clear structure in relation to geographical barriers in E. europaeus. This was
in concordance with previous preliminary results from nuclear intron se-
quences but contradicted those of mtDNA. At the DOBI locus, E. concolor
showed greater variation than E. europaeus in number of alleles, nucleotide
diversity, heterozygosity and also the level of DQB] variation in comparison
to the level of mtDNA variation (Table 1). This difference was also observed
for the nuclear intron sequence data (Seddon et al. 2001). However, the in-
tra-species divergence, measured as number of nucleotide differences be-
tween alleles, was similar between the two species.

A possible explanation for the inconsistent pattern in mtDNA and nuclear
loci is that the sorting of alleles was a result of repeated refugial separation
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Table 1. Comparison between MHC (DQBI) and mitochondrial variation in hedge-
hogs

Species by N No. of No. of MHC/mt Unbiased
mtDNA group DQBI alleles mtDNA types = DNA MHC/mtDNA
E. concolor 22 10 22 0.455 0.608 + 0.0008
Cl 17 8 17 0.471
C2 5 2 5 0.400
E. europaeus 62 7 55 0.127 0.138 = 0.0002
El 39 4 38 0.105
E2 23 3 17 0.176

Unbiased MHC/mtDNA ratios were estimated by creating 10 000 data sets of 22 E. concolor
and 62 E. europaeus individuals by resampling with replacement. MtDNA groupings (E1, E2,
C1, C2) were based on Seddon et al (2001).

and associated population bottlenecks. Recent bottlenecks associated with
contractions to the refugia may have occurred at the same time in both spe-
cies, accounting for the subdivision of mtDNA. An additional older separa-
tion in refugia for E. concolor allowed sorting of nuclear alleles in that spe-
cies. A second explanation is a difference in past expansion patterns between
the species. Rapid expansion events result in a stronger founder effect and
thus more severe loss of genetic variation (Hewitt 1996; Ibrahim et al. 1996).
Repeated expansion events for E. europaeus would have resulted in a reduc-
tion in both MHC and mtDNA variation. In contrast, slower expansion pat-
terns for E. concolor in the past could have maintained MHC variation. Re-
cent bottlenecks must then have been mild, affecting only mtDNA, which
has an effective population size one-quarter that of nuclear DNA.

The use of MHC data, in addition to previous mtDNA and nuclear intron
sequence data, made it possible to draw more detailed conclusions about the
demographic changes associated with the glacial refugia and postglacial
expansion events. This study showed the importance of using more than one
marker in phylogeographic studies. As data from MHC and nuclear intron
sequence followed the same pattern, the difference observed between MHC
data and mtDNA data could be attributed to the difference between nuclear
DNA and mtDNA in general and not to the special characteristics of MHC.

Evolutionary forces acting on hedgehog MHC genes

As described above, the distribution of MHC variation in European hedge-
hogs has been affected by repeated glacial and inter-glacial events and de-
mographic events. Despite the dissimilarities described between MHC and
mtDNA, there were also similarities regarding, for example, geographic
distribution of alleles. Furthermore, the patterns of MHC followed those of
nuclear intron sequence data. As described in the introduction, comparing
MHC allele distribution patterns with those of a neutral evolving marker is
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useful when separating the effects of selection from demographic effects.
Concordance between MHC and the neutral markers used in the previous
study indicated that drift has been a more important evolutionary force than
selection in shaping the patterns of MHC variation in hedgehogs.

However, there was still evidence for how selection has acted on these
genes. For both DOAI and DQBI one allele was shared between the two
species, reflecting trans-species polymorphism. There was also a lack of
species-specific clades in a neighbor-joining tree. Together, these indicate
that alleles have persisted over long evolutionary time and signify evidence
of balancing selection over the history of the hedgehog species.

The use of dy/ds ratio differences between PBR and non-PBR sites (de-
scribed in the introduction) only signified the presence of balancing selection
for E. europaeus and not for E. concolor. For both species, there was a
strong bias towards PBR variability in the 5’ region of the exon, which en-
codes the B-floor of the peptide binding cleft and there was no or very low
variability at PBR sites in the a-helix encoding region. Furthermore, there
was higher nucleotide divergence calculated over all sites in the § than the a
regions, reaching significance in E. europaeus. Both the dy and the ds value
was higher in the B-floor encoding region than in the a-helix encoding re-
gion suggesting different evolutionary histories. We identified a previously
described recombination motif (Wu et al. 1986), constituting a breakpoint
between the B-floor encoding region and the o-helix encoding region. This is
probably an example how recombination events can cause relatively recent
changes in evolutionary patterns of MHC genes.

Furthermore, there is a possibility that hibernation could affect the selec-
tion pressure on MHC genes in hedgehogs. An alternative way of pathogen
control could result in reduced selection pressure in hedgehogs compared to
non-hibernating mammals and hence result in lower dn/ds ratio. Similar stu-
dies in other hibernating species would be needed to further test this hypo-
thesis.

Paper II - MHC promoter polymorphism in grey wolves
and domestic dogs

Previous studies from humans and mice have shown a significant level of
intra-species polymorphism in the proximal promoter regions of MHC
genes. Furthermore, they have also shown the importance of this polymor-
phism for MHC gene expression patterns. We were interested to study MHC
promoter polymorphism in an additional species and in natural populations.
As dogs have become an important model organism for evolution of human
immune-related diseases and the newly released dog genome enabled the
region to be amplified in Canids, we chose to detail the level and location of
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polymorphism in the proximal promoter sequence of dogs and grey wolves.
Furthermore, in dogs and wolves there are single functional genes for DRB,
DQA and DOB (Wagner 2003), which simplifies analyses of MHC polymor-
phism as problems with multi-copy loci are avoided.

Material and Methods

A total of 90 wolf samples from the Finnish/Russian wolf population and 90
samples from ten different breeds of Scandinavian dogs were used in this
study. The promoter regions of DRBI, DQAI and DQBI were amplified
using dog specific primers derived from previously published MHC se-
quences (Wagner et al. 1996a; Wagner et al. 1996b; Wagner et al. 1998) and
dog genome sequences (Kirkness et al. 2003). All samples were sequenced
and alleles from heterozygous individuals were resolved using SSCP (Orita
etal. 1989).

Pattern of promoter polymorphisms in dogs and wolves

Among all dogs and wolves, two promoter alleles for DRBI were shared
between the species. The two alleles differed at only one site, not localized
in any region of known importance. For DQAI, wolves were fixed for one
allele, which was also the most common among dogs. A second rare allele
was identified in a few dog breeds. The two DQA1 alleles were distinguished
by a substitution located within 3’ end of the T box. In contrast, DOBI
showed high levels of promoter polymorphism with nine alleles identified in
total. Six alleles were shared between wolves and dogs, one allele was iden-
tified only in dogs and two alleles were found only in wolves. The alleles
differed at six nucleotide sites and a four-bp indel. Two of these sites were
localized in the regions known to constitute binding sites for transcription
factors, the X1 box and the X2 box respectively (Glimcher and Kara 1992).

Low levels of polymorphism in DRBI promoter regions has been de-
scribed previously in humans (Kruger et al. 2001) and so has high levels of
DQBI promoter polymorphism (Andersen et al. 1991; Reichstetter et al.
1994). High levels of DOBI promoter polymorphism has also been found in
mice (Janitz et al. 1997; Mitchison and Roes 2002). The conserved pattern
between species may suggest that maintenance of constant DRB expression
is of importance for the immune system while varying expression patterns
and levels of DQBI is beneficial.

It is reasonable that polymorphism identified within the T box of the
DQAI promoter and within the X1 and X2 box of the DQBI promoter regu-
lates expression levels in a similar manner as has been shown in humans and
mice (Janitz et al. 1997; Woolfrey and Nepom 1995).

Dogs showed some breed specific patterns, such as fixation of a certain
allele. When considering breeds with at least two alleles, wolves showed
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higher heterozygosity than dogs. An overall high degree of allele sharing
between wolves and dogs is not surprising considering the relatively recent
divergence between the species.

Haplotypic associations between particular DQBI promoter alleles and
exon 2 alleles (available from Seddon and Ellegren (2002)) were suggested
from wolves that were homozygous at one or both loci. This was further
investigated in the forthcoming study.

Paper III - Allelic combinations of promoter and exon 2
in DOBI1 in dogs and wolves

We had demonstrated high levels of genetic variation in the proximal promo-
ter region of the DOBI gene in dogs and wolves, including polymorphism in
regions constituting binding sites for transcription factors. Hence, it is likely
that this polymorphism affects expression patterns of MHC genes. High
levels of intra-species variation suggested that altering expression patterns of
DQBI genes may have been evolutionary important. Hence, we hypothe-
sized that balancing selection operates on DQBI promoter sequences in a
similar manner as on peptide-binding regions of exon 2.

Paper Il indicated that there are haplotypic associations between promo-
ters and coding sequences of MHC DQBI genes, Haplotypic associations
between promoters and coding sequences of MHC genes could result in al-
lele-specific expression patterns. Under such a scenario, established combi-
nations of MHC coding sequence and promoter allele would be selectively
favorable. If the promoter sequence affects the level of transcription and
hence the resulting concentration of expressed DOBI molecules, it could
affect the TH1/TH2 balance and the direction of the immune reaction in a
way that would be beneficial to combat a pathogen recognized by the PBR
region of the linked coding region. Hence, associations between the promo-
ter and exon 2 can result from selective advantageous combinations of al-
leles. However, associations could also be attributed to any of the other ex-
planations that have been suggested to cause particularly high LD in the
MHC region (Raymond et al. 2005) or because of the close chromosomal
location (about 2 kb) between the promoter and exon 2. Furthermore, we
know that genome-wide LD within dog breeds is expected to be high (Gray
et al. 2009; Lindblad-Toh et al. 2005; Sutter et al. 2004).

In this study we compared the patterns of association of the promoter and
exon 2 alleles of the DOBI gene in dogs and wolves to determine the rela-
tive strength of their haplotypic structure. We also surveyed the evolutionary
forces that have acted on DQBI coding genes, DOBI promoters and DQOBI
promoter/exon 2 haplotypes.
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Material and Methods

A total of 85 wolves and 89 dogs, for which the DQBI promoter information
was available from the previous study, were used. Exon 2 of the DQBI gene
was amplified in all dogs and in those wolves for which this information was
not already available (Seddon and Ellegren 2002). Alleles from heterozygote
individuals were resolved by comparing the heterozygous sequences with
reported DLA DQBI alleles. Promoter/exon 2 haplotypes were assigned by
hand and also confirmed using Phase v 2 (Stephens and Donnelly 2003;
Stephens et al. 2001).

Unbiased data sets of haplotypes as well as random association data sets
of alleles were created by resampling haplotypes with replacement. The
number of haplotypes, promoter variants and exon 2 alleles, as well as the
average number of exon 2 alleles associated with each promoter variant (and
vice versa) for observed data and for the unbiased data set, were calculated.
The unbiased data set was also compared with the random association data
set to test how observed associations differ from random patterns. We in-
cluded comparisons with a dataset of a single breed, German shepherd dogs,
to ensure that values for the dogs were not influenced by admixture of
breeds.

Ewens-Watterson statistics was used to determine the strength of selec-
tion. Relationships among promoter alleles and the PBR sites of exon 2 were
determined using Median Joining networks and phylogenetic relationships
among promoter/exon 2 haplotypes were determined in a neighbor-joining
tree.

Signature of selection on promoter and exon 2 sequences

The results of the Ewans-Watterson’s test suggested that balancing selection
is acting on the DOB]I exon 2 sequences as well on the promoter region. The
signal of selection was in fact stronger for the promoter region than for the
exon 2 region in both dogs and wolves. These findings suggested that pro-
moter polymorphism might be of at least equal importance for the functio-
nality of the immune system.

Evolutionary effects on promoter/exon 2 associations

We observed fewer promoter/exon 2 haplotypes among dogs and wolves
than expected from the random association data set, which was expected
considering the close chromosomal location and high LD within the MHC in
general. Surprisingly, we found proportionally fewer haplotypes in wolves
than in dogs, suggesting weaker associations and linkage within dogs than
within wolves. The pattern for a single breed, the German shepherd, showed
the same pattern as for the mixed-breed data set, ruling out an admixture of
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breed effect. This is in contrast to what is known about the evolutionary his-
tory of the species. Dogs show high genome-wide LD levels, particularly
within breeds as a consequence of strong bottlenecks associated with domes-
tication and breed formation (Gray et al. 2009; Lindblad-Toh et al. 2005;
Sutter et al. 2004) while the historical population size of the Finnish/Russian
wolfs is large without reflections of inbreeding and fragmentation (Aspi et
al. 2000).

We suggested a few possible explanations for the observed differences
among dogs and wolves. Firstly, increased recombination, for example be-
cause of a recombination hotspot present in dogs but not wolves, or with
varying intensity, could explain less strict association patterns in dogs. Se-
condly, selection intensity to maintain allelic combinations of promoter and
exon 2 could be weaker in dogs. Reduced selection intensity could result
from either relaxation of selective constraint as a consequence of artificial
selection on other traits (Bjornerfeldt et al. 2006; Cruz et al. 2008) or be-
cause bottlenecks associated with domestication and breed formation re-
sulted in a predominance of genetic drift. A third possible, but probably less
likely, explanation is that substantial changes to the environment of dogs due
to domestication led to a wider range of selectively adapted haplotypes, giv-
ing the appearance of reduced linkage in dogs.

Phylogenetic relations among alleles and haplotypes

Promoter/exon 2 haplotypes were analyzed in a phylogenetic tree. The re-
sulting branching pattern showed two main clades. The upper clade was
predominately haplotypes from dogs while the lower clade had a greater
proportion of wolf haplotypes. Networks of promoter alleles and PBR sites
of exon 2 showed wolf alleles in more central positions and dog alleles in
more peripheral positions. These observations suggested that the polymor-
phism observed in wolf alleles has a more ancient origin than the polymor-
phism observed in dogs. This could support the idea that promoter/exon 2
association patterns in dogs have been affected by altered selection related to
domestication.
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Paper IV- Evolutionary history of DLA class Il

haplotypes in canine diabetes mellitus through SNP
genotyping

In dogs, as in humans, MHC class II haplotypes are most often defined by
the combination of alleles at exon 2 of DRBI, DQA1 and DOBI1 (Kennedy et
al. 2002; Kennedy et al. 2007a). Some of these haplotypes have been found
in divergent breeds from widespread geographical locations suggesting an
ancestral background and/or selectively favourable allele combinations. In
this study we analysed whether these exon 2 defined haplotypes share a
common genomic background and hence are true conserved haplotypes or
whether some exon 2 defined haplotypes are convergent haplotypes, in
which combinations of exon 2 alleles have arisen independently. To do this,
we constructed extended haplotypes using SNPs across the MHC class 11
region. We also defined and analysed LD blocks across the region.

Certain MHC class II haplotypes have been associated with diseases such
as diabetes type 1 in humans (Caillat-Zucman 2009; Knip and Siljander
2008) and its equivalence in dogs, diabetes mellitus (Kennedy et al. 2006).
In dogs, three DRBI/DQAI/DQBI susceptibility haplotypes and one
DQA1/DQBI protective haplotype have been identified (Kennedy et al.
2006). High LD makes it problematic to determine whether the cause of
association to disease depends on mutation(s) within the exon 2 of these
genes or in nearby regions. If haplotypes were convergent it would be diffi-
cult to detect associations with mutations outside exon 2 regions if the haplo-
types don’t share common genomic background. We used the extended hap-
lotypes to investigate this further.

As previous studies had revealed polymorphism within functional impor-
tant sites of the DQOBI promoter gene, this region was also amplified and
sequenced in a subset of the dog samples.

Material and methods

A total of 109 Australian pure-bred and cross-bred dogs were used in this
study. Of these, 60 had been diagnosed with diabetes mellitus while the re-
maining 49 dogs were of known healthy state. SNPs were detected by se-
quencing regions approximately every 6 kb across a region covering the
classical MHC class II loci. A total of 20 SNPs were selected for genotyping.
SNP genotyping was carried out using a variety of methods. One variable
site from exon 2 of DRBI, DQAI and DQBI respectively was also included
giving a total of 23 SNPs, which were used to construct extended haplo-
types. LD blocks were identified in the Haploview (Barrett et al. 2005). The
DQBI promoter region was amplified and sequenced in 43 samples of which
34 had been diagnosed with diabetes mellitus.

39



Conserved and convergent extended MHC class II haplotypes
and patterns of LD

Extended haplotypes were constructed from the 23 variable sites extending
from the DRA gene to beyond DQOBI covering all classical MHC class 11
loci. A total of 14 samples were homozygous for exon 2 of all three (DRBI,
DQAI and DQOBI) genes. A further 24 dogs were heterozygous but for which
at least one haplotype was to be found amongst the homozygous individuals
and a second haplotype could hence be subtracted. A total of 25 exon 2 de-
fined haplotypes were so identified. Eight of these were found more than
once and for each of these the average number of fixed SNP differences was
1.8 (0-6) across the extended SNP haplotypes. Further SNP sites were also
heterozygous in some haplotypes. The finding of identical exon 2 haplotypes
on different SNP backgrounds suggested convergence of exon 2 haplotypes
i.e. that the combination of exon 2 alleles had arisen independently, likely
through recombination or gene conversion. Selection may have favored the
maintenance of allelic combinations. Another observation was an extended
SNP haplotype that was identical across most of the region in two samples,
suggesting a common genetic background, but in this case with different
DQBI alleles, excluding them from being defined as a haplotype based on
exon 2 data. The LD blocks were surprisingly short and limited to four
smaller regions. This further implied that convergence has been important in
shaping the patterns of MHC class II haplotypes.

Extended MHC class II haplotypes and diabetes mellitus

The pattern of LD differed between diabetic dogs and non-diabetic dogs. In
both groups two LD blocks were interrupted in the region of the DRBI gene
and one short block of closely located SNPs was identified upstream from
the DQA1 gene. However in the DQ region the pattern differed between the
sick and the healthy dogs. In the non-diabetic dogs a short LD block, which
only included the exon 2 DQAI marker and two closely located SNPs were
identified. In the diabetic dogs a larger LD block included both the exon 2
markers of DQAI and of DQBI and also the intervening SNP markers. Inte-
restingly, the block did not extend all the way to the start of the DQOBI gene.
Two of the DRBI/DQAI/DQBI susceptibility haplotypes and the
DQA1/DQBI protective haplotype (Kennedy et al. 2006) were found among
the samples and their extended SNP haplotypes were compared (Figure 5).
There were fixed SNP differences between the protective haplotype and the
two susceptibility haplotypes across the DQAI1-DQBI region. A comparison
between the two susceptibility haplotypes showed an identical SNP pattern
across the DQ region in spite of different DQAI and DQBI exon 2 alleles
suggesting that the disease associated mutation(s) may be found outside
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exon 2 of these genes. The similarity between the susceptibility haplotypes
did not include the 5’ region of the DQBI gene (marker 67 and 69), which
once again indicated weak LD in this region and the potential of disease
associated mutations.

DQBI promoter polymorphism in dogs with diabetes mellitus

A total of 11 promoter alleles were identified among the 48 dogs sequenced.
Four of these had not been observed in our earlier studies among Scandina-
vian dogs and they were only observed among diabetic dogs in the present
study. Among the new promoter variants there were three previously unre-
ported polymorphic sites. Two of these were located in the “dyad region”, a
dyad symmetry element located close to the transcriptional binding site the
W box. Polymorphism disrupting the symmetry of the dyad region in hu-
mans has been shown to alter the expression patterns of the human DOBI
gene (Shewey et al. 1992). Hence, it is likely that such variations in the dyad
region could affect expression of the associated DOBI gene in diabetic dogs.

Susceptibility and protective haplotypes were found among both diabetic
and non-diabetic dogs, giving evidence for the complexity of disease associ-
ations. Dogs carrying the susceptibility or the protective haplotype in homo-
zygous or heterozygous form were compared in more detail (Table 2). At
one polymorphic site, located in the X1 box (site -170), which is a transcrip-
tional factor binding site, the susceptibility haplotypes showed a consistent
difference from the protective haplotype in diabetic dogs. All protective
haplotypes had an adenine (A) nucleotide at that position while all suscepti-
bility haplotypes contained a guanine (G) nucleotide. However non-diabetic
dogs carrying the protective allele had a G nucleotide at the same position. It
is therefore possible that the protective haplotype could have different ex-
pression patterns in diabetic and non-diabetic dogs, although further analysis
in larger sample sizes is required.

Paper V — Linkage disequilibrium and haplotype
patterns of the MHC class II region - a comparison
between wolves and dogs

From study number IV we learned that regions of high LD were unexpected-
ly short along extended haplotypes of the MHC class II region in dogs. This
was surprising considering the high levels of LD found in the human MHC
region (Raymond et al. 2005) and the genome wide high LD observed within
dog breeds (Gray et al. 2009; Lindblad-Toh et al. 2005; Sutter et al. 2004).
However, the level of LD can be affected by factors such as recombination,
population history, and selection on allele combinations (Ardlie et al. 2002).
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To learn more about the evolutionary history of extended SNP haplotypes of
the MHC class II region and the influence of population effects and/or al-
tered selection associated with the domestication of dogs and the formation
of breeds, we adapted the SNP data set used in paper IV to also capture vari-
ation within the MHC class II region of wolves.

Material and Methods

In total, 84 wolves were compared with 84 Scandinavian dogs from different
dog breeds. The dog samples were separated into two data sets, one with a
mix of all breeds except German shepherds and one with 36 samples of
German shepherd samples exclusively. The samples represented the majority
of those used to analyze the promoter region and exon 2 of the DOBI gene
in project Il and III. A subset of the wolf samples had also been typed for
exon 2 of DRBI and DQAI (Seddon and Ellegren 2002). The complete exon
2 region of DRBI and DQAI was amplified in all dog samples and in the
wolf samples for which sequence data was not already available. The SNP
data set, optimized in project IV to capture variation in the MHC class II
region of dogs, was adjusted to capture variation in dogs as well as wolves.
A total of 15 SNPs were selected for genotyping, which was carried out in
two different ways, by pyrosequencing and by multiplex SNP genotyping
with a SNPstream system (analyzed by the SNP Technology Platform, Upp-
sala, Sweden (www.genotyping.se)). Added to the data set with 15 geno-
typed SNPs was one position of each of the DOBI promoter region and exon
2 of DRBI, DQAI and DQBI. Haploview version 4.1 (Barrett et al. 2005)
was used to analyze patterns of LD (Figure 6).

In order to determine the surrounding conservation among extended hap-
lotypes of the MHC class II genes, extended SNP haplotypes were sorted
according to exon 2 alleles of DRBI, DQAI and DQBI, based on the combi-
nation of alleles of the three genes and by each gene separately. We assessed
the conservation of extended haplotypes expanding out from the exon 2 re-
gion of each gene (DRBI, DOAI and DQBI) using extended haplotype ho-
mozygosity (EHH).

Exon 2 based haplotypes and their genetic backgrounds

Exon 2 alleles of the DRBI, DQAI and DQBI loci combined to form distinct
MHC class II haplotypes. At each locus, every exon 2 allele occurred on one
or more DRBI/DQAI/DQBI haplotype. Alleles in dogs, in inter-breed as
well as intra-breed comparisons, occurred consistently on a higher average
number of haplotypes than in wolves. Hence, the association between exon 2
alleles seemed weaker in dogs than wolves.

We found examples of both ancestral and convergent exon 2 based haplo-
types among all data sets. The presence of convergent haplotypes suggested
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Figure 6. Linkage disequilibrium (LD) across the extended DLA class II haplotypes
in A) wolves, B) dogs from mixed breeds and C) German shepherds. Haplotype
blocks were defined in Haploview according to the four gamete rule with black
colour indicating high LD values (shown by < 4 distinct 2-marker haplotypes) and
with white colour indicating low LD values (shown by 4 distinct 2-marker haplo-

types).

that recombination events have occurred in the DLA class II region. In the
genetic background, LD blocks were relatively short for all data sets, con-
firming observations in project IV (Figure 6). Wolves seemed to have a
more restricted recombination pattern, with few but distinct hotspots for
recombination, while dogs showed less stringent recombination patterns. For
all data sets, regions for recombination were found between all three exon 2
regions.

In the genetic background, LD decreased more rapidly with distance
among dogs than among wolves. However, within German shepherds, LD
was maintained at a high level over long distances. Therefore, lower LD and
recombination patterns in the genetic background in dogs may be explained
by breed specific patterns. However, breed specific patterns do not explain
weaker associations between exon 2 alleles among DRBI1/DQOA1/DQBI hap-
lotypes in dogs compared to wolves, as weaker patterns were also observed
within a breed. In wolves, a higher proportion of convergent haplotypes was
found compared to ancestral haplotypes, which suggested that the differenc-
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es were not due to higher recombination rates in dogs. We find it likely that
a predominance of drift over selection associated with domestication and
breed formation of dogs or a relaxation of selective constraint (Bjornerfeldt
et al. 2006; Cruz et al. 2008) and continuing inbreeding among dogs may
have caused insufficient selection on combinations of alleles. We suggested
that this could influence dogs’ resistance to pathogens and also predispose
them to autoimmune diseases.

MHC haplotype generation and evolution

A larger number of haplotypes maintained EHH values of 1.0, or close to
1.0, across the whole extended haplotype when the DOBI gene constituted
the selected core region compared to when the DRBI gene constituted the
selected core region in both wolves and the mixed breed data set. This meant
that DOB1 sorted haplotypes were in general more uniform and could indi-
cate stronger selection on DQB] alleles compared to alleles of other genes.
Wolves and dogs shared two DQAI/DQBI haplotypes. Firstly, the
DQA1*05011/DQBI1*00701 haplotype showed a conserved genetic back-
ground along the extended haplotype up until the DRBI gene, which indi-
cated a likely ancestral haplotype. In contrast, the
DQAI*00301/DQBI*00401 haplotype showed a combination of DQ alleles
this is likely to have arisen through convergence in both wolves and dogs.
The large number of differences between DRB1 alleles associated with these
haplotypes suggested that DRBI alleles have been added to the DQ haplo-
type by recombination rather than evolved by mutation.

Wolves and dogs did not share any DRBI alleles. The high number of
DRBI alleles is expected to result in lower allele frequencies. Therefore,
DRBI alleles may be particularly affected by stochastic events such as drift
associated with population bottlenecks. A larger sample size, with more
breeds and/or with dogs as well as wolves from geographically diverse re-
gions, is likely to further elucidate these patterns.
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Concluding remarks and future perspectives

In this chapter I summarize the most important findings of my research
projects and I conclude how I think my research contributes to the under-
standing of MHC gene and MHC gene expression evolution. I also give sug-
gestions on how additional research can verify the ideas I put forward or
provide further knowledge in how to use MHC class II genes in various re-
search fields.

Information from MHC data successfully allowed us to draw more de-
tailed conclusions about the population history of two species of European
hedgehogs. Allele distribution estimates for MHC genes in comparison with
neutral markers made it possible to separate the effects of selection from
demographic effects. The results showed that over a shorter time scale, de-
mographic factors associated with repeated population reductions and ex-
pansions have been more important than selection in shaping patterns of
MHC genetic variability. However, transspecies polymorphism provided
evidence for a long persistent time of alleles and hence signified the pres-
ence of balancing selection over the history of species. Weak signal of selec-
tion at the nucleotide level (analyzed by dy/ds estimates) suggested that the
strength of selection could be affected by alternative factors, one of which
may be the immunological consequences of hibernation. Further research on
hibernating animals could provide answers to this theory. In the hedgehog
study we also showed an example of how a recombination event may have
shaped genetic patterns of a more recent origin.

Using DQOBI in dogs and wolves as an example, we learned that the ge-
netic patterns created by balancing selection reaches outside exon 2. In fact,
a Ewan-Watterson test suggested stronger selection on the DQBI promoter
than on exon 2, signifying the importance of a flexible expression pattern of
this gene, possibly to maintain an appropriate TH1/TH2 balance. Interesting-
ly, other MHC class II genes did not show polymorphic promoter regions.
Hence, it seems that there are different evolutionary strategies for expression
of MHC class II genes in spite of an ancient common gene ancestry. The
question of why there are different expression strategies for different genes
and whether this could be of medical importance are left open. Polymor-
phism was identified within functional important regions of the DQBI pro-
moter and in one case in the DQA 1 promoter. Present investigations are car-
ried out to test how this polymorphism affects gene expression patterns.
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Linkage between promoter and coding polymorphism could enable allele-
specific expression patterns. We showed weaker associations between the
promoter region and exon 2 of DQOBI in dogs, in inter-breed as well as in
intra-breed comparisons, than wolves. We suggest that selection or demo-
graphic related factors associated with domestication have broken up promo-
ter-exon 2 allele associations in dogs. Hence, it is possible that adapted al-
lele-specific expression patterns may have been lost. I believe that this could
be of great significance.

MHC class II haplotypes have often been defined according to the exon 2
sequences of the classical genes. Some of these haplotypes have been asso-
ciated with diseases. By using SNP based extended haplotypes, we showed
that the exon 2 defined haplotypes do not always reflect an ancestral state
but in fact can be convergent haplotypes, in which exon 2 allele combina-
tions have arisen independently. Disease associated mutation(s) located out-
side exon 2 could be more difficult to detect or more difficult to understand
when exon 2 based haplotypes do not reflect common ancestry across the
region in which the mutation(s) is located. We showed the example of dogs
with diabetes mellitus. Two haplotypes associated with susceptibility to di-
abetes in dogs showed identical SNP pattern across the DQ region in spite of
different DQAI and DQOBI exon 2 alleles, suggesting that the disease asso-
ciated mutation(s) is to be found outside exon 2. Other observations made us
suspect that the disease associated mutation(s) is located in the 5 region of
the DOBI gene. A survey of promoter polymorphism on the DOBI gene
revealed a polymorphic site, located in a transcriptional factor binding site,
which showed consistent differences between diabetes susceptibility and
protective haplotypes in diabetic dogs. However in non-diabetic dogs, the
difference was not observed suggesting alternative expression patterns of the
protective haplotype in sick and healthy dogs. Our results need to be verified
with larger data sets and with intra-breed comparisons but the results could
point to an important site for MHC class Il associations with diabetes melli-
tus in dogs. Our results also support the importance of studying MHC haplo-
type ancestry when searching for disease associations.

We constructed extended SNP haplotypes covering the DRBI-DQAI-
DQBI area also in wolves and Scandinavian dogs and found ancestral as
well as convergent exon 2 based haplotypes. This suggested that recombina-
tion events have occurred in the DLA class II region. Interestingly, associa-
tions between different exon 2 alleles showed a more restricted pattern in
wolves compared to dogs. As for the association between exon 2 and the
promoter region of DQBI, the pattern was consistent both between and with-
in breeds. However, in the genetic background of the MHC class II region
(DRBI-DQAI1-DQBI) as a whole, LD decreased over longer distances in an
inter-breed comparison while it remained high within wolves and within a
single breed, the German shepherds.
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Furthermore, dogs from a mixed breed data set showed a less restricted
recombination pattern. This would suggest that in the genetic background,
lower LD and recombination patterns in dogs might be explained by breed
specific patterns. However, breed specific patterns did not explain weaker
associations between exon 2 alleles among DRBI/DQAI1/DQOBI haplotypes
in dogs compared to wolves as weaker patterns also were observed within a
breed. We suggested that a predominance of drift over selection associated
with domestication and breed formation of dogs or a relaxation of selective
constraint (Bjornerfeldt et al. 2006; Cruz et al. 2008) and continuous in-
breeding among dogs may have caused reduced selection on combinations of
DLA class II alleles. Hence, because of stochastic events and/or insufficient
selection, beneficial combinations of alleles may not be kept and disadvanta-
geous combinations of alleles may not be removed, as efficiently in dogs as
in a large population without inbreeding and genetic differentiation. Conse-
quently, inbred populations, such as dog breeds, could suffer from a defi-
cient immune defense against pathogens and also be more predisposed to
autoimmune diseases.

Conservation among extended haplotypes, measured as the maintenance
of extended haplotype homozygosity (EHH) among SNP sites over distance
from the exon 2 region, showed that DOBI sorted haplotypes maintained
high EHH values over longer distances than DRB/ sorted haplotypes. Fur-
thermore, wolves and dogs shared haplotypes only of DQA1/DQOBI and did
not share any DRBI alleles. This may indicate that these DQBI alleles are
more ancestral and/or selectively favorable. Our findings also suggested that
DRBI alleles have been added by recombination to different DQA1/DQOBI
haplotypes rather than by evolving by mutation after the domestication of
dogs.

In my research I, together with colleagues, have analysed the evolutionary
patterns affecting genetic variation at single MHC class II coding genes and
at the MHC class II region at a larger scale. Specifically, we have analysed
variation in regulatory features controlling the expression of MHC class II
genes and how this polymorphism associates with polymorphism in coding
regions of MHC class 1I. We also successfully used MHC as a marker in
phylogeographical studies. My research challenges the approach of focusing
all attention on the coding regions of MHC class II genes, both when it
comes to learning about the evolutionary forces that shape patterns in the
MHC class II region and when using MHC class Il in disease association
studies.
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Sammanfattning pd svenska

Bakgrund

I min avhandling har jag studerat MHC-gener (Major Histocompatibility
Complex). Det som gor dessa gener unika &r deras exceptionellt hoga grad
av genetisk variation. Denna genetiska variation yttrar sig genom att varje
MHC-gen har ménga olika varianter, s.k. alleler. Dessa alleler skiljer sig at
sinsemellan med ménga fixerade mutationer. For att forstd hur genetisk vari-
ation uppkommit och varfér den bibehélls maste MHC-genernas funktion 1
genomet forstas.

Forsta gangen MHC-gener definierades var nér det uppticktes att trans-
plantation av vdvnad var mgjlig mellan moss med identisk genuppséttning i
MHC-regionen men att transplanterad vdvnad stottes bort om mdssen skiljde
sig &t 1 denna region. Denna upptéckt ledde fram till att funktionen av MHC
klargjordes, vilken &r att kénna igen frammande &mnen och att presentera
dem for immunférsvarets T-celler, en typ av vita blodkroppar som da aktive-
ras. Det finns tva typer av antigenpresenterande MHC-molekyler, klass I och
klass II. I denna avhandling har jag fokuserat helt och héllet pA MHC klass 11
och de MHC-gener (DRB1, DQAloch DQBI) som &r viktiga i denna region.

Nér en mutation sker 4r den oftast antingen neutral, d& paverkar slumpen
om den stannar kvar i populationen, alternativt negativ for individen och da
rensas den oftast snabbt bort av negativ selektion. I de regioner som kodar
for aminosyror som binder en antigen inom MHC-gener verkar dock positiv
selektion och fordndringar rensas inte bort. For att variationen ska bibehéllas
pa sikt krévs att selektionen inte &r riktad i forman for en och samma MHC-
variant under lang tid. Darfér anvinds begreppet balanserande selektion for
att beskriva selektion som verkar for att polymorfi bibehalls i populationen.

Det stora antalet skillnader mellan olika MHC-alleler har uppstatt genom
att MHC-alleler bibehélls inom en population eller art under lang tid sa att
mutationer har chans att ackumulera. P4 sa vis kan alleler mellan arter vara
nirmare slikt dn alleler inom en art, s.k.”artéverskridande polymorfi”. Detta
har t.ex. pavisats i studier hos minniska och schimpans. Det finns &ven
manga andra sitt att pavisa forekomsten av balanserande selektion och flera
av dem anvinds i denna avhandling.

MHC-gener ir intressanta ur méanga perspektiv. De har anvénts for att
studera naturlig selektion och hur selektion integrerar med andra evolutioné-
ra processer. Ofta har graden av MHC-variation paverkats dven av slump-
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méssiga processer som overskuggat effekterna av selektion i smé populatio-
ner. Genernas hoga grad av variation gor ocksa att de med fordel kan anvén-
das som genetisk markor i populationsstudier. Inom bevarandegentiken har
det talats om att anpassa avelsprogram for utrotningshotade arter baserat pa
MHC-variation for att stirka deras immuna forutsdttningar pa lang sikt. I
medicinska sammanhang finns en direkt koppling mellan MHC och infek-
tionssjukdomar. Till exempel har kopplingar mellan MHC och sjudomar
som HIV och malaria gjorts. MHC-gener 4r ocksa centrala i forskning runt
maénga immunorelaterade sjukdomar. Nastan samtliga autoimmuna sjukdo-
mar, t.ex. diabetes typ I, har korrelerats med en genetisk faktor kopplat till
MHC. Aven uttrycksménster av MHC tros kunna paverka uppkomsten av
sjukdomar.

I min forskning har jag studerat vilka evolutiondra krafter som paverkar
genetisk variation i MHC gener. Genom att arbeta med MHC har jag kunnat
kombinera mina forskningsintressen som finns inom evolutionsbiologi, be-
varandebiologi och immunogenetik. Ett specifikt intresse har varit att ta reda
pa om selektion dven verkar pa de regioner som reglerar uttryck av MHC-
gener.

Forskningsprojekten 1 korthet

Artikel I — MHC-variation hos igelkottar for att avsloja
historiska populationsfordandraingar

I min forsta studie anvidnde jag mig av MHC for att studera hur genetisk
variation hos tva arter av europeiska igelkottar (Erinaceus europaeus och E.
concolor) har paverkats av upprepade istider i centrala och norra Europa. Jag
kunde jamfora mina resultat med tidigare studier som gjorts pa dessa igelkot-
tar och dir en annan genetisk markoér (mitokondrie-DNA) anvédndes. Dessa
studier visade genetisk differentiering bade mellan och inom de bada arterna.
Jag var ocksa intresserad av att ta reda pa om nagon annan orsak, dn de som
dr associerade med populationsférdndringar, har paverkat graden av MHC-
variation hos igelkottar. Igelkottar gér i ide under en stor del av éret och
under denna period dr immunforsvarets kapacitet kraftigt reducerad. Detta
skulle kunna paverka styrkan av balanserande selektion.

Mina resultat avvek ifran de tidigare resultaten av mitokondrie-DNA ge-
nom att inte visa nagon genetisk differentiering inom en av arterna, E. euro-
paeus, medan den andra arten, E. concolor, foljde tidigare monster. Detta
kan forklaras med att de tva arterna paverkats olika av olika istider eller att
deras spridningsmonster, framfor allt hur snabbt de spred sig, mellan istider
varit olika. Mitokondrie-DNA paverkas lattare av en populationsreducering
dn vad MHC gor, med genetisk differentiering och forlust av genetisk varia-
tion som foljd.
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Forst och frédmst har graden av MHC-variation hos igelkottar paverkats av
demografiska faktorer associerade till populationsférindringar under och
mellan istider. Férekomsten av artoverskridande polymorfi mellan E. euro-
paeus och E. concolor visar dock péa férekomsten av balanserande selektion
over tid. Analysresultaten visade ocksa att selektionstrycket pa MHC-gener
skulle kunna vara ldagre hos igelkottar jaimfort med andra didggdjur. Detta
skulle kunna korreleras med den immunologiska paverkan av att ga i ide
dven om konfirmerande studier behovs hos fler arter for att klargora detta.

Artikel II — Variation i MHC-promotorer hos varg och hund

Framfor en MHC-gen finns en promotor. Dit binder transkriptionsfaktorer
ndr genen transkripteras, d.v.s. ndr den uttrycks till ett protein. Studier hos
minniska och moss har visat variation i MHC-promotorer och att denna
variation i ménga fall orsakar variationer i uttrycksnivaer hos MHC-genen.

I denna studie sekvenserades promotorregioner hos vargar fran Finland
och Ryssland och hundar frén tio skandinaviska hundraser. Endast DOBI-
promotorn visade hog grad av genetisk variation, vilket kan tyda pa att for
DQBI #r ett flexibelt uttrycksmonster viktigt medan ett mer konserverat
uttrycksmonster dr viktigt for DRBI- och DQAI-generna. Inom DQBI-
promotorn identifierade vi flera variabla positioner varav tva fanns i regioner
dit transkriptionsfaktorer direkt binder. Totalt hittades atta DQBI promotor-
alleler i varg och sju i hund. Sex av dessa delades mellan arterna.

Artikel III — Kombinationer av DQOBI exon 2- och
promotoralleler hos hund och varg

I denna studie var syftet att korrelera polymorfi i DOBI-promotorregionen
med den i kodande regionen (exon 2). Méngden MHC som uttrycks kan
direkt paverka vilken immunorespons som aktiveras. Allelspecifika ut-
trycksmonster borde vara en evolutiondr fordel om en kodande allel som
kanner igen ett visst antigen dr kopplad till en promotor som orsakar en im-
munreaktion som har férmégan att besegra just den aktuella antigenen.

Resultaten visade att promotorregionen och den kodande regionen oftast
ar kopplade. Detta var i sak inte Gverraskande eftersom regionerna ligger
forhéllandevis néra varandra. Dock visade hundar svagare associationer mel-
lan regionerna jamfort med vargar, bdde mellan och inom raser. Detta skulle
kunna orsakas av att slumpmaéssiga hindelser och/eller selektion pa andra
saker, sdésom beteende hos hundar, har 6verskuggat effekterna av de selekti-
va fordelar allelspecifika uttrycksmonster ger. En alternativ férklaring skulle
kunna vara forekomsten av en ”hotspot” fér rekombination hos hundar men
att denna saknas hos vargar.
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I denna studie jaimfordes ocksé graden av selektion som verkat pa de re-
spektive regionerna och det kunde konstateras att selektionstrycket pa pro-
motorregionen till och med var hogre &n pé den kodande regionen.

Artikel IV — Evolutiondra monster i MHC-haplotyper hos hundar
med diabetes

Hos hundar, liksom som hos ménniskor, definieras MHC klass II haplotyper
utifran exon-alleler av DRBI, DOAI och DOBI. Flera sadana haplotyper har
associerats till autoimmuna sjukdomar. Kombinationer av alleler &rvs ofta
tillsammans vilket ger upphov till starka associationer mellan alleler. Detta
kallas linkage disequlibrium (LD). I denna studie studerades huruvida dessa
kombinationer reflekterar konserverade kombinationer av alleler som har
drvts tillsammans utan férekomst av rekombination eller om kombinationer
har uppstatt oberoende av varandra. I det senare fallet kan det vara svart att
hitta mutationer som direkt paverkar sjukdomsmottagligheten om dessa inte
finns inom de kodande regionerna.

I denna studie anvindes hundar fr&n Australien, varav drygt hélften dia-
gnostiserats med diabetes mellitus (motsvarande diabetes typ I). For att kun-
na analysera den genetiska bakgrunden i MHC klass II regionen genotypades
bestimda enbaspolymorfier utmed hela regionen.

Resultaten visade att vissa exon 2-baserade haplotyper har olika genetisk
bakgrund och didrmed utgoér haplotyper ddr kombinationer av alleler uppstatt
oberoende av varandra och troligtvis bibehalls av selektion. I ett annat fall
var den genetiska bakgrunden identisk men med olika exon 2-alleler. Tidiga-
re beskrivna haplotyper som kopplats till diabetes hittades bland hundarna.
Resultaten visade att den region som medfor okad risk for diabetes troligtvis
finns utanfor de kodande regionerna.

Aven DQBI-promotorn analyserades i dessa prover. Fyra alleler, som inte
hittats i artikel II, hittades endast bland sjuka hundar i denna studie. Dessut-
om fanns det bland sjuka hundar en fixerad skillnad mellan haplotyper som
medfor 6kad risk for diabetes och en haplotyp som normalt medfor minskad
risk for diabetes. Denna skillnad fanns dock inte mellan dessa haplotyper
bland friska hundar. Detta skulle kunna betyda att den skyddande haplotypen
endast ger skydd om den 4r kopplad till en viss promotorvariant.

Artikel V — Linkage disequilibrium och haplotypménster i MHC

klass II regionen hos vargar och hundar

Syftet med studien var att vidareutveckla resultaten fran artikel IV. D4 resul-
taten ddr visat pd Overraskande korta regioner med hogt LD i MHC klass 11

regionen hos hundar ville vi jamfora dem med vargar for att béttre forstd om
evolutionira krafter paverkats av domesticering och rasbildning.
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I denna studie anvéndes ater skandinaviska hundar och vargar fran Fin-
land och Ryssland. Bland bade hundar och vargar hittades exon 2-haplotyper
dédr kombinationer av alleler uppstatt oberoende av varandra. Troligtvis ver-
kar selektion bade for att bibehalla férdelaktiga kombinationer och for att
rensa bort daliga kombinationer. Rekombinationsmonster sdvil som associa-
tioner mellan olika exon 2-alleler var striktare hos vargar dn hundar. Liksom
med associationen mellan promotor och kodande regioner har troligtvis
slumpmaéssiga héndelser och/eller selektion pa andra saker 6verskuggat ef-
fekterna av selektion pa kombinationer av exon 2-alleler. Detta skulle kunna
medfora att hundar, framfor allt inom vissa raser, blir mer infektionskinsliga
eller &r mer mottagliga for sjukdomar.

Resultaten visade ocksé att DQ-alleler i storre utstrickning delades mel-
lan vargar och hundar jamfort med DRBI-alleler och vidare att DRB-alleler
har adderats till konserverade DQ-haplotyper genom rekombination.

Mina viktigaste slutsatser

Jag anvinde framgangsrikt MHC 1 en populationstudie pa igelkottar och
visade att MHC, som komplement till andra markorer, kan mojliggéra mer
langtdragna slutsatser om hur historiska héndelser har paverkat arters gene-
tiska variation. Min forskning har visat den stora vikten av att inte fokusera
all uppmirksamhet pad de kodande regionerna av MHC-gener. Variation i
regioner som styr uttryck av dessa gener kan vara av minst lika stor betydel-
se. For att forstd hur MHC-haplotyper evolverar krévs att den genetiska bak-
grunden inom regionen analyseras. P& sa vis kan t.ex. sjukdomsassocierade
mutationer i MHC-regionen utanf6ér de kodande regionerna hittas. Preliminé-
ra resultat pavisade t.ex. en specifik mutation i DQBI-promotorn som skulle
kunna var viktig for uppkomsten av diabetes mellitus hos hundar. Hundar
uppvisar svagare koppling mellan alleler av olika MHC klass II gener sa vél
som svagare koppling mellan kodande regionen och promotorn av DQOBI-
genen. Detta skulle kunna férklaras med att populationsférdndringar associe-
rade till domesticering och rasbildning medfort otillricklig effekt av selek-
tion pa dessa allelkombinationer. Detta skulle kunna gora hundar mer kéns-
liga for infektioner och mer mottagliga for vissa sjukdomar.
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