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1. Introduction

Most research on genetic diversity for the purpose of wildlife conservation, exploring
biodiversity on a population level, as well as population structuring has so far been conducted
using microsatellite DNA, since this marker offers high level of polymorphism (Arif et al.,
2011; Bruford et al., 2017). The downside of using this marker is that microsatellite DNA is
part of non-coding genome, and thus cannot be used to explore adaptive genetic diversity. The
genes of the major histocompatibility complex provide us with a unique opportunity to

circumvent the downside of using microsatellite loci.

The major histocompatibility complex (MHC) has a central role in the immune
regulation and immune response in vertebrates (Andreis et al., 2010; Kindt et al., 2007). This
set of genes can be found in all higher vertebrates (Britannica, 2018) and at least some fish
(Yamaguchi & Dijkstra, 2019). Because of the nature in which MHC provides resistance to
pathogens, which will be discussed in detail in the following chapter, some of the genes
belonging to this complex are the most polymorphic coding parts of DNA (Lokki & Paakkanen,
2019). Looking at the currently available data regarding the polymorphism of human MHC, we
can see that there are over 23 thousand known alleles (Robinson et al., 2015). This
polymorphism allows us to use MHC loci as a marker in intraspecies studies of genetic
diversity. The exact origin of this allelic richness is still under debate, but the overwhelming
support is on the side of mechanisms of balancing selection (Llaurens et al., 2017; Takahata &

Nei, 1990), which will also be discussed in more detail in the following chapter.

Grey wolf (Canis lupus) belongs to the family Canidae of the order Carnivora.
Historically it inhabited the entire northern hemisphere, but today it has been extirpated in
Mexico, most of the USA and most of Western Europe. Currently, it is not considered under
threat of extinction since the global population estimate is around 250 thousand individuals.
There is a high level of variation on MHC loci in wild populations of grey wolves (Arbanasié¢
etal., 2013; Galaverni et al., 2013; Kennedy et al., 2007), with observed signatures of balancing
selection. Genetic diversity research in European grey wolf, using MHC as a molecular marker,
has so far covered northern European populations (Niskanen et al., 2014; Seddon & Ellegren,
2004), and southern European populations (Arbanasic et al., 2013; Galaverni et al., 2013), but
to my knowledge, no research has been done on MHC diversity in grey wolf in central or

eastern Europe. Hulva et al. (2018) gave novel data regarding distribution and genetic structure
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of the grey wolf population in Central Europe. Their research included samples from the
Carpathian population, but was conducted using neutral markers, so no conclusions about
adaptive genetic diversity could be inferred from it. This thesis provides an opportunity to fill
this knowledge gap, and compare MHC diversity in European grey wolf populations over much

broader geographic area.

1.1. Objectives of research

The main objective of this dissertation is to assess adaptive genetic diversity of grey
wolves (Canis lupus) from Carpathian and Dinaric-Balkan populations by analysing second
exon of the major histocompatibility class I DQA, DQB and DRB loci.

Specific aims of this research are to:

e Determine and analyse alleles and three-locus haplotypes on MHC class 1l DQA, DQB
and DRB loci in the population of European grey wolf from Carpathian Mountains.

e Determine and analyse alleles and three-locus haplotypes on MHC class 1l DQA, DQB
and DRB loci in the population of European grey wolf from Serbian part of Dinaric
Mountains.

e Test for the presence of selection on examined loci.

e Compare obtained data on genetic diversity with published data on European grey wolf
populations.

e Make a phylogeographic analysis of newly obtained and previously available data on

examined loci.



1.2. Methodology

To fulfil the objectives of this thesis | have used 99 samples of genomic DNA from grey
wolves from the Carpathian population, and 79 samples of genomic DNA from grey wolves
from the Dinaric-Balkan population. Polymerase chain reaction (PCR) was used to selectively
amplify second exon of DLA-DQA1, DQB1 and DRB1 genes. SeqScape software (Applied
Biosystems) was used to compare each new sequence to a library of known allele sequences to
identify the closest allele or combination of alleles in each sample. For heterozygous wolves
whose exact alleles couldn't be determined using in-silico methods, and for those with presumed
new alleles | performed molecular cloning using pGEM®-T Vector System (Promega) with
JM109 Competent Cells (Promega). Once the allele composition of the entire sample of both
populations was determined, | performed several in-silico analyses to test for the presence of
selection, to calculate several parameters of molecular evolution and to calculate and visualise
the phylogenetic trees. The software used for those analyses were: Arlequin 3 (Excoffier et al.,
2007), EasyCodeML (Gao et al., 2019), MEGA 7 (Kumar et al., 2016) and iTOL (Letunic &
Bork, 2019).



2. Literature review
2.1 The Major Histocompatibility Complex

The major histocompatibility complex is a set of genes that controls the immune
response in vertebrates. This set of genes codes for membrane molecules whose main function
is to present processed peptide antigens to T lymphocyte cells (Klein, 1986). Since T
lymphocytes recognize foreign antigens exclusively within the MHC molecule — foreign
antigen complex, the MHC determines the clonal selection of T lymphocytes and therefore has
a central immunoregulatory role (Kindt et al., 2007). By their primary function MHC genes,
and molecules are divided into two main groups, MHC class | and MHC class Il. The MHC
class I molecules regulate the function of CD8+ cytotoxic T lymphocytes mediating the immune
response against endogenous antigens, while the MHC class 1l molecules are involved in the
presentation of exogenous antigens to helper T lymphocytes (Andreis et al., 2010). To explain
how MHC molecules present antigens to lymphocytes, we first need to look at their structure.

Both class | and class 11 molecules have intracellular part, transmembrane part and extracellular

part (figure 1).
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Figure 1. Schematic of MHC | and MHC Il molecules. Taken from Alberts et al. (2008).



MHC 1 molecules are built from one smaller globular polypeptide called B2
microglobulin, and one larger polypeptide chain called o chain, which is divided into three
separate extracellular domains, al, a2 and a3. The MHC II molecules are built from two
polypeptide chains, called a and B chain, and both chains are divided into 2 extracellular
domains, al and o2 for the o chain and B1 and B2 for the B chain (Andreis et al., 2010). The
two extracellular domains positioned farthest from the cell membrane form on their contact site
a peptide binding groove. This groove is the position in which processed peptides are held for
the presentation to T lymphocytes, and which peptides will be able to be presented depends on
the chemical composition of the peptide binding groove. The degraded peptides coming from
inside the cell, either from cellular metabolism or from intracellular pathogens are, as already
stated, presented by MHC | molecules, so these molecules can be found on almost all cells in

every tissue in vertebrate animals.

Regular pathway is presented in figure 2, which shows how after a peptide is degraded
by a proteasome, it's fragments are transferred inside the endoplasmic reticulum (ER) where
they are bound by MHC | molecules found in the ER membrane. Once the MHC | — peptide
complex is formed, it will be transferred through the cell's secretory system, and end up
positioned on the surface of the cell. Once such complex is recognized as foreign by CD8+ T
lymphocytes, the cell usually undergoes apoptosis to reduce the risk of infection spreading to
neighbouring cells (Andersen et al., 2006).

Peptides coming from outside of the cells, from the cellular environment and
extracellular pathogens, are presented by MHC 11 molecules, so they are exclusively found on
specialized antigen presenting cells. The pathway to presenting the MHC Il — peptide complex
on the surface of the antigen presenting cells is similar to the one described above for MHC |
molecules, with some major differences. First difference is that the foreign protein is not
intracellular, so it has to enter the antigen presenting cell, which is usually done by
phagocytosis. The second major difference is that the complex MHC Il — peptide is not formed
in ER, but in the endosome once the invariant chain, a small peptide which blocks the peptide
binding groove of MHC Il molecules, is degraded. The MHC Il molecules are formed in ER
already complexed with the invariant chain so that they wouldn't bind peptides from the
endogenous (MHC 1) pathway (Roche & Furuta, 2015).
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Figure 2. Schematic representation of MHC class | (a) and class Il (b) pathways for antigen
processing and presentation. MHC — the major compatibility complex, ER — endoplasmic
reticulum, TAP — peptide transporter, li — invariant chain. Taken from Sandberg and Glas
(2001).

Since peptide binding groove is the primary place of recognition of foreign antigens,
which starts the immune response, the amino acid composition of the groove has large
variations even between individuals of the same species. A single MHC molecule can bind
several peptides, different in their primary structure, which contain similar key amino acid
residues at the same positions, but no MHC molecule can bind all kinds of foreign peptides
(Klein et al., 2007). That is why it is important for a population to maintain high diversity of its
MHC molecules, so that it can recognize and defend itself from many different pathogens. For
this reason MHC class | and Il are the most polymorphic coding parts of DNA, since this high
degree of polymorphism allows for the recognition of a wider spectrum of pathogens, so MHC
diversity is important for species survival (Heimeier et al., 2009). The extent to which MHC
diversity contributes to ensuring the survival of a population is still one of the fundamental
questions of conservation genetics, but it is considered that a lack of diversity can increase
population susceptibility to infectious diseases with potentially deleterious consequences (Yang
et al., 2007). The level of diversity on MHC loci, and the number of different alleles even in
the same species is astonishing when compared to the rest of the coding parts of the vertebrate

genome. Early population studies in mice (Mus musculus), using MHC as a marker, showed
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that even the small subpopulations have over two dozen different alleles at each of the two main
MHC 1 loci, and that different subpopulations contain different alleles (Klein et al., 2007). If
we look at the data from humans, which are by far the most studied species when it comes to
MHC region, we can see extreme allelic richness with over 17,100 alleles at class I loci, and
over 6,700 alleles at class Il loci (Robinson et al., 2015). Also, comparing different populations
of humans, we can see extreme differences in allelic composition and frequencies, especially
between populations from different continents or from different ethnic groups (Gonzalez-
Galarza et al., 2015).

It is considered that high diversity on MHC loci is maintained by balancing selection,
which is a broad term covering different types of mechanisms of natural selection which act in
such a way that no one allele has the greatest fitness, so the result is a high polymorphism and/or
a high proportion of heterozygotes in a population (Llaurens et al., 2017). While the exact
mechanisms through which balancing selection acts on MHC loci is still a matter of debate in
evolutionary biology, the best explanation given so far is that it is a pathogen mediated
selection, and acts through mechanisms of heterozygote advantage, rare allele advantage and
by temporally and spatially fluctuating selection. The mechanism of heterozygote advantage
will maintain high number of alleles in a given population because heterozygotes on MHC loci
can recognize more peptides than any given homozygote, so they can initiate immunological
response against a larger number of pathogens (Hughes & Nei, 1988). The rare allele advantage
is easiest to explain when observed in context of host — pathogen co-evolution. In a constant
evolutionary race there is a strong selective pressure on pathogens to evolve resistance to host's
immune response. This is why often new alleles grant higher fitness to the individuals, since
they can grant resistance to newly evolved pathogens. The similar can be applied to old, rare
alleles whose frequency has decreased due to lower presence of pathogens for which they
granted resistance. If the same or similar pathogens start to increase in numbers there will again
be a higher positive selection on these old, rare alleles (Spurgin & Richardson, 2010). The
mechanism of temporally and spatially fluctuating selection is similar to the rare allele
advantage mechanism in that the selective pressure on a given allele in a population can increase
or decrease based on the composition of pathogens in an environment the population is currently
occupying. When the population moves in time, whether seasonally or over longer periods, or
when the population moves in space, if the pathogen composition changes (either with time or
in the new environment) the advantage conferred by specific alleles will also change (Hill,

1991). The major difference between fluctuating selection mechanism and the rare allele



advantage mechanism is that in the former the selective pressure of pathogens on their hosts is
not determined by their co-evolution, but by biotic and abiotic environment, chance dispersal
and extinction events (Spurgin & Richardson, 2010).

In addition to balancing selection, MHC based sexual selection or MHC based
disassortative mating is another force acting to increase heterogeneity in MHC region. The
exact way in which mate choice is based on differences in MHC alleles is greatly dependent of
species, but some of the mechanisms are olfactory recognition of mates with different alleles,
increasing the chance of producing heterozygous offspring, and visual and/or olfactory
recognition of diseased individuals, or parasite carriers, thus eliminating these individuals from
mating and consequently reducing the frequency of their alleles in offspring (Milinski, 2006).
MHC based disassortative mating can explain how functional MHC variants which are not
under current selective pressure are protected against genetic drift, and also how allele
frequencies and genetic variation can be stabilized even in smaller populations (Ejsmond et al.,
2014).

Considering all the reasons previously stated for increased diversity on MHC loci, one
can wonder why a proportion of homozygotes in populations is still relatively high. One reason
for this, besides random pairing, is that if there is a strong selective pressure on the population
caused by certain pathogen, the number of individuals carrying the allele which provides
protection against it will increase in future generations, and subsequently the number of
individuals homozygous for this allele will also increase. But another major reason is that many
MHC alleles are linked to increased susceptibility to infectious diseases caused both by viral
and by bacterial pathogens, as well as increased susceptibility to most autoimmune diseases
(Matzaraki et al., 2017), so depending on the selective pressure on the population in any given
time and space some alleles can cause negative fitness. To make matters even more complicated
sometimes the same MHC allele can grant increased resistance to one disease while granting
increased susceptibility to another disease. This can even occur with similar diseases caused by
different pathogens, so for example Loiseau et al. (2008) have shown how the same MHC |
allele can grant resistance to Haemoproteus while increasing susceptibility to Plasmodium,

similar parasites causing malaria in house sparrows (Passer domesticus).

In addition to high numbers of different alleles on MHC loci, what contributes to the
total MHC diversity is the level of allele divergence, i.e. how different the alleles on the same

loci are, when compared to each other. It is common that two MHC alleles on the same loci
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differ by 20 substitutions (Klein et al., 2007), and some can differ by up to 20 amino acids
(Janeway et al., 2001). Most of this diversity is located in the domains forming peptide binding

region, and in MHC II molecules mostly in the B chain (figure 3).
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Figure 3. Schematic of allelic variation at specific sites within MHC molecules. In lower boxes
the variability plots of amino acid sequences are shown, and in the upper boxes are schematic
representations of MHC molecules and secondary structures of peptide binding groove.
Different positions of amino acids in peptide binding groove which are key for antigen

recognition are highlighted in red. Taken from Janeway et al. (2001).

The evolution of the MHC is characterized by repetitive gene duplications and losses,
and the phylogenetic patterns can show whether duplications occurred in the modern species or
in an ancestor (Strand, 2011). The MHC gene organization, their number and level of
expression are highly variable between different vertebrate groups, but also between
taxonomically close species (Kelley et al., 2005). The best studied MHC region is the one in
humans, so it is also the best example on which to show MHC organization (figure 4). In
humans this region is also called human leukocyte antigen (HLA). HLA region is located on
the short arm of chromosome 6, position 6p21, and contains over 130 protein coding genes that

have important roles in immune system regulation (Shiina et al., 2009).



HLA T and HLA II regions contain what is referred to as ,,classical HLA genes which
code for previously described MHC molecules. HLA 11l region contains numerous protein
coding genes not directly involved with cell immunity, like complement proteins (e.g. C2 or
C4), tumour necrosis factors (TNF) or heat shock proteins (e.g. Hsp70). They serve as mediators
in many regulatory pathways of immunological response. The reason why HLA region has been
explored so extensively is not only because it controls our immune response to pathogens, but
because of many associations between certain diseases, especially autoimmune diseases, and
specific HLA alleles (Gough & Simmonds, 2007). Another major reason is because some HLA
genes determine tissue compatibility in transplantation, where MHC molecules produced in
donor tissue act as foreign antigens to recipient MHC molecules, triggering the immune
response, which results in rejection of donor tissue (Montgomery et al., 2018).

One of the major structural features of MHC is a strong linkage disequilibrium, or a
non-random association between alleles on different MHC loci. This is probably caused by
differences in recombination rates between some loci, and due to this, MHC is organized in
haplotype blocks (Wall & Pritchard, 2003). How strong this link between certain alleles can be
is easily depicted in almost any study on MHC allele and haplotype diversity that was done on
a larger sample size. For example, in a recent study of HLA allele haplotype frequencies on
120,926 volunteers from the Italian Bone Marrow Donor Registry, Sacchi et al. (2019) found
the allele HLA-A*01:01 with frequency 11.5281%, HLA-B*08:01 with 5.7597 %, HLA-
C*07:01 with 17.1076%, and HLA-DRB1*03:01 with frequency 9.4723%. If we would assume
random pairing between these alleles, with no linkage, we would expect to see haplotype HLA-
A*01:01/B*08:01/C*07:01/DRB1*03:01 with total frequency of 0.01%, while in reality it was

found in frequency of over 2.5%.
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Figure 4 Gene map of the HLA region. White, grey, striped and black boxes show expressed
genes, gene candidates, non-coding genes and pseudogenes, respectively. The location of the
alpha, beta and kappa blocks containing the cluster of duplicated HLA class | genes in the class

| region are indicated. Taken from Shiina et al. (2009).
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Some MHC alleles can be preserved through a long evolutionary period and their origin
may predate the speciation of the species in which they are found, resulting in a similarity or
even identity between alleles of closely related but different species (Klein et al., 1998). This is
usually referred to as trans-species polymorphism, and it occurs only in genetic systems under
balancing selection which is, as already described, a typical mode of evolution of the MHC
region. It was previously documented in Primates (Huchard et al., 2006), Perissodactyla
(Radwan et al., 2007), Rodentia (Cutrera & Lacey, 2007), Carnivora (Kennedy et al., 2007),
Didelphimorphia (Meyer-Lucht et al., 2008), and Artiodactyla (Xu et al., 2009).
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2.2. Grey wolf

Rare are the examples of animals that have as complex relationship with humans as the
wolves. They have been feared and revered; humans have domesticated them for labour,
security and friendship, while at the same time hunted them for food, materials and safety.
Thankfully, todays perceptions of wolves are shifting form dangerous predator to an
endangered species (Masius & Sprenger, 2015). And even in popular culture we can observe
the shift from the villainous Big Bad Wolf of Aesop’s Fables and Grimms’ Fairy Tales to the
fatherly protector Bigby Wolf of Willingham’s Fables.

Wolves have adapted to extreme natural habitat conditions, so their distribution range
is very broad, and mostly linked to prey densities and influenced by anthropogenic factors. As
carnivores they typically require three to five kilograms of meat per day, and their diet is as
diverse as their habitats, including mammals of all sizes, birds, invertebrates, vegetation and
carcasses. Although they are not limited to forests, in Europe they prefer large forest areas
(Boitani, 2018).

2.2.1. European grey wolf

European grey wolf (Canis lupus) can currently be found over much of the Europe, and
is considered as a resident species in 36 out of 51 European countries (Boitani, 2018). In a
comprehensive review on the status of large carnivores in Europe, Chapron et al. (2014) show
that even though global biodiversity crisis caused mainly by human overpopulation and
overconsumption is increasing, European continent is succeeding in maintaining, and even
restoring, viable large carnivore populations on a continental scale. They further show that the
current populations of European grey wolf can be clustered into ten populations (figure 5):
Scandinavian (1), Karelian (2), Baltic (3), Central European Lowlands (4), Carpathian (5),
Dinaric-Balkan (6), Italian peninsula (7), Alpine (8), Sierra Morena (9) and North-West Iberian
(10); numbering in total over 12,000 individuals, while according to Boitani (2018) they exceed
17,000 individuals. Even though in the first half of 20th century most of the populations of grey
wolf in Europe were in decline, and some even threatened with extinction, in recent decades,
excluding the Sierra Morena population, the grey wolf populations in Europe have been either

stable or in constant increase in number of individuals. Observations made by Chapron et al.
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(2014) were that the main reason for this is coordinated legislation to specific management
practices and institutional arrangements shared by many European countries since the end of

World War II.

Figure 5 Wolf populations in Europe in 2011 (taken from Chapron et al. ( 2014)). Dark blue
indicates areas of permanent occurrence; light blue indicates areas of sporadic occurrence;

orange lines are boundaries between populations; numbers refer to population identifications in

text.
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2.2.2. Carpathian population

The Carpathian population of grey wolf, currently numbers between 3,500 and 4,000
individuals. Today this population inhabits the area from northern Bulgaria, northeast Serbia,
Romania and southwest Ukraine in the east of Europe, through Slovakia, north Hungary, and
south Poland, and ending in Czech Republic in the central Europe (Boitani, 2018; Chapron et
al., 2014; Kutal et al., 2017). Historically it inhabited a continuous range including wolves from
Poland and Belarus, but is now constrained by large areas where wolves have been exterminated
by humans (Boitani, 2018). It is likely that some genetic exchange occurs with the Dinaric-
Balkan population in Bulgaria and Serbia (Rigg et al., 2014), and with the Baltic population in
eastern-central Poland (Boitani, 2018). The main problem when dealing with the conservation
of this population is the major differences in the legislative frame regarding the protection status
of wolves in different countries of this region. So, while for example in Poland the wolves are
strictly protected species, in Ukraine they are not protected, and sometimes hunting clubs even
offer bounties on them (Salvatori et al., 2002). Molecular study using neutral markers (Hulva
et al., 2018) showed that the population is sub-structured into four distinct subpopulations,

likely due to anthropogenic influence.

2.2.3. Dinaric-Balkan population

The Dinaric-Balkan population also numbers close to 4,000 individuals, but is thought
to be severely sub-structured because of the elongated geographical range. It spans from
Slovenia in the northwest, through Croatia, Bosnia and Herzegovina, Serbia, Kosovo,
Montenegro, North Macedonia and Albania to southwest Bulgaria in the east and Greece in the
south (Boitani, 2018; Chapron et al., 2014). On the eastern border there may be exchange of
genetic material with the large wolf population of the Carpathians which extends as far as into
northern Bulgaria and eastern Serbia (Boitani, 2018). Since the area is politically fragmented,
there are vast differences in conservation status, demographic trends and even available data
throughout the range. Slovenia and Croatia have implemented an Action Plan for monitoring
and management of wolves and since the 1990s the subpopulation in these two countries has
significantly recovered. In the rest of the range the legislative frame for protection of wolves is
either poor or non-existent, and there is limited research and development in wildlife

management. In Bosnia and Herzegovina and in Serbia, because of overharvesting, the
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subpopulation has recently decreased. Throughout the range there are major threats in the form
of nonregulated or illegal hunting and habitat fragmentation due to anthropogenic activities
such as land use, deforestation and transportation (Boitani, 2018).

The grey wolf is a game species in most of its range in Serbia, being legally protected
only in smaller, northern part of its range. Its population size was estimated to 700-800
individuals, with population that is stable or slowly increasing (Milenkovi¢ et al., 2007). Based
on mtDNA analysis Djan et al. (2014) detected a clear genetic subdivision within the Dinaric-
Balkan wolf population with samples from Serbia and Macedonia clustering into ,,eastern*
subpopulation, while samples from Croatia and Bosnia and Herzegovina clustered into
,western subpopulation. They also confirmed relatively high genetic diversity within Dinaric-
Balkan wolves although they detected signal of recent population bottleneck (which was not
supported by other available data, on the contrary, constant population size increase was
reported for grey wolves of Serbia (Milenkovi¢ et al., 2007). Lastly, they did not obtain support
for presumed subdivision within the Serbian wolf population. The notion that grey wolves from
Serbia could be considered as one continuous population without detectable population genetic

structure was further confirmed by microsatellite analyses (Pan et al., 2016).

2.3. Previous research on DLA in wolves

When trying to start molecular studies in most non-model model organisms, scientists
will often encounter the same problem, high initial cost compared to perceived gain, which is
often hard to justify. For this reason MHC research in many vertebrate species is non-existent.
Fortunately, wolves have almost identical MHC gene structure and organization as dogs (Canis
lupus familiaris), economically more relevant canid subspecies. So far, a lot of the research on
canid MHC region has been performed in dogs (Wagner, 2003), and in the last decade most of
it with a focus on application in veterinary medicine (Pedersen et al., 2011; Safra et al., 2011;
Venkataraman et al., 2017). This research was mainly focused on the second exon of class Il
genes, which in early studies showed high polymorphism in the positions coding for the peptide
binding site (Wagner et al. 1996). Similar to HLA, the DLA or dog leukocyte antigen (Kennedy
et al., 1999) is grouped into three polygenic classes, with the difference being that the DLA
complex is split and situated on two chromosomes (Yuhki et al., 2007). Trans-species

polymorphism on DLA loci in dogs, coyotes (Canis latrans), and several species of wolves has
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been documented more than two decades ago (Hedrick et al., 2000; Kennedy et al., 2001). Some
DLA alleles, and increased homozygosity on DLA loci have already been linked with certain
diseases and resistance to pathogens in different dog breeds (Barber et al., 2011; It et al., 2010;
Jokinen et al., 2011; Kennedy et al., 2006; Quinnell et al., 2003), but also in the endangered
Mexican wolf (Canis lupus baileyi) (Hedrick et al., 2003) and Ethiopian wolf (Canis simensis)
(Kennedy et al., 2011).

Seddon and Ellegren (2004) explored the MHC diversity of wolves in northern Europe.
Using samples of 90 wolves from Scandinavia, 25 wolves from Estonia, 22 wolves from
Finland, 15 wolves from Latvia and 51 wolves from northwest Russia they found in total seven
DQA, 10 DQB and 15 DRB alleles with extremely varied distribution among different regions.
Niskanen et al. (2014) again explored the populations from Finland and northwest Russia using
samples of 242 and 37 wolves, respectively. They found seven DQA, nine DQB and 11 DRB

alleles in total, with only one rare DQB allele unique to samples from Finland.

In southern Europe, wolf MHC diversity has been explored in animals from Croatia
(Arbanasic et al., 2013) and Italy (Galaverni et al., 2013). In 77 wolves from Croatia they found
7, 11 and 13 alleles on DQA, DQB and DRB loci, respectively. In 71 wolves and three wolf x
dog first generation hybrids from Italy they found six DQA, eight DQB and nine DRB alleles.
Some alleles are unique to each population, and there are large differences when comparing the
northern and southern populations. This will be further explored once | present my results on

the populations from central and south-eastern Europe.

17



2.4. Tests of selection

Using the data obtained by sequencing we can answer some interesting questions
regarding the evolution of our subject of interest. In the previous chapter it was stated that high
number of MHC alleles in the same species is maintained by balancing selection. It is a special
form of positive selection which aims to increase intraspecies genetic diversity on a given loci
(Charlesworth, 2015; Koenig et al., 2019; Llaurens et al., 2017; Mérot et al., 2020). There are
several tests we can perform to test whether there is some type of selective pressure acting on

the loci under investigation.

One of the first thing we can look at is the Hardy-Weinberg Theorem (Hardy, 1908;
Weinberg, 1908), or whether the genotype frequencies in our population of interest deviate from
Hardy-Weinberg expectations. Hardy-Weinberg theorem states that the allele and genotype
frequencies remain constant from generation to generation if all of the assumptions of the model
are true. In this case we can say that the population is in Hardy-Weinberg equilibrium. If the
population is not in equilibrium, but the assumptions of the model are true, it will take only one
generation of random mating to achieve it. The assumptions of the model are: the population is
panmictic, the population is large enough that it can be treated as if it were infinite, there is no
gene flow, there is no mutation in the genes and there is no natural selection affecting the locus
(Futuyma, 2009). If there is any violation in these assumptions we can expect deviation from

Hardy-Weinberg equilibrium.

When conducting research on multiple loci in the same organism it is important to check
whether they are in linkage equilibrium, which assumes random association of alleles at
different loci, similar to Hardy-Weinberg equilibrium. Contrary to Hardy-Weinberg
equilibrium, one generation of random mating will not suffice to reach linkage equilibrium, but
it will happen slowly for closely linked loci (Lewontin & Kojima, 1960). Genetic drift, gene
flow, mutation and selection will likewise affect linkage equilibrium, so there are many

conditions under which linkage disequilibrium will persist (Slatkin, 2008).

When looking at allelic composition of a population, over time we can expect a different
outcome of mutation in the presence of selection, from the one in which no selection is present.
Probably the simplest way of testing whether a certain locus is under positive selection is to
compare the synonymous and nonsynonymous substitution rates on a given locus. A telling

sign of positive selection would be if we observe a ratio of nonsynonymous and synonymous
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substitution rates significantly greater than one (Yang, 1998). This test can be done over an
entire sequence of the genomic region of interest, or it can be done on a codon by codon basis.
For a more powerful test we can employ a Z-test of selection to test the null hypothesis Ho : dn
= ds, where dn is the number of nonsynonymous substitutions per nonsynonymous site and ds

is the number of synonymous substitutions per synonymous site (Nei & Kumar, 2000). The test

(dn—ds)
J(Var(ds)+Var(dy))

hypothesis (HA). The possible alternative hypotheses are: 1. HA : dN # dS which tests for non-

is calculated as Z = , and its significance depends on the alternative

neutrality, 2. HA : dN > dS which tests for positive selection and 3. HA : dN < dS which tests
for negative or purifying selection.

Another way to check whether our loci of interest evolve neutrally or not is to perform
Tajima's Test of Neutrality (Tajima, 1989). If applied on an infinite-site model, if a population
is under no selective pressure, and if the population is in a mutation — genetic drift balance,
there are two ways to approximate the product of the effective population size (N) and the
mutation rate per site (1). One way is to calculate the observed number of segregating sites per
nucleotide site (ps) from our data set and, if the assumptions of the model are true, equalize it
to the expected number of segregating sites per nucleotide site (E(ps)). Since E(ps) = a1 * 6;

wherea; =1+21+31+ -+ (m-1)?, mequals the total number of sequences in a population

and 6 =4 * N * p; it follows that N * yu = %. Another way is to calculate the observed
1

nucleotide diversity () from the data set as = = Z?j x;x;d;;; where q is the total number of

alleles (different sequences) in the population, x; is the frequency of the i-th allele in the
population, x; is the frequency of the j-th allele in the population and dj; is the number of
substitutions per site between the i-th and j-th allele. Again, if the assumptions of the model are

true we can equate the calculated nucleotide diversity with the expected nucleotide diversity
(E(m)). Since E(m) = 4 * N * u, it follows that N * u = ? When we compare the observed

value of the segregating sites per nucleotide site with the observed value of nucleotide diversity,
the obtained difference gives us an indication of neutral or non-neutral evolution. If both values
are the same it is a good indicator of neutral evolution, if ps/a; is higher compared to m it is an
indicator of many deleterious alleles in the population and if 7 is higher than ps/a; it is an
indicator of a force which increases allele frequencies, such as balancing selection (Nei &
Kumar, 2000).
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When looking for signs of positive selection in coding sequences we can rightfully ask
ourselves whether selection works equally on the entire gene, or are there only some parts that
are under selective pressure. This can be especially true with genes coding for proteins that bind
other molecules, and so form particular binding sites, such as the one formed by peptide binding
domains of MHC chains (described above). For this reason we can try to detect positive
selection affecting only certain sites in our sequences using CodeML analysis (Gao et al., 2019).
In this analysis, we again look at the ratio of nonsynonymous and synonymous substitution
rates (w) as a measure of natural selection, but instead of averaging w ratio over all sites in the
sequence, we use site-specific codon-based substitution models that allow w ratio to vary
among sites (Yang & Nielsen, 2002). CodeML employs seven different site-specific codon-
based substitution models that vary in their assumption of the distribution of w ratio: MO (one-
ratio), M1a (nearly neutral), M2a (positive selection), M3 (discrete), M7 (beta), M8 (beta and
® > 1) and M8a (beta and ® = 1) (Gao et al., 2019; Nielsen & Yang, 1998; Yang et al., 2000;
Yang & Nielsen, 2002). Using likelihood ratio tests we can compare the fit of these models to
the sequence data. If model M2a shows a better fit than M1a, or if model M8 shows a better fit

than M7 or M8a it is a strong indicator of positive selection (Gao et al., 2019).
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3. Materials and methods
3.1. Animal samples

Within this study, a total number of individual animals was 178. The animals belonged
to two distinct geographical populations, namely the Carpathian and the Dinaric population.
The sample collection did not require additional institutional permits or authorisations
according to the laws and regulations on protected species acts in the countries of wolves

sample origins.
3.1.1. Wolves from the Carpathian population

To analyse the MHC diversity of European grey wolf population from Carpathian
population I used 99 samples of genomic DNA from grey wolves found in different areas of
Czech Republic and Slovakia. Most of them belonged to western Carpathian population,
although certain degree of admixture with central European population was referred to (Hulva
et al. 2018). The samples come from tissues from roadkill (Czech Republic) or legally culled
(Slovakia) grey wolves. Table 1 provides detailed data with the sample 1D, the exact date when
the sample was obtained, and the exact location. The local geographic distribution of Carpathian
samples can be seen in figure 6. Two samples (VYS and X1) were sampled outside of the
Carpathian mountain range. The location of the population samples in Europe can be seen in

figure 8.

Table 1. Samples from the Carpathian population

Sample ID Year Country Region Lat Long
CL 308 2011 Slovakia Ondavska vrchovina 50.64690 14.65664
CL 309 2011 Slovakia Ondavska vrchovina 49.50530 17.99620
CL 310 2011 Slovakia Ondavska vrchovina 49.50281 15.47380
CL333 2011 Slovakia Runina 48.87750 18.57450
CL353 2011 Slovakia Polana 48.91240  18.72790
CL364 2011 Slovakia Volovské vrchy 49.31810 18.88020
CL369 2011 Slovakia Polana 49.30720  18.90090
CL372 2011 Slovakia Volovské vrchy 49.33790  18.90270
CL374 2011 Slovakia Nizké Tatry 48.75970  19.14250
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Table 1. continued

Sample ID
CL 375
CL 638
CL 639
CL 640
CL 642
CL 646
CL 647
CL 648
CL 649
CL 653
CL 656
CL 657
CL 658
CL 659
CL 660
CL 661
CL 662
CL 663
CL 664
CL 665
CL 666
CL 667
CL 679
CL 680
CL 685
CL 686
CL 688
CL 692
CL 693
CL 700

Year
2011
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2014
2013
2013
2013
2013
2014
2013
2013
2013
2014
2014
2014
2014
2014
2014
2014
2014

Country
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia

Slovakia

Region

Nizké Tatry
Veporské vrchy
Veporské vrchy
Mala Fatra
Levocskeé vrchy
Slovensky kras
Krupinska planina
Veporské vrchy
Veporské vrchy
Levocské vrchy
Oravské Beskydy
Oravské Beskydy
Nizké Tatry
Nizké Tatry
Polana

Oravska Magura
Oravska Magura
Chocské vrchy
Volovské vrchy
Levoc¢ské vrchy
Levocské vrchy
Levocské vrchy
Levocské vrchy
Levocské vrchy
Polana

Levocské vrchy
Polana

Slovenské rudohorie
Oravska Magura

Polana

Lat
48.65560
49.26580
49.15810
49.25800
49.24030
49.19640
49.39850
48.38230
49.12860
48.62220
49.01300
49.11780
48.65000
48.63970
48.74580
48.65000
48.65390
49.42790
48.67700
48.67610
49.02430
48.97330
48.85450
48.99570
48.68000
48.97400
49.03730
48.71830
48.73860
49.10380

Long
19.21500
19.22470
19.23750
19.24660
19.24860
19.29470
19.30700
19.31510
19.36980
19.37560
19.40070
19.40680
19.41310
19.41310
19.42690
19.43330
19.44060
19.45030
19.45220
19.45540
19.54840
19.54950
19.57030
19.58640
19.59390
19.68080
19.71520
19.72290
19.74330
19.78010
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Table 1. continued

Sample ID
CL 701
CL 702
CL 703
CL 704
CL 706
CL 708
CL 709
CL 710
CL711
CL 712
CL 713
CL 714
CL 715
CL 716
CL 717
CL 718
CL 719
CL 720
CL721
CL 723
CL 724
CL 725
CL 726
CL 727
CL 728
CL 729
CL 730
CL731
CL 732
CL 733

Year
2015
2014
2014
2014
2015
2014
2014
2014
2014
2014
2015
2015
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015

Country
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia

Slovakia

Region

Polana

Veporské vrchy
Polana

Polana
Slovenské rudohorie
Nizké Tatry
Nizké Tatry
Tatry

Nizké Tatry
Nizké Tatry
Veporské vrchy
Chocské vrchy
Tatry

Tatry

Chocské vrchy
Javorniky
Javorniky
Javorniky
Strazovske vrchy
Nizké Tatry
Nizké Tatry
Nizké Tatry
Volovské vrchy
Slovenské rudohorie
Nizké Tatry
Nizké Tatry
Levocské vrchy
Slovenské rudohorie
Volovské vrchy
Volovské vrchy

Lat
48.94100
48.68330
48.68970
48.99480
49.10300
48.85950
48.85950
48.74920
48.59220
48.87060
48.92090
49.09500
49.00980
48.83320
48.86670
49.27570
48.75810
49.11920
48.74790
48.84530
48.94590
49.38670
49.35350
48.77930
48.77930
48.87720
49.22290
49.02050
49.01880
49.01280

Long
19.80600
19.85000
19.85800
19.86020
19.96820
20.04720
20.04720
20.10020
20.11860
20.17450
20.18260
20.22350
20.29590
20.39010
20.48330
20.82550
20.50630
20.54180
20.54390
20.54500
20.56240
20.62390
20.62530
20.62560
20.62560
20.62610
20.63460
20.64430
20.64610
20.64680
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Table 1. continued

Sample ID  Year

CL 734 2015
CL 735 2014
CL 736 2015
CL 737 2014
CL 738 2015
CL 739 2015
CL 740 2015
CL 742 2014
CL 743 2014
CL 744 2014
CL 745 2015
CL 746 2015
CL 747 2015
CL 748 2015
CL 749 2015
CL 750 2014
CL 753 2014
CL 754 2015
CL 755 2015
CL 756 2015
CL 757 2014
CL 759 2015
CL 762 2015
CL 763 2015
CL 764 2016
CL 765 2015
CL 766 2015

M.B. 2012

VYS 2017

X1

Country
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia
Slovakia

Slovakia

Czech Republic  Moravskoslezské Beskydy

Region

Levocské vrchy

Lubovnianské vrchovina

Levocské vrchy
Spisska Magura
Levocské vrchy
Levocské vrchy
Levo&ské vrchy
Levocské vrchy
Oravska Magura
Cergov

Cergov

Nizké Beskydy
Cergov

Cergov

Slanské vrchy
Ondavska vrchovina
Volovské vrchy
Volovské vrchy
Volovskeé vrchy
Nizké Beskydy
Ondavska vrchovina
Spisska Magura
Ondavska vrchovina
Nizké Tatry
Volovské vrchy
Volovské vrchy
Volovské vrchy

Czech Republic  Vysocina

Czech Republic  Kokotinsko

Lat
49.20750
49.20760
49.21250
48.72430
49.08080
49.25600
48.90930
49.04654
48.72880
48.84940
49.23370
49.07790
49.06111
49.07890
48.84420
48.66160
49.21900
49.13580
49.13630
49.11260
49.30380
48.84080
49.24170
49.24170
49.24170
49.08970
49.31160
49.14110
49.17090
49.02200

Long
20.70470
20.70520
20.73560
20.74070
20.74560
20.75900
20.76480
20.77798
20.79760
20.80250
20.81580
20.85120
20.85778
20.86860
20.93970
21.06590
21.07500
21.07740
21.18320
21.20810
21.23680
21.47840
21.69500
21.69500
21.69510
21.74800
21.83250
21.89380
22.02480
22.31140

Lat, Long — latitude and longitude coordinates in WGS 84 / Pseudo-Mercator projected

coordinate system
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Figure 6. Map of sampling sites from the Carpathian population. Numbers represent sample ID (table 1).
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To analyse the MHC diversity of European grey wolf from the eastern Dinaric-Balkan

population I used 79 samples of genomic DNA from grey wolves found in different parts of

Serbia (Table 2). The samples come from tissues from roadkill or were collected during legal

hunts in Serbia. The local geographic distribution of Serbian samples can be seen in figure 7.

The location of the population samples in Europe can be seen in figure 8.

Table 2. Samples from Serbia

Sample ID Year

1
4
8
9
13
18
19
22
23
28
31
35
41
43
49
51
57
62
65
75
76
78
84
85

2006
2003
2004
2005
2009
2011
2010
2011
2011
2010
2011
2010
2010
2009
2011
2011
2009
2007
2010
2010
2009
2010
2006
2006

Country
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia

Serbia

Region
Sedlare (Svijlajnac)

DPurinac-Sedlare-Svijlajnac

Poklestica-Stara planina-Pirot

Juzni Kucaj

Bela Palanka

Sjenica

Covdin

Zupanjevac

Sjenica

Juzni Kucaj
Kopaonik-Raska

Stara planina-Knjazevac
Juzni Kucaj

Bela Palanka

Jelica planinina-Cagak
Javor planina-lvanjica
Bela Palanka

Raska

Bela Palanka

Negotin

Sjenica

KurSumlija
Jagostica-Tara-Bajna Basta

Jagostica-Tara-Bajna Basta

Lat
44.188083
44,195278
43.206328
44.075546

43.21666
43.274665
44.258157
43.846588
43.274665
44.075546
43.276991
43.568716
43.276991

43.21666
43.820695
43.471599

43.21666
43.276991

43.21666
44.227535
43.274665
43.131401
43.975834
43.975834

Long
21.339499
21.301111
22.740724
21.825824
22.316667
20.003886

21.4511
20.937772
20.003886
21.825824
20.784974
22.243023
20.784974
22.316667
20.318745

20.09939
22.316667
20.784974
22.316667
22.564748
20.003886
21.269711
19.279547
19.279547
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Table 2. continued

Sample ID  Year

86
95
96
98
100
101
104
150
151

158

159
163
166
170
171
175
177
185
193
196
199
204
205
206
208
210
264
265
268
269

2006
2010
2009
2010
2009
2009
2009
2011
2011

2012

2012
2012
2012
2012
2012
2012
2012
2013
2013
2013
2013
2014
2014
2014
2014
2013
2016
2015
2014
2014

Country Region

Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia

Serbia

Serbia

Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia

Serbia

Jagostica-Tara-Bajna Basta
Zlatibor-Cajetina
Dobroselica-Zlatibor-Cajetina
Zlatibor-Cajetina
Kopaonik-Leposavi¢

planina Rogozna-Leposavic¢
Knjazevac (Stara planina)
Covdin

Kremna

Gornja Vrdnica-Aleksandrovac

Zupski

Bela Palanka

Planina Jelica-Cacak

Tutin

Juzni Kucaj

Kremna

Sjenica

Leskovac-Zajecar

Sjenica

Bela Palanka
Zeljin-Aleksandrovac Zupski
StaniSinci-planina Golija
Javorak-Juzni Kucaj planina
Javorak-Juzni Kucaj planina
Rudno-Kraljevo
Sljivovica-Zlatibor-Cajetina
Kremna

Rasnica-Pirot

Sjenica

Seliste-Resavica

Busur-Covdin

Lat
43.975834
43.75611
43.624827
43.75611
43.25
43.193213
43.568716
44.258157
43.848878

43.458567

43.21666
43.820695
42.994838
44.075546
43.848878
43.274665

43.81154
43.274665

43.21666
43.453587
43.335702
43.915405
43.915405
43.405372
43.813772
43.848878
43.177428
43.274665
44.045445
44.224807

Long
19.279547
19.725134
19.700905
19.725134
20.833333

20.66222
22.243023
21.4511
19.581427

21.046972

22.316667
20.318745
20.334918
21.825824
19.581427
20.003886
22.21058
20.003886
22.316667
21.049798
20.278597
21.692176
21.692176
20.468629
19.633641
19.581427
22.132383
20.003886
21.594862
21.385648

27



Table 2. continued

Sample ID  Year

271
275
279
280
281
295
299
315
316
329
333
342
343
350
352
356
378
387
390
395
404
411
417
420
428

2016
2016
2016
2016
2015
2017
2017
2016
2016
2016
2017
2016
2016
2017
2017
2016
2017
2017
2017
2017
2017
2018
2018
2018
2018

Country Region

Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Serbia

Serbia

Novi Pazar

Novi Pazar

Mali Suvodol-Pirot

Mali Suvodol-Pirot

Sjenica
Manastiriste-Vlasotince
Negotinac-Novi Pazar
Golija-Stup-Sjenica
Bujanovacko jezero-Bujanovac
Okruglica-Svrljig

Branicevo

Boljevac
Vodice-Zlatibor-Cajetina
Zlatibor

Despotovac

Juzni Kucaj

Ponikve-Covdin

Lovacke bare-Ciéevac
Bregovi-Zlatibor-Cajetina
Petka-Radaljica-Novi Pazar
Gradski dol-Preslap-Crna trava
Jabuka-Prijepolje
Alabana-Blace
Dragodol-Suvodanje-Osecina

Akmacic¢i-Nova Varo$

Lat
43.137863
43.137863
43.201458
43.201458
43.274665

42.96
43.1028
43.287047
42.430852
43.3835
44.714142
43.824833
43.632074
43.75611
44.088889
44.075546
44.225735
43.711108
43.705297
43.255833
42.820278
43.333302
43.293105
44.248496
43.424167

Long
20.515331
20.515331
22.474841
22.474841
20.003886

22.1526
20.6361
20.151988
21.779676
22.221666
21.559062
21.951833
19.720484
19.725134
21.441389
21.825824
21.498537
21.495275
19.665458
20.318666
22.404722
19.506955
21.348493
19.624883
19.879318

Lat, Long — latitude and longitude coordinates in WGS 84 / Pseudo-Mercator projected

coordinate system

28



Figure 7. Map of the sampling sites from Serbia. Numbers represent sample 1D (table 2).
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Figure 8. Map of the sampling sites from both explored populations.
Red dots represent locations of samples from Carpathian population.

Orange dots represent locations of samples from Dinaric-Balkan population.

Diagonal lines represent the area of geographic distribution of grey wolf. The shapefile of the
global distribution of grey wolf was downloaded from IUCN Red List of Threatened Species
website (Boitani et al., 2018).
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3.2. Polymerase chain reaction

Polymerase chain reaction (PCR) was used to selectively amplify second exon of DLA-
DQAL, DQB1 and DRB1 genes. For PCR I used specific primers with HotStarTaq Master Mix
Kit (Qiagen). Final volume of each reaction was 25 pl, and consisted of 12.5 ul of HotStarTaq
Master Mix, 10.5 pl of nuclease free water, 0.5 ul of each primer (final concentration of 0.2
uM) and 1 ul of DNA. For the amplification of second exon of DLA-DQAL gene | used
primers: DQAInl 5-TAA GGT TCT TTT CTC CCT CT-3' (forward) and DQAIn2 5-GGA
CAG ATT CAG TGA AGA GA-3' (reverse) (Wagner, Burnett, DeRose, et al., 1996), for DLA-
DQB1 gene primers: DQB1BT75-CTC ACT GGC CCG GCT GTC TC-3' (forward) (Kennedy
etal., 2007) and DQBR3 5'-ACC TGG GTG GGG AGC CCG-3' (reverse) (Galov et al., 2015),
and for DLA-DRBL1 gene primers: DRBF 5'-GAT CCC CCC GTC CCC ACA G-3' (forward)
(Kennedy et al., 2005) and DRB1R 5-TGT GTC ACA CAC CTC AGC ACC A-3' (reverse)
(Wagner, Burnett, Works, et al., 1996). All of the primers were designed to align in the intronic
regions of their specific loci. | used the temperature protocol described by Kennedy et al.
(2007): polymerase activation at 95°C for 15 min, then 14 touchdown cycles with denaturation
at 95°C for 30 s, annealing for 1 min starting at 54°C for DLA-DQAL, 73°C for DLA-DQBL1 or
62°C for DLA-DRB1 decreasing by 0.5°C each cycle and extension at 72°C for 1 min.
Touchdown cycles were followed by 20 cycles of denaturation at 95°C for 30 s, annealing at
47°C (DQAL), 66°C (DQBL1) or 55°C (DRB1) for 1 min and extension 72°C for 1 min, with the

final extension at 72°C for 10 min.

3.3. Electrophoresis

To check for the presence of amplification products after the PCR reaction, after the
purification of PCR products, and after molecular cloning (chapter 2.5) | used gel
electrophoresis on 1% agarose gels. In one of the lines | used DNA size marker to check the
approximate size of the PCR products. To visualize the DNA fragments | used Midori Green
Advance colour (Nippon Genetics) in ratio 0.5 pl of colour on 10 ml of gel. Electrophoresis

was done at 100V for 30 minutes, and after, the gels were observed under UV light.
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3.4. Sequencing

All of the products obtained by specific DLA-DQA, DQB and DRB PCR (chapter 3.2)
that were of the expected length, and all of the plasmids obtained by molecular cloning (chapter
3.5) were sequenced using Macrogen sequencing service (Macrogen Europe). All of the
products were sequenced using the Standard-seq service and the primers used for sequencing
were the same as the ones used for PCR. Samples were sequenced first only from one direction,
forward for DLA-DQAL and reverse for DLA-DQB1 and DLA-DRBL, and only in the cases in
which the sequences weren’t completely clear using one direction, I ordered the sequencing
from the other direction to obtain unambiguous sequences. Some examples of those are
sequences with heterozygous sites near the primer binding region, or sequences with multiple
heterozygous sites in a row. Before sending the PCR products for sequencing | performed
enzymatic purification using ExoSAP-IT PCR Product Cleanup Reagent (Applied Biosystems)
to remove residual nucleotides, primers and unfinished PCR products. Purification of plasmids
is described in chapter 3.5.

3.5. Molecular cloning

For heterozygous wolves whose exact alleles couldn't be determined using in-silico
methods, and for those with presumed new alleles I performed molecular cloning using
PGEM®-T Vector System (Promega) with JM109 Competent Cells (Promega). pPGEM®-T is a
plasmid which carries a gene conferring ampicillin resistance to the host cells, has a multiple
cloning region and a lactose operon, and it comes already linearized in the lacZ gene with a
thymine added at both 3' ends to ensure easier insertion of DNA fragments into the plasmid.
These characteristics are vital for the selection of those bacteria that have been transformed
with the plasmid which carries the insert of interest, in this case the amplified product of the

exon 2 of a DLA allele.

The molecular cloning procedure starts first with the amplification of the allele using
PCR described in chapter 3.2. After the PCR, I performed the purification of PCR products with
the Wizard® SV Gel and PCR Clean-Up System (Promega) using the following procedure. In
the finished PCR reaction I added an equal volume (25 pl) of Membrane Binding Solution.

Then | put the SV Minicolums in clean Collection Tubes and added the solutions with the
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amplified DNA to the SV Minicolumns. After 1 min incubation, | centrifuged the tubes at
16,000 g for 1 minute, discarded the flow-through and reinserted the SV Minicolumns into the
same Collection Tubes. I added 700 pl of Wash Solution to the SV Minicolumns, then
centrifuged at 16,000 g for 1 min. I discarded the flow-through, added 500 ul of Wash Solution
and centrifuged at 16,000 g for 5 min. Again, | discarded the flow-through, and centrifuged just
the column assembly at 16,000 g for 2 min to evaporate any residual fluid. | transferred the SV
Minicolumns to new, sterile 1.5 ml tubes and added 20 pl of Nuclease Free Water. After 1 min
incubation I centrifuged the tubes at 16,000 g for 1 minute. The flow-through contained the
purified products of my PCR reactions, which was checked using electrophoresis described in

chapter 3.3.

After obtaining the purified PCR amplicons of my alleles of interest (inserts), I
performed the ligation reaction. The pGEM®-T Vector System is declared to work successfully
inarange from8:1to1:8insert: vector molar ratios. So the first step in setting up the ligation
reaction was to measure the concentrations of my purified inserts, which I did using DS-11
Series Fluorometer (DeNovix) with DeNovix dsDNA Broad Range Fluorescent Assay Kit. To
determine the volume of insert to be added to the ligation reaction one can use the general

equation given in the manual:

mass of vector (ng)+length of insert (kb)

* [nsert: vector molar ratio.
length of vector (kb)

mass of insert (ng) =

In my, and my colleagues previous work we found that the reaction works best for us when
using 3 : 1 insert : vector molar ration, and since the size of insert is approximately 0.3 kb, size

of vector 3 kb and concentration of vector is 50 ng/pul I used the following equation:

50 ng*0.3kb
3kb

mass of insert (ng) = *3: 1.

This way | calculated that the recommended mass of my inserts is around 15 ng, so using the

concentrations measured with the fluorometer it was easy to calculate the required volume using

mass (ng)

the equation: volume (pl) =

concentration (ng/ul)

After determining the required volume of insert | set up the ligation reaction. In a 0.2
mL tube I mixed 5 pl of 2X Rapid Ligation Buffer, 1 pl of pPGEM®-T plasmid (50 ng), 1 pl of

T4 DNA Ligase (3 Weiss units/ul), required volume of purified insert and nuclease free water
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to a final volume of 10 pl. I also prepared two control reactions, one negative control which
had the same reaction but without the insert, and control of transformation which had 2 pl of
control insert instead of my insert of interest. The control insert is a 542 bp DNA which contains
multiple stop codons in all reading frames so it should ensure a low background of blue

colonies. All ligation reactions were left overnight at 4°C.

On the next day I performed the transformation of JM109 Competent Cells with the
ligation reactions. For each ligation reaction | used two agar plates with 30 mL of LB media.
The growth media was prepared according to the following composition: 1 L H20, 10 g Bacto
Tryptone, 5 g Bacto Yeast Extract, 5 g NaCl and 15 g agar, titrated to 7.0 pH using NaOH.
After mixing, the media was autoclaved, Ampicillin was added to a final concentration of 100
pl/ml, and then the media was poured i