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Abstract
The emergence of Chronic Wasting Disease (CWD) in Norway poses a significant threat to

the populations of free-ranging and semi-domesticated reindeer. Controlling the spread of
the disease is of utmost importance, and studies have indicated that different PRNP
genotypes give varying levels of sensitivity to CWD in reindeer. Some genotypes offer more
protection against the disease, making it desirable for reindeer herders to breed selectively
to increase the ratio of CWD resistant genotypes in the populations. In all artificial selection
it is important to avoid reducing the genetic variation in the population. To this end it is
important to know to what extent genetic variation in the population is associated with the

PRNP-genotypes.

DNA samples from reindeer were sequenced with Illumina sequencing, followed by
alignment and variant calling to generate a set of SNP genetic markers for population
structure and variation analysis. Analysis of population structure revealed that individuals
with identical PRNP genotypes did not exhibit increased relatedness to each other
compared to the rest of the individuals. However, analysis of positions surrounding the
PRNP gene indicated that the PRNP genotypes influenced the variation found in the
surrounding regions, suggesting the presence of linkage disequilibrium (LD) tied to PRNP
alleles. Notably, the A allele, which causes sensitivity to CWD in reindeer, showed less signs
of LD compared to the other alleles. This implies that the A allele has less association with
specific variants than the other genotypes and could indicate a smaller chance of removing
alleles from the population when selecting away from the A allele. However, importantly, as
the A allele exhibited the most variation in the regions surrounding the PRNP gene,
selectively removing A alleles would reduce the genetic variation in this area. As a high
portion of the variants in the positions surrounding the PRNP gene is found together with
the A allele this could potentially lead to the loss of additional alleles. As LD was investigated
by visually inspecting clustering in MDS plots in this study more specific analysis is needed to
conclude the impact of selective breeding against CWD on genetic variation in the area

surrounding the PRNP gene.

In addition, this pilot study uncovered an important discrepancy. The genotypes identified

through PCA amplification and Sanger sequencing differed from those identified through



whole-genome lllumina sequencing for nine of the animals. Further investigation is

necessary to determine the causes of these inconsistencies.
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1.Introduction

After the first cases of Chronic Wasting Disease (CWD) was discovered in Norway in 2016, it

has been considered a serious threat to both semi-domesticated and wild populations of

reindeer. Selective breeding to make the semi-domesticated reindeer more resistant to this

disease is discussed as a possible part of the solution. This is the context for this study

where the goal is to assess the possible effect of selective breeding based on PRNP alleles

on genetic variation.

Wild (free-ranging) and semi-domesticated (herded)
reindeer in Norway and the threat from CWD
Norway is one of the countries in Europe with the highest

number of semi-domestic reindeer, with a population of
around 225.000 animals (Maraud & Roturier, 2021;
Veterinzarinstituttet). Reindeer herding is practiced over
an area of 140.000 square kilometers or 40% of the land
area in Norway (Forbes & Kumpula, 2009) In addition,
Norway is the only country in West Europe with
populations of wild reindeer (Rangifer tarandus) and wild
tundra reindeer (Rangifer tarandus tarandus) (Sylvie L.
Benestad et al., 2016). The population of wild reindeer in
Norway has been stable at around 25.000 (+/- 3.000)
individuals over the last decade (Eldegard K, 2021). The
management and conservation efforts of wild reindeer
have largely been concentrated on area management and
the impact of human disturbance, but the discovery of
the first cases of CWD in wild reindeer in 2016 drastically
changed this (Mysterud et al., 2020). CWD is considered a
serious threat to the Norwegian, and thus the Eurasian,

population of wild reindeer. If the disease spread to

Reindeer (Rangifer tarandus)

Figure 1.1: Foto of reindeer, taken by Per
Jordhagy (Fremstad, 2020)

Distribution:

Reindeers inhabit a broad range of
territories spanning from 50 to 81
degrees north around the Arctic
region. They can be found in various
locations across the globe, including
the northwestern region of the
United States (Alaska), Canada,
Greenland, Norway, Finland, Russia,
and Mongolia (Gunn, 2016).

In Europe, approximately half of the
population of wild reindeer, and
nearly the entire population of
mountain reindeer R. t. tarandus can
be found on the mainland of Norway
(Eldegard K, 2021)

populations of semi-domesticated reindeer, it may threaten the culture, traditions and

income of a large part of the indigenous Sami people (Mysterud & Rolandsen, 2018).




As the numbers above show, most of the reindeers in Norway are parts of semi-

domesticated herds. For a large
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Figure 1.2: Map of the reindeer management areas in Norway.
Retrieved, as a modified version of a map from villrein.no, from
(Kvie et al., 2019)

tamreinlag, Lom tamreinlag, and Fram tamreinlag) that practice reindeer husbandry in
central parts of southern Norway (Kaltenborn et al., 2014). Wild reindeer can be found in
the Mountain ranges in southern Norway and is a common species here (see Figure 1. map
with the various areas of wild reindeer). Some of the wild habitats and the habitats of
domestic reindeer are overlapping, for example in the Jotunheimen—Breheimen area
(Kaltenborn et al., 2014). Filefjell tamreinlag share borders with the CWD-affected wild

reindeer population in Nordfjella.

Current and historic importance of reindeer

Reindeer have been a key component of Eurasian high-latitude ecosystems for at least two
million years. There is evidence that reindeer were a source of food for Neolithic humans as
they were extensively hunted (Forbes & Kumpula, 2009) and within Fennoscandia, writings
from as early as the ninth century describe people, most likely the indigenous Saami,
engaging in regular reindeer husbandry (Forbes & Kumpula, 2009). This illustrates that
herding of reindeer has been important for centuries. Today reindeer is used for nutrition,

clothing, shelter and plays a role in spiritual beliefs. Commercial products from reindeer is



mostly meat, but skins, handicrafts and even antler velvet are also sold (Forbes & Kumpula,
2009). Many Indigenous people depend on Rangifer species for their livelihoods as the
reindeer meat remains an important food source for the herders’ communities (Maraud &

Roturier, 2021).

The wild reindeer in Norway is of special significance as it is considered the last remnants of
wild tundra reindeer (Rangifer tarandus tarandus) in Europe. Norway therefore has a

responsibility to protect the species (Sylvie L. Benestad et al., 2016).

Ecological importance of reindeer and threats effecting the herds

Both the semi-domesticated reindeer and the wild reindeer populations play an important
role in the ecosystems. Reindeer is sometimes referred to as a keystone species or an
“ecosystem engineer” and it is widely agreed that reindeer play an important role in the
boreal forest and tundra ecosystems (Forbes & Kumpula, 2009). In a recent study in the
north of Fennoscandia it was shown that reindeer contribute to maintaining the regional
biodiversity, as on relatively rich dolomitic substrates reindeer tends to promote rare and

threatened plants (Forbes & Kumpula, 2009).

The availability of winter ranges is widely recognized as one of the primary factors that limit
the carrying capacity for reindeer populations (Nellemann et al., 2001). Various factors
influence this, including the fragmentation of original habitats and climate change. Habitat
fragmentation has long been identified as a major threat to population size, and it has been
advised that habitat connectivity should be a focus for conservation efforts (Kvie et al.,
2019). When habitats become fragmented, reindeer have less territory available for
migration, resulting in more sedentary populations. This, in turn, can lead to overgrazing

issues and a decrease in the carrying capacity of the pastures.

Furthermore, climate change, attributed to global warming, is predicted to exacerbate this
problem. Fluctuating climate patterns can result in harsher winters, with more ice instead of
snow making it more difficult to find food, and this have been shown to increase reindeer
mortality rates. Additionally, global warming may cause increased winter precipitation,
leading to larger areas of reindeer summer ranges being permanently covered in snow.

Consequently, this limits the availability of nutrients for reindeer (Heggberget et al., 2002).



Another concern associated with climate change is the increased likelihood of emerging
infectious diseases in wildlife, including reindeer populations (Jones et al., 2008). Chronic
Wasting Disease (CWD) has posed a new challenge to the management and protection of
reindeer populations in Norway since 2016. This further emphasizes the need for effective

management strategies.

Chronic wasting disease (CWD)
CWD is a deadly, transmissible disease which affects the brain and nervous system of

reindeer and other members of the Cervidae family (Haley & Hoover, 2015). It is a prion
disease, i.e., the disease-causing agent consists of aggregates of a misfolded conformer of
the prion protein (PrP). The disease was first discovered in Colorado, USA, in 1967, and by
2022, it has been recognized in wild or farmed deer in 30 US states and four Canadian
provinces (Richards, 2021). The disease was introduced in South Korea with imported live
cervids (Kim et al., 2005; Sohn et al., 2002). In 2016 the first CWD case was discovered in
Eurasian reindeer (Rangifer tarandus) (S. L. Benestad et al., 2016) and moose (Pirisinu et al.,
2018) in Norway. Spread of the disease is considered a threat to both wild populations of
cervids and animal husbandry, and measures to fight the disease is high on the nature

management agenda in Norway.

The early history of CWD

The first case of CWD was registered in Colorado in captive mule deer (Odocoileus
hemionus) at a research facility in 1967, and it was subsequently found in similar research
facilities in Wyoming (Leiss, 2017; Otero et al., 2021). Although this was the first recognized
case of the disease there have likely been cases in the states before this (Miller & Fischer,
2016). In 1980 the disease was classified as a transmissible spongiform encephalopathy
(TSE) (Williams & Young, 1980). Other forms of TSE include scrapie in sheep and goats,
bovine spongiform encephalopathy (BSE), transmissible mink encephalopathy (TME), and
Creutzfeldt-Jakob disease (CJD) in humans (Otero et al., 2021).

Due to both lack of and imperfect surveillance, the history of how CWD spread through
North America is somewhat unclear. In the first years after the discovery in 1967, new cases
were mostly found in Colorado and Wyoming. From 1996 to 2016 the disease range
expanded rapidly, and by 2016 it was registered in 21 states and two Canadian provinces

(Leiss, 2017; Miller & Fischer, 2016).



This history of how CWD has spread is important when we are looking for ways to manage
the disease. Much of the early spread of CWD in captive herds can be attributed to the
transfer of individuals between facilities as this was a common practice as the knowledge of
CWD was limited. The disease has spread to both Canada (1996) and South Korea (2021)
through the import of infected captive cervids (Kim et al., 2005; Otero et al., 2021). In wild
populations, Cervid migration is an important factor in the geographic spread of CWD (Otero

et al., 2021).

CWD stands out from other TSEs in that it is highly contagious, and the infectious particles
can survive in the environment for prolonged periods (Sylvie L. Benestad et al., 2016; Otero
et al., 2021). It is also the only TSE found to affect both wild and farmed animals, with the
first reported case in a wild cervid (an elk) in 1981 in Colorado (Leiss, 2017; Miller &
Williams, 2004). As a consequence of the high contagiousness of CWD, the disease is on the

rise, unlike other Prion diseases which are under control or declining (Rivera et al., 2019).

The contagiousness of CWD is one reason why the disease is challenging to eradicate when
it is present in an area, the stability of infectious particles in the environment is another.
Cervids can be infected with CWD via ingestion of PrP-CWD from sources in the
environment and the persistence of these particles can make an area unsuitable even
though the infected animals have been removed (Kahn et al., 2004). Infected cervids may
shed PrP-CWD in excretions such as feces and saliva, or the contamination may come from
the decomposition of diseased carcasses (Kahn et al., 2004; Otero et al., 2021).

Dense populations as a consequence of keeping captive herds can contribute to increased
likelihood of transmission both from the environment and between individuals (Kahn et al.,

2004).

To sum up, eradication of CWD from areas of endemicity is likely to be impossible due to the
long-term stability of infectious prions in the environment, the ease of transmission from

animal to animal, and the lack of an effective vaccine or treatment (Race et al., 2018).

The discovery of CWD in Norway
When the first case of CWD was discovered in Norway in 2016, this also represented the
first CWD case in Europe, and the first case found in reindeer globally. Only in 2018, two

years after the first reindeer case in Europe, was the first case of CWD in reindeer



discovered in North America (Statusrapport CWD for 2018, 2019).

Because of the difficulty of stopping the spread of CWD in North America the Norwegian
government introduced drastic measures when a case was discovered in Norway. It was
decided to eradicate the entire sub-population of reindeer in Nordfjella, and this entire sub-
population where the positive case was found was culled between 2016-2018 (Gliere et al.,
2020). Nordfjella sone 1 is adjacent to other zones of wild and herded reindeer and the find
raised serious concern that the disease would spread to nearby populations (S. L. Benestad

et al.,, 2016).

A total of 19 animals in the culled Nordfjella population tested positive for CWD. In 2020
and 2022 two further cases were diagnosed in the Hardangervidda area, which holds the
largest population of wild reindeer in Western Europe. In addition to the 21 cases of CWD in
reindeer, distinct forms of CWD with sporadic occurrence have been recognized in moose in
Norway (11 cases), Sweden (4 cases) and Finland (3 cases), and tree red deer in Norway
(Tranulis et al., 2021). From 2016 to 2023 35 cases of CWD have been reported in Norway,

21 of them in reindeer (Veterinaerinstituttet, 2023).

CWD and other prion diseases

CWD is a prion disease. While the term prion was first used in 1982, the first description of
what we now know as prion diseases date back to 1732 (Liberski, 2012). This was a disease
in sheep that caused altered behavior including excessive licking, scratching and altered gait,
this disease was named Scrapie. More recently, similar diseases, which like Scrapie have
neurological characteristics, have been found in humans. Creutzfeldt-Jakob disease was
described in 1920, and Kuru was described in 1957 (Rivera et al., 2019). By 1959 the three
diseases were linked and in 1967 a theory that the diseases were caused by a proteinase
agent emerged (Rivera et al., 2019).

Prusiner (Prusiner, 1998) and collaborators, in 1982, were the first to prove that the
causative agent for scrapie is a protein, for which they won the Nobel Prize for in 1997. Also
in 1982, Prusiner coined the term “prion” to describe the transmissible proteinaceous agent

that was the cause of TSEs (Rivera et al., 2019).

Prions proteins are present in almost, if not all, mammalian species, making it highly

evolutionary conserved. Prion proteins (PrPC) are cell-surface glycoproteins consisting



mostly of alfa-helical conformations. Prions have around 42% alpha-helix content and are
essentially devoid of B-sheets which is only present in 3% (Pan et al., 1993). The protein is
encoded by the single-copy PRNP gene with the entire open reading frame contained in one

exon (Huang et al., 1994)

Prions can be found in several different tissues and cell types, like epithelial, endothelial and
immune cells, but has particularly high expression levels in neurons and neurological cells of

the central and peripheral nervous system (Rivera et al., 2019).

Prion diseases is a collective term for diseases where the transmissible agent that causes the
disease is a misfolded prion protein (PrPSc). The diseases manifest as sporadic, inherited,
and infectious disorders, and include, among others, scrapie, chronic wasting disease, and

bovine spongiform encephalopathy in animals (Huang et al., 1994)

The disease causing mechanism is that when PrPSc comes into contact with the cellular
prion protein (PrPC) it acts as a catalyst and causes a configurational change of the cellular
protein, where a portion of its a-helical and coil structure is refolded into B-sheet (Pan et al.,
1993). This change in configuration triggers aggregation of the prions as this is energetically
favorable in the new configuration. This then leads to accumulation of abnormal prions

which is harmful especially in the central and peripheral nervous system.

CWD susceptibility based on PRNP genotype
Variation in disease susceptibility has been linked to PRNP variation in elk (O'Rourke et al.,
2007; Perucchini et al., 2008), mule deer (Fox et al., 2006) and white-tailed deer (Johnson et

al., 2006; Johnson et al., 2011). It was theorized that this would be the same for reindeer.

As most of the CWD outbreaks have happened in North America most of the research into
CWD is also from here. The first outbreak in Europe made it evident that more European
research was needed, and especially because the case found in Norway seemed to differ
from the disease in North America (Maraud & Roturier, 2021). As the first case of CWD in
Norway also represented the first case found in reindeer globally, it was necessary to map
the occurrence of different PRNP-genotypes in reindeer (Glere et al., 2020; Statusrapport

CWD for 2018, 2019).



The culling of the reindeer sub-population in Nordfjella made valuable genetic material
available for research. The genetic material from the eradication was used to research the
variation in the prion protein gene (PRNP) in Norwegian wild reindeer, and if prion
genotypes showed signs of impacting the susceptibility of the reindeer to CWD. For this
purpose, 19 reindeer affected with CWD and 101 healthy animals, all from the Norefjella
population, were genotyped. In the study, five different prion alleles were found from the
genetic material collected from the culled population (Glere et al., 2020). A study in 2022
which included individuals from several populations found one additional allele (Gliere et
al., 2022). These alleles were named A-F. Allele A was the allele matching the reference
sequence used. An overview of the sequence differences between the different alleles
found in 2020 can be seen in Table 1.1 (Glere et al., 2020). Allele F found in the 2022 study

was a substitution of Lysine (207) to Methionine (Gliere et al., 2022)

These six alleles were found to combine into 15 different genotypes. The most abundant

genotypes were A/A, A/B and B/B while other genotypes were detected at proportions <.10.

No animals homozygous for the alleles C (deletion) or F (207M) were detected (Glere et al.,

2022).

Table 1.1: The different alleles found by Giiere in 2020 (Gliere et al., 2020).

PRNP open reading frame variant positions

4G>A | 249 272del 385G>A | 505G>A 526A>G 674C>A S:)”duylation

Val2Met | Trp84_Gly91del Gly129Ser |Vall69Met |Asnl176Asp |Ser2a25Tyr E)ZZO
Allele
A Val Trp84_Gly91 Gly Val Asn Ser 46.3%
B - - - - - Tyr 30,4 %
C - Trp84_Gly91ldel - - - - 9,6 %
D - - - - Asp - 7,9%
E Met - Ser Met - - 58 %

The paper published by Gliere (Glere et al., 2020) showed that there were signifcant

differences between the allele frequencies of healthy reindeers and the ones affected with

CWD and subsequently the genotype distribution was also different. Allele A and allele C

was significantly overrepresented in the cases compared to the controls. All the CWD

affected animals had a PRNP-genotype with at least one A or C allele. On the basis of this, it




was concluded that some genotypes found among Norwegian reindeer provide more

resistance to CWD.

This indicates that populations with higher frequencies of certain genotypes would be
beneficial to reduce the risk of CWD. A study on farmed whitetail deer describes how a
breeding program for increasing the frequencies of disease-resistant PRNP genotypes is
already implemented in a farm in an area of Nort America where CWD is endemic. This
study reports success in altering the genotype frequencies to higher occurrence of less
susceptible genotypes, but it does not mention if there has been any considerations of
potential loss in genetic variation when implementing this breeding program (Haley et al.,

2021).

The importance of genetic variation

Genetic variation is vital for the survival and adaptability of populations, and preserving
genetic diversity is crucial for population viability and long-term survival (Lacy, 1997).
Genetic variation is often defined as “the difference in DNA sequences between individuals

within a population”?

Genetic variation is essential for a population’s ability to adapt and gives resilience to
environmental changes (Lacy, 1997). In experimental populations, it has been demonstrated
that reduced levels of genetic variation can limit the adaptive potential of a population
(Wright, 1968).

Low genetic variation can be linked with inbreeding. Inbreeding can result in, or amplify loss
of genetic variation. In one study of a population of lions that suffered a bottleneck where
the population was reduced to 10 animals, the resulting loss of genetic variation seen in the
population consisting of the descendants led to reduced fitness in the population. A higher
rate of sperm abnormalities, and lower sperm motility than the nearby population in the
Serengeti is observed (Packer et al., 1991). In a study on desert topminnows it was
demonstrated that genetic depletion could cause slower growth and increased vulnerability

to stress and parasites(Lacy, 1997).

L https://www.ebi.ac.uk/training/online/courses/human-genetic-variation-introduction/what-is-genetic-
variation/



Livestock populations are often small, isolated and subjected to strong artificial selection to
maximize production of desired traits. These factors affect genetic variation and play a
major role in the fact that there is often less genetic variation in livestock populations than

in wild populations (Notter, 1999).

In a study where the genetic variability in semi-domesticated reindeer in Norway was
examined it was found that the populations included in the study contain a moderate
amount of genetic variation (R@ED, 1985). The genetic variation found was mostly
contributed by variation within the populations and the different populations were found to
differ only very slightly. Compared to the general genetic variability in mammals inferred by
Nevo (Nevo, 1978) the genetic variation found amongst semi-domesticated reindeer was
lower, but not remarkably so. No indication of inbreeding was found in the populations
(R@ED, 1985).

Genetic differences between wild and semi-domesticated reindeer have been reported in
several studies (Kharzinova et al., 2018; R@ED, 1986). Rged (RPED, 1986) investigated the
genetic variation in wild reindeer with electrophoresis at 9 loci. By comparing the results to
that found for semi-domesticated reindeer in a similar study (R@ED, 1985), he found that
there is a slightly higher amount of genetic variation in the wild populations. In the study he
underscores that both wild and semi-domesticated reindeer have a considerable amount of

genetic variation.

Research of the genetic composition of semi domesticated reindeer show that there have

been a bottleneck sometime in the past (Rged et al., 2021).

As adequate genetic variation is an important part of maintaining population fitness it is

generally part of the considerations in breeding programs (R@ED, 1985).

Measuring genetic variation

Before molecular methods became the standard practice for investigating genetic variation
it was usual to investigate genetic variation in a few loci by looking at changes in protein
structures (Lewontin & Hubby, 1966; R@ED, 1986). A common way to do this was to use
electrophoresis to separate the proteins based on different characteristics like net charge.
The problem with this method is that not all genetic differences give measurable changes in

proteins and this causes an underestimation of actual variation. Another difficulty is that it

10



that with this method one chose some enzymes to represent the variation found in the
whole genome, but it is not always certain that these are representative of the genetic

variation found in all the loci in the population (Lewontin & Hubby, 1966).

In an article published in 1993, it was stated that “microsatellites may become the makers
of choice for molecular population genetics”(Bruford & Wayne, 1993). Microsatellites are
highly polymorphic short tandem repeats of sequence units. The polymorphism is attributed
to variation in the number of repeated units. The discovery of microsatellites represent a
leap in investigation of population structure as they can be used to investigate genetic
variation from small amounts of material and they can be highly precise (Bruford & Wayne,

1993).

Single nucleotide polymorphisms (SNPs) emerged as a new genetic marker after the use of
microsatellites became common (Brumfield et al., 2003; Liu et al., 2005). In studies
comparing the two molecular markers, it is shown that microsatellites are more informative
than SNPs and fewer microsatellites than SNPs are needed to infer population structure and
determine whether sub-populations are present (Haasl & Payseur, 2011; Liu et al., 2005).
Since SNPs can only vary to four different characters, they may therefore be less suited for
parentage analysis (Brumfield et al., 2003). Still, SNPs have become the marker of choice for
many researchers. The lower and uniform mutation rate makes it easier to infer historic
population demographics, and makes it less likely that information is lost to mutation in the
same positions (Brumfield et al., 2003).

The fact that SNPs are less informative than microsatellites can be offset by including a
larger set of markers in the data. Brumfield (Brumfield et al., 2003) highlights the fact that
the use of SNPs as markers make more tests of deviations from neutrality, population size
and recombination available. The use of SNPs also improves the ease of modeling, they are
simple to genotype and as many are available it can make up for the lack of statistical power

compared to microsatellites (Brumfield et al., 2003).

There are different ways to investigate genetic variation once a set of genetic markers has
been compiled. Whether heterozygosity differs from that expected under Hardy Weinberg
equilibrium is one common test (Lacy, 1997). Studies investigating genetic variations also

investigate population structure (Muli et al., 2022).
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That statistical power increases with number of individuals sampled is a widely accepted
premise. Low sample sizes are in some cases taken as indicating low power (Ryman et al.,
2006). It is difficult to determine the required sample size for an accurate measure of
genetic variation, but as higher sample numbers result in higher statistical confidence of the
analysis, more samples are usually preferred. The limiting considerations are often

computational resources, expenses and samples available.

Thesis aim

It is of great importance to find solutions to the CWD problem, but without creating other
problems or weaknesses in the reindeer population. Because susceptibility to CWD vary
with PRNP genotype, breeders are interested in selecting reindeer with genotypes making
them less susceptible to CWD. Changes in the genetic makeup of a population can have
unintended consequences, so before a breeding program with selection of (PRNP genotype)
can be implemented, potential consequences needs to be investigated. An important
guestion is if removing the alleles making reindeers more susceptible to CWD also will

reduce the genome wide genetic variation in the population.

In this thesis | will process sequence data from reindeer to produce SNP data of all the
variable positions in the genome, and use this to study the population structure of a herd of
semi-domesticated reindeer with the goal of detecting if additional genetic variation will be

lost if susceptible genotypes are lost.

If it is possible to remove alleles causing susceptibility to CWD from semi-domesticated
reindeer populations this can help prevent the spread of CWD. This is important for reindeer

husbandry but also for conservation of wild reindeer in Norway.

12



2. Method

Genotyping and Sequencing

The DNA material used in this analysis is genomic DNA samples obtained from ears of
reindeer. The samples were collected from the four non-Sami reindeer herding groups,
Filefjell Reinlag, Fram Reinlag, Vaga tamrein and Lom Tamrein. The DNA from these samples
was extracted using QIAGEN DNeasy Blood & Tissue kit (Qiagen, German) and the DNA
concentration of the samples was assessed with Nanodrop (Themo Fisher Scientific, USA).
The samples were genotyped with SANGER sequencing after amplification of the PRNP

reading frame with PCR. The genotyping was performed before the master project started.

Out of the genotyped individuals 27 reindeer from the Filefjell population were chosen for
sequencing. Only samples from one herd were chosen as the number of samples that could
be sequenced was limited (due to budget) and it would be more informative for the goal of
the study to investigate the genetic variation within one population as opposed to between
different populations. Seven of the individuals had the genotype A/A which makes them
susceptible to CWD, 10 were classified as intermediate susceptible because they had the
genotypes A/B, A/D or A/E. Lastly 10 individuals with the genotype E/E, B/D, B/B, B/D, B/E
or D/D were chosen to represent the less sensitive group. The samples were sent to
Novogene UK, a commercial provider, for sequencing. This company prepared the DNA
library with the NEB Next Ultra Il DNA Library prep kit (NEB, USA) and the DNA was
sequenced by a Novoseq6000 machine using S4 Flow-cells (Illumina USA). The requested
amount of sequence was 60Gb of each sample. As the reindeer genome is 2,92Gb

(Weldenegodguad et al., 2020) this amounts to a coverage of around 20X.

Pre-processing

There are several steps in the process of performing a variant calling from raw-reads
sequenced with Illumina (lllumina USA). These steps were performed in a linux environment
at the high performance computing (HPC) server Orion. The raw sequence data files were
unzipped and then combined into two files for each of the samples, one for the forward
reads and one for the reverse reads produced by lllumina “paired end sequencing”. The

quality of the reads was assessed with FastQC version 0.11.9-Java-11(Babraham
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Bioinformatics). FastQC measures different parameters about the reads for each sample,
among other things the base-quality and the GC content. The FastQC results for all the
samples were summarized with MultiQC version 1.9-foss-2019b-Python-3.7.4 (Ewels et al.,
2016) to make them easier to asses.

Samples that were flagged as failed in the “per tile quality” check by FastQC underwent
quality trimming. If a sample failed the “per tile quality” check it means that specific
positions on the flow cell produced reads with lower quality scores than the average read
quality score (Alnasir & Shanahan, 2020). To remove some of the reads with low quality the
failed sequences were filtered with FilterByTile from BBtools (Bushnell, 2020). FilterByTile is
a tool that filters reads based on position specific quality over the flowcell. The default

values for the program were used.

Alignment

To align the reads BWA version 0.7.17-GCC-10.2.0 (Li & Durbin, 2009) was used. The reads
were aligned to a partially assembled genome of a reindeer form Hardangervidda in Norway
(Accession:PRJEB35834) (Kiel, 2021). The reference genome was indexed with BWA index
and the alignment was performed using BWA mem (Li, 2013). The Readgroup information
from the lllumina sequence files were included as a parameter in the alignment so that the
information still was accessible in the resulting SAM files, as later steps in the pipeline
require this information (GATK). To reduce file size SAMtools (Danecek et al., 2021) was
used to convert the SAM files to BAM files in the same operation as the alignment. The

completeness of the alignments was assessed with the “flagstat” command from SamTools.

To flag reads that were likely artifacts from the PCR amplification MarkDuplicates from
Picard tools version 2.9.2 was used (Picard tools - by Broad Institute). This step is important
to ensure that PCR and optical/sequencing errors do not get included in downstream

analyses.

The reference genome was originally soft masked, before the variant calling it was changed
to hard masked with text editing in Rstudio version 4.1.0 (RStudio Team, 2020). This was
done to decrease run time and memory use. As the goal in this analysis is to discover the

distribution of genetic variation within the population, specificity and speed is favored over
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sensitivity. Aligning short reads to repeated sequence is not specific, as they can align at
several positions in the genome. This is the case when the repeated region is longer than

the individual read.

Variant calling

For the variant calling HaplotypeCaller, a tool form GATK (McKenna et al., 2010; O'Connor,
2020), was used with the GVCF mode. HaplotypeCaller call SNPs and indels via local re-
assembly of haplotypes. The GVCF mode is used when the input data consists of sequences
from multiple individuals, when it is used the output file format is GVCF. The samples were
run through HaplotypeCaller individually and one GVCF file was produced for each sample

(Caetano-Anolles, 2023a).

HapplotypeCaller works by using a local de-novo assembly of haplotypes to call SNPs and
indels simultaneously. When it discovers variation, it disregards current mapping
information for that region and does a local re-alignment. This is what is making the tool
able to detect different types of variants even if they are close together (Van der Auwera et

al., 2013).

To combine the 27 GVCF files to one file that can be used as input for GenotypeGVCFs the
program CombineGVCFs was used (McKenna et al., 2010; O'Connor, 2020). To limit the

amount of memory and time consumed by the program the GVCF files were merged 5 at a
time in several runs until they all were merged into one file. This file was used as input for

the genotyping which produced a VCF file for all the samples.

Filtering

To make sure the variants produced in the final VCF file are as correct as possible the VCF
file was filtered. For this the VCF file was sorted into two new files, one for SNPs and one for
indels. This was done with SelectVaiant by GATK (McKenna et al., 2010; O'Connor, 2020).
The filtering was done with GATK VariantFiltration (McKenna et al., 2010; O'Connor, 2020),
a tool that performs hard filtering, which means that it filters out variants based on a
threshold limit for specific parameters. The filtering focused on removing variants with low
quality scores and strand bias. An overview of the parameters used can be seen in Table 2.1.
This table also provide a description of the parameters, the recommended threshold values

from GATK (Caetano-Anolles, 2023b) and the values used for the filtering.
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The threshold value for each parameter was determined by looking at density plots that

displayed the distribution of variants for the different quality parameters. The plots were

produced from the quality data in the VCF files which were converted into table format by

using VariantsToTable from GATK (McKenna et al., 2010; O'Connor, 2020) to make it

possible to plot in Rstudio (Team, 2020). A density plot for each parameter was created in

Rstudio with ggplot2 (Wickham, 2016). Based on the distribution of values and the

recommendations from the company that provides the software (GATK) the threshold

values were chosen.

Table 2.1: The filtering parameters used for filtering of the variants called with GenotypeGVCFs. The table
includes a description of the filtering parameters, the threshold value recommended by GATK (Caetano-Anolles,

2023b) for which variants to filter out and the threshold values used in this study.

Filter

Description

Recommended
threshold for
variants to filter
out

Used threshold
for variants to
filter out

Quality By Depth

The variant confidence normalized to account
for the higher quality caused by increased depth
when sequencing

<2

<2

FisherStrand

The probability that one strand of the DNA is
preferred over the other measured with Fishers
exact test. The output is given as a Phred-scale
p-value. High values indicate strand bias.

>60

>60

RMSMapping-
Quality

The root mean square mapping quality over all
the reads at the site. This is a parameter used to
include the standard deviation of the mapping
quality. A good MQ value is around 60

>40

>55

StrandOddsratio

A measure of strand bias that accounts for the

fact that the reads at the ends of exons tend to

only be covered by reads in one direction which
gives them an inaccurate bad score with the FS

test.

<3

<3

MappingQuality-
RankSumTest

Compares the mapping quality of the reads
supporting the reference allele and the mapping
quality of the reads supporting the alternate
allele. A score around 0 indicates little
difference between the strands.

<-12,5

<-5and >5

ReadPos-
RankSumTest

Compares the reference and the alternate
strand. It looks at positional differences in the
two strands by comparing if one of the alleles is
more commonly found in the ends of reads. A
score close to zero indicates little positional
differences.

<-8

<-5and >5

VariantFiltration flags variants that fail one or more of the quality checks. These variants
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were removed by using SelectVariants from GATK which gather the variants that passed the
filtration into one file. After this new density plots were produced to look at the outcome of

the filtering.

Base quality score recalibration (BQSR)

To further improve the result of the variant calling Base Quality Score Recalibration was
performed. This step recalibrates the quality scores from the sequencing by using a set of
known variants. As there was no available set of known variants for reindeer the BQSR was
performed after the variant calling. The set of variants produced in the earlier variant calling
was used as the required input for the BQSR. Base quality score recalibration is a common
step in many next-generation sequencing workflows since inaccurate quality score values
affect all subsequent analyses. The step has shown to lead to better variant calls with less
false positive variants called (Jade & Swaine, 2017).

The first step in BQSR was to use BaseRecalibration by GATK (McKenna et al., 2010;
O'Connor, 2020) to produce a recalibration table. This step required the set of known
variants and the bam files that contain the alignment with flagged duplicates, the output
form MarkDuplicates, as input. The recalibration table was then used to apply the BQSR to
the bam files with ApplyBQSR. Lastly BaseRecalibration is run again with the corrected bam

files as input. This produces a table that can be used to evaluate the BQSR.

Re-running the variant calling

The bam files produced by ApplyBQSR (McKenna et al., 2010)were used in the second round
of variant calling which performed in the same way as previously described for the first
variant calling. The individual sample files were run through HaplotypeCeller, combined with
CombineGVCFs and joint genotyped with GenotypeGVCFs which produced the VCF file used

for the analysis.

Analysis

Quality control

PLINK 1.9 (Purcell; Purcell et al., 2007) and ggplot2(Wickham, 2016) in Rstudio 4.1.0 (Rstudio
Team2020) was used for analysis of the finished VCF file. The file was converted into bed file
format and underwent a standard quality control. As the file contains a lot of scaffolds the “-

-allow-extra-chr” flag was used in all the PLINK runs. Variants were filtered out based on
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different parameters that was set; --maf 0.01, --mind 0.1, --geno 0.1 and --hwe 1e-5. The
maf option filters out variants (genetic markers) that have a minor allele frequency of less
than 0.01. This removes rare variants that may have unreliable genotype calls. “—mind 0.1”
filters out individuals based on their genotype missingness. The threshold is sett to 0.1
which means that individuals with more than 10% missing genotype data will be excluded
from the analysis. With “—geno 0.1” variants with low call rates are filtered out. Variants
that have a call rate of less than 10% is filtered out. The last option “—hwe 1e-5" tests if the
SNPs are in Hardy-Weinberg equilibrium (HWE) and filters out variants that deviate
significantly from HWE. The threshold is set to 1e-5 which means that variants where the
distribution of SNPs found is less than 0.001% likely to observe under HWE is filtered out
(Renteria et al., 2013, pp. 193-213).

Variations in the PRNP gene

To look at segregation close to the location of the PRNP gene, its position in the genome
was located. This was done by aligning the sequence of the PRNP gene (accession:
DQ154293) (Happ, 2005) to the reference genome with Bowtie2 (Langmead & Salzberg,
2012). SAMtools (Danecek et al., 2021) was then used to locate where in the genome the

sequence had aligned.

To investigate if any new variation could be found within the PRNP reading frame the VCF
file produced with GenotypeGVCFs was phased and the variants found within the reading
frame were extracted. The phasing was performed with Beagle (Browning et al., 2021) and
to reduce the amount of memory required by the process, the position of the PRNP gene
was provided with the flag “chrom” specifying that the program should only phased variants
found in this area. The command “query” by BCFtools (Danecek et al., 2021) was used to
extract the variants from the selected positions to text format. The BCFtools query
command requires the VCF file to be BGZF compressed and indexed, this was done with the
command bgzip and index by BCFtools. The Resulting text file contained information about
the variation found in the PRNP gene and which combination of variants each allele of each
sample had. As the variants found in this table had not undergone quality control with PLINK
the variants found in the PRNP reading frame was extracted from the quality filtered bed file
to compare if the same variants were found. This was done with “--recode” in PLINK.

The mutations effect on protein primary structure was investigated by using the program

18



EMBROSS Transeq (Rice et al., 2000) to translate the nucleotide sequence of the reference
allele and the alternate sequence to amino acid sequences. By comparing the alleles found

in this study to the alleles found by Glere (Glere et al., 2020) the alleles were named.

The genotypes found for the samples after lllumina sequencing was compared with the
genotypes found with Sanger sequencing and the legitimacy of the allele calls was
investigated by looking at the reads aligned to the reference genome for the positions that
showed variation within the PRNP gene with Integrative genomics viewer (IGV) (Robinson et

al., 2011).

Determining the population structure and investigating linkage disequilibrium (LD)

To investigate the population structure a multidimensional scaling (MDS) plot was made
with Plink (Purcell; Purcell et al., 2007) and ggplot2(Wickham, 2016). Multidimensional
scaling is used to reduce the dimensionality of the variation found between data pointsin a
data set to be able to visualize the relationships between the data points. The MDS plot
displays the positions of data points in two or three dimensions, with the distance between
points indicating their relative similarity or dissimilarity (Dzemyda & Sabaliauskas, 2022;
Kruskal, 1964).

PLINK 1.9 (Purcell; Purcell et al., 2007) was used to make a matrix of genetic distances used
for the MDS plot. The genetic distances between individuals were calculated with identity
by state (IBS) and Identity by Decent (IBD) as the “genome” option was provided (Purcell et
al., 2007).

The options “—cluster” and “--mds-plot” were used to create a multidimensional scaling
report from the distance matrix calculated with IBS, which can be used to plot the MDS
results. The “mds-plot” option was set to 2 and a two-dimensional plot was made. The plot
was created in Rstudio (Rstudio Team2020) with ggplot2 (Wickham, 2016). The samples
were colored based on if their genotype makes them less sensitive, sensitive or very

sensitive to CWD.

To investigate if there was LD tied to the different PRNP-alleles, variants form different
stretches around the PRNP gene was extracted and used as input for a MDS analysis. Four
MDS plots were made. One containing variants found between position 3.427.296-

3.430.067 (3.000bp up and downstream from the PRNP gene), one containing variants
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found between position 3.420.296-3.437.067 (8.000bp up and downstream for the PRNP
gene) and the two last containing respectively variants from position 3.408.296 to 3.449.066
(20.000bp up and downstream from the PRNP gene) and variants found from position
3.328.296 to 3.529.067 (100.000bp up and downstream from the PRNP gene). All the
indicated positions were found on scaffold JAHWTMO010000007.1. The four files created
were used in MDS analysis with PLINK 1.9 (Purcell; Purcell et al., 2007) and four MDS plots
were made using ggplot2 (Wickham, 2016) the same way as previously described. An
additional MDS plot was made from the variants found 20.000bp up and downstream from
the PRNP gene, where the individuals were colored based on the genotype found with

Illumina sequencing.

Reducing the number of SNPs

To investigate how many SNPs that are needed to retain the information of the population
structure the ped file was pruned based on Linkage Disequilibrium (LD). Files containing
50.000, 500.000, 3.000.000 and 5.000.000 SNPs were created and used to create four
different MDS plots. The option “--indep-pairwise” was used to remove SNPs in high LD. To
be able to perform this step the option “--set-all-var-ids @:#[b37]5r,5a” in Plink2 (Chang et
al., 2015; Shaun Purcell) was used to make all the variant IDs unique. “indep-pairwise”
requires three values as input; the window size, how many bases to shift the window at the
end of each step and the R? value. The Window size was set to 50 and it moved 5 steps
further at the end of every step. The R? value is the multiple correlation coefficient between
a SNP and all other SNPs in the window based on allele counts, and is the threshold that
determines which variants pass (Purcell et al., 2007). For the file that contained 3.000.000
SNPs it was set to 0.85, for the file containing 1.000.000 SNPs it was set to 0.4 and for the
files containing 500.000 and 5.000 SNPs it was set to 0.2. “indep-pairwise” works by
determining the r? value for any given pairs of SNPs within the window and then moving the
window the set amount of variant counts. A r? value of 0 means no correlation is observed
(Harvard.edu). The output from “indep-pairwise” is two files on for the variants that passed
and one for the variants that failed. The file containing the variants that passed was used
with the option “extract” to exclude the variants in high LD from the quality controlled ped

file. The option “--thin-count” was then used to retain a specific number of SNPs in the file.
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The SNPs are removed based on position, which means that the flag tries to keep the

distance between the remaining SNPs as evenly as possible.

3.Results

Quality

FastQC and MultiQC were used to assess the quality of the raw reads produced by llumina
sequencing and selected results can be seen in figure Al and A2 in the appendix. In figure
3.1 the mean quality of the bases in each position is summarized for all the reads per

sample.

FastQC: Mean Quality Scores

Figure 3.1: The mean quality scores for all the samples for each position. Each green line represents
either the forward(R1) or reverse(R2) reads for a sample. The quality score from a position within
each read is averaged for all the sample’s R1 and R2 reads separately and is plotted with the
average score on the x-axis and the position in the read on the y-axis. The green field indicates an
interval of quality scores that FastQC defines as acceptable quality scores, the yellow field indicates
an interval of quality scores which FastQC issues a warning for, and the red field indicates an
interval of quality scores for which FastQC considers problematic.

Figure 3.1 shows that all the samples are well within the green section with the lowest
scores being over 27,5 which is the threshold for indicating that the mean quality passed
fastQC filters. The average quality scores drop from over 35 in the first positions to between

28-35 towards the end. This shows that the quality scores drop at the end of reads. The lines
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representing average quality for each sample’s either forward or reverse reads are close

together indicating a similar distribution of quality score within all files.

Another quality measure taken was the level of duplication controlled with FastQC. The
results can be seen in figure 3.2 The average duplication was 19,86% with no sample
containing more than 24% duplication. FastQC reports mark reads that are identical as
duplicates. Only the first 75bp in the reads are scanned to reduce running time (Babraham

Bioinformatics).
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Figure 3.2 Duplication levels amongst the reads for each sample measured with by FastQC. The figure shows
the duplication percentage for each sample calculated by averaging the duplication of the forward and reverse
read for that sample. The last post shows the average duplication for all the samples.

Quality measures were taken from the alignments to investigate how well the alignment
performed. The results can be seen in figure 3.3.
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Figure 3.3 The percentage of correctly paired reads for each sample. The calculated average for all the samples
is shown in the last post.

The average correctly paired read percentage was 96.12% and none of the samples had a
value less than 95%. This means that over 95% of the reads for each sample were mapped
to the reference genome with its pair in the correct orientation and expected position.

Base score recalibration was performed to adjust the quality scores to make the variant
calling as accurate as possible. Density plots for the distribution of the quality scores and the
quality by depth are shown in respectively figure 3.4A and 3.4B.
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Figure 3.4: Comparison of quality scores(A) and quality by depth scores (B) before and after base quality score recalibration.
The figures show the distribution of their quality parameter before the BQSR in blue and the distribution after
BQSR in red.
Density plots show the distribution of quality scores within the data set. After the
recalibration the quality scores are lower than before. This in turn affects the quality by
depth score and the values here are also lower after recalibration than before.
The finished VCF file was filtered in PLINK, an overview of the number of variants filtered
out can be seen in table 3.1. Variants were filtered out if they failed one or more filtering
parameters.
Before quality | Removed due | Failed Hardy- | Removed due | Remaining
control to missing Weinberg to minor variants after
genotype exact test allele quality
data (geno) threshold(s) control
Variants 12 049 675 1484019 108 459 464 393 9992 804
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Table 3.1: An overview of the number of variants removed in the quality filtration performed

with PLINK. The table displays how many variants each of the quality filters removed.

Out of the over 12 million SNPs present in the pre quality controlled VCF file over 2 million
were filtered out and just under 10 million variants remained. Over half of the variants that
were removed in the quality filtering failed the missing genotype test. This filters out
variants with a call rate lower than 0.9. Samples with a higher missingness rate than 0.1

across all positions were also filtered out, but none of the samples failed this test.

PRNP variation

The PRNP variation was extracted from the VCF file and formatted into table 3.2 which
shows all the alleles found in the data and how their primary protein structure varies. Of the
8 different alleles found the A allele, which matches the reference genome in all the
positions showing variation, were the most abundant, followed by the B allele. The G, H and
| alleles only appear once in the data set. The table includes all variants which caused a
change in the amino acid sequence and the synonymous mutation at position six in the

PRNP reading frame where a guanine (G) was changed to adenine (A) was not included.

Table 3.2: The different alleles of the PRNP gene found after variant calling. The first row of the table contains
information about the location within the PRNP gene and effect of each of the seven positions where non-
synonymous variation was discovered in the PRNP reading frame. Both the DNA position and change and the
amino acid position and change are included. The combination of non-synonymous mutations that make up
each allele are noted. The frequency denotes how many of the total 54 alleles that were found to have that
specific variation.

Allele | 4G>A 237 _260del 385G>A 505G>A 526A>G 674C>A Frequency
Val2Met | Pro79_Pro88del | Gly129Ser | Vall69Met | Asn176Asp | Ser225Tyr | (total 54)

A Val Pro79_Pro88 Gly Val Asn Ser 21

B Tyr 14

C Pro79_Pro88del 4

D Asp 7

E Met Ser Met 5

G Ser Met 1

H Ser 1

| Asp Tyr 1

The PRNP genotype of each individual was determined with PCR amplification and Sanger

genotyping to determine which samples to send to sequencing. After the Illumina whole
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genome sequencing and variant calling the PRNP genotype was also determined by the
observed combination of alleles for each sample. Table 3.3 shows the genotype for all the
samples as it was determined by Sanger genotyping and after variant calling. The rows
marked in green are samples where the two genotypes matches and the yellow rows show
where only one allele differs. The table shows that out of the 27 samples there are 9 that
have genotypes that do not match for the two methods of determining genotype and that
for 3 of the samples with genotypes that do not match none of the alleles are the same.
Table 3.3: The genotype of each sample as determined by Sanger sequencing and variant calling from Illumina

sequence data. Green-colored rows have genotypes that are the same for the two columns, and the rows
marked with yellow have one allele that match.

Genotypes from | Genotypes from
Individuals Ilumina Sanger
sequence sequencing
Mt_1071 A/C A/E
Mt_557 B/D B/D
Mt_807 B/E B/E
Mt_809 B/D B/D
sis [ W]
$169 A/D A/A
S19 A/B A/B
S197 A/A A/D
S233 A/E A/E
S241 A/D A/D
S264 A/A A/A
S267 A/H A/E
S275 B/D B/D
S283 A/A A/A
S291 B/B B/B
S297 A/B A/B
s (w1 b ]
$399 A/A A/A
S41 A/B A/B
S49 A/A A/A
ss3  Jye  fap ]
S6_553 B/C B/B
S6_591 D/D D/D
S83 B/C B/B
S87 B/E B/E
S94 E/E E/E
S96 A/A A/A




The genome viewing program IGV (Robinson et al., 2011) was used to inspect the reads that
had aligned to the positions within the PRNP reading frame. The coverage and base
frequencies at positions where the genotypes found with Illumina sequencing and Sanger
sequencing differ for the same sample were extracted to table 3.4. The proportion of reads
that support the genotype found with Sanger sequencing is marked in green and the
proportion of reads that supported the genotype found with Illumina sequencing is marked
in yellow. Only the proportions of reads that either supported the genotype found with
Illumina sequencing or Sanger sequencing is included in the table. Individual s33 who also
had a genotype that was observed differently with Illumina sequencing and Sanger
sequencing is not included in the table as both methods agreed that the B and D mutation

was present and the inconsistency is based on which haplotype the mutations are found on.

Table 2.4: The sequencing depth and base frequencies at the positions where the genotypes found with lllumina
sequencing and Sanger sequencing differs. The table shows the number of reads covering a position and the
percentage of reads found with each base. The positions are given in nucleotides from the start of the reeding
frame and only the proportion of bases that support either the genotype found with Illumina sequencing or
Sanger sequencing is included.

The bases and proportions marked in green are those that support the genotype found with Sanger sequencing
and the bases marked in yellow are those that support the genotype found with Illumina sequencing.

Position in the PRNP reding frame given in nucleotide
position from the start of the reding frame

Individual 4G>A  237_260del 385G>A | 505G>A 526A>G 674C>A
coverage 568 625 784 676
mt_1071 A:2% A: 1% A:2%
frequency
G:97% del:19% G:99% | G:98%
coverage 24 23
S15 A:25% C:48%
frequency
G:75% A:48%
coverage 18
$169 A:44%
frequency
G:56%
coverage 35
s197 G:0%
frequency
A:100%
coverage 15 13
$267 A:7% A:15%
frequency
G:93% G:85%
S$523 coverage 70 51
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frequency
coverage
frequency
coverage

frequency

del:1%
105

Del:1%
48

Del:1%
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MDS analysis

To visualize the variation in the dataset a MDS plot was created with PLINK. A MDS plot
reduces the variation down the specified number of dimensions, in this case 2, so the

difference between data points can be quantified and visualized.
MDS

Group
Less_sensitive
Sensitive

® Very_ sensitive

MDS2
| |

MDs1

Figure 3.5: MDS plot created from the variant data. The figure shows the genetic distance between each sample, calculated
with IBS, as physical distance in the plot. The samples are grouped based on their susceptibility to CWD. Very sensitive
individuals are shown in red, sensitive individuals in yellow and less sensitive individuals in green.

In the plot (figure 3.5) similar objects are clustered together. The distance between
individuals are calculated by Plink based on Identity-by-state. In other words it shows the
samples that have similar genetic content close together. Figure 3.5 shows that when all the
variants from the whole genome are included in the analysis there is no clear pattern in the
distribution based on the samples sensitivity to CWD.

The stress value calculated for the model is 1.06759e-31 which is close to zero.

LD closer to the PRNP gene

By aligning the sequence of the PRNP gene to the reference genome its position was
located. The PRNP gene is located on scaffold JAHWTMO010000007.1 in position 3428296-
3429077. After quality filtering 227 861 variants were found by Plink to belong on this
scaffold. To investigate if LD could be found close to the PRNP gene four MDS plots were
made (Figure 3.6). In the plots the genotypes are marked with different symbols and the

CWD susceptibility with different colors.
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MDS2

MDS2

MDS2

Figure3.5: Four MDS plots created with variants extracted from around the PRNP gene on scaffold
JAHWTMO010000007. A Includes variants from positions 3000bp up and downstream from the gene, B includes
variants 8000bp up and downstream for the gene, C includes variants 20 000bp up and downstream from the
gene and D includes variants up to 100 000bp away from the gene. The four plots shows the genetic distance
between each sample as physical distance in the plot. The samples are grouped based on their susceptibility to
CWD and their aenotvoe is marked with different shanes. The aenotvoes found with Sanaer seauencina is used.
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Figure 3.6 shows four MDS plots made with variants found in different stretches around the
PRNP gene. Figure 3.6A shows the genetic distances between the individuals when only the
19 variants found in the PRNP gene and 3000bp up and downstream for it was included in
the MDS analysis. Plot 3.6B shows the same, but the 49 variants found from up to 8000bp
away from the PRNP gene is included. Figure 3.6C shows the same for the 156 variants form
positions 20 000bp up and downstream from the PRNP gene and 3.6D includes the 817
variants from positions 100 000bp up and downstream for the PRNP gene. The distribution
of the individuals in the MDS plots are changing based on how many positions that are
included. A general trend one can see is that the individuals with identical genotypes are

less clustered when more positions are included.

As different genotypes were found with lllumina sequencing compared to the one found
with Sanger sequencing. A MDS plot with the variants found within 20 000bp away from the
PRNP gene was made where the individuals were marked with the genotypes found with
Illumina sequencing (Figure 3.7).

20 000

Genotype
O A/A
0.14 & ) A/B
A/C
A/D
. AJE
A/H
0.0+ Al
B/B
X B/C
O @ B/D
O X B/E
#H B/G
-0.14 = D/D
M E/E
m |/C

MDS2
th

v v v T T
-0.15 -0.10 0.05 0.00 0.05 0.10
MDS1

Figure 3.7: MDS plot created from the variants extracted from position 3.408.296-3.449.066
on scaffold JAHWTMO010000007.1. The figure shows the genetic distance between each
sample as physical distance in the plot. The individuals are marked with the genotype found
with Illumina sequencing. The ledger shows the color and shape that corresponds to each
genotype.

The figure shows that mostly the individuals with identical PRNP-genotypes clusters
together, but notably the individual with genotype B/G clusters together with the

individuals with B/E genotypes. The same goes for the sample with I/C genotype which
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clusters together with samples with A/D genotype and the sample with B/B genotype which

clusters with the samples with B/C genotypes.

How many SNPs are informative?

The finished VCF file contained almost 10 million (9 992 804) variants after quality filtration.
By filtering out variants based on Linkage disequilibrium and position the amount of variants
were reduced and a MDS plot was created for each of the different amounts of SNPs
retained in the file before the analysis. The different plots can be seen in figure 3.8 where
3.8A-D show the MDS plot created respectively with 5000, 500 000, 1 000 000 and

5 000 000 variants.
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Figur 3.6: Four different MDS plots created from the same variant dataset, but with different number of
variants included in the analysis. The plots shows the genetic distance between samples as physical distance in
the plot. A show the distribution of samples when 5000 variants were included in the samples, B shows the
same for 500 000 variants, C for 1 000 000 variants and D for 5 000 000 variants. The samples are divided into
groups based on their sensitivity to CWD and the groups are marked with different colors in the plot. Very
sensitive individuals are marked in red, sensitive individuals with green and less sensitive individuals with green.

The pattern of the distribution of samples can be recognized in all the plots regardless of the
number of variants retained, but it is clearer the more variants that were retained in the file.
Plot 3.8C and 3.8D, which are created with one million and five million variants respectively,
closely resembles that of the MDS plot created with all the obtained variants seen in figure

3.5. For plot 3.8A and 3.8B the distance between the samples has been reduced and though

the pattern of distribution of samples remains the same it is less distinct.
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4. Discussion

In this study, the population structure of the 27 individuals has been investigated with
respect to possible genetic similarities linked to PRNP genotype and sensitivity to CWD. This
type of information will be important for understanding if selecting for a population that is
more resistant to CWD would significantly reduce the overall genetic variation in the semi-
domesticated reindeer populations. If genotypes that make reindeer more susceptible to
CWD can be removes from the population without a detrimental loss of genetic variation,
this strategy could be an attractive way of reducing the probability of CWD-outbreaks in the
semidomesticated herds and consequently a reduced risk of contaminating the neighboring

wild populations.

A first step to look into this is to examine the population structure of a captive reindeer

herd with known PRNP genotypes.

MDS analysis

A MDS plot is a way to visualize the population structure. The plot will show whether there
are any sub-divisions within the population by comparing the genetic distance between all
the samples examined. The “goodness of fit” was estimated by calculating a stress value for
the MDS plot. Stress values are a measure of discrepancy between the distances in the MDS
plot and the original pairwise dissimilarities. Essentially, stress is a measure of how well the
MDS plot represents the original data. They are a value between 1 and 0, where values close
to zero indicate that the model is a good fit. As the stress value calculated for the MDS plot
shown in figure 3.5 is close to zero (1.06759e-31) it indicates that the model is a good fit for
displaying the variation in the dataset (Joseph B. Kruskal, 1978; Sturrock & Rocha, 2000).

Figure 3.5 shows the population structure of the study population. There is no clear
clustering of the individuals marked with the same colors indicating that there is no
correlation between PRNP genotype, and subsequently CWD susceptibility, and genetic
similarity when looking at all variable positions in the genome.

Overall figure 3.5 indicates that the population is homogeneous, with the exception of 5
individuals that are genetically different from the rest. These individuals are divided into
two clusters one with two individuals and one with 3 individuals as seen in figure 3.5. The

clustering indicates that the samples are genetically similar, and different from the
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individuals in the other cluster and the rest of the individuals. The reason for these
differences could be traced back to a common origin for example a recent ancestor from a
wild reindeer population, but as the two clusters show high dissimilarities it is unlikely that
they both consists of samples that have an ancestor from a wild population. It would be
interesting to perform the same analysis and include samples from wild reindeer to see if
the individuals from one of the clusters group together with the individuals from the wild

populations. This is however outside of the scope of this study.

The main focus of this study is to examine if removing the A-allele from the population will
cause loss of genetic variation in other loci as well. If the samples with identical genotypes
had clustered closely together, removing those from the population would obviously cause
a reduction in genetic variation. If figure 3.5 showed clustering it would mean that all the
samples with the same genotype inherited that genotype from a common ancestor and
therefore are closer related to each other than to the rest of the individuals. This is not the
case here, plot 3.5 shows no pattern of genetic similarities between individuals with the
same genotype. This is a favorable result for the possibility of selective breeding based on

PRNP genotypes.

The closer one gets to the PRNP gene the more influence the genotype of the PRNP should
have on the clustering of samples. This is because the variants within the PRNP gene and the
variants in the flanking regions may be in LD. As plot 3.5 includes variants from the whole
genome it is not expected to see an effect of LD here. By looking at MDS plots where
gradually more SNPs further away from the PRNP gene is added one can estimate how far in

the genome the influence of the PRNP genotype reaches.

The position of the PRNP gene was found to investigate whether clearer clustering could be
seen closer to the gene. The PRNP gene was located in position 2428296-3428967 on
scaffold JAHWTMO010000007. Four MDS plots were created with variants from different
stretches around the PRNP gene (figure 3.6). The figure indicates that there is some LD
around the PRNP gene as there is clustering of individuals with some genotypes even when
the 816 variants from up to 100 000bp away from the PRNP gene is included. As the sample
set contains few samples with each genotype the pattern observed is not statistical proof of
LD. Trends that can be seen could appear partly coincidentally. A sample set with
homozygous animals would have been more suited to investigate LD as the pattern
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becomes more distinct when the animals have two of the same allele in the position of

interest.

Interestingly Figure 3.6 shows less clustering of the very CWD susceptible animals with A/A
genotype. The animals that have genotypes that make them less susceptible to CWD show a
more distinct clustering based on genotypes than the other animals. This could indicate that
the A allele is an older allele than the others and therefore much recombination of the

surrounding area has occurred through time.

The same MDS analysis was performed, but the individuals were marked with the genotype
found with lllumina sequencing and only the plot made from the analysis with variants from
the positions up to 20 000bp away from The PRNP gene is shown (figure 3.7). The plot

shows the same as figure 3.6 with regards to LD.

The MDS analysis indicates that Segregation of samples with different genotypes is small.
This is a good sign, but to use these results to implement a breading program one would
have to assess the credibility of the result. Important factors in evaluating the predictive
value of the analysis is that the quality of the data is good and that the sample pool is

representative and contains enough samples that the results are statistically sound.

PRNP variation

A prerequisite for the purpose of this study is the differences in CWD sensitivity based on
PRNP genotypes reported by Gliere (Glere et al., 2020; Gliere et al., 2022). As the research
into PRNP variation is an evolving field of study it is interesting to analyze more samples for
new variation in the PRNP protein coding region. The variation found in the PRNP reading
frame for the 27 animals in this study was extracted to table 3.2. The table shows the
variable positions found and how they combine into alleles. Table 1.1 displays the same
information from the study performed by Gliere at al., (Glere et al., 2020; Giere et al.,
2022).

Three additional alleles were found in this study that have not previously been reported by
Glere or in other studies. As each of these new alleles are found in a smal number of
individuals, two at the most, it is important to evaluete wether these are actual new alleles

or stem form sequencing errors or errors in the variant calling. These alleles are part of the
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genotypes of four of the nine individuals that have genotypes that are called differently with

Sanger sequencing and Illlumina sequensing and variant calling.

Table 3.3 shows a worrying statistic for this study. For 9 of the 27 samples, the genotype
observed with PCR apmlification and SANGER sequencing (SANGER genotyping) and the
genotypes found with whole genome sequencing and variant calling (variant calling) do not
match. This means that either the Sanger genotyping or the variant calling determined the
genotype of these 9 animals wrong. To investigate possible causes of these errors the
genome viewing programe IGV (Robinson et al., 2011) was used to inspect the bam files
containing the reads aligned to the reference genome. The program made it posible to see
all the reads that had aligned to a spesific position and the bases called in that position for
each read. The sequence depth and proportion of reads with each base has been used to

evaluate each genotype that differs. Table 3.4 displays this information.

Out of the nine samples that show a mismach between the genotype found with the
different methods, four were found to have a C allele with variant calling and not with
Sanger genotyping. The 24bp deletion found in this study was not found in the exact
position as the C allele repported by Gliere (Gliere et al., 2020), but as the deletion is found
within a repeated region of the PRNP genome, it is almost impossible to determine the
exact position of the deletion. Since the deletion is found within the range of positions
reported by Gliere (nucleotide positions 238 and 272) and is the same length we conclude
that the deletion is the same as the one reported by Glere and refer to the deletion as the C
allele.

All of the individuals found with C alleles in variant calling have additional differences
between the two observed genotypes. Mt_1071 should have an E allele according to the
SANGER genotyping, but this is not found in variant calling. Table 3.4 shows that the three
mutations making up the E allele are found, but in very smal proportions (less then 3%).
HaplotypeCaller therfore discards this as a valid allele.

For sample s523 a D mutation is found with variant calling, but not with SANGER
genotyping. For sample s6_553 and s83 the Sanger genotyped geontype was BB and the
genotype found with variant calling was B/C, which means that a B mutation was observed
with Sanger-genotyping but not with variant calling as the C allele is identical to the A allele

exept for the 24bp deletion.
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These four samples with C alleles also has a unusuall high coverage in the PRNP region,
compaired to the expected coverage (around 20x) and the coverage in the surounding
regions. Sample mt_1071 a coverage is over 600 reads for the entire PRNP reading frame
which was several magnitudes higher than that found in the adjacent regions. Based on this
one possible explanation for the discrepancies in the genotypes observed with the two
different methods could be that there are copy number variation of the PRNP gene for these
samples. This would explain why there are more reads aligning to this region than to the
rest of the genome. It would also explain additional variation found with variant calling as all

the reads of the different copies would align to the same position.

For two other samples with mismatches in genotype the descrepencies stem from the
observation of the novel G and H allele with variant calling. The two alleles respectively
contain two (385G>AGly129Ser and 505G>AVal169Met) and one (385G>AGly129Ser) of the
three (4G>AVal2Met, 385G>AGly129Ser and 505G>AVall69Met) mutations that make up
the E allele. The individuals s15 and s267 where respectively the G and H allele were
observed were both found to have A/E genotype with Sanger sequencing. For sample s267
the observed genotypes would be identical if the observed H allele was called as an E allele
with variant calling. Fore sample s15 there is one additional missmach as the genotype
observed with variant calling is B/G. The mutation causing the B allele was not found with
Sanger sequencing.

Including individual mt_1071 (which is among the four individuals for wich a C allele was
found), that makes three of the seven samples that had at least one E allele according to the
SANGER-genotyping not called as E alleles in the variant calling. The three mutations making
up the E allele are all pressent for the samples with G and H allele, but as for sample
mt_1071 the proportion of reads with these mutations is lowe in some of the positions and
not all three mutations are called. Because the three mutations making up the E allele
always has appear together in previous reaserch performed on larger sample sizes (n=120
and n=364) (Gliere et al., 2020; Gliere et al., 2022) it is likely thet the variant calling is wrong
and needs to be more sensitive for these three mutations. As the proportions of reads with
each base is extrapolated from the raw reads aligned to the reference genome the potential

problem must be caused in the sequencing process.
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The remaining samples with missmaches in genotypes could be explained by two different
errors. It could have been an error during phasing that caused the mismach for sample s33
and sample s523. The genotype observed for sample s33 with Sanger sequencing was B/D
and the genotype observed with Illumina sequencing was A/I. | is one of the novel alleles
found in this study and consists on the B and D mutation (674C>A and 526C>A) found on the
same haplotype. Erroneous phasing could have caused this missmach. The | allele is
observed for s523 as well and erroneous phasing could have introducet the | allele for this
individual as well.

A possible explanation for the missmach in genotypes observed for individual s169 and s197
is that the samples could have been swiched. Sample s196 has the genotype A/A found
with variant calling and A/D with genotyping and sample s169 has the exact opposite. This

can be controlled by re-sequencing the samples.

The MDS plot in Figure 3.7 show how the individuals cluster when variants close to the
PRNP gene is included. As the individuals are marked according to the genotype found with
Illumina sequencing one can inspect how individuals with different genotypes clusters and
use this to infere if the genotypes are correct. The plot shows that all the individuals that
were observed to have a genotype with a C allele with Illumina sequencing clusters together
with the individuals they share a genotype with according to Sanger sequencing. The
individual observed with B/G genotype with Illumina, clusters together with the individuals
with B/E genotype. As this genotype found for this sample with Sanger sequencing was A/E

the MDS plot could indicate that both genotype methods called the genotype wrong.

The mismatches in genotypes is very important to investigate furter, and is of great concern
for future reaserch. Accurate genotyping of the reindeers is a requirement for assesing
whether removing the animals with A alleles and C alleles from the population would lead
to loss of genetic variation. It could also slightly change the interpretation of already

published studies based on the Sanger genotyping.

Is the quality good?
All the steps in the process must be performed adequately and give outputs that are reliable
to ensure the accuracy and trustworthiness of the final analysis. This is why different

estimates of the quality, and several quality filtering steps are performed during the process
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of compiling a VCF file from the lllumina reads. Errors from sequencing and inaccurate

variant calls can introduce false positives in downstream analyses.

Several quality filtration steps were carried out during the pre-processing and variant calling
processes. FilterByTile was used to remove reads from tiles that consistently produced reads
with lower average quality than the rest of the flowcell, hard filtering was performed on the
variants after the first round of variant calling and the VCF file produced in the second
variant calling was filtered with Plink. Plink filters out variants based on the composition of
SNPs in the VCF file. The filtering by plink removed over 2 million variants from the VCF file.
Most of the SNPs were filtered out due to low call rates at specific positions. The filtering
thresholds used needs to be determined based on the composition of the dataset and the

goal of the study. In this study strict filtering thresholds were used to avoid false positives.

The quality of the reads produced in the sequencing was assessed with FastQC. A summary
of all the checks FastQC performed (Figure A, appendix) indicates that the quality of the
reads were acceptable. Figure 3.1 shows that the mean quality score for each position in the
reads for each sample was good, as the graph for all the samples never leaves the green
sone which indicates good quality scores. A high quality score for a position indicates that
the probability that the sequencing has called a correct base for that position is high. The
reads were therefore used in further analysis without further quality filtration except for the

three samples filtered with “FilterByTile”.

Quality measures from the alignment showed that over 95% of the reads for all the samples
were “correctly aligned”( figure 3.3), indicating that the read were aligned to a position

close together.

Base quality score recalibration was performed to improve the accuracy of the variant
calling. On average the base quality score recalibration shifted the quality scores towards
lower values. Several studies reports that when the GATK pipeline is used for variant calling
the results are more accurate when base score recalibration is performed (DePristo et al.,

2011; Pirooznia et al., 2014).

Sample size
An other crucial factor for the applicability of this study is that the sample pool is

representative of the entire population. This was considered when choosing samples, as
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samples with different genotypes were chosen.

In an article that investigates how many samples it is necessary to include in analyses to gain
accurate estimates of population structure and genetic variation, it was suggested that by
including as few as 6-8 individuals one gained accurate results (ALISON G. NAZARENO,
2017). This is in contrasts with Rged who suggested that inaccurate estimates of genetic
variation of reindeer by Baccus (Baccus et al., 1983) could be caused by an inadequate
number of samples, as only 20 individuals were used in the analysis (R@ED, 1986). These
studies (Baccus et al., 1983; R@ED, 1986) were performed with electrophoresis and just a
few loci were included in the analysis. Nazareno (ALISON G. NAZARENO, 2017) suggests that
small sample sizes can be made up for by including an adequate number of loci when

looking at total genetic variation.

To study genetic variation and linkage disequilibrium (LD) in specific areas of the genome it
is important to have enough samples, but the genotypes of the included individuals play an
important role too. To investigate LD tied to a specific allele the patterns in plots can
become clearer by using homozygote animals. For the analysis it is important to have
several animals with the same genotype. This is because one needs to compare how similar
animals with the same genotypes is to be able to infer the extent of LD tied to an allele.
More individuals give more statistical power and make it less likely that the observed

differences are coincidental.

In a study performed by Ryman (Ryman et al., 2006) it was noted that usual numbers of
individuals for studies on population structure are between 50 and 100. And that a set of
samples from this many individuals give results with high statistical power for several

different measures of genetic variation.

Further studies

In a study performed on species in the Vitis genus the genetic diversity between the major
groups was assessed with PCA. They then further went on to assess the LD pattern by
performing an analysis on the LD found in the population (Liang et al., 2019).

A recent study investigating the genetic diversity and population structure of wild and

cultivated Crotalaria species used genotyping by sequencing to discover variation. They then
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used several methods to investigate the population structure and genetic variation, among
others they used correspondence analysis, PCoA, PCA and calculation of LD estimates. They
also looked into the genome wide He (Muli et al., 2022).

As these articles show there are more analyses that could be performed to determine the
genetic variation in this study, but due to time constraint and limited data it was decided to
not proceed with further analyses. The trustworthiness of results of further analysis would
also have to be considered thoroughly as there is some uncertainty about the genotypes
observed for some of the individuals as discussed previously.

In further studies it could be informative to compare the population structure observed with
MDS analysis to other analyses for inferring population structure like Principal component
analysis. If matching patterns of population structure was seen with PCA, this would
strengthen the credibility of the results.

To create a biological context for the eventual loss of genetic variation caused by removing
the A allele from the population one could annotate the variants found close to the PRNP-
gene and investigate which traits would be affected if one were to perform selection on
reindeer based on PRNP genotype. This could be important information when considering

the risk of implementing such a breeding program.

Reducing the number of SNPs
The final VCF file produced in this study contained approximately 10 million variants. The

reindeer genome is estimated to be 2,92Gb (Weldenegodguad et al., 2020), that means that
approximately 0,3% of the positions in the genome varies.

To estimate whether all the variants in the dataset were essential to retaining the same
level of information about the population structure the amount of variants was filtered
down to specified numbers based on LD and their position in the genome. MDS plots were
then created as a way to compare the level of information kept in the file. Figure 3.8 shows
the MDS plots created with 4 different numbers of variants. The figure shows that even
when only 5000 were included in the analysis trends of the population structure can still be
seen, though it is a lot less distinct and much of the differences between the samples has
been lost. Figure 3.8D shows that with 1 million variants included in the analysis the plot
remains very similar to the MDS plot created with all the variants.

Based on these results one can argue that filtering the down the number of variants in the
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dataset based on LD can make the data more manageable while keeping much of the
variation. A study comparing the informativeness of microsatellites and SNPs found that
when the least informative SNP markers were included in the analysis the results were less
accurate than when only the more informative markers were included (Liu et al., 2005). As
the differences between the samples were less obvious when smaller numbers of samples

were retained one would still need to keep an adequate number of variants.

5. Conclusion

The results from this study highlight the importance of performing a pilot project. As the
genotypes found with Sanger sequencing and with Illumina sequencing differ one needs to
further investigate possible causes of these discrepancies before a project involving large
scale PRNP-genotyping can be undertaken. In this study we have proposed several
explanations for the differences, but more research is needed to conclude exactly what is

occurring.

The goal of this study was to investigate the genetic variation in the population and to what
extent genetic variation was tied to PRNP genotypes. The study shows no general
relatedness between individuals with the same genotype, indicating that there is no
common recent ancestor that animals with identical genotype has inherited the genotype
from.

Investigation of clustering close to the PRNP gene revealed that there is some LD tied to the
different alleles. The result also indicates that there is less LD tied to the A allele than to the
other PRNP-alleles. This fits with the fact that the A allele is the most abundant PRNP allele
in wild populations of reindeer and is therefore likely an old allele. When it comes to the
impact on genetic variation this indicates that few variants are tied closely to the A-allele
and therefore the risk of removing additional alleles because of LD is less. It is however
worth noting that if one were to remove the A allele from the populations one would lose
the allele with most variation around the PRNP-gene and in that way lessen the variation
found in the surrounding positions. As a higher proportion of different alleles are found with

the A allele there is a chance that some variants may be lost.

The extent of LD around the PRNP gene needs to be examined in more detail with more

suitable statistical tests. MDS plots are useful to indicate general trends, but as they show
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relative distances precise measures of LD can be better picked up with other models. The
sample set used in this study consists of few individuals with the same genotype which
makes the information deduced about LD less certain. With few individuals it is a chance
that individuals with identical PRNP- genotype are similar by coincidence.

It could also be informative to perform statistical measures of the genetic variation in the
population to figure out if the population is diverse. This could be done by measuring

heterozygosity.
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Appendix
FastQC: Status Checks
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Figure A1 shows whether the samples passed certain quality controls by fastQC. Most of the fields are green
which indicates that they passed the quality check. The fields which are yellow is to indicate that fast QC
produced a warning for that quality measure. Red fields means that the values were outside the threshold that
FastQC consider acceptable. The forward and reverse read files of three samples were marked as failed in the
quality control check “per tile sequence quality”. This indicates that part of the flowcell consistently produced
reads with poor quality.
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FastQC: Per Sequence Quality Scores

Count

Mean Sequence Quality (Phred Score}

Figure A2: Count of reads with a certain quality score. Each line represents one sample. The x-
axis shows possible quality scores while the y-axis shows amount of reads.
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