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Analysis of relatedness and genetic diversity in Swedish sheep 
breeds using medium density (50K) SNP data  



 

The local Swedish sheep breeds belong to a group of sheep breeds known as North European short-

tailed sheep breeds. Evaluation of genetic diversity, relatedness, and population structure of local 

breeds offers crucial metrics to prevent inbreeding depression, genetic erosion, and crossbreeding 

between locally adapted and exotic sheep breeds since these occurrences can have detrimental 

effects and ultimately lead to extinction. The aim of this thesis was to study genetic diversity and 

the population structure of 191 sheep belonging to fourteen Swedish native sheep breeds using 

medium density (50K) SNP genotype data. The population structure was studied with principal 

coordinate analysis (PCoA), neighbour-joining (NJ) trees (a, b), and Structure analysis. The genetic 

diversity was assessed based on the inbreeding coefficients, average observed heterozygosity, minor 

allele frequency (MAF), polymorphic information content (PIC), and pairwise FST. The level of 

inbreeding was estimated using two measures: inbreeding coefficient (FIS) and runs of 

homozygosity-based inbreeding (FROH). Moreover, genetic variants in the melanocortin 1 receptor 

(MC1R) gene that is responsible for coat colour in sheep were examined using seven Swedish sheep 

breeds. The population structure analyses using Structure v.2.3.4 showed twelve distinct genetic 

populations among fourteen breeds. Rya sheep showed high genetic admixture within the 

population. The Roslag sheep were highly varied from the other breeds (PC1). The Tabacktorp sheep 

had the longest branch length in the NJ tree (b). The highest average inbreeding level (FIS) was 

reported in Roslag sheep (0.25), while the highest average FROH was observed in Tabacktorp sheep 

(0.2). The highest FST value (0.52) was observed between Roslag and Tabacktorp populations. 

Moreover, two previously discovered mutations in the MC1R gene in sheep were found in this 

thesis: c.-31 G>A and c.218 T>A. The c.218 T>A mutation was associated with black/brown coat 

colour in Finull sheep. In conclusion, Roslag was highly varied from other breeds and appeared to 

be genetically isolated with no genetic admixture. High genetic drift was observed within the 

Tabacktorp sheep population. A high FST value indicates high genetic differentiation between Roslag 

and Tabacktorp breeds. Furthermore, relatively high inbreeding levels in Roslag and Tabacktorp 

sheep indicate low genetic diversity within populations. 

Keywords: sheep, genetic diversity, population structure, inbreeding, runs of homozygosity, coat 

colour, MC1R  
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1.1 Background 

The sheep was one of the first grazing animals to be domesticated in part due to its 

ability to adapt to diverse climates and diets with low-quality nutritious value 

(Zeder, 2008). Later, a large number of breeds with different morphological 

characteristics (absence of horns), coat colour patterns, or specialized production 

(milk, meat, or wool) were shaped by artificial selection by farmers and breeders 

(Fariello et al., 2014). A study by Kijas et al. (2012) showed that the sheep breeds 

had preserved significant levels of genetic variation, unlike other domestic species 

such as dogs. Furthermore, sheep showed a number of genomic regions with high 

differentiation between breeds, including candidate genes for growth, body size, 

reproduction and coat colour (Kijas et al., 2012). Swedish sheep breeds belong to a 

group of sheep referred to as North European short-tailed sheep breeds, which are 

primitive and genetically unique, display various phenotypes (particularly coat 

colour patterns), and are one of the major contributors to genetic variation in 

domestic sheep (Tapio et al., 2005). 

However, genetic diversity within and between breeds of current global 

livestock populations is declining. Plenty of factors have influenced the genetic 

dilution and loss of native breeds. This has been significantly influenced by the 

competition for highly specialized breeds with high economic value in the current 

production background (Boettcher et al., 2010). Furthermore, local breeds tend to 

decline as a result of introduction of non-native breeds. According to the FAO 

Commission on Genetic Resources for Food and Agriculture 2022 report, cattle, 

sheep and horses have the largest numbers of breeds at risk among mammalian 

species. It was shown that there are 660 sheep breeds out of 1491 (about 44%) at 

unknown risk status.  

Genetic diversity is essential for genetic variation in a biological population. 

Therefore, the genetic resources of livestock for food and agriculture are the 

fundamental biological capital for livestock development and are vital for 

combating food insecurity and malnutrition (Hoffmann, 2010). In addition, the 

diversity of livestock genetic resources is important for sustainable and increased 

productivity and adaptation to diverse environmental conditions, including climate-

1. Introduction 
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associated conditions, changes in husbandry practices, management and market 

strategies and disease and parasitic challenges (Hanotte O. et al., 2005). The 

evaluation of genetic variability, relatedness and the structure of the populations is 

a vital task, not only to determine the evolutionary history of breed origins but also 

to provide crucial information for managing and conserving local biodiversity 

(Williams et al., 2016). Furthermore, this information offers essential metrics to 

prevent inbreeding depression, genetic erosion and crossbreeding between locally 

adapted and exotic breeds, as these events have detrimental effects that ultimately 

lead to breed extinction (Senczuk et al., 2020). 

Genetic diversity can be assessed using both pedigree and genomic-based 

approaches (Biscarini et al., 2020). It can now be accurately estimated on large 

datasets in livestock species without pedigree information with the advancement of 

next-generation high-throughput sequencing and genotyping techniques, such as 

high-density SNP arrays and microsatellite genotypes (Li et al., 2011). This thesis 

study assessed genetic diversity, population structure and genetic admixture in 

native Swedish breeds using medium-density Illumina Ovine SNP50v3 BeadChip 

data and further investigated genetic variants in the melanocortin 1 receptor 

(MC1R) gene using sequencing data that contribute to distinctive coat colour 

patterns. 

1.2 Statement of Problem 

Information about the history of domestication and how livestock were exported 

and bred by farmers is encoded in the DNA of domesticated animals. Next-

generation high-throughput genotyping techniques have enabled population 

geneticists to use genome-wide markers to examine the histories of many species, 

including sheep, humans, cattle, dogs, mice, horses, yeast, grapes, wheat and maize 

(Decker et al., 2014). Post-domestication, the evolution of phenotypically different 

sheep breeds has generated substantial biodiversity due to genomic variations 

(Kalds et al., 2022). Domestic sheep can be found worldwide in various 

environmental conditions and are raised for the production of milk, meat, and wool.  

Native sheep breeds need special attention as they are valuable reservoirs of 

genetic diversity (Schmidtmann et al., 2021). Their conservation requires proper 

breeding decisions and sufficient genetic management of small populations to 

preserve genetic variability and minimize inbreeding. Studies of genetic diversity 

and population structure shed light on the genetic relatedness and differences 

between breeds, a source of information for implementing successful breeding 

programs, future breed development and future scientific research (Abebe et al., 

2015). Some studies have shown the genetic diversity of a few Swedish sheep 

breeds using pedigree data, high-density SNP chip data and microsatellite genotype 

data (Mukiibi et al., 2015; Rochus et al., 2020; Rochus et al., 2019; Tapio et al., 
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2005). The genetic relationship of Swedish sheep breeds has been assessed using 

endogenous retroviruses as molecular markers by Mukiibi et al. (2015). Moreover, 

Rochus et al. (2019) investigated the genetic variants in two coat colour candidate 

genes: MC1R and agouti signaling protein (ASIP), and their association with coat 

colour, which revealed different selection histories in these Swedish sheep breeds. 

The high-density (600K) SNP array study showed that Fjällnäs, Klövsjö, Dalapäls, 

Gute and Gotland were distinct and unique from each other and individuals within 

each breed were clustered together (Rochus et al., 2020).  

However, this genetic diversity information of some local Swedish sheep breeds 

has not been fully studied and documented. Hence, it is fascinating to uncover the 

underlying genetic diversity between breeds and the population structure. This 

thesis aims to determine the genetic diversity and population structure of fourteen 

native Swedish sheep breeds, including some that have not been previously studied, 

using medium-density Illumina Ovine SNP50v3 Beadchip data. Firstly, I will 

investigate the inbreeding level in sheep breeds based on the FIS and runs of 

homozygosity (ROH). In addition, genetic diversity measures such as average 

observed heterozygosity, minor allele frequency (MAF), polymorphic information 

content (PIC), and pairwise FST will be measured. Secondly, population structure, 

genetic relatedness, and genetic admixture (structure) will be examined using 

principal coordinate analysis (PCoA), Neighbour-joining trees (NJ tree) and 

Structure software version 2.3.4. Thirdly, I will study the genetic variants in MC1R 

gene and associated coat colour phenotype variability in Swedish sheep breeds. 

  

1.3 Objectives 

1.3.1 Main Objective 

 To study the genetic diversity and population structure of native Swedish 

sheep breeds using medium-density Illumina Ovine SNP50v3 BeadChip 

data 

1.3.2 Specific Objectives 

 To determine the genetic diversity based on the level of inbreeding within 

breeds (FIS), ROH-based genome-wide inbreeding, observed 

heterozygosity, MAF, PIC and pairwise FST 

 To study the population structure of native Swedish sheep breeds  

 To study the genetic variants in the coat colour gene, MC1R and the 

associated phenotypic variation in native Swedish sheep breeds 
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2. Literature Review 

2.1 Sheep Domestication 

Sheep (Ovis aries) and goats (Capra hircus) were among the earliest animal species 

to be domesticated approximately 11,000 years before present (BP) in the eastern 

Anatolia region and North-west Iran regions (Taberlet et al., 2011). After 

domestication, sheep spread around the globe, including expansion into Europe via 

two major routes, north and south, following the Neolithic agricultural revolution, 

which was the primary food production system in prehistoric Europe (Zeder, 2008). 

For instance, the secondary distribution throughout northern Europe involves a 

group of sheep breeds referred to as the North European short-tailed sheep. The 

Asian Mouflon (Ovis Orientalis) is regarded to be the ancestor of all domestic sheep 

breeds, and the European Mouflon (Ovis orientalis musimon) is in the clade of 

Asiatic Mouflon (Su et al., 2020).  

Moreover, domesticated sheep today are a distinct species from their progenitor, 

the Asian Mouflon, which still exists in Southwest Asia, because of genetic, 

morphological and behavioural changes (Hiendleder et al., 2002). The great 

majority of modern breeds were influenced by a later phase of migration involving 

sheep with improved productivity qualities. Thus, the ability to distinguish modern 

breeds from genetically primitive sheep offers essential insights into sheep 

domestication history. Initially, these domesticated sheep were raised primarily for 

meat purposes, but by the fifth millennium BP, a specialization of secondary 

products such as wool became evident (Chessa et al., 2009). Today, sheep are bred 

and raised for various purposes, including wool, milk, meat production, 

conservation, or a combination of purposes (Rochus et al., 2020). They are also 

used for land management, as they graze vegetation.  

2.2 North European Short-tailed Sheep Breeds and 

Swedish Sheep Breeds 

The Swedish sheep breeds belong to a group of sheep breeds known as North 

European short-tailed sheep breeds. Study on genetic diversity estimation using 

microsatellite markers has reported that the North European short-tailed sheep 

breeds, including some Swedish sheep breeds, are unique, and they are highly 

contributing to domestic sheep diversity, although many of these breeds have low 

within-breed diversity and small effective population sizes (Tapio et al., 2005). The 

North European short-tailed sheep, native to a region from Russia to Iceland, are 

considered a primitive type that was spread to several countries by Norse Vikings 
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from the late 8th to mid-11th centuries (Dýrmundsson & Niżnikowski, 2010). The 

Soay sheep is the most primitive breed in the Northern short-tailed breeds and 

resembles the Asian Mouflon sheep (Ryder et al., 1974). Similar to their ancestors, 

the small, fluke-shaped tails, which vary slightly in length, are their common 

features. Usually, short-tailed sheep have 8 to 10 vertebrae in their tail, while long-

tailed sheep have 16 to 18 vertebrae (Frandson, 1986). In addition to the short tail, 

this group of sheep breeds possesses several characteristics, such as a wide range 

of coat colour patterns, robustness, dual-coated wool, and prolificacy. Moreover, 

both horned and polled sheep are found in these breeds, varying in size and 

productive performance and capable of thriving in harsh environmental conditions 

(Ryder et al., 1974). The Finnsheep and Romanov are the two best-known breeds 

of this group outside of Northern Europe and have been exported to other countries 

around the world where their genetics have been used through crossbreeding 

programs (Thomas, 2010).  

Many of these breeds, or their genetic material, should play an integral role in 

sustainable grassland-based production systems in the future. Furthermore, North 

European short-tailed sheep breeds are genetically more diverse than other sheep 

breeds, utilize a variety of pastures from steep mountain slopes to lowlands, and 

offer a range of high-quality products (Dýrmundsson & Niżnikowski, 2010). 

Hence, it is important to develop methods to preserve the genetic resources of North 

European short-tailed sheep breeds for future purposes while utilizing them 

sustainably today, both in pure and crossbreeding programs. 

2.3 Genetic Diversity 

The variety of alleles and genotypes present in a population is referred to as genetic 

diversity (Frankham et al., 2002). Conservation biology emerged in the seventies 

intending to preserve genes, species and ecosystems. Conservation of genetic 

diversity in farm animals is crucial as future needs are unpredictable. Furthermore, 

the conservation of genetic resources is vital for improved and sustainable 

production and to counter future challenges, including diseases and environmental 

stressors, increased demand for livestock products and food security (Groeneveld 

et al., 2010).  

Natural selection plays a vital role in determining what animals are best adapted 

to distinct environments. Humans brought wild animals into captivity as part of the 

domestication process, altering their behaviour, morphology, and genetics to breed 

animals with specific characteristics (Mignon-Grasteau et al., 2005). Adapting 

livestock breeds to the local environment, either hot, cold or other climatic 

conditions, is an important factor for contemporary agriculture as it lowers 

environmental stressors on animals and leads to increased and sustainable 

production (Abied et al., 2020). In sheep, domestication, subsequent artificial 
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selection over thousands of years and natural selection have produced a vast 

spectrum of breeds to achieve more desirable and profitable traits and are capable 

of thriving in diverse environmental conditions (Brito et al., 2017).  

How a genome can produce such a wonderful diversity of phenotypes is one of 

the fascinating problems in life sciences. Different genotypes have been generated 

during and after the domestication of sheep (Kalds et al., 2022) due to the main 

evolutionary forces of genetic drift, bottlenecks, mutation, adaptation to climate, 

selective breeding, isolation, diseases and parasites and available nutrition (Barker, 

2001). Besides, specific genomic patterns have been artificially or naturally 

selected to produce diverse phenotypes. The evolution of phenotypically distinct 

sheep breeds has produced rich biodiversity (Alberto et al., 2018). This extensive 

phenotypic heterogeneity occurs as a consequence of genomic changes ranging 

from a single nucleotide to several thousands of nucleotides. In order to encourage 

selection for economically significant traits, it is, therefore, interesting and 

important to uncover and understand the genetic changes underlying the phenotypic 

diversity of sheep breeds (Kalds et al., 2022). 

Over the past centuries, artificial selection has produced many well-defined 

breeds that are used for various tasks with varying levels of performance. 

Nevertheless, these high-yielding breeds have been replacing local breeds, and as a 

result, the unique genomic makeup of some local breeds is being lost (Groeneveld 

et al., 2010). Hence, it is essential to conserve farm animal genetics of low-

producing breeds and traditional indigenous breeds for future breeding options 

while maintaining genetic diversity in a population or species (Bruford et al., 2003). 

Livestock genetic resources management involves comprehensive knowledge of 

breed-specific traits, information on population structure and size, geographical 

distribution, within and between breed genetic diversity and production 

environments (Groeneveld et al., 2010). In this thesis, the genetic diversity and 

relatedness of fourteen Swedish sheep breeds: Åsen, Brännö, Finull (Swedish 

Finewool), Fjällnäs, Gammelrya, Gestrike, Gotland, Gute, Helsinge, Rya, Svärdsjö, 

Tabacktorp, Roslag, and Värmland, will be studied using methods to estimate 

inbreeding, observed heterozygosity, MAF, PIC, pairwise FST and population 

structure using medium density (50K) SNP chip data and sequencing of coat colour 

gene MC1R.  

2.4 Sheep Coat Colour Genes 

Coat colour in domestic animals is one of the most visible and remarkably varying 

traits. It is one of the economically most important traits in livestock husbandry, 

particularly for animals that are bred for skin and wool production such as sheep, 

which affects behaviour of animals and helps animals to survive in different 

environmental conditions (to cope with environmental and biological factors) and 
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avoid predators (Koseniuk et al., 2018). Moreover, coat colour trait has been widely 

used as a distinctive phenotype in the morphological selection for breed 

identification and characterization (Gebreselassie et al., 2021).  

The coat colour diversity in a wide number of mammalian species is primarily 

determined by the availability and distribution of two basic melanin pigments 

produced in melanocytes: eumelanin and phaeomelanin. Depending on the presence 

or absence of these two melanocytes there are two categories of coat colour 

phenotypes: patterned and non-patterned (Hubbard et al., 2010). Eumelanin 

produces black and brown colour, whereas phaeomelanin produces red and yellow 

colour phenotypes, which are genetically regulated by the Extension (E) and Agouti 

(A) loci, respectively (Klungland et al., 1999). The E locus encodes for the 

melanocortin 1 receptor (MC1R) gene, a protein with seven transmembrane 

domains that is part of the G-protein coupled receptor found on the surface of the 

melanocyte membrane (Bultman et al., 1992). In contrast, the A locus encodes for 

the agouti signaling protein (ASIP), a tiny paracrine signaling molecule that 

interacts with the E locus’s products (Robbins et al., 1993). Apart from ASIP and 

MC1R genes, other genes, such as melanocyte-inducing transcription factor 

(MITF), v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homologue 

(KIT), and tyrosinase-related protein-1 (TYRP1) are also implicated in the coat 

colour variation (Gebreselassie et al., 2021). 

The complexity of the sheep coat color inheritance process was initially brought 

to light by Ryder et al. (1974). They found that multiple alleles within a locus 

corresponded to coat colour variation, and the white allele (A1 allele) was dominant 

over the grey allele (A2 allele). Additionally, they showed that the locus A is 

epistatic to locus B which is associated with pigment formation and black coat 

colour (B1), and is dominant over the brown (B2) allele (Ryder et al., 1974). 

Another study conducted by Renieri et al. (2008) to examine the inheritance of coat 

color pattern in sheep using lambs also demonstrated that fully white phenotype is 

dominant over brown and black and the black coat colour is dominant over brown 

phenotype.  

2.5 Melanocortin 1 Receptor (MC1R) Gene 

The MC1R gene is reported as a candidate gene that contributes significantly to 

melanogenesis, wool pigmentation and determining the black coat colour in 

mammalian species located on sheep chromosome 14 (Gebreselassie et al., 2021; 

Våge et al., 1999). Conventional genetic studies have shown two alleles (the 

dominant black, 𝐸𝐷 and wild type, 𝐸+) at the E locus affecting coat colour 

phenotypes in sheep (Yang et al., 2013). The dominant ED allele results in the black 

coat pattern in a few breeds, and the wild-type E+ allele results in the white coat 

pattern in most breeds in which the segregation of Agouti alleles. In contrast to 



21 

 

other species, the E+ allele of the E locus in sheep has not yet been precisely 

identified (Fontanesi et al., 2010).  

A study by Våge et al. (1999) examined the MC1R coat colour gene in a 

completely black or white Norwegian Dala sheep breed and identified two missense 

mutations, c.218 T>A (p.73Met>Lys) and c.361 G>A (p.121Asp>Asn) responsible 

for the dominant black (𝐸𝐷) allele. Moreover, the co-segregation of these two 

mutations (dominant ED allele) with black coat colour was confirmed in Darma, 

Karakul, Black Merino, and Black Corriedale sheep breeds (Royo et al., 2008; Våge 

et al., 2003). According to Mahmoud et al. (2017), there were five SNPs in the 

MC1R gene. Two of these variants were nonsynonymous (c.218 T>A and c.361 

G>A), and the other three were synonymous (c.429 C>T, c.600 T>G, and c.735 

C>T). These two independent nonsynonymous mutations were associated with 

black coat colour sheep breeds.  

In addition, a study conducted to investigate MC1R and ASIP gene mutations 

causing black coat colour in five Swedish sheep breeds also confirmed the causal 

variants previously found in MC1R and ASIP genes. They showed that the presence 

of c.218 T>A and c.361 G>A variants in the coding region of the MC1R gene was 

associated with black coat colour in Swedish Finewool sheep (Rochus et al., 2019). 

Moreover, Rochus et al. (2019) found a novel mutation in MC1R (c.452 G>A) in 

Gute, Gotland and Värmland sheep and evidence of MC1R duplication in Gotland 

sheep. 

A GWAS study was performed to determine the significant coat colour 

pigmentation gene using SNP50 BeadChip data from Rasa Aragonesa and 

Manchega sheep, and it was identified that SNP s26449 is strongly associated with 

coat colour pigmentation and is closest to the MC1R gene (Kijas et al., 2012). In 

addition, a GWAS performed with the Ovine SNP600K BeadChip to determine 

coat colour genes identified two significant SNPs (rs409651063 and rs408511664) 

in the MC1R genomic region were associated with coat colour development in 

Chinese Tan sheep (Gebreselassie et al., 2021). Consequently, the MC1R gene and 

its variants play a significant role in the development of coat colour in sheep. 

2.6 Genetic Diversity Measures 

Genetic variation is the foundation of genetic improvement of animals, and it 

includes diversity both within and between species. Genetic variation provides the 

basis for biological evolution and biological diversity. Ecosystems and species 

depend on genetic diversity for long-term survival, resilience or ability to adapt to 

diverse environmental conditions and evolutionary potential (Rochus et al., 2020). 

Evaluation of genetic diversity, relatedness and population structure offers crucial 

control metrics to prevent inbreeding depression, genetic erosion, and 

crossbreeding between locally adapted and exotic breeds since these occurrences 
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have detrimental effects and ultimately lead to breed extinction (Senczuk et al., 

2020). Genetic diversity can be estimated using both pedigree and genomic-based 

approaches (Biscarini et al., 2020), and there are three main parameters to evaluate 

genetic variation in a population: level and rate of inbreeding, genetic drift and 

effective population size. These measures provide insight into the current state of 

population diversity and potential future risks (Falconer & MCKAY, 1996). In 

addition, population structure is assessed to determine the diversity within and 

between populations. 

Inbreeding occurs due to the mating of related individuals, leading to an 

increased number of homozygotes and fewer heterozygotes in a population and is 

inevitable in finite populations. Nevertheless, the level of heterozygosity reflects 

genetic variability within and between species (Melo et al., 2017). In this thesis, 

two measures are used to assess the inbreeding of Swedish sheep breeds: observed 

heterozygosity and the genome-wide inbreeding coefficient based on the runs of 

homozygosity (ROH). The average expected and observed heterozygosity can vary 

due to evolutionary forces, such as mutation, genetic drift, migration and selection 

that cause random changes in allele frequency (Nei, 1978). In addition to 

evolutionary forces, small effective population size and management and breeding 

practices can cause a reduction in within-breed genetic diversity (Nadia Aubin-

Horth et al., 2005).  

Over the past decade, runs of homozygosity (ROH) analyses have become the 

state-of-the-art method for determining inbreeding in livestock populations 

(Meyermans et al., 2020a). When the identical haplotypes are inherited from both 

parents, resulting in a long stretch of the genotype being homozygous, this is known 

as long runs of homozygosity. Moreover, shorter haplotypes inherited from distant 

ancestors, whereas longer haplotypes from recent ones. An increased rate of 

inbreeding in a population gives rise to autozygosity: homozygosity where the two 

alleles are identical by descent (F. C. Ceballos et al., 2018). This method is 

predicated on the hypothesis that longer homozygous SNP sequences are more 

likely to have been inherited from a common ancestor than individual homozygous 

loci. The ROH-based inbreeding coefficient is calculated by dividing the summed 

length of the ROH by the total length of the genome. One method of finding the 

ROH lengths needed to calculate the inbreeding coefficient depends on the sliding 

window size that scans through the SNPs to find long stretches. In addition, the size 

of the scanning window, the minimum length in basepairs needed for ROH, the 

minimum number of homozygous loci needed for ROH, the maximum possible gap 

between two homozygous SNPs, and the minimum SNP density in the scanning 

region are important parameters to determine ROH-based inbreeding (Meyermans 

et al., 2020a). ROH analysis is common in livestock populations using --homozyg 

flag in PLINK v.1.9 tool (Peripolli et al., 2017). However, in this thesis ROH 

analysis was performed in R software using detectRUNS package. 
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Moreover, polymorphic information content (PIC) is an important indicator of 

quality of genetic markers which helps identifying regions in the genome that are 

most variable. The PIC is a measure of the amount of genetic variation present at a 

particular locus (Botstein et al., 1980). In the linkage studied, PIC is often used to 

assess the informativeness of a genetic marker (Guo & Elston, 1999). The 

usefulness of a marker for linkage analysis relies on how often marker is found to 

be polymorphic. This is measured using heterozygosity or PIC (Buchanan & Thue, 

1998). Based on the number of markers and frequency of the alleles, the PIC 

illustrates how the marker can reveal population polymorphism.  The PIC value 

ranges between 0 to 1, where a value of 1 indicates maximum diversity and 0 

represents no diversity (Botstein et al., 1980). According to Dakin and Avise 

(2004), PIC > 0.5 is more informative, 0.25 <PIC <0.5 is moderately informative 

and PIC < 0.25 is slightly informative. Furthermore, genetic differentiation between 

each population can be measured using Wright’s FST estimate (Pairwise FST / 

Fixation Index). The FST values range from 0 to 1, where higher values indicate a 

greater differentiation between the two populations, whereas lower values signify 

the lower divergence between two populations (Wright, 1984). 

2.7 Population Structure 

Exploring population structure provides a great deal of insight into the origin of 

populations and history. In order to visualize and explore genetic relatedness among 

breeds, principal component analysis (PCA), principal coordinate analysis (PCoA), 

Neighbor-joining network, calculation of FST and Bayesian model-based clustering 

algorithm can be used. Moreover, past admixture events of ancient populations can 

be visualized using software such as ADMIXTURE, STRUCTURE and R 

(Mastrangelo et al., 2014). In the current study, we used PCoA, Neighbor-joining 

tree and STRUCTURE software to examine population structure and admixture 

proportions. 

The PCoA is a model-free method for examining ancestry and population 

structure, and it is one of the most popular methods in population genomics research 

as it is relatively simple and easy to interpret. PCoA analysis is computed using 

multi-dimensional scaling (MDS) plots, and it aims to determine the main axes of 

variation based on the genetic distance (main principal coordinate) in a dataset with 

no correlation between each axis. The first coordinate summarizes the larger 

proportion of variation (major axis variation), followed by the second coordinate 

and so on. The first two to three principal coordinates are commonly used to 

visualize genetic distance among populations (Mohammadi & Prasanna, 2003). 

Generally, PCoA is performed at the beginning of a population genetics study to 

visualize population stratifications and make follow-up decisions on further 

analyses (Ganteil et al., 2020). 
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The neighbour-joining (NJ) method is used to construct phylogenetic 

(evolutionary) and phenetic (trait-based similarity) trees from evolutionary distance 

data. The principle of maximum parsimony or minimum evolution is used in 

constructing phylogenetic trees. The standard NJ algorithm based on this principle 

is to determine all potential topologies (branching patterns) or a specific number of 

topologies that are possible to be close to the true tree and then select one that 

exhibits the least amount of overall evolutionary change as the final tree (Saitou & 

Nei, 1987).  

Moreover, STRUCTURE is a free software package that can be used to 

investigate the population admixture of multi-locus genotype data.  It can be used 

to deduce the presence of diverse populations, study hybrid zones, assign 

individuals to populations, estimate population allele frequencies, and identify 

admixed individuals and migrants. The structure software analysis can be applied 

to most of the commonly used genetic markers: microsatellites, SNPs, amplified 

fragment length polymorphism (AFLP) and restriction fragment length 

polymorphism (RFLP) (Pritchard et al., 2000). 
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3. Materials and Methods 

In this section, firstly, the data used in the thesis will be presented and then the 

methods used to perform different analyses will be described. 

3.1 Data Source 

All the data used in this thesis were obtained from my supervisor Dr. Anna Maria 

Johansson, Department of Animal Breeding and Genetics, Swedish University of 

Agricultural Sciences (SLU), Sweden. Sample collection, DNA extraction, 

sequencing and genotyping were performed by a previous researcher at SLU. 

3.2 Sheep Sample 

Biological samples: blood, tissue and nasal swabs had been collected from 207 

individuals belonging to 14 different Swedish short-tailed sheep breeds. These 14 

breeds represented different population sizes and different geographical origins 

within Sweden. Breeds (populations), the number of individuals in each breed, and 

their geographical origins are shown in Table 1.  

Table 1  Information on the number of individuals from each breed and the geographical origin 

Breeds Number of 

Individuals 

Geographical Origin 

Åsen 15 Mainland Sweden 

Brännö 17 Mainland Sweden 

Finull 15 Mainland Sweden 

Fjällnäs 2 Mainland Sweden 

Gammelrya 3 Mainland Sweden 

Gestrike 10 Mainland Sweden 

Gotland 54 Gotland Island 

Gute 1 Gotland Island 

Helsinge 15 Mainland Sweden 

Roslag 22 Roslagen Archipelage 

Rya 16 Mainland Sweden 

Svärdsjö 15 Mainland Sweden 

Tabacktorp 7 Mainland Sweden 

Värmland 15 Mainland Sweden 

 Total: 207  
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3.3 Genotyping 

Sequenced genomic data of Swedish sheep breeds were genotyped with Illumina 

Ovine SNP50v3 BeadChip array.  This SNP chip includes 26 autosomes.  

3.4 Data Merging, Removal of Related Individuals, and 

SNP Quality Control  

Data merging, removal of related individuals, and SNP quality control on raw data 

were performed using PLINK v.1.9 program (Purcell et al., 2007). Several quality 

control measures were applied, as shown in Table 2, and are described below.  

Initially, there were two datasets: one consisting of 185 individuals with 64,734 

SNP markers, and the other one consisting of 22 individuals with 49,396 SNP 

markers. Then, two datasets were merged based on the common variants, and the 

merged dataset consisted of 207 individuals belonging to 14 native Swedish sheep 

breeds with 49,363 common variants.  

Removal of related individuals was done with the --genome flag in the plink 

tool, which invokes identical by descent (IBD)/ identical by state (IBS) 

computation. Subsequently, five pairs of individuals were identified as related to 

each other based on the PI_HAT value: the estimated proportion of IBDs shared. 

According to Purcell et al. (2007), five related individuals were removed as 

PI_HAT values were close to 1. Accordingly, as stated below, 202 samples with 

49,363 variants were subjected to SNP quality control and LD-pruning.  

Next step was performed to remove animals with too much missing genotype 

data (low call rates), and individuals with a genotype call rate <97% were excluded 

with the --mind option in plink. SNPs filtering was done if the call rate was <97% 

based on the missing genotype rate and SNP call rate <95% based on minor allele 

frequency (MAF) with the --geno option and the --maf option in plink, respectively. 

The individual and SNP missing call rate thresholds (mind and geno) were 

calculated in R based on the plink output derived with --missing flag (Figures 1 and 

2). Moreover, SNPs were discarded if the Hardy Weinberg Equilibrium exact test 

(HWE) p-value was less than 0.000001 (--hwe). With this, 40241 variants and 191 

samples were passed the filters. 
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Figure 1 Distribution of missing loci in individuals. Log10(-1.5) was used for the threshold 

determination. Accordingly, we excluded SNPs with a missing rate of 0.03 (3%) or higher (geno). 

 

 

Figure 2 Distribution of missing values in individuals. Log10(-1.5) was used for the threshold 

determination. Accordingly, we excluded individuals with a missing rate of 0.03 (3%) or higher 

(mind). 

After this quality control (QC1), linkage disequilibrium-based SNP pruning (LD-

pruning) was done with the --indep-pairwise flag in plink v1.9. Groups of SNPs 

mutually in LD will have approximately the same association strength with the 

phenotype. Hence, SNP pruning is performed to choose representative SNP for 

each of these groups. There are three parameters to be considered in LD pruning: 

window size, window step size and LD (r2) threshold (Purcell et al., 2007). In this 

experiment, we set the window size to 50 SNPs and the number of SNPs to shift 

the window at each step, window step size to 5 SNPs. The LD threshold was 0.2, 

and the SNP pairs were removed if the LD (r2) was greater than 0.2. Following 

QC1, the dataset was used to calculate the genetic diversity measures: observed 

heterozygosity, inbreeding coefficient (FIS), MAF, PIC, and pairwise FST. 

Following both QC1 and LD-pruning, data was used to assess the population 

structure using principal coordinate analysis, neighbor-joining trees and admixture 

analysis using Structure software version 2.3.4. 

The second quality control was performed to calculate runs of homozygosity 

(ROH). According to Meyermans et al. (2020a), MAF-based SNP filtering and LD-
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pruning before ROH analysis affect ROH detection and genome coverage. Further, 

it showed that employing either LD-pruning or MAF filtering could hamper ROHs 

detection by drastically lowering the number of SNPs included in the study. Hence, 

none of these SNP filtering methods were used in the second quality control.   

Table 2 SNP quality control parameters 

 geno Mind maf HWE 
Indep-

pairwise 

No. 

SNPs 

No. 

Indivi

duals 

After removing 

related 

individuals 

     49363 202 

QC1 0.03 0.03 0.05 0.000001  40241 191 

LD-pruning for 

QC1 data 
    50 5 0.2 23292 191 

QC2 0.03 0.03 - 0.000001 - 43518 191 

The first five columns refer to the commands in PLINK. The last column states the number of 

SNPs that remained after the quality control. 

geno: maximum missingness per SNP 

mind: maximum missingness per individual 

maf: number of SNPs removed due to minor allele frequency threshold. 

hwe: number of SNPs removed due to HWE exact test p-value threshold. 

indep-pairwise: prune for linkage disequilibrium, there are three parameters: window size in 

variant counts or kilobase units, a variant count of shifting the window at the end of each step, 

and pairwise LD (r2) threshold, respectively. 

3.5 Genetic Diversity Analysis 

Before computing the genetic diversity measures: observed heterozygosity, FIS, 

MAF, PIC, and pairwise FST, outliers were removed from the dataset. In this thesis, 

outlier individuals determination was done based on the PCoA. If an individual was 

not clustered within its own group and highly varied from the other individuals 

within the population, that individual was removed.  

3.5.1 Observed Heterozygosity 

The observed heterozygosity and inbreeding coefficient (FIS) were computed for 

each breed separately with the --het flag in PLINK v.1.9 program (Purcell et al., 

2007). After removing outliers, 190 samples and 40241 SNPs were subjected to the 

analyses. The observed heterozygosity was calculated as the difference between the 



29 

 

non-missing genotypes counts and the number of observed homozygous genotypes 

(Equation 1).  

 

𝑂(𝐻𝐸𝑇) = 𝑁(𝑁𝑀) − 𝑂(𝐻𝑂𝑀) [1] 

 

Where, O(HET) is the observed heterozygous count: the number of observed 

heterozygous genotypes found in an individual. O(HOM) is the observed 

homozygous count: the number of homozygous genotypes found in an individual. 

N(NM) is the number of non-missing counts: the total number of SNPs in an 

individual after quality control (the summation of observed homozygous and 

observed heterozygous genotype counts). The average O(HET) and O(HOM) were 

presented as proportions in the results section. 

3.5.2 Inbreeding Coefficient (FIS) 

Wright’s F statistic (FIS) is a measure of the degree of inbreeding within a 

population. The inbreeding coefficient (F) assessed by plink v.1.9 corresponds to 

FIS estimate. Wright’s F statistic or FIS was introduced to quantify heterozygote 

deficiency or excess homozygotes (Zhivotovsky, 2015). The inbreeding coefficient 

(FIS) was estimated based on the observed: O(HET) and expected: E(HET) 

heterozygous genotype proportions assuming the population was under HWE with 

the following equation (Equation 2) (Wright, 1984).   

 

𝐹𝐼𝑆  =  [E(HET) –  O(HET)]/ E(HET)                    [2] 

 

Where, E(HET) is an individual’s expected heterozygosity and O(HET) is an 

individual’s observed heterozygosity under HWE. Observed and expected 

heterozygosity proportions were used in this calculation. A value of FIS = 0 

indicates no inbreeding, while a value of FIS > 0 indicates the inbreeding within the 

population. A value of FIS < 0 denotes the excess heterozygosity within population.  

3.5.3 Minor Allele Frequency (MAF) 

The rare allele (the second most common allele) frequency in a specific population 

is known as the MAF. MAF is usually used in population genetics studies as it 

provides information to distinguish between rare and common variants in the 

population (Hernandez et al., 2019). In this thesis, in each breed, MAFs of each 

polymorphic sites were computed using the --freq flag in plink v.1.9. The average 

MAF was calculated separately for each population. 
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3.5.4 Polymorphic Information Content (PIC) 

According to (Botstein et al., 1980), the PIC is calculated from MAF (maf) using 

the equation mentioned below (Equation 3). PIC is calculated using p and 𝑞 = 1 −

𝑝 allelic frequencies (each SNP is biallelic). Thus, according to HWE, the 

probability of an individual being heterozygous is 2pq. One of the allelic 

frequencies (p and q) replaced by the maf, then q would be 1-maf. In order to 

calculate PIC, first heterozygosity was calculated (1 – [maf2 + (1 - maf2)]) and then 

identical heterozygous trios (2maf2 (1 - maf)2) were subtracted from it (Botstein et 

al., 1980). This thesis, MAF and PIC values were calculated for QC1 data using the 

--freq flag in plink v.1.9. 

 

𝑃𝐼𝐶 =  1 – [𝑚𝑎𝑓2 +  (1 − 𝑚𝑎𝑓)2] – [2𝑚𝑎𝑓2 ∗ (1 − 𝑚𝑎𝑓)2]                     [3] 

 

Accordingly, average observed heterozygosity, average observed 

homozygosity, average FIS, MAF and PIC values were calculated in each 

population.   

3.5.5 Pairwise FST (Wright’s FST Estimate / Fixation Index) 

Pairwise FST values between each breed were calculated using the StAMPP package 

in R software. The stamppConvert() function was used to convert genomic data into 

allele frequencies and followed by stamppFst() function was used to compute 

pairwise FST values (Pembleton et al., 2013; Wright, 1984). 

3.5.6 Runs of Homozygosity based Inbreeding Coefficient 

(FROH) 

ROH was computed using the detectRUNS package in R software with the function 

slidingRUNS (), a sliding-window-based runs detection (Biscarini et al., 2018). The 

parameters used for the analysis are shown in Table 3, and the values of the 

parameters were based on Meyermans et al. (2020a) study with slight 

modifications. There are two types of parameters: sliding-window parameters: 

windowSize, threshold, minSNP (minimum number of homozygous/heterozygous 

SNPs in the window), maxMissWindow (maximum number of missing genotypes), 

maxOppWindow (maximum number of SNPs with opposite genotypes) and run-

related parameters: minLengthBps (minimum length of run (base pairs; bps)), 

maxGap (maximum gap between consecutive homozygous SNPs (bps)),   

minDensity (number of SNPs in every kbps), maxMissRun (maximum number of 

missing genotypes in the run), maxOppRun (maximum number of opposite 

genotypes in the run) (Biscarini et al., 2018). The detectRUNS uses 1SNP/10kb as 

their scale compared to plink, which uses the distance between SNPs. 
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Table 3 List of parameters for the ROH analysis with the detectRUNS package in R software 

Parameter Parameter Name in 

detectRUNS 

Value 

Scanning window size  windowSize 15 (default) 

Scanning window 

threshold 

threshold 0.05 

Minimal number of SNPs minSNP 15 (default) 

Minimal density minDensity (SNP/kbps) 1/250 

Maximal gap maxGap 100000 

Minimum length minLengthBps 1000 

Other  Default values 

 

Increasing the scanning window size leads to reduced detection of ROH and 

estimation of FROH, and particularly, short ROHs are no longer detected. 

Similarly, an increased threshold reduces FROH detection (Meyermans et al., 

2020a). Moreover, that research article mentioned the importance of controlling 

false positive ROH in the analysis and considering how long ROHs are expected 

by chance. In order to compute the minimum number of SNPs (L) in a ROH, 

equation 4 can be used as described in (Purfield et al., 2012).  

 

𝐿 =  𝑙𝑜𝑔𝑒 (𝑎𝑙𝑝ℎ𝑎/𝑛𝑠 𝑛𝑖)/𝑙𝑜𝑔𝑒(1 − ℎ𝑒𝑡)                         [4] 

 

L= loge (0.05/43518*191)/loge(1-0.28) = 57.62 = 58 

 

Where, alpha (α) is the percentatge of false-positive ROH, ns is the number of 

genotyped SNPs, ni is the number of genotyped individuals, and het is the average 

observed heterozygosity across all SNPs.  

Accordingly, this study's minimum number of SNPs was 58 (rounded 57.62 into 

0 decimals). However, with this value, ROH detection was unsuccessful and only 

detected ROH on four chromosomes (chromosomes 3, 4, 5, and 9). A previous 

study on genetic diversity of five Swedish sheep breeds using high density SNP 

array by Rochus et al. (2020) had been used 20 as minimum SNPs count in the ROH 

analysis in plink. However, 20 minimum SNPs count was not suffiecient to have a 

complete genome coverage in this thesis (only 24 chromosomes were covered).  

Thus, the default value, 15 SNPs, was used as it had a complete genome coverage. 

Furthermore, Meyermans et al. (2020a) recommended setting the scan window size 

equal to the minimum number of SNPs. 

The minimum ROH length, either by minimal kb length or minimal number of 

SNPs, has been studied by Purfield et al. (2012) and Ferenčaković et al. (2013) and 

they showed that medium density SNP array is suitable for detecting ROHs longer 
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than 5Mb, and the minimal ROH length should be adjusted to the SNP density, 

respectively. The study by Meyermans et al. (2020a) showed that a low minimal 

density setting might lead to incomplete genome coverage and the plink default 

minimal density value, 50kb/SNP, is often not suitable. The minimal density value 

of the current thesis was determined based on Meyermans et al. (2020b). 

Nevertheless, Meyermans et al. (2020a) showed a substantial variation in parameter 

settings considering scanning window size, minimal density and maximal gap. 

Consequently, results will be biased and hinder comparing results with other 

studies.  

The identified ROH was then used to calculate the ROH-based inbreeding 

coefficient (FROH). Finally, total length of the ROH segments is divided by the 

total length of the genome to calculate the inbreeding coefficient based on ROH 

(Equation 5) (F. C. Ceballos et al., 2018).  

 

𝐹𝑅𝑂𝐻 =  𝑠𝑢𝑚 𝑜𝑓 𝑅𝑂𝐻 𝑔𝑒𝑛𝑜𝑚𝑒 𝑙𝑒𝑛𝑔𝑡ℎ⁄                      [5] 

3.6 Genetic Population Structure 

3.6.1 Principal Coordinate Analysis (PCoA) 

After QC1, LD-pruned data was used for PCoA analysis. The PCoA was performed 

with the --distance-matrix flag in plink to assess the genetic structure of the fourteen 

sheep breeds (Purcell et al., 2007), which created the distance matrix as an input to 

the PCoA, and the cmdscale() (classical multi-dimensional scaling) function in R 

software. The ggplot() function under the tidyverse package in R was used to 

visualize data in a PCo-biplot. For the plots shown in the results section, the first 

two principal coordinates and the first and third principal coordinates were 

demonstrated. 

3.6.2 The Neighbour-joining (NJ) Method 

Two NJ trees (a and b) were constructed to illustrate the population structure. The 

NJ tree (a) was constructed based on the pairwise genetic distances between 

individuals using the dist() function, and followed by the NJ tree estimation was 

performed using the nj() fuction in the “Ape” package in the R software. The NJ 

tree (b) was constructed based on the pairwise Nei’s genetic distances between 

populations computed using the nei.dist() function in the “poppr” package in R 

software and the NJ tree estimation was perofrmed as the explanation for NJ tree 

(a) (Nei, 1978; Saitou & Nei, 1987). A unrooted tree (NJ (b)) was constructed using 

the plot.phylo() function in R. The NJ tree (b) was constructed for 12 breeds: 

Fjällnäs and Gute sheep were removed due to smaller sample sizes. 
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3.6.3 Population Admixture Analysis using Structure Software 

v.2.3.4 

The genetic structure of the populations and their admixture proportions were 

assessed and visualized in plots using the model-based software Structure version 

2.3.4, which includes a Bayesian method (Pritchard et al., 2000). LD-pruned data 

were used for the admixture analysis (Table 2). Model-based clustering was done 

using admixture model with correlated allele frequencies, 10,000 MCMC (Markov 

chain Monte Carlo) repetitions, and 10,000 burn-in periods.  Five independent runs 

were performed for each K (number of different clusters) value which was ranged 

from 2 to 14. The remaining parameter settings were left to default values. In the 

analysis, the breed names were used as sampling location indicators. Parameter 

settings were based on the Pritchard et al. (2000). STRUCTURE HARVESTER, a 

web-based program, was used to collate results derived from Structure 2.3.4 as it is 

offered the very fast and easiest way to determine and visualize likelihood values 

across multiple K values. Furthermore, it detects the number of genetic groups (K) 

among populations that best fit the data based on the Evanno method (Earl & 

vonHoldt, 2012). 

3.7 DNA Sequencing, Multiple Sequencing Alignment 

and Determination of Variants in MC1R that 

Responsible for Black Coat Colour 

Genomic DNA samples from 24 individuals belonging to five native Swedish sheep 

breeds were used for the sequencing analysis. The genomic DNA samples were 

kept at -20°C until analyses started. In addition, three sequences from three breeds 

were taken from Rochus et al. (2019). Breeds and the number of samples from each 

breed were shown in Table 4.  

Table 4 Information on breeds and the number of samples from each breed 

Breed No. of Individuals 

Gammelrya 2 

Rya 11 

Finull 3 

Gestrike 2 

Svärdsjö 6 

Previous Study data (Rochus et al., 2019) 

Gotland 1 

Gute 1 

Finull 1 

 Total: 27 
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3.7.1 DNA Sequencing 

The BigDye® Direct Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, 

USA) was used for sequencing Exon 1 region of MC1R gene. The PCR primers 

had been selected based on the literature (Fontanesi et al., 2010). In order to use the 

BigDye® Direct kit, MC13 universal primer sequences (forward primer sequence: 

5’-TGTAAAACGACGGCCAGT-3’) were added. Subsequently, genomic DNA 

amplification was done by performing PCR and cycle sequencing on Applied 

Biosystems® Gene Amp® PCR System 9700 (Applied Biosystems). The BigDye 

XTerminator® Purification Kit (Applied Biosystems) was used to purify 

sequencing products. Finally, DNA sequencing was performed using capillary 

electrophoresis on the Applied Biosystems® 3500xL Dx Genetic Analyzer (Life 

Technologies, Foster City, CA, USA). 

3.7.2 Sequencing Analysis 

DNA sequence alignments, editing and visual inspections were performed using 

the BioEdit Sequence Alignment Editor tool.  
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4. Results 

In this section, the results of the thesis will be presented. First, the results of the 

population structure will be described, and then, the genetic diversity measures: the 

average observed heterozygosity, average observed homozygosity, average 

inbreeding coefficient (FIS), FROH, average MAF, average PIC, and pairwise FST 

values of Swedish sheep breeds will be presented. Lastly, genetic variants in sheep 

coat colour gene, MC1R, and associated phenotypic variability will be described. 

4.1 Population Structure 

4.1.1 Principal Coordinate Analysis (PCoA) 

Figure 3 illustrates the population structure of 191 individuals belonging to 14 

different short-tailed Swedish sheep breeds based on the principal coordinates 

analysis (PCoA). In this thesis, the first two (Figure 3: left) and first and third 

(Figure 3: right) principal coordinates analyses are shown. Based on PCoA, the first 

three principal coordinates (PCs) explain 21.59% of the interbreed variation: PC1, 

PC2 and PC3 explain 9.15%, 6.51% and 5.93% variation separately. According to 

the first three PC analyses, four breeds: Gotland, Roslag, Svärdsjö, and Tabacktorp, 

were distinguishable and unique from each other, and individuals within each breed 

clustered together. Moreover, Fjällnäs, Gammelrya, Gestrike, Rya, Finull, and 

Värmland (except one individual) sheep were clustered closer to each other. As per 

PC1 explanation, Roslag sheep was highly differentiated from all the other breeds. 

According to PC2, Brännö and Gute and according to PC3, Helsinge, Åsen, and 

Gute sheep breeds were also distinguishable from other breeds. Although the 

Brännö sheep were distinguishable according to PC2, it was not separable in PC3. 

Furthermore, PC2 showed a relatively less genetic variance between Gotland and 

Brännö sheep, whereas PC3 showed a relatively less genetic variation between 

Roslag and Tabacktorp sheep. One Värmland sheep (individual ID; OAR898) is 

genetically distinct from other Värmland sheep, and it appears to be genetically 

close to Roslag sheep, according to the first three PCs.  

 

 

 

 

 

 

 



36 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2 Neighbour-joining Trees 

Apart from PCoA, the population structure was studied using two neighbour-

joining (NJ) phylogenetic trees (a and b) shown in Figure 4. The NJ trees indicate 

the genetic relationship within (a) and between breeds (b). The NJ tree (a) is in 

agreement with the PCoA analysis. Värmland OAR 898 individual was clustered 

close to Roslag sheep. Moreover, Gammelrya (Old Rya) OAR 1004 individual was 

clustered together with Rya sheep. According to the farmer’s records, the OAR1004 

individual is crossbred from Rya and Gammelrya sheep. Gammelrya is still not an 

officially recognized breed. Samples had been collected from a farm in northern 

Sweden, where only a small group of ewes remained on the farm with phenotypes 

similar to Rya sheep. Hence, a Rya ram was used for breeding purposes. In the 

current study, we wanted to study the genetic background of these Gammelrya ewes 

to see if they were genetically similar to Rya sheep.  All the other individuals were 

clustered within their own breed, as we saw in PCoA. Nevertheless, we can see 

several subgroups within a breed that may be due to individuals from different 

families.  

Figure 3 Genetic relatedness of fourteen Swedish sheep breeds using principal coordinate 

analyses (PCoA) (multidimensional scaling plots). The first two coordinates (PC1 and PC2) (left) 

and the third coordinate (PC3) (right) explained 9.15%, 6.51%, and 5.93%, respectively, of the 

total variation.   
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The NJ tree (b) demonstrates the population structure and interbreed genetic 

relationship of 12 native Swedish sheep breeds. We removed Fjällnäs and Gute 

sheep from this analysis due to a low number of individuals within each breed. 

Consistent with this phylogenetic tree, 12 breeds were distinct and had different 

branch lengths. The Tabacktorp sheep showed the longest branch length compared 

to other breeds indicating high amounts of genetic drift within the population. 

Similarly, in PCoA (PC3) (Figure 3), the Roslag and Tabacktorp sheep showed a 

close relationship being on the same branch, although they had different branch 

lengths. Roslag sheep originated from the Roslag archipelago, whereas Tabacktorp 

sheep originated from Tabacktorp in Västansjö outside Ekshärad in Värmland. 

Therefore, this genetic relationship cannot be explained by geographical proximity. 

Furthermore, Gotland and Brännö sheep showed a close relationship being on the 

same branch, and both breeds had relatively smaller branch lengths indicating less 

genetic drift within populations. These results were in line with PCoA (PC2) 

(Figure 3). In addition, Rya and Gammelrya sheep were also on the same branch, 

demonstrating a common lineage between them. Nonetheless, Gemmelrya had a 

longer branch length denoting greater genetic changes than Rya sheep.  The 

Gotland, Värmland, Finull, and Rya sheep showed relatively short branch lengths, 

while Roslag, Gestrike, Helsinge, Svärdsjö, and Åsen breeds showed relatively 

longer branch lengths, indicating higher genetic drift within populations. 
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(a) 

(b) 

Figure 4 Population relationship and structure of native Swedish sheep breeds using the 

Neighbour-joining Trees based on the genetic distance: (a) Fan type NJ tree: within-breed genetic 

relatedness of 191 sheep from 14 Swedish breeds. (b) Unrooted NJ tree (b): genetic relatedness 

between 12 Swedish sheep breeds. 
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4.1.3  Population Admixture Analysis 

To further investigate the population structure, genetic admixture was analyzed 

based on the model-based clustering analysis using Structure v.2.3.4, with K values 

(assumed number of genetic groups) ranging from 2 to 14. The STRUCTURE 

HARVESTER, a web-based program, was used to collate results derived from 

Structure 2.3.4. to determine and visualize likelihood values across multiple K 

values. According to the STRUCTURE HARVESTER output, the number of 

genetic groups among populations that best fit the data was twelve (K=12) 

(Appendix 1). The Figure 5 illustrates the genome-wide admixture proportions at 

K=12 among 191 sheep of 14 breeds. Genome-wide admixture proportions with K 

values from 2 to 14 were shown in different plots found in Appendix 1: plot (a) 

showed the admixture proportions among populations, whereas plot (b) 

demonstrated the admixture proportions of each individual within the population.   

 

 

Figure 5 Genome-wide admixture proportions at K=12 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 12 assumed genetic populations. The 

numbers denoted in the x-axis show different populations, and here 14 Swedish sheep breeds used 

as different populations: 1 Roslag; 2 Brännö; 3 Gammelrya; 4 Tabacktorp; 5 Rya; 6 Gotland; 7 

Gute; 8 Åsen; 9 Finull; 10 Värmland; 11 Svärdsjö; 12 Helsinge; 13 Gestrike; 14 Fjällnäs. 

Admixture analysis showed that one genomic cluster was predominant in Roslag, 

Brännö (except 12940 and 12941; Appendix 1), Tabacktorp, Gotland, Åsen, Finull, 

Värmland (except OAR 898), Svärdsjö, Helsinge and Gestrike breeds and are 

distinct from other breeds indicating that they have less shared population 

ancestries. The Brännö 12940 and 12941 individuals were different from other 

Brännö sheep, and they appeared to be crossbred and genetically more admixed 

than others within the breed (Appendix1: Figure 19). Furthermore, the genetic 

clustering patterns of Gammelrya and Rya appeared to be the same, with slight 

differences. The genetic structure of Gammelrya OAR 1004 was closer to the Rya 

sheep and slightly different from the other two Gammelrya sheep, which had a 

small proportion of shared ancestry with Brännö sheep that is not present in the 

OAR 1004 individual (Appendix 1: Figure 19). As shown in PCoA (Figure 3), NJ 
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tree (a) (Figure 4), Värmland OAR 898 individual was different from other 

Värmland sheep, and the genetic structure of it was more similar to the Roslag 

genetic structure (Appendix 1: Figure 19).  

In addition, Gute sheep appeared to be highly admixed with Gotland sheep, 

which is in agreement with the known shared ancestry between Gotland and Gute 

sheep breeds. The Fjällnäs sheep were also a highly genetically admixed breed with 

a low admixture proportion with Gotland sheep and a high proportion with Finull 

sheep. Moreover, Gotland and Brännö breeds showed a genomic admixture with 

Finull, Rya, and Gestrike sheep. The Gestrike, Värmland, Gammelrya, and Rya 

sheep showed a shared ancestry with Finull sheep (Appendix 1: Figure 19). No 

genetically shared ancestry with other breeds was observed in the Roslag sheep, 

and it appeared to be a genetically isolated breed. Nevertheless, Rya sheep showed 

the highest genetic admixture (structuring) within the population compared to other 

breeds and showed two different genetic groups (indicated in green and dark blue 

colours). 

4.2 Genetic Diversity 

Genetic diversity within each of the 14 breeds was assessed by estimating the 

proportion of average observed homozygosity (O(HOM)), average observed 

heterozygosity (O(HET)), inbreeding coefficient (FIS), average polymorphic 

information content (SNPs), average MAF, and pairwise FST values. A summary of 

the genetic diversity estimates of 14 Swedish sheep breeds and pairwise FST 

estimates of twelve Swedish sheep breeds are shown in Tables 5 and 6, respectively.  
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Table 5 Summary of Genetic Diversity estimates of fourteen native Swedish sheep breeds 

Breed 
Sample 

Size 
O(HOM) O(HET) FIS MAF PIC 

Åsen 14 0.64 0.36 0.21 0.20 0.22 

Brännö 17 0.62 0.38 0.20 0.24 0.25 

Finull 15 0.61 0.39 0.18 0.28 0.28 

Fjällnäs 2 0.43 0.57 -0.18 0.17 0.24 

Gammelrya 3 0.53 0.47 0.06 0.23 0.23 

Gestrike 7 0.60 0.40 0.17 0.23 0.24 

Gotland 44 0.64 0.36 0.22 0.25 0.27 

Gute 1 0.00 1.00 -Inf 0.14 0.22 

Helsinge 15 0.63 0.37 0.20 0.23 0.24 

Roslag 21 0.67 0.33 0.25 0.16 0.17 

Rya 16 0.62 0.38 0.20 0.27 0.28 

Svärdsjö 14 0.65 0.35 0.23 0.17 0.19 

Tabacktorp 7 0.61 0.39 0.17 0.09 0.10 

Värmland 14 0.64 0.36 0.22 0.27 0.28 

The average estimate of parameters are shown: O(HOM), Observed homozygosity; O(HET), 

Observed heterozygosity; FIS, Inbreeding coefficient; MAF, Minor allele frequency; PIC, 

Polymorphic information content. 

The estimated average observed homozygosity (O(HOM)) of 14 breeds varied from 

0 to 0.67, and the highest was observed in Roslag sheep. The average minor allele 

frequency (MAF) varied from 0.09 in Tabacktorp to 0.26 in Finull breeds. The 

proportion of average polymorphic information content (PIC/ polymorphic SNPs) 

ranged from 0.09 in Tabacktorp sheep to 0.28 in Finull, Rya, and Värmland sheep. 

The PIC of each SNP of a particular breed was less than 0.5, and the values ranged 

around 0.25 or below, indicating the presence of moderate to slightly informative 

polymorphic sites. This may be related to low MAFs, linkage disequilibrium as we 

did not perform LD-based SNP filtering before calculations, non-random mating, 

and demographic factors such as migration and admixture.  
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Table 6 Pairwise FST (Wright’s Fixation index) estimates of twelve native Swedish sheep breeds 

 Ros Bran Gam Tab Rya Got As Fin Var Sva Hel Ges 

Ros             
Bran 0.32            
Gam 0.33 0.17           
Tab 0.52 0.39 0.46          
Rya 0.26 0.15 0.07 0.33         
Got 0.27 0.15 0.14 0.33 0.12        
As 0.37 0.25 0.24 0.45 0.20 0.20       
Fin 0.26 0.14 0.09 0.32 0.08 0.12 0.19      
Var 0.27 0.14 0.09 0.33 0.08 0.11 0.19 0.08     
Sva 0.41 0.29 0.29 0.50 0.23 0.24 0.34 0.23 0.24    
Hel 0.32 0.20 0.17 0.40 0.14 0.17 0.22 0.14 0.14 0.30   
Ges 0.34 0.20 0.16 0.43 0.13 0.17 0.26 0.12 0.13 0.31 0.20  

Pairwise FST between breeds: Ros, Roslag; Bran, Brännö; Gam, Gammelrya; Tab, Tabacktorp; 

Rya, Rya; Got, Gotland; As, Åsen; Fin, Finull; Var, Värmland; Sva, Svärdsjö; Hel, Helsinge; 

Ges, Gestrike 

The genetic differentiation between 12 native Swedish sheep breeds was assessed 

using the pairwise FST value (Table 6). The higher value signifies a greater genetic 

divergence between the two breeds. The FST values ranged from 0.07 between Rya 

and Gammelrya sheep to 0.52 between Tabacktorp and Roslag sheep. Low FST 

value between Rya and Gammelrya breeds attributed to the high level of gene flow 

and low levels of genetic differentiation between the two populations, as we 

observed in genomic admixture analysis (Figure 5). According to PCoA (PC1) 

(Figure 3), and admixture analysis, Tabacktorp and Roslag are two distinct sheep 

breeds, although there was a common lineage between them according to NJ 

phylogenetic tree (b) (Figure 4); thus, the highest FST value between these two 

populations indicated the low level of gene flow and high level of genetic distance 

between Roslag and Tabackorp sheep. Moreover, the high FST value (0.5) between 

Svärdsjö and Tabacktorp sheep breeds also showed a relatively high genetic 

differentiation between the two populations while having less genetic admixture, as 

shown in the admixture analysis and PCoA. 
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4.2.1 Observed Heterozygosity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The estimated average observed heterozygosity (O(HET)) values of 13 native 

Swedish sheep breeds are illustrated in Figure 6. The observed heterozygosity 

values ranged from 0.33 to 0.57. Roslag sheep had the lowest observed 

heterozygosity, whereas the highest was observed in Fjällnäs sheep. According to 

Table 5, the highest O(HET) value (O(HET)=1.0) was observed in Gute sheep, 

which was not illustrated in Figure 6. In this thesis, we had only one Gute sheep; 

thus, the values of all the diversity parameters can be unreliable due to low number 

of individuals considered in the analysis. Moreover, when we perform the observed 

heterozygosity calculation using --het flag in plink v.1.9, plink removes all loci that 

are not polymorphic within the breed (i.e. where all individuals are homozygous 

for the same allele). Since we had only one Gute sheep in the analysis, all 

homozygous loci were removed and only heterozygous loci remained in the 

calculation, thus the observed heterozygosity of Gute sheep was 1. Hence, it is 

better to exclude Gute sheep from the analyses.      

Figure 6 The observed heterozygosity of 189 individuals belonging to 13 Swedish sheep breeds. 
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4.2.2 Inbreeding Coefficient (FIS) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The estimated average inbreeding coefficient (FIS) values of 13 native Swedish 

sheep breeds are illustrated in Figure 7. The highest average FIS was observed in 

Roslag sheep, and the lowest value was observed in Fjällnäs sheep. Under HWE 

and based on breed-specific allele frequencies, the excess homozygosity was 

measured using FIS, and values ranged from -0.18 to 0.25. The negative average FIS 

value in Fjällnäs sheep demonstrated the excess heterozygosity within the 

population. In this thesis, there were only two Fjällnäs sheep; thus, the value can be 

highly unreliable due to low number of individuals considered in the analysis. As 

shown in the admixture analysis (Figure 5), Roslag sheep appeared to be isolated: 

thus, the high inbreeding value within the population is possible. 

 

 

Figure 7 The inbreeding coefficients of 189 individuals belonging to 13 native Swedish sheep 

breeds. The colours in the plot match the breed colours in the previous figure. 
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4.2.3 Inbreeding Coefficient based on Runs of Homozygosity 

(FROH) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inbreeding coefficients based on ROH (FROH) for 14 native Swedish sheep 

breeds are illustrated in Figure 8. The highest ROH-based average inbreeding 

coefficient was observed in the Tabacktorp, while the lowest was observed in the 

Finull breed. The average FROH values ranged from 0.03 to 0.20. The higher 

FROH values are associated with longer ROH lengths or a higher number of ROH 

within an individual’s genome. These results were not fully in line with the average 

observed heterozygosity estimations shown in Figure 6. The higher values in Figure 

6 indicate higher diversity, while higher values in Figure 8 indicate less diversity. 

The reason behind the disparity between Figure 7 and FROH values is that all 

homozygous positions contribute to observed homozygosity proportions in Figure 

7, while only longer homozygous segments contribute to FROH. The FIS calculates 

Figure 8 The inbreeding coefficient based on ROH for 14 native Swedish sheep breeds. The 

minimum length of a ROH was defined as 15 SNPs. For other parameters, see the materials and 

method section.  
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the inbreeding level at each locus, whereas the FROH calculates inbreeding at the 

genome-wide level in each individual separately.  

The average lengths of ROH and the number of ROH segments observed within 

each breed are shown in Table 7. The total ROH lengths were summed within 

population and then the average ROH per population was calculated to illustrate in 

the Table 7. All the individuals in each breed showed ROH segments under the 

given parameters shown in Table 3. The total genome length was 2651.46 Mbps. 

The average longest ROH length was observed in Tabacktorp sheep (530.56 Mbps), 

while the average shortest ROH length was observed in Finull sheep (83.82 Mbps). 

Nevertheless, the highest number of ROH segments was observed in Roslag sheep; 

7470, while the lowest number of ROH segments was observed in Gute sheep; 231.  

Overall, it is difficult to compare results with literature based on identified ROH 

islands as the genotyping methods are different, and all the input parameters are not 

often published.  

Table 7 The average lengths of ROH and the number of ROH segments observed within each breed 

Breed 

Average ROH 

length (Mbps) 

Number of ROH 

segments 

Åsen 258.73 3257 

Brännö 157.96 2516 

Finull 83.82 1380 

Fjällnäs 248.20 455 

Gammelrya 143.47 398 

Gestrike 175.56 1126 

Gotland 139.54 6350 

Gute 239.66 231 

Helsinge 210.21 2845 

Roslag 405.75 7470 

Rya 118.13 1871 

Svärdsjö 347.79 4179 

Tabacktorp 530.56 3125 

Värmland 154.07 2012 

In addition, the distribution of ROH segments on each autosomal chromosome was 

illustrated in graphs. All 26 plots can be found in Appendix 2. In these figures, the 

y-axis only shows individuals that have a ROH on the corresponding chromosome. 

In other words, if an individual is missing from a graph, it indicates that the 

individual did not have a ROH segment on that chromosome under defined 

parameters. In some chromosomes, ROH segments were distributed only in a few 

regions: Chromosomes 14, 19, 21, and 24. Overall, relatively longer ROH segments 

were observed in Roslag and Tabacktorp sheep breeds on almost all the 

chromosomes: this may be an indication of relatively high inbreeding (as shown in 
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Figure 8) and recent common ancestors in each population as long ROH are more 

likely to occur when two copies of a haplotypes are inherited from a recent common 

ancestor (Francisco C. Ceballos et al., 2018).  

4.3 Genetic Variants in MC1R Gene that Responsible 

for Coat Colour in Sheep 

Genetic variants in sheep coat colour gene, MC1R and associated phenotypic 

variability were examined in 27 individuals of 7 native Swedish sheep breeds. In 

this thesis, two genetic variants were identified in MC1R exon1 region: one 

mutation is a known missense mutation on the ED allele, c.218 T>A in the coding 

region of the gene, the other mutation, c.-31 G>A in the non-coding 5’-UTR region 

(Appendix 3). As a summary, detected phenotypes of c.218 T>A in the MC1R gene 

by coat colour and breed were illustrated in Table 8. At the c.218 T>A polymorphic 

position, 3 Finull sheep were heterozygous, and all the other individuals were 

homozygous and carried the recessive genotype exhibiting different phenotypes, as 

shown in Table 8. Accordingly, Finull sheep were the only breed with a variation 

at c.218 T>A, and white Finull individual was homozygous for c.218T, while other 

Finull sheep with black or brown coat colour were heterozygous at c.218 T>A. The 

genotype frequencies were 0, 0.11, and 0.89 for AA, TA, and TT, respectively; thus, 

the allele frequencies were 0.056 and 0.944 for the A, and T alleles, respectively, 

at the c.218 T>A position. There was no clear evidence of a c.-31 G>A-based effect 

on the coat colour of sheep. According to (Fontanesi et al., 2010), there is another 

polymorphic site at c.199 C>T in the MC1R exon 1 region. However, in the present 

study, we did not observe a polymorphism at this site with considered breeds, and 

all the animals were homozygous for c.199C.  

Table 8 Detected phenotypes of c.218 T>A in Melanocortin receptor 1 (MC1R) by coat colour and 

breed 

Fin, Finull; Ges, Gestrike; Sva, Svärdsjö; Gam, Gammelrya; Rya, Rya; Got, Gotland; Gut, Gute 

Coat 

colour 

c.218 

T>A 

Breed    

Fin Ges Sva Gam Rya Got Gut 
Genotype 

Frequencies 

Black AA 0       0 

Black TA 1        

Brown 2       0.11 

White TT 1  4 1 4   0.89 

Black  2 2  5    

Grey    1  1 1  

Brown     2    
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5. Discussion 

In this study, the genetic diversity and population structure were measured in 14 

Swedish sheep breeds using medium-density SNP (50K) data. Moreover, genetic 

variants in the melanocortin 1 receptor (MC1R) gene and associated coat colour 

phenotypes variability in 7 Swedish sheep breeds were studied by sequencing the 

MC1R exon1 region. 

5.1 Population Structure 

In the present study, population structure was examined using PCoA (Figure 3), NJ 

phylogenetic trees (a, b) (Figure 4) and admixture analysis using Structure v.2.3.4 

software (Figure 5). The PCoA results indicated low to moderate genetic variation 

between breeds (the first three PCs explained 21.6% variation). The NJ 

phylogenetic tree (a) and the Structure analysis confirmed the results of PCoA. The 

NJ phylogenetic tree (b) showed the genetic distance between 12 native Swedish 

sheep breeds (except Fjällnäs and Gute sheep).  

In the population structure analysis, the PCoA analysis revealed 4 distinct 

clusters: Gotland, Roslag, Svärdsjö, and Tabacktorp based on the genetic 

relationship. However, admixture analysis using Structure demonstrated 12 

different genetic groups among these 191 individuals belonging to 14 Swedish 

sheep breeds. According to PCoA, Roslag sheep was highly distinguishable and 

unique from other breeds, and no shared ancestry with other populations (no 

structuring within population) was observed with the admixture analysis using 

Structure. The Roslag sheep originates from Roslagen on the island of Raggaron in 

Uppland county, Sweden. According to owners, Roslag sheep had always been 

resided on the island (Dahlberg, 2012): thus, this is related to the genetic isolation 

of the Roslag breed.  

Moreover, as shown in PCoA and Structure plot, Tabacktorp, Gotland, and 

Svärdsjö sheep were distinct and less admixed with other populations. As evidenced 

by the admixture results, Fjällnäs, Gammelrya, Gute, and Rya breeds, Brännö 

12940, 12941, and Värmland OAR 898 individuals showed a relatively high genetic 

admixture. In contrast, Roslag, Tabacktorp, Gotland, Åsen, Finull, Värmland 

(except OAR 898), Svärdsjö, Helsinge and Gestrike breeds were not or less 

admixed or interbred. The Värmland OAR 898 sheep was distinct from other 

Värmland sheep, and clustered close to Roslag in PCoA and NJ phylogenetic tree 

(a) and a higher proportion of Roslag admixture was observed in it (Appendix 1: 

Figure 19). Although the probability is very low, Structure plots suggest that this 

sheep may be a crossbred of Gotland and Roslag or maybe a new breed. 
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Additionally, one Gammelrya sheep (OAR 1004) was different from the other 

animals in the breed, which was clustered with Rya sheep in NJ phylogenetic tree 

(a). According to the Structure based admixture analysis, genetic structure of OAR 

1004 sheep was similar to the genetic structure of Rya sheep. These results 

confirmed the known history of the OAR 1004 as it was a crossbred of Rya and 

Gammelrya breeds. 

Gotland or Gotland pelt sheep have been bred for wool and skin production in 

Gotland Island, Sweden. Both male and female animals are hornless. In the first 

half of the 20th century, Gotland was bred with Rya sheep to improve the wool 

quality (Westberg Sunesson, 2015) which is in agreement with the population 

admixture shown in Figure 5. The Gute is a horned, wild sheep found on Gotland 

Island with a low reproduction ability (Maijala et al., 1990) and bred for 

conservation purposes. Moreover, according to Rochus et al. (2020), Gotland sheep 

is genetically more closed to Gute sheep. The Fjällnäs sheep breed is the latest 

addition to short-tailed Swedish sheep breeds and was discovered in Fjällnäs in 

North Sweden. They had been isolated with small population sizes (Rochus et al., 

2020). According to the PCA analysis and the population tree in (Rochus et al., 

2020): individuals genotyped using Ovine Infinium HD SNP BeadChip; Gotland, 

Gute and Fjällnäs sheep were distinguishable and unique from one another. 

Moreover, the individual co-ancestry coefficient analysis showed that Gotland and 

Gute sheep were more related, and there was some shared ancestry between Gotland 

and Fjällnäs sheep (Rochus et al., 2020). This was not evident in PCoA in this thesis 

which may be due to the low number of individuals in each population. However, 

in this thesis, the Structure plots reported evidence of shared ancestry between 

Gotland and Gute and a relatively lower proportion of admixture between Gotland 

and Fjällnäs breeds, which may be due to the crossbreeding between breeds in the 

population history. 

Furthermore, the genetic admixture study using Structure revealed that the Rya 

breed was highly genetically admixed, and there were two distinct genetic groups 

within this breed. According to farmers’ information, some farmers tend to breed 

Rya sheep within the same colour; thus, this could be a fact of appearing two 

distinct populations within Rya sheep. Moreover, this may associate with isolation 

of some Rya sheep farms from other Rya sheep farms. Rya sheep breed is a breed 

with glossy wool that nearly became extinct in the past. However, it was crossed 

with meat breeds to improve slaughter weight in the 1970s and is no longer 

endangered (Maijala et al., 1990). Nevertheless, according to Tapio et al. (2005), 

there was a sign of reduction in effective population size of Rya sheep.     
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5.2 Genetic Diversity 

The genetic diversity of 14 Swedish sheep breeds was evaluated based on the 

average inbreeding coefficients (FIS), observed heterozygosity, observed 

homozygosity, MAF, PIC, FST, and FROH. The highest average FIS was observed 

in Roslag sheep (Figure 7), whereas the highest FROH was observed in Tabacktorp 

sheep (Figure 8). This indicates the relatively high amount of inbreeding within the 

Roslag and Tabacktorp populations. A study by (Szmatoła et al., 2019) showed the 

advantages of calculating ROH-based inbreeding coefficient over classical pedigree 

based inbreeding calculation, as it accurately accounts for autozygosity of the 

genome and it can be assessed in any animal even in the absence of pedigree 

information. Furthermore, Gute and Fjällnäs sheep showed high observed 

heterozygosity (Table 5): this might be an artefact of having very few samples of 

these two breeds. The PIC values were high in Finull, Värmland, and Rya sheep. 

The PIC measures the amount of genetic variation present at a particular locus 

(Botstein et al., 1980). None of the breeds showed PIC greater than 0.5, and the 

values ranged around 0.25 or below, indicating the presence of moderate to slightly 

informative polymorphic sites. 

Furthermore, higher FST values indicate a more significant divergence between 

two populations. This thesis showed the highest FST value between Tabacktorp and 

Roslag sheep. In the conservation perspective, high FST is an indication of high 

inbreeding within each population. Since, these breeds are under conservation, it is 

important to monitor and assess the genetic information of breeds and take 

necessary actions to adjust breeding programs in order to preserve genetic 

materials. Alternatively, the lowest FST value between Gammelrya and Rya sheep 

demonstrated the lower differentiation between the two populations confirming 

high genetic admixture within Rya and Gammelrya sheep populations (Figure 5).  

Data from previous studies are not fully comparable with the results of the 

present study because the estimation techniques (microsatellite markers and high-

density SNP data) and the number of individuals within populations were different. 

According to Tapio et al. (2005), inbreeding values of Finull, Gotland, Gute, 

Roslag, and Rya breeds were 0.07, 0.15, 0.21, 0.41, and 0.12, respectively, 

estimated using 22 microsatellite markers. These values were slightly higher than 

in the present study average inbreeding coefficients of those breeds except in Gute 

and Roslag sheep.  A study by Dahlberg (2012) showed the average observed 

heterozygosity of Fjällnäs, Gestrike, Helsinge, Roslag, Värmland, Svärdsjö, and 

Åsen using 18 microsatellite markers, and values were 0.43, 0.46, 0.61, 0.36, 0.6, 

0.47 and 0.45, respectively. Nevertheless, this thesis showed relatively low 

observed heterozygosity values for those breeds except in Fjällnäs sheep. This may 

be associated with the high number of alleles present in the microsatellite markers-

based analyses. Moreover, according to Rochus et al. (2020) with high density SNP 

array study, the average observed heterozygosity values of Gotland, Gute and 
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Fjällnäs sheep were 33.45, 31.44 and 29.98 percent, respectively, where Gotland 

sheep average observed heterozygosity value was in agreement with the present 

study output. Consequently, relatively low observed heterozygosity values were 

observed in the current study.  

Furthermore, a study to evaluate the molecular variation in northern European 

sheep breeds, including Gotland, Finull, Gute, Rya and Roslag breeds, showed a 

sign of a reduction in effective population sizes using microsatellite data. Moreover, 

the study demonstrated the importance of maintaining allelic variation to the 

conservation of breeds and supporting the evolution of populations (Tapio et al., 

2005). Hence, taking precautionary measures to minimize within-breed inbreeding 

is crucial while maintaining genetic diversity between breeds and preserving local 

genetic materials. 

5.3 Genetic Variants in the MC1R Gene that 

Responsible for Coat Colour in Sheep 

Genetic variants in the MC1R gene responsible for coat colour phenotypes in sheep 

were studied using 27 sheep belonging to seven different breeds: Finull, 

Gammelrya, Gestrike, Svärdsjö and Rya. The results compared with a previous 

study (Rochus et al., 2019) taking three sequences from three different breeds 

(Gotland, Gute, Finull). In this thesis, we sequenced only the exon 1 region in 

MC1R gene at the E locus. Conventional genetic studies have shown two alleles: 

dominant black, 𝐸𝐷 and wild type, 𝐸+ at the E locus affecting coat colour trait in 

sheep (Yang et al., 2013). The dominant ED allele results in the black coat pattern 

in a few breeds, and the wild-type E+ allele results in the white coat pattern in most 

breeds. In contrast to other species, the E+ allele of the E locus in sheep has not yet 

been precisely identified (Fontanesi et al., 2010).  

There are several mutations in the MC1R gene that affect coat colour in sheep: 

c.-31G>A, c.199C>T, c.218T>A, c.361G>A, c.429C>T, c.600T>G, and c.735C>T 

(Fontanesi et al., 2010; Våge et al., 1999). In the present study, two genetic variants 

were identified in the MC1R exon1 region: one known missense mutation on ED 

allele, c.218 T>A (p.73Met>Lys) in the coding region of the gene, the other 

mutation, c.-31 G>A in the non-coding 5’-UTR region. These results were in 

agreement with previous studies that assessed genetic variants of the MC1R gene 

associated with sheep coat colour phenotype (Fontanesi et al., 2010; Rochus et al., 

2019; Våge et al., 1999). Moreover, a study showed a missense mutation at c.199 

C>T polymorphic position in first intracellular loop of the MC1R gene protein in 

Sicilian breed (Fontanesi et al., 2010). However, in this thesis, all the individuals 

were homozygous for c.199C. Furthermore, the Finull sheep were the only breed 

with a variation at c.218 T>A. The white Finull individual was homozygous for 
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wildtype (E+), and other Finull sheep were either homozygous for c.218A or 

heterozygous while carrying black/ brown coat colour phenotype. These results 

confirmed the study by Rochus et al. (2019). It was not possible to determine the 

coat color of other breeds: Gammelrya, Svärdsjö, Gotland, Gute and Rya, based on 

MC1R c.218 T>A mutation. Accordingly, this study reveals that ED is not the only 

allele that contribute to black coat colour in Swedish sheep as shown in Rochus et 

al. (2019). There was no clear evidence of a c.-31 G>A-based effect on the coat 

colour of sheep. However, this position was the first nucleotide of four haplotypes 

present on MC1R gene in sheep (Fontanesi et al., 2010). Overall, since, we had a 

limited number of individuals and only sequenced exon 1 region we were unable to 

draw a proper conclusion on determining black coat colour of Swedish sheep breeds 

based on the present genetic variants.    
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6. Conclusions 

This study is the first to describe the genetic diversity and population structure of 

native Swedish sheep breeds using medium density SNP genotypes data. In the 

present study, genetic diversity and population structure analyses were performed 

using 50K SNP genotypes of fourteen native Swedish sheep breeds originated from 

different geographical locations in Sweden. The population structure was studied 

using the PCoA, NJ phylogenetic trees and Structure analysis. The genetic diversity 

was assessed based on the inbreeding coefficients, observed heterozygosity, MAF, 

PIC, and FST. The level of inbreeding was assessed using two measures: FIS and 

FROH. Moreover, genetic variants in the melanocortin 1 receptor (MC1R) gene 

that responsible for coat colour in sheep was examined using seven Swedish sheep 

breeds. According to the population structure analysis, twelve distinct genetic 

populations were identified among fourteen breeds. Rya sheep showed high genetic 

admixture within the population. The Roslag sheep were highly varied from the 

others and appeared to be genetically isolated with no genetic admixture within 

population. The highest inbreeding level (FIS) was reported in Roslag sheep, while 

the highest FROH was observed in Tabacktorp sheep. High FST value between 

Roslag and Tabacktorp populations is an indication of highly genetic differentiation 

between these two breeds and high level of inbreeding and low level of genetic 

admixture within each populations showing low genetic diversity. Furthermore, 

two previously discovered mutations in the MC1R gene in sheep were found in this 

thesis: c.-31 G>A and c.218 T>A. The c.218 T>A mutation was associated with 

black/brown coat color in Finull sheep, but in this thesis, it was not able to explain 

all the variations in coat color phenotypes in Swedish sheep breeds. 

Future research is needed with increased number of individuals of a particular 

breed to study the population structure, genetic diversity and genetic variants in 

coat colour genes. It is important to compute rate of inbreeding and effective 

population size in order to draw proper conclusions. Furthermore, it is essential to 

focus on other candidate genes that are responsible for black and white coat colour 

of sheep. In addition, it is interesting to compare Swedish sheep breeds with other 

north European short-tailed sheep breeds and sheep breeds of different geographical 

origins in the world (HapMap data). 
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The sheep was one of the first grazing animals to be domesticated and have been 

shown to be genetically diverse livestock species. The Swedish sheep breeds belong 

to a group of sheep breeds known as North European short-tailed sheep breeds, 

which are genetically unique, display various phenotypes (particularly coat colour 

patterns), and are one of the major contributors to genetic variation in domestic 

sheep. Native sheep breeds conservation requires proper breeding decisions and 

sufficient genetic management of small populations to preserve genetic variability 

and minimize inbreeding. Studies of genetic diversity and population structure shed 

light on the genetic relatedness and differences between breeds, a source of 

information for implementing successful breeding programs, future breed 

development and future scientific research. The thesis aimed to study genetic 

diversity and the population structure of 191 sheep belonging to fourteen Swedish 

native sheep breeds using medium density (50K) SNP genotype data. 

The population structure was studied with principal coordinate analysis (PCoA), 

neighbour-joining (NJ) trees (a, b), and admixture analysis using Structure v.2.3.4. 

The genetic diversity was assessed based on the inbreeding coefficients, average 

observed heterozygosity, minor allele frequency (MAF), polymorphic information 

content (PIC), and pairwise FST. The level of inbreeding was estimated using two 

measures: FIS and runs of homozygosity-based inbreeding (FROH). Moreover, 

genetic variants in the melanocortin 1 receptor (MC1R) gene that is responsible for 

coat colour in sheep were examined using seven Swedish sheep breeds. 

According to the population structure analyses, sheep breeds were genetically 

different from each other. Genetic diversity analysis showed slightly higher 

inbreeding levels within Roslag and Tabacktorp sheep. According to the MC1R 

gene sequencing analysis, two previously discovered mutations in the MC1R gene 

in sheep were found: c.-31 G>A and c.218 T>A. The c.218 T>A mutation was 

associated with black/brown coat colour in Finull sheep. There was no evidence of 

the c.-31 G>A polymorphic site based effects on the coat colour of sheep; hence, 

further research studies are needed. 

Moreover, this thesis suggesting the requirement of future research on 

computing the rate of inbreeding and effective population size in Swedish sheep 

breeds and compare the genetic diversity and population structure of them with 

other North European short-tailed sheep breeds of different geographical origins in 
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the world. In addition, it is essential to focus on other candidate genes that are 

responsible for black and white coat colour of sheep.  
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    (b) 

 

Figure 9 Genome-wide admixture proportions at K=2 among the 191 sheep of the 14 native Swedish 

sheep breeds. The colours in the plot refer to the 2 assumed genetic populations. The numbers 

denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within each 

population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, Brännö; 

3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, Värmland; 11, 

Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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(b) 

 

Figure 10 Genome-wide admixture proportions at K=3 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 3 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 11 Genome-wide admixture proportions at K=4 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 4 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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(a) 

 
(b) 

 

Figure 12 Genome-wide admixture proportions at K=5 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 5 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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(a) 

 
(b) 

 

Figure 13 Genome-wide admixture proportions at K=6 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 6 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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(a) 

 
 

(b) 

 

Figure 14 Genome-wide admixture proportions at K=7 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 7 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 15 Genome-wide admixture proportions at K=8 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 8 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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(b) 

 

Figure 16 Genome-wide admixture proportions at K=9 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 9 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 17 Genome-wide admixture proportions at K=10 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 10 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 18 Genome-wide admixture proportions at K=11 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 11 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 19 Genome-wide admixture proportions at K=12 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 12 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammelrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 20 Genome-wide admixture proportions at K=13 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 13 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 21 Genome-wide admixture proportions at K=14 among the 191 sheep of the 14 native 

Swedish sheep breeds. The colours in the plot refer to the 14 assumed genetic populations. The 

numbers denoted in the x-axis show: 1 to 14, different populations (a); 1 to 191, individuals within 

each population (b). Here 14 Swedish sheep breeds used as different populations: 1, Roslag; 2, 

Brännö; 3, Gammerlrya; 4, Tabacktorp; 5, Rya; 6, Gotland; 7, Gute; 8, Åsen; 9, Finull; 10, 

Värmland; 11, Svärdsjö; 12, Helsinge; 13, Gestrike; 14, Fjällnäs. 
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Figure 22 ROH segments on Chromosome 1. 

 

Appendix 2 – ROH Plots per Chromosome 
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Figure 23 ROH segments on Chromosome 2. 

 

 

Figure 24 ROH segments on Chromosome 3. 
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Figure 25 ROH segments on Chromosome 4. 

 

 

 

Figure 26 ROH segments on Chromosome 5. 
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Figure 27 ROH segments on Chromosome 6. 

 

 

 

Figure 28 ROH segments on Chromosome 7. 
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Figure 29 ROH segments on Chromosome 8. 

 

 

 

Figure 30 ROH segments on Chromosome 9. 
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Figure 31 ROH segments on Chromosome 10. 

 

 

Figure 32 ROH segments on Chromosome 11. 
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Figure 33 ROH segments on Chromosome 12. 

 

 

Figure 34 ROH segments on Chromosome 13. 
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Figure 35 ROH segments on Chromosome 14. 

 

 

Figure 36 ROH segments on Chromosome 15. 
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Figure 37 ROH segments on Chromosome 16. 

 

 

Figure 38 ROH segments on Chromosome 17. 
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Figure 39 ROH segments on Chromosome 18. 

 

 

Figure 40 ROH segments on Chromosome 19. 
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Figure 41 ROH segments on Chromosome 20. 

 

 

 

Figure 42 ROH segments on Chromosome 21. 
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Figure 43 ROH segments on Chromosome 22. 

 

 

Figure 44 ROH segments on Chromosome 23. 
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Figure 45 ROH segments on Chromosome 24. 

 

 

 

Figure 46 ROH segments on Chromosome 25. 
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Figure 47 ROH segments on Chromosome 26. 
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Table 9 Summary of genetic variants in the Melanocortin 1 receptor (MC1R) gene and associated 

phenotypic variability in five native Swedish sheep breeds 

Sample Breed Colour 

MC1R_C.-31 

G>A  

MC1R_C.218 

T>A  

OAR521 Finull  Brown GA TA 

OAR703 Finull  Brown AA TA 

OAR487 Finull  Black AA TA 

OAR645 Gestrike  Black AA TT 

OAR646 Gestrike  Grey GA TT 

OAR636 Svärdsjö  Black AA TT 

OAR637 Svärdsjö  White GG TT 

OAR638 Svärdsjö  White AA TT 

OAR684 Svärdsjö  White GA TT 

OAR685 Svärdsjö  White GG TT 

OAR686 Svärdsjö  Black GA TT 

OAR1001 Gammelrya white  AA TT 

OAR1003 Gammelrya  Grey GG TT 

OAR376 Rya  Black GA TT 

OAR999 Rya  White AA TT 

OAR1005 Rya  Black GA TT 

OAR1006 Rya  White AA TT 

OAR380 Rya  Black AA TT 

OAR381 Rya  Black AA TT 

OAR384 Rya  Black GA TT 

OAR444 Rya  Brown GA TT 

OAR447 Rya  Brown AA TT 

OAR627 Rya  White AA TT 

OAR634 Rya  White GG TT 

Previous Data (Rochus et al., 2019) 

OAR244 Gotland Dark grey AA TT 

OAR336 Gute Grey GA TT 

OAR491 Finull White GG TT 

 

Appendix 3 – Genetic Variants in MC1R  
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