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Abstract

The promotion of health and welfare for horses is closely linked to the maintenance of genetic
diversity. It is crucial to comprehend genetic diversity and relationships within and between
populations in order to support constant development of the breed and to avoid a decline in
animal genetic resources.

Genotypic information from a high density BeadChip is used to analyse and compare genetic
variability of two Austrian horse breeds (Haflinger and Noriker). The genetic structure of
Haflinger and Noriker populations is assessed through a principal components analysis based
on distances between individuals, expressed as allele counts. The Fst values are assessed. Nei’s
genetic distances between populations and between individuals are calculated and estimations
of identity by state and identity by descent scores are determined. F are calculated based upon
observed and expected autosomal homozygous genotype counts and are compared with F based
on runs of homozygosity.

The principal components analysis shows a clear distinction between the two Austrian horse
breeds, however, according to the pairwise Fst between Haflinger and Noriker populations,
there is only moderate genetic differentiation (Fst = 0.085). Estimation of the mean identity by
state scores shows similar values for both breeds, whereas identity by descent scores are higher
in the Haflinger population (mean identity by descent score for Haflinger = 0.027, for
Noriker = 0.015). F based upon observed and expected autosomal homozygous genotype counts
express a higher heterozygosity than expected, although F based on runs of homozygosity
indicate a recent decline in inbreeding for both breeds.

Indications showing possible connections between the Haflinger and Noriker breed have been

detected which encourages fine mapping of their population structure in a follow up research.

Keywords: horse, genetic diversity, inbreeding, genetic relationships, runs of homozygosity



Zusammenfassung

Die Sicherstellung eines gewissen Malles an genetischer Diversitat tragt zur Verbesserung der
Tiergerechtheit bei und gewahrleistet auf lange Sicht den Fortbestand einer gesunden
Pferdepopulation. Kenntnisse tiber das Ausmal der genetischen Diversitat und Verwandtschaft
einer Population sind von entscheidender Bedeutung, um einem Verfall der genetischen
Ressourcen nachhaltig entgegenwirken zu kénnen.

In dieser Studie wurden molekulare Marker zur Bestimmung der genetischen Diversitat zweier
Osterreichischer Pferderassen (Haflinger und Noriker) herangezogen. Die genetische
Strukturierung  der  Haflinger- und  Norikerpopulationen  wird  durch  eine
Hauptkomponentenanalyse, basierend auf genetischen Distanzen, dargestellt. Fst-Werte und
Neis genetische Distanz zwischen Populationen und Individuen wurden berechnet und die
Werte fiir ,,Identity-by-state* und ,,Identity-by-descent” (IBD) geschitzt. Des Weiteren wurden
Inzuchtkoeffizienten berechnet und lange homozygote Strecken analysiert.

Die Hauptkomponentenanalyse trennt die beiden Pferderassen deutlich voneinander, allerdings
weisen die Fst-Werte lediglich auf eine moderate Differenzierung hin (Fst = 0.085). Die
Schéatzung des Anteils der IBD in beiden Pferdepopulationen ergibt hohere Mittelwerte fir die
Haflingerpopulation (Haflinger = 0.027 und Noriker = 0.015). Die Schatzung der
Inzuchtkoeffizienten deutet auf einen Rilckgang innerhalb der letzten Jahre in beiden
Populationen hin. Hinweise auf mdogliche Verbindungen der Haflinger- und Norikerrasse

wurden gefunden, wobei die Ergebnisse die Dringlichkeit fur weitere Forschung zeigen.

Schlisselworter: Pferd, genetische Diversitat, Inzucht, lange Regionen von Homozygotie
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1 Introduction

Genetic diversity plays a major role in global food security. A high level of diversity is not only
required to avoid inbreeding depression and to guaranty a certain adaptation potential, it is
crucial for the survival of a breed. A decline in genetic diversity can result in a higher disease
susceptibility and a reduction of production traits. A closer examination of the term “genetic
diversity” is conducted in Chapter 2.2 of this thesis and further specifications regarding equine
genetic diversity are included as well.

Genetic diversity in horse populations has already been investigated by various studies, which
are mentioned in Chapter 2.2.1. However, there has not been an analysis of genomic indicators
of diversity in Austrian horse populations prior to this thesis.

The present state of Austria’s horse population is described in Chapter 2. In addition,
Chapter 3 contains detailed information about the featured breeds (Haflinger and Noriker), and
a description of the utilized data and methods. In Chapter 4, the results are presented and
visualized. Furthermore, the outcome is reviewed and a discussion is included. Finally, in

Chapter 5 the conclusion is reached.

1.1 Aim of the thesis
The aim of this thesis is to investigate the genetic diversity of two Austrian horse breeds
(Haflinger and Noriker) based on SNP data from high density BeadChips.

2 Review of literature

2.1 Horses — facts and figures

Austria’s horse population consists of 87,000 animals and contributes 0.15 % to the global horse
population of 58,832,221 (Food and Agriculture Organization of the United Nations (FAO)
2014). According to the Institute for Industrial Research (2005), Austria’s horse-associated
industry is generating an annual production valued between 1.19 and 1.26 billion Euros and
therefore constitutes an important economic factor for the country. Around 24,300 jobs are
created by the equine sector, that is to say, three to four horses secure one employment contract.
With regards to the number of employment contracts and overall production, the primary sector
benefits the most from horses, as an economic factor (Institute for Industrial Research 2005).
About 75 % of Austrian horses are kept at agricultural holdings and approximately half of all
horse farms are breeding farms (12,500) (BMLFUW 2015). The breeding population consists
of around 17,000 broodmares and 1,800 breeding stallions (BMLFUW 2015).



According to Frickh (2012), 100,000 ha of forage area, 160,000 t/year feed grain and 180,000
t/year hay and straw are required for the maintenance of Austria’s horse population.

Horse slaughter is of minor significance in Austria. The annual domestic consumption of
191 t horsemeat is equivalent to 930 slaughtered animals. However, a proportion of horsemeat
is destined for the pet food market and to feed captive wild animals in zoos. Therefore, it is
difficult to determine the amount of meat, that is actually consumed by humans (Humane
Society International 2012). The producer price for horsemeat per kg live weight is currently
1€ (BMLFUW 2017).

A total of 30 horse breeding associations are officially recognized in Austria and are managing
51 horse breeds. Figure 1 (ZAP 2011, modifed) below shows, that the major breeds are

Haflinger, Noriker and the Austrian Warmblood Horse.

Registered Broodmares
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1855
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Haflinger Noriker = Warmblood Quarterhorse Pony

Figure 1: Registered Broodmares (ZAP 2011, modified)

2.1.1 Horse genome

The horse (Equus caballus) genome consists of 64 chromosomes (31 autosomes, two sex
chromosomes)(National Center for Biotechnology Information 2017). The endangered
subspecies of wild horse (Equus ferus), Przewalski, however, has 66 chromosomes due to a
form of chromosomal rearrangement (Robertsonian translocation)(Goto et al. 2011). With a
predicted genome size of 2.67 gb, the horse genome is smaller than the human and bovine one,
yet larger than a dog’s (McCue et al. 2012).

Whole genome shotgun sequencing has been completed in 2007 for Twilight - a thoroughbred
mare - and allowed estimating the overall frequency of single nucleotide polymorphism (SNP)
(one in 1500 bp on average) (McCue et al. 2012).

The domestic horse has been chosen for sequencing as a representative of the order
Perissodactyla (horses, rhinoceroses and tapirs) due to its similarity with the human DNA
(McCue et al. 2012). According to Wade et al. (2009), humans and horses have



16,617 orthologous genes out of 20,322 protein-coding genes, and 48 % of equine
chromosomes show shared synteny to a single human chromosome suggesting, inter alia,
shared regulatory mechanisms. Over 90 genetic conditions in horses are also present in human
disorders such as muscular/respiratory diseases or infertility (Chowdhary et al. 2008). Equus
caballus 1is therefore considered as a model organism and assists in the process of
comprehending genetic aspects of diseases, both, in humans and horses (National Center for

Biotechnology Information 2017).

2.2 Genetic diversity

Frankham et al. (2002) define genetic diversity as “the variety of alleles and genotypes present
in a population”. Common measurements for genetic diversity are allelic diversity; observed
and expected heterozygosity; the proportion of polymorphic loci; and manifestly the
frequencies of genotypes and alleles (Toro and Caballero 2005).

Genetic diversity can be described at various levels, however, in line with the current state of
research, molecular markers are prominently used (Ellegren and Galtier 2016). The available
SNP data has established the use of genomic indicators of diversity (FAO 2015). Genomic
indicators of diversity may include, for example, measurements of genomic relatedness,
inbreeding levels, fixation indices and genetic distances.

There is universal consensus regarding the importance of molecular data on within- and
between-breed diversity for an adequate management of animal genetic resources (e.g.
Weitzman 1993; Ruane 2000; Simianer 2005; Toro and Caballero 2005; Toro et al. 2009).
The importance of examination and determination of genetic polymorphism has increased even
more due to the uncontrollably fast loss of animal genetic resources (FAO 2007). The threat is
acute, considering the high rate at which breeds are disappearing (Frankham et al. 2002) with a
total of 915 mammalian breeds at risk (Commission on genetic resources for food and
agriculture 2013). Extinction is preceded by a loss of genetic diversity within the species, thus
genetic polymorphism is indispensable for maintaining survival of a population (Oliehoek et
al. 2009). Furthermore, genetic variability enables adaptation to climatic conditions, water/feed
availability, emerging diseases and socio-economic conditions. Consequently it strengthens the
global food security and is aiding the reduction of poverty and hunger by facilitating livelihood
diversification and generating income (Commission on genetic resources for food and
agriculture 2007).

The intense selection of commercial breeds is reducing genetic variability (Boettcher et al.
2010). Additionally, improved communication/transportation tools and state-of-the-art

reproduction technologies - such as artificial insemination and embryo transfer - have led to a
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global diffusion of genetic material (Groeneveld et al. 2009). These developments may be
contributing factors to the growing concerns about the decline of genetic resources.

To ensure conservation, development and sustainable use of the world's livestock diversity the
“Global Plan of Action for Animal Genetic Resources” is being implemented by 169 countries
in cooperation with the FAO since 2007 (FAO 2007). While it is inevitable to lose a certain
amount of breeds due to limited financial resources and constant alteration of the livestock
production systems, it is the objective of the FAO to provide guidance and evaluate consciously
which gene pools need to be preserved (FAO 2007). It is essential to understand and consider
diversity at a species level and within/between breeds to make sustainable management
decisions and avoid losing populations with unknown, unique characteristics (Commission on

genetic resources for food and agriculture and FAO 2007).

2.2.1 Equine genetic diversity

The assessment of genomic indicators of diversity with molecular data is of importance to
various sectors of the horse industry, including healthcare, selection and breeding (Bowling and
Ruvinsky 2000). It may also help shed light on the domestication process of the horse, which
has happened approximately 6,500 years ago in the Eurasian Steppe, however, the exact dating
and place are still subject of discussion (FAO 2007). Petersen et al. (2013) suggest that the
possibility of multiple domestication events, along with the continuation of gene flow between
wild and domesticated horses, might prove to be the cornerstones of equine genetic diversity.
Although more than 400 different horse breeds have been formed primarily by selection
(Shrestha 2017), the horse has never experienced such strong selective pressure regarding
production traits, as is common in other livestock species (Petersen et al. 2013). The modern
horse is mainly a result of breeding schemes, that focus on strength, endurance and speed
(Lippold et al. 2011).

In general, equine genetic diversity varies, depending on breed regulations (definition,
restrictions and amount of selection pressure); founding stock diversity; duration since
establishment of the breed and geographic boundaries (Petersen et al. 2013).

As mentioned in the previous chapter, a decline of genetic diversity may be a harbinger of
extinction. Horses have the highest proportion of ““at-risk” breeds when compared to every other
livestock species, with 23 % of all breeds being classified as either critical, critical-maintained,
endangered, or endangered-maintained according to the risk status classification of the FAO
(2007). 88 horse breeds have already become extinct and 91 breeds are endangered
(Commission on genetic resources for food and agriculture 2013). Therefore, it is crucial to

analyse the current level of diversity displayed in horse populations.
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Studies, where molecular data has been used to assess genetic diversity within and among horse
breeds have been conducted previously on Swiss breeds (Glowatzki-Mullis et al. 2006), Italian
breeds (Felicetti et al. 2010), Canadian breeds (Plante et al. 2007), Tunisian breeds (Jemmali et
al. 2017), Mexican breeds (Véazquez-Armijo et al. 2017) and Syrian horse populations
(Almarzook 2017). However, the totality of studies evaluating genetic diversity in Austrian
horse breeds is rather limited. Nevertheless, genetic diversity studies based on pedigree data
have been conducted in Austria for the Haflinger (Druml et al. 2016) and the Noriker breed
(Druml et al. 2009).

3 Animals, Data and Methods

3.1 Animals
In this thesis, genotypes of Haflinger and Noriker horses from Austria are analysed as described

below.

3.1.1 Haflinger

Phenotype description and special characteristics:

The Haflinger breed invariably shows a chestnut coat colour with white mane and tail (ZAP
2015b). Markings are not desirable except on the head, and the height at withers should be
between 140 and 150 cm (Tyrolean Haflinger Breeding Association 2016). Breeding goals
aspire to create an elegant and harmonious type, which includes a noble head and a fairly
divided croup in combination with a pronounced musculature (ZAP 2015b). Explicitly desired
is a robust horse with a good nature and a strong character (Tyrolean Haflinger Breeding
Association 2016).
][] |

t

Figure 2: Haflinger broodmare in 2017. Photograph by Author, taken on September 22n9, 2017
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Use:

Originally been used as a packhorse for farming in rough and steep terrain, the Haflinger has
now developed into a general-purpose horse for sport and leisure riding (ZAP 2015b). The
horse is still being used for military purposes in Austria and Germany. However, the major
scope for utilization lies in riding and driving (Tyrolean Haflinger Breeding Association 2016).
The current breeding population in Austria consists of more than 4300 registered mares and
150 stallions (ZAP 2015b). According to Mr. Schweisgut, former president of the World
Haflinger Breeding & Sports Federation, 40 % of all Haflinger colts in Tyrol are slaughtered
every year. He emphasizes, however, that they are not bred with the intention to slaughter them
(Morawetz 2010).

History:

The founder of the breed, Folie 249, was a small, light, warmblood stallion in the South
Tyrolean Alps in 1874 (Tyrolean Haflinger Breeding Association 2016). The founding stallion
was the product of cross-breeding an Oriental stallion with a local mare of Galician origin
(Messner 2014). Today, the breed is divided by seven sire lines, which are the progeny of
Folie 249.

3.1.2 Noriker

Phenotype description and special characteristics:

The Noriker is a mid-weight coldblood horse, with an optimal height at withers between 156
and 162 cm (ZAP 2015a). The breed shows various coat colours such as black, bay, chestnut,
blue-, brown- and red-roan, leopard- and tobiano-spotting (ARGE Noriker 2010). Formation of
a Noriker is defined by a significantly split and heavily muscled croup (Association Noriker
Austria 2015). In addition, great importance is attached to correct, pronounced joints and sturdy,
resistant hooves (ARGE Noriker 2010). An essential breeding goal is the creation of a
surefooted, enduring horse with a quiet temperament (ZAP 2015a).

Use:

This breed used to be exclusively utilized as a work horse to pull heavy wagons and transport
goods (PferdAustria 2015). Today, however, it has transformed successfully into a modern
leisure horse (Association Noriker Austria 2015), which is intensively used in the driving sport
and a fundamental part of rural traditions (ZAP 2015a).

An important aspect, regarding the Noriker, is the endangerment of the breed. Similar to other
European draft horses, the population size has decreased from 34,500 animals in the year 1968
to 2376 active breeding animals in 2004 (Druml et al. 2007). According to Arche Austria

13



(2015), approximately 4,600 mares and 180 stallions are registered in Austria. The major
breeding areas are Salzburg, Carinthia and Upper Austria (Druml et al. 2007).

Since the Austrian Noriker is acknowledged as an endangered breed by conservation platforms,
farmers, who precisely fulfil the requirements of the conservation breeding program are
provided subsidies, 180€ for mares and 360€ for stallions per year (ONGENE 2015).

History:

The Noriker is one of the oldest indigenous draft horse breeds in Europe (Druml et al. 2007).
Creation of the breed dates back to the Roman province Noricum, albeit systematic breeding
started in the 16th century and was implemented by the archbishops of Salzburg (ARGE
Noriker 2010). During this period, the breed has experienced influences of Neapolitan and
Spanish blood lines. Furthermore, five bloodlines are present in the current population: Vulkan,
Schaunitz, Elmar, Diamant and Nero (ARGE Noriker 2010). Today the stud book is closed and

a pure breeding scheme is strictly followed (ZAP 2015a).

TR s g Vg

Figure 3: Noriker breeding stallion in 2015. Photograph by Author, taken on June 15, 2015

3.2 Data

A total of 274 horses, 91 Haflinger (Haf) and 183 Noriker (Nor), have been used for the
analysis. The original dataset consists of 101 mares (13 Haflinger, 90 Noriker) and 173 stallions
(78 Haflinger, 93 Noriker). Genotyping was performed using the Axiom Equine Genotyping
Array. The array features 670,796 markers and can be used for genotyping 20 different breeds,
including Haflinger and the South German Coldblood, which shares common origins with the
Noriker breed (Affymetrix, Inc. 2015).

3.2.1 Quality control process
The quality control process for the genotype dataset has been performed with PLINK v 1.9
(Purcell et al. 2015). Originally, the dataset contained 670,796 SNPs. Only SNPs located on

autosomal chromosomes have been selected for the analysis, i.e., unplaced SNPs or SNPs
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situated on sex chromosomes have been excluded (exclusion of 8.78 % of SNPs). Individuals
with more than 5 % missing SNPs have been excluded (32 animals eliminated: 12 Haflinger
and 20 Noriker) and SNPs with more than 10 % missing genotypes have also been discarded
(47,894 SNPs eliminated). Minor allele frequency (MAF) was stipulated to be more than 1 %,
which led to the withdrawal of 76,171 SNPs. After the application of these quality parameters,
487,850 SNPs and 242 individuals have been retained: 79 Haflinger and 163 Noriker.

For the analysis of runs of homozygosity, the MAF-filter has not been applied, which led to
564,021 remaining SNPs and 242 individuals.

For some calculations (fixation index (Fsrt), identity by descent, inbreeding coefficient and
principal component analysis), linkage disequilibrium (LD) pruning has been performed to
exclude SNPs which show a squared coefficient of correlation (r?) above the threshold of 0.7.
This has reduced the number of SNPs from 487,850 to 328,005 (removing 159,845 SNPs).

3.3 Methods
The applied methods, such as estimation of Fst pairwise values and Nei’s genetic distances;
principal component analysis; calculation of genomic relationships; and the genomic

inbreeding coefficient are described in detail in this chapter.

3.3.1 Principal Component Analysis

Pearson (1901) developed this statistical technique to simplify a set of data by describing
maximal variance with the fewest number of principal components. The first principal
component describes the greatest variance and so forth. Its aim is to preserve as much of the
relevant information as possible (Jolliffe 2002).

Principal components analysis (PCA) is extensively used to assess the genetic structure of a
population from SNP data (Jianzhong and Amos 2012). Menozzi et al. (1978) conducted the
first attempt at applying a PCA to population genetic data. It allows to summarize genetic
variability without relying on the Hardy-Weinberg equilibrium (Jombart 2008).

Prior to conducting the PCA, the data has been prepared in the same way as described in detail
in chapter 3.2.1, including LD pruning and the basic quality control steps.

The distances between individuals, expressed as allele counts, have been calculated using
PLINK 1.9 (Purcell et al. 2015; Chang et al. 2015). The created file has further been processed
with the software R (R Core Team 2017) and the PCA has been conducted separately and jointly
for both populations (HAF, NOR, HAF & NOR). Afterwards the proportion of variation
captured by each eigenvector (eigenvalues) has been computed and results of the PCA were

visualized.
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3.3.2 Fst pairwise values and Nei’s genetic distances

In population genetics the Fst is widely used to analyse genetic variation (Holsinger and Weir
2009). According to Wright (1949), the Fst quantifies the extent to which a polymorphic
population can be subdivided into subpopulations. Fst can be defined with following formula:

(Ht - Hs)

F. =
ST Ht

Ht = expected heterozygosity of the overall population

Hs = mean expected heterozygosity across subpopulations

To calculate pairwise Fst values for Haflinger and Noriker, all quality control steps, including
LD pruning (see chapter 3.2.1) have been performed. The processed data file has further been
prepared using PLINK and then imported into the R software (R Core Team 2017). For the
calculation of both - Fst pairwise values and Nei’s genetic distances - the StAMPP (Statistical
Analysis of Mixed Ploidy Populations) R package (Pembleton et al. 2013) has been used. The
pairwise Fst values (stamppFst) have been calculated based on Weir and Cockerham's (1984)
updated version of Wright's method (1949). The outcome of this calculation is a matrix of

pairwise Fstvalues between populations.

To estimate genetic distances between populations and individuals, Nei’s standard genetic
distance is the most commonly used statistical method (Chakraborty et al. 2012). Nei (1972)
formulated a measure of genetic distance based on the identity of genes. Accumulated allele
differences per locus are determined and it is applicable for closely related populations within

a species as well as distantly related species.

For this thesis, both, Nei’s genetic distances between populations and between individuals have
been estimated. As described above, the prepared data has been imported into the R software
(R Core Team 2017) and Nei’s genetic distance has been computed with the “Genetic Distance
Calculation-function” of the StAMPP-package. Afterwards the neighbour-joining (NJ)
method (Saitou and Nei 1987), as implemented in the R software-package APE 4.1
(Paradis et al. 2004), has been used to build the phylogenetic trees from the distance

matrices and the results have been visualized using the “plot phylogenies-function™.

3.3.3 Genomic relationships: Identity by descent and identity by state
The concepts of identity by state (IBS) and identity by descent (IBD) are of enormous
importance for population genetics (Browning and Browning 2010).
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The term IBS is used, if two individuals share one (IBS1) or two (IBS2) identical alleles at a

given locus. IBS distances are calculated with following formula:

(number of markers with IBS,) + (0.5 X number of markers with IBS;)
Number of non — missing markers

IBSgistance =

Alleles, which are IBS could also be IBD, if they are inherited from a common ancestor (Gusev
et al. 2009). IBD combines relatedness and inbreeding and is therefore an important

quantification for genomic relationships within populations (Browning and Browning 2010).

For the purpose of this thesis a relationship matrix was constructed with the function
“--distance-matrix” from PLINK 1.9 (Purcell et al. 2015; Chang et al. 2015). This produces a
distance matrix from the quality controlled data sets for each breed separately, based on the
formula:

1 - IBSgistance

Furthermore, another relationship matrix was formed with PLINK 1.9 (Purcell et al. 2015;
Chang et al. 2015) based on calculations of Hamming’s distances and IBS. The computation of
Hamming’s distances is frequently used for the comparison of DNA segments (Chang et al.
2015) by calculating the number of dissimilar components (Hamming 1950).

Modifications were applied to change the shape of the output matrix to a symmetric form

(square) and to express distances with an IBS-matrix (ibs).

The third relationship matrix focused on IBD and was formed with the PLINK 1.9 (Purcell et
al. 2015; Chang et al. 2015) “--genome” function. These calculations are not LD sensitive and
therefore were applied on the LD pruned data set (see chapter 3.2.1) for both breeds.

All three relationship matrices were further processed with the software R (R Core Team 2017)
to produce heatmaps and the mean and standard deviation has been calculated. Additionally, a
histogram, to visualize the distribution of values, has been generated for the distance matrix,
the IBS matrix and the IBD matrix.

3.3.4 Inbreeding coefficient and runs of homozygosity
In relation to population diversity, inbreeding plays an important role. While it refers to the
mating of individuals, who have one or more common ancestors, it can also be used to represent

the level of diversity of the genome (Wright 1922). Methods to quantify livestock inbreeding
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have developed in the past years from being based on pedigree information to usage of
molecular markers for inbreeding estimations (Curik et al. 2014). Monitoring inbreeding levels
is crucial for animal breeder due to its various effects on the population. In addition to an
increase of homozygosity, severe effects of inbreeding may include a reduction of population
fitness (Charlesworth and Willis 2009) and increased occurrence of homozygous recessive
defects (Alvarez et al. 2009). However, inbreeding is commonly used in commercially essential

livestock populations to enhance uniformity (Curik et al. 2014).

Numerous molecular approaches to estimate levels of inbreeding exist, but for the purpose of
this thesis the genomic inbreeding coefficient implemented in PLINK 1.9 (Purcell et al. 2015;
Chang et al. 2015) (Feuink) is used. The estimation of FpLink for the quality controlled and LD
pruned data set of each population is based upon observed and expected autosomal homozygous

genotype counts for each sample (—het) and applied through following formula:

observed hom.count — expected hom.count _
= hom. count = homozygous genotype counts

total observations -expected hom.count

Another method to reliably estimate inbreeding levels, or autozygosity, is based on the fact that
inbred individuals exhibit long homozygous sections of the genome, which are identical by
descent. These so-called runs of homozygosity (ROH) can be produced by various mechanisms,
however the main cause for emergence of ROH is inbreeding (Ferencakovic¢ et al. 2013). The
estimation of inbreeding coefficients through ROH (Fron) may be even more reliable than

estimations based on pedigree information (Solkner et al. 2010, Ferencakovi¢ et al. 2013).

Fron can be defined with following formula:

% LroH

LroH = total length of all ROH in the genome of an individual
LaurosoME

Fron =

Lautosome = length of the autosomal genome covered by SNPs

Lautosome for the Axiom Equine Genotyping Array amounts to 2,242,739 kb. Fron is
considerably higher for livestock populations than for humans due to smaller effective

population sizes and artificial selection (Curik et al. 2014).

The data from both breeds has been prepared using PLINK 1.9 (Purcell et al. 2015; Chang et
al. 2015) (no MAF filter nor LD pruning has been applied, see chapter 3.2.1) and ROH have
been detected using the cgaTOH software 1.0.1. The software cgaTOH differentiates between
TOH (tracts of homozygosity; identical with ROH) and cTOH. cTOH are identified, if a number
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of individuals share the same ROH (for example, if more than 10 individuals display ROH at
the same consecutive SNPs)(Zhang et al. 2013). An overview is given for these regions of the
genome which are termed islands (Nothnagel et al. 2010) and for regions where ROH are rare
in the population, known as deserts (Curik et al. 2014). ROH islands have been shown to be
often the result of selection, whereas deserts might occur at loci associated with critical
functions (Pemberton et al. 2012). In general, ROH islands and deserts show where on the

genome abundance and lack of diversity are manifested.

On the basis of the length of ROH, five categories have been formed: ROH longer than 1 Mb
(ROH > 1); ROH longer than 2 Mb (ROH > 2); ROH longer than 4 Mb (ROH > 4); ROH longer
than 8 Mb (ROH > 8) and ROH longer than 16 Mb (ROH > 16). To exclude common and short
ROH that occur due to LD, the minimum length of ROH has been set to 1 Mb.

The length of ROH reveals how many generations earlier inbreeding has occurred
(Ferencakovi¢ et al. 2013). Short ROH have most likely been affected by many recombination
events and therefore suggest ancient inbreeding, whereas long ROH imply recent inbreeding
incidents. According to Curik et al. (2014), 10 Mb long ROH imply that inbreeding happened
five generations ago and 5 Mb long ROH originate from inbreeding events that have taken place
ten generations back. These assumptions are based on studies on other livestock species,
however, due to the scarcity of studies on ROH in horses, these propositions have been taken
into account for the purpose of this thesis. The present categories for ROH lengths of 1 Mb, 2
Mb, 4 Mb, 8 Mb and 16 Mb may be linked to inbreeding events occurring 50, 25, 13, 6 and 3
generations ago, respectively.

The following parameter settings were taken into account:

1 heterozygous SNP and maximum of 4 missing SNPs were allowed for ROH>1

2 heterozygous SNPs and maximum of 8 missing SNPs were allowed for ROH>2

4 heterozygous SNPs and maximum of 16 missing SNPs were allowed for ROH>4

8 heterozygous SNPs and maximum of 32 missing SNPs were allowed for ROH>8
16 heterozygous SNPs and maximum of 64 missing SNPs were allowed for ROH>16
ROH were called if 15 or more consecutive homozygous SNPs were present
maximum physical gap between adjacent SNPs of 1 Mb

minimum SNP overlap of 10 (for cTOH)

YV V. V V V V V V

The R software (R Core Team 2017) has then been used to summarize the results from the
cgaTOH software 1.0.1 (Zhang et al. 2013). Additionally, the function ggplot from the R

package ggplot2: Create Elegant Data Visualisations Using the Grammar of Graphics version
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2.2.1 (Wickham 2009) has been used to visualize ROH on each autosome for both breeds.

4 Results and Discussion

The first two principal components of the PCA for both breeds are illustrated in figure 4.
About 12 % of the variation is described by the first principal component and 3.07 % by the
second. The individuals belonging to the Noriker breed cluster loosely in the right half of the
plot and the Haflinger population groups in the bottom left quadrant. Figure 4 shows a
distinction between breeds, however, three individuals show anomalous clustering. Two
Noriker horses and one Haflinger horse scatter in-between the two breed clusters. A possible
explanation for these divergent individuals may be based on the assumption of Leroy et al.
(2009) that in the past Haflinger were used as draught horses and therefore might have been
crossbred with other European draught horse breeds. In compliance with this assumption,
Druml et al. (2016) show with an analysis of Austria’s current Haflinger population, that the
Haflinger gene pool consists of 1.8 % Noriker genes.
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Figure 4: First and Second principal component of a PCA of allele frequencies from 242 individuals of two different
breeds (Haflinger & Noriker)

Furthermore, Druml et al. (2016) express their concerns regarding a decline in genetic

variability of the Haflinger horse, which can be reinforced with the present PCA results.
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Whereas the Noriker population scatters across the plot with the second and third eigenvectors,
the Haflinger breed remains in a relatively tight cluster until being separated by eigenvectors
six and seven, as shown in figure 5. Despite, the fact of being considered as endangered, the
PCA clustering proposes a higher level of genetic diversity for the Noriker breed in comparison
with the Haflinger population.
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Figure 5: Sixth and Seventh principal component of a PCA of allele frequencies from 242 individuals of two different
breeds (Haflinger & Noriker)

Figure 6 shows the first two principal components for the Haflinger breed. Almost 4 % of the
variation is described by the first principal component and 3.44 % by the second. The PCA for
the Noriker breed is shown in figure 7 with a value of 5.06 % of the variation explained by the
first eigenvector and 2.67 % by the second.
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Figure 6: First and Second principal component of a PCA of allele frequencies from 79 individuals of the Haflinger
breed
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Figure 7: First and Second principal component of a PCA of allele frequencies from 163 individuals of the Noriker
breed

The pairwise Fst between Haflinger and Noriker populations was 0.0855. In other words,
8.5 % of the total genetic diversity is explained by between-breed differences. The remaining

genetic variance is based on differences between individuals. According to the suggestions of
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Wright (1984) and Hartl & Clark (2007), Fst values between 0.05 and 0.15 indicate moderate
genetic differentiation. Cafion et al. (2000) found similar results for Spanish horse breeds (0.08).
Nei’s genetic distance between populations amounts to 0.0367, suggesting a rather close
connectedness between the two populations. While the Noriker breed was used in the
establishment of the Haflinger population, the breeds are currently well separated, thus such a
narrow estimated genetic distance was surprising.

The result of Nei’s genetic distance calculations between individuals is visualized in form of a
phylogenetic tree in figure 8 below. With the exception of one individual (marked with a red
asterisk in figure 8) a clear distinction between the two breeds is visible. The assumption that
interbreeding occurred between Haflinger and Noriker, which in some individual has been
shown by our PCA results and studies of Druml et al. (2016) and Leroy et al. (2009) is not
sufficiently supported by the structure of the phylogenetic tree. However, the structure of one
branch of the Noriker breed (indicated in figure 8 with a bracket) seems to be more similar to

the structuring of the Haflinger population than to the other branches of the Noriker breed.
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Figure 8: Phylogenetic tree based on Nei's genetic distances between individuals for Noriker (red) and Haflinger (black)
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To further demonstrate genetic relationships within the Haflinger and Noriker population, both,
IBS and IBD matrices are depicted below. The mean IBS distances are similar for both breeds
(0.766 for the Haflinger breed and 0.767 for the Noriker breed), which is shown in Table 1 and
the identity by state matrices in form of heatmaps for both breeds (see figure 9 for HAF and
figure 11 for NOR). Histograms to visualize the distribution of IBS values show the Haflinger
population in Figure 10 and the Noriker population in figure 12. Values for IBS can range
between 0 and 1. A value of 0 would occur if all markers are IBS (e.g. duplicates or identical
twins), whereas a value close to 1 indicates that very few individuals share identical alleles at a
given locus. The values obtained in this analysis are rather high for both breeds, suggesting a
higher allelic diversity. The heatmaps and histograms for the distance matrices for both breeds

can be found in the Annex. They do not show any differentiation between the two breeds either.

Table 1: Mean and standard deviation (in brackets) for IBS and IBD in the Haflinger and Noriker population

Identity by state Identity by descent
Noriker 0.767 (0.012) 0.015 (0.050)
Haflinger | 0.766 (0.015) 0.027 (0.056)

Identity by state

I oy = o

:
Al

Figure 9: Identity by state matrix for the quality controlled data set of the Haflinger breed
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Figure 10: Histogram of identity by state matrix for the Haflinger breed
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Figure 11: Identity by state matrix for the quality controlled data set of the Noriker breed
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Figure 12: Histogram of identity by state matrix for the Noriker breed

Table 1 includes the mean estimates for IBD and the results are close to 0, which represents a
population with mostly unrelated individuals. Nonetheless, the heatmaps based on the IBD
matrices (see figure 13 for the Haflinger and figure 15 for the Noriker population) and the
histograms (figure 14 HAF, Figure 16 NOR) show that both breeds include some individuals
with high estimates. The mean IBD estimates are slightly higher for the Haflinger population
(0.027 HAF, 0.015 NOR) as can be seen in Table 1. These higher values for some individuals
could be due to first degree relationships. However, results above 0.5 proportion IBD are most

likely due to sampling errors (e.g. inclusion of duplicates) (Browning and Browning 2010).
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Figure 13: Identity by descent matrix for the quality controlled and LD pruned data set of the Haflinger breed
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Figure 14: Histogram of identity by descent matrix for the Haflinger breed
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Figure 15: Identity by descent matrix for the quality controlled and LD pruned data set of the Noriker breed
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Figure 16: Histogram of identity by descent matrix for the Noriker breed
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Table 2: Number of samples (N), individual inbreeding estimates (FrLink), mean and standard deviation (in brackets)
and inbreeding coefficients based on runs of homozygosity (Fron) of different minimum lengths (> 1, > 2, > 4, > 8 or
> 16 Mb) for quality controlled data (see chapter 3.2.1) of Noriker and Haflinger populations

Individual inbreeding (FpLink) Inbreeding coefficients from ROH (Fgron)
Breed N Min  Max Mean From>t  From>2  Frows>s  Frow>s  Fror>16
Noriker 163 -0.286 0.118 0.015 (0.05) 0.045 0.029 0.018 0.012 0.010
Haflinger 79  -0.144 0.127 -0.004 (0.05) 0.088 0.062 0.041 0.023 0.018

The calculation of the inbreeding coefficient (Fruink) for each individual based upon observed
and expected homozygosity has shown several individuals with significant loss of
heterozygosity (see Table 2). The highest individual value of FpLink (0.127) has been found in
the Haflinger population, suggesting half-sib mating has occurred. This result conforms with
the high IBD values estimated for some of the Haflinger individuals.
However, the average estimate of FeLink within breeds has been greater in the Noriker
population. Values for Feuink can range from -1 to 1. Negative values result from a lower
homozygote genotype count than expected by chance at the genome-wide level. For close to
60 % of the Haflinger population negative values have been estimated. Hence, the mean
genomic inbreeding coefficient for the entire population is also negative and indicates a higher
heterozygosity than expected. Purcell et al. (2007) and Lietal. (2011) state that negative values
for inbreeding values are most likely produced by sampling errors and should therefore be set
to zero for the purpose of calculating the mean. If this suggestion would have been taken into
account, the results for FeLink would have been increased to a value of 0.018 for the Haflinger
and 0.027 for the Noriker breed.
According to previous studies using molecular data, the genomic inbreeding coefficient for
horse breeds can range between values of 0.02 (Mongolian horses) and 0.15 (Thoroughbred
horses)(McCue et al. 2012). The observed FeLink values in this study are at the lower end of
this range and the Haflinger population is even below the literature results. Druml et al. (2009)
conducted a study on the Austrian Noriker population based on pedigree data and showed
decreasing inbreeding levels in the horse breed (0.0121 based on five generations and 0.0324
for ten generation pedigrees). They suggest, that the use of modern breeding techniques, which
allows breeders to expand the geographic area for stallion selection, might be a reason for this
decline of inbreeding levels. For the Austrian Haflinger population, however, a recent study by
Druml et al. (2016) suggests possible occurrence of an increase in inbreeding levels. The
negative FpLink Values estimated in this thesis cannot be considered to represent the entire
Austrian Haflinger population. A higher number of genotyped individuals would be needed to
give a better overview of the current inbreeding status of the Haflinger breed.
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On the contrary to the results of FpLink, the results of Fron support this assumption of increasing
inbreeding levels in the Austrian Haflinger population. Several studies proclaim that the ROH
approach to calculate F is more reliable than pedigree approaches (Solkner et al. 2010,
Ferencakovi¢ et al. 2013). Fron values were higher in the Haflinger population than in the
Noriker population (see Table 2). The inbreeding coefficient for ROH >1 Mb (Fron>1) was
highest for an individual of Haflinger origin (0.185). The lowest inbred horse belonged to the
Noriker population with a value of 0.001.

The average total length of ROH > 1 Mb for Haflinger and Noriker were 197 Mb and 100 Mb,
respectively. Considering the approach of Curik et al. (2014) to determine the number of
generations back to the common ancestor, approximately three generations ago (ROH > 16 Mb)
more inbreeding events occurred in the Haflinger population than in the endangered Noriker
population. Figure 17 shows the average total length of ROH for each category and breed in
Mb.

Average total lenght of ROH

ROH > 16 Mb
ROH > 8 Mb
ROH >4 Mb

ROH > 2 Mb

ROH >1 Mb

o

50 100 150 200 250

W Noriker M Haflinger

Figure 17: Average total length of ROH in Mb for the categories >1, >2, >4, >8, >16 Mb for a data set of 79 Haflinger
and 163 Noriker

All horses had ROH longer than 1 Mb and 95 % of the individuals exhibited ROH longer than
2 Mb. Hitherto, analysis of ROH have scarcely been conducted for horse populations. Metzger
et al. (2015) have analysed frequency and number of ROH for a very small group of horses,
however, they were able to reveal signatures of positive selection for reproduction traits.

In the present study, 98 % of all Noriker horses display ROH on chromosome three
(105 - 110 Mb). The Haflinger population exhibits ROH on the third chromosome as well
between 30 and 40 Mb. ROH on chromosome three for both breeds are presented below in
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figure 18. On chromosome three, which is 119.48 Mb long, a total of 1,016 genes have been
located for the horse genome.
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Figure 18: ROH on chromosome three for the Noriker (left) and Haflinger (right) breed

The Noriker population shows breed specific ROH at chromosome six and at chromosome
eleven (both positioned around 30 Mb). Individuals of the Haflinger population display ROH
at chromosome fifteen (62 — 68 Mb). These ROH within populations might imply signatures of
selection and identification of genes, located in these areas, is strongly recommended (Metzger
et al. 2015). Deserts are present on chromosome six (40 — 50 Mb) and chromosome 23 (at 40
Mb), further on chromosome 26 and 28 (both at 25 Mb), for Noriker and Haflinger,
respectively. This overview of islands and deserts in Austria’s horse population indicates the

necessity of further research in this area.

31



5 Conclusion

To assess genetic diversity in horses is of particular significance due to the large number of
already extinct breeds and the need for continuous adaptation to the current demands. Several
studies have already investigated genetic diversity within and across horse breeds. However,
heretofore, an evaluation of the Austrian horse population on the basis of genomic marker data
has not been conducted.

The various methods, that have been utilized in this thesis, are capable of giving a
comprehensive overview of the population structure and the present genetic diversity. The PCA
has divided the Haflinger and Noriker populations clearly, with the exception of three
individuals. These individuals may be showing anomalous clustering due to several reasons.
As suggested in literature, there might have been an occurrence of crossbreeding between the
two breeds. However, it must also be stated that these results could have been caused by
sampling errors. Unfortunately, there has not been any information available on the sampling
process of the utilized data. If the genotyped samples, for example, have been gathered from
only one stud farm they would not sufficiently represent the entire population.

By looking at the phylogenetic tree based on Nei’s genetic distances between individuals the
clear distinction between Haflinger and Noriker horses presented in the PCA is reinforced. To
better understand the results of the phylogenetic tree and to clarify the origin of the Haflinger
and Noriker breed, it would be valuable to gather further information on other Austrian breeds.
Additionally, a subpopulation of Noriker similar to the Haflinger population was identified.
The subpopulation seems to have common features with the Haflinger population, but further
investigations are needed to confirm the hypothesis.

Estimations of IBS and IBD have not been able to show as much disparity between populations
as has been expected. Nevertheless, it can be concluded that the individuals of the Haflinger
population are more interrelated than the Noriker population.

The inbreeding coefficients for both breeds are much lower than expected, particularly, because
an endangered breed such as the Noriker, is expected to be strongly inbred due to a small
population size. Moreover, there seems to have been a further decline in inbreeding, with
regards to both populations, during these last preceding years. The inbreeding coefficient for
the Austrian Haflinger population has also been identified as alarmingly increasing in literature,
although the findings of this thesis suggest the opposite. According to Fron values, however,
the Haflinger population has been more inbred than the Noriker population. The continuous

monitoring of the inbreeding coefficient in both breeds is advisable.
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In addition to calculating inbreeding levels, ROH have been used to detect the locations of
abundance in diversity and lack of diversity on the Haflinger and Noriker genome. Various
ROH islands and deserts have been found and they would need to be further investigated to
identify the reasons behind their occurrence.

Moreover, while this thesis has been able to give an overview of the genetic diversity of the
Austrian horse population, it demands for a more specific analysis of the population fine
structure. In line with the objectives of the “Global Plan of Action for Animal Genetic
Resources”, it would be beneficial to merge all existing data on equine genetic diversity to
facilitate further investigations. Only the greatest level of combined efforts can enable genetic

diversity to prosper and to prevent its decline.
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I. Heatmaps/histograms for distance matrices
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