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I. Introduction 1 

I. INTRODUCTION

The special relationship between horses and humans dates back around 5000 years, where the 

first evidence of domestic horses was found in the Eneolithic Botai Culture in Kasachstan 

(Outram et al., 2009). In the following millennia, horses spread across the world and 

revolutionized transport, communication, and warfare, and further had a significant impact on 

the development of agriculture (Kelekna, 2009; Anthony, 2010). Humans soon started to select 

horses for special traits, by preferring certain characteristics such as strength, aesthetics, racing 

performance, or endurance (Librado et al., 2016). While coat colors were selected soon after 

domestication, speed was only likely to have gained importance in the last 1000 years (Ludwig 

et al., 2009; Fages et al., 2019). 

Active selection and human-driven management in recent centuries led to the more than 500 

breeds registered today. Significant phenotypic variation is observed among breeds (Rosseau, 

2017). For example, an American Miniature horse measures just 74 cm at the withers, while a 

Shire horse can reach up to 200 cm (Brooks et al., 2010). Additionally, horses’ performance 

have been adopted to certain extremes. Yakutsk horses endure temperatures of –50°C during 

winter. Arabian horses travel distances up to 160 km in one day, and Thoroughbreds gallop at 

a speed faster than 60 km/h. 

However, the intense selection also has drawbacks. It led to a reduction in genetic diversity and 

the accumulation of various hereditary diseases in several horse breeds (Fages et al., 2019; 

Orlando and Librado, 2019). Monogenetically determined (so-called ‘Mendelian’) genetic 

defects that are inherited as a recessive trait can spread throughout a population and rise to a 

high frequency without being noticed.  

Today, molecular biological and statistical methods have been established to disentangle the 

genetic architecture of Mendelian traits in horses. The causal variant in the genome has already 

been determined for numerous Mendelian traits in horses, facilitating genetic testing and 

enabling the monitoring of allele distribution and strategic mating. Hence, defining the location 

of causal variants responsible for Mendelian traits can contribute to avoiding affected animals 

and maintaining a high genetic diversity within breeds. 

This doctoral thesis deals with important aspects of Mendelian traits in horse breeding, spanning 

the localization of causative regions and defining the causative changes to the development of 

a test system. Further questions and potentials, that arise for the breeding community after the 

resolution of the genetic background are discussed.  
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After a general literature survey, the challenges to localize a causal variation for a Mendelian 

trait in the genome are shown and discussed for roan coat color in Noriker horses. Roan is a 

dominant trait and occurs in a wide range of different breeds around the world. The questions 

that arise after the determination of a recessive deleterious variant are shown and discussed 

based on the Warmblood Fragile Foal Syndrome (WFFS). WFFS is a lethal disorder, and carrier 

animals are widespread in diverse warmblood breeds. Two publications form the scientific basis 

of this thesis.
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II. LITERATURE SURVEY

1. Genome research in horses

Almost 30 years have passed since the first time the molecular basis of a genetic disorder was 

determined in horses. A single base pair change, resulting in an amino acid substitution from 

phenylalanine to leucine in the SCN4A gene, was identified in 1992 as causal for Hyperkalaemic 

Periodic Paralysis (HYPP) in Quarter Horses (Rudolph et al., 1992). Four years later the genetic 

background of the coat color chestnut was deciphered (Marklund et al., 1996), and thereafter, 

a steady increase in resolved causal mutations can be recognized.  

In 1995, the Horse Genome Workshop, an international cooperation of more than 100 scientists 

from 25 countries, was founded with the aim to study and characterize the domestic horse's 

genome (Horse Genome Workshop, 2021). Horse genomic research accelerated in 2005, with 

the introduction of Next Generation Sequencing (NGS). With this technique, millions of small 

DNA fragments can be sequenced in parallel (Behjati and Tarpey, 2013; van Dijk et al., 2014). 

The first high-quality reference sequence (EquCab2.0) for the domestic horse was generated 

from the Thoroughbred mare ‘Twilight’ in 2009, and it incorporated the 31 horse autosomes, 

the X chromosome, and the mitochondrial genome (Wade et al., 2009). With an approximate 

size of 2.7 Gb, the horse genome is in the dimension of the dog, bovine, and human genome 

(Lander et al., 2001; Lindblad-Toh et al., 2005; Elsik et al., 2009). 

NGS and additional new genomic technologies have been used to resequence and reassemble 

the genome of Twilight. This resulted in an improved reference genome, which was published 

in 2019, EquCab3.0 with 20,955 coding genes annotated to date (Kalbfleisch et al., 2019; 

Ensembl genome browser, 2021).  

The availability of a reference genome built the basis for resequencing projects, which have 

now become effectively feasible. In 2019, a large-scale study entitled ‘Comprehensive 

characterisation of horse genome variation by whole-genome sequencing of 88 horses’ was 

published. In this study, the genomes of 88 horses representing 25 breeds were resequenced, 

using short-read NGS Illumina technology with an average coverage of 19.1×. In this work, the 

authors focused on screening the resequenced horses for base substitutions of a single 

nucleotide at a specific position in the DNA (Single nucleotide variants–SNVs) and short 

insertions and deletions (Indels). Among the 88 horses sequenced, 23.5 million SNVs and 2.3 

million short indels were detected (Jagannathan et al., 2019). 
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2. Applied molecular genetics in horses 

Apart from NGS, Polymorphism screening based on a certain set of preselected markers is a 

widely used and well-established system to study variations between whole genomes. 

Genetic markers are defined polymorphic regions in the genome. The genomic position of 

genetic markers should be unambiguously defined, and their allelic state can be determined by 

molecular biological methods. Markers are often located in intergenic or non-coding genic 

regions, as those regions are presumed to be selectively neutral and make up most of the 

genome. There are different marker types, such as microsatellites or single nucleotide 

polymorphisms (SNPs).  

Microsatellite markers are based on short repetitive elements in the genome (e.g., TATATATA) 

that are of great instability; thus, the length is highly variable. The alleles of a microsatellite 

marker differ in the number of repetitions. Therefore, they reach higher mutation rates, resulting 

in multiple alleles per locus (microsatellites considered ‘multiallelic’) (Willam and Simianer, 

2011). Microsatellites have played a major role in parentage testing in horses for more than 20 

years. A panel of 12 markers, known as the ISAG-panel, was established by the International 

Society of Animal Genetics (ISAG, 2022). Although the ISAG-panel comprises 12 markers, 

additional markers are included in routine parentage testing across laboratories (Bellone and 

Avila, 2020).  

SNPs are base substitutions of a single nucleotide (SNVs) with the minor allele segregating in 

a frequency of more than one percent in a population. Most SNPs show two alleles, so they are 

termed biallelic. The allelic states for SNPs can be determined by different molecular genetic 

screening approaches. A widely used screening method is the so-called ‘SNP array.’ This is a 

fully automatic array technology where the allelic states at up hundred thousand preselected 

SNPs, usually spread across the entire genome, are determined simultaneously. Today, SNP 

array genotyping data are the basis for determining regions in the genome that harbor alleles 

associated with traits of interest. This also involves their application for genome-supported 

selection in livestock animals (Willam and Simianer, 2011). 

Different SNP arrays are available to date, differing in the selection and number of variants 

they contain and therefore in price. The composition of SNP arrays depends, among other 

things, on the current knowledge of variation in the genome of a species. This information is 

regularly supplemented through resequencing studies. To date, three different SNP arrays are 

available for the horse, whereby the first two arrays, containing 54,602 SNVs (EquineSNP50 

BeadChip, Illumina) and 74,500 SNVs (EquineSNP70 Genotyping BeadChip, Illumina), 
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became available in 2011. The latest array, containing 670,805 SNVs (MNEc670k array, 

Affymetrix), has been available since 2017 and was developed using whole genome data from 

156 horses representing 24 different breeds (Schaefer et al., 2017; Schaefer and McCue, 2020). 

3. Classification of genetically determined phenotypic traits 

A phenotypic trait is a specific characteristic of an organism that can be a disease, as well as a 

non-pathogenic attribute. The visible or measurable expression of such a trait is termed a 

phenotype. The phenotype of an individual is determined by its genotype and the environment 

(Willam and Simianer, 2011). The genotype of an individual is composed of thousands of 

variants spread across the genome. In a narrower sense, the term genotype is also used for the 

allele combination at a defined locus. Among the different types of variants in the genome, 

SNVs are the most common (Jagannathan et al., 2019). Variants can be located in coding or 

non-coding regions of genes, as well as in intergenic regions between genes. Exonic SNVs can 

be either synonymous (also termed silent) or nonsynonymous, depending on the effect the 

variant has on the protein. Synonymous changes do not affect the protein, and the amino acid 

is unaltered. Nonsynonymous SNVs can either be missense or nonsense, whereas a missense 

change results in an alteration of an amino acid, while a nonsense change results in a premature 

stop codon, which leads to an incomplete protein. The classification of SNVs is illustrated in 

Figure 1. 

 

Figure 1: Classification of SNVs 

 

Even SNVs in non-coding regions can influence protein biosynthesis, for example by altering 

RNA splicing or transcription factor binding efficiency (Abramowicz and Gos, 2018). In 
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addition to SNVs, there are several other types of variations, such as insertions, deletions, 

duplications, copy number variants, inversions, and translocations that range from a few up to 

several thousand base pairs. Variants larger than 1 kb in size are primarily structural variation. 

Structural variants can also affect the phenotype, for example, the tobiano spotting pattern in 

horses is caused by a large chromosomal inversion (Brooks et al., 2007). 

Depending on the number of loci that contribute to a phenotypic trait, a distinction is made 

between qualitative and quantitative traits. 

3.1. Qualitative traits 

Qualitative traits are generally expressed in the form of distinct phenotypes, that can be clearly 

assigned to a category. In most cases, qualitative traits are regulated by a single variant in the 

genome and their inheritance follows Mendel`s rules. Those traits are also called ‘Mendelian 

traits.’ 

For Mendelian traits, one can discern the mode of inheritance by the manifestation of alleles in 

heterozygous individuals. In a dominant–recessive situation, one allele dominates the effect of 

the other allele. Hence, the expressed phenotype of one allele (the recessive allele) is masked 

by the phenotype of another allele, what is called dominance. Dominance is also observed as a 

continuous scale that ranges from ‘complete’ dominance through ‘incomplete’ dominance to 

‘codominance.’ In the case of complete dominance one allele completely masks the phenotype 

of another allele, while incomplete dominance leads to an incomplete masking effect of the 

dominant allele, resulting in a phenotype intermediate to both homozygotes. Codominance 

occurs, when both alleles are phenotypically expressed (Hamilton, 2009). In addition, 

‘overdominance’ can occur when heterozygous individuals show increased fitness compared to 

individuals that are homozygous for either allele. Therefore, the heterozygous phenotype lies 

outside the range of both homozygous parents. 

Especially in the case of incomplete dominance, the phenotypic manifestation of a known 

variant can vary. The variation can be due to differences in the genetic background of an 

individual, thus there may be differences in the phenotypic manifestation of an allele among 

breeds. An example is Polysaccharide Storage Myopathy (PSSM) Type 1, caused by an 

incomplete dominant inherited mutation in the GYS1 gene (McCue et al., 2008). While quarter 

horses carrying the mutation tend to have severe to lethal forms of PSSM, weaker symptoms 

have been described in coldbloods. Remarkably, even extremely high frequencies of the 

mutation, up to 90%, have been observed in some coldblood breeds (Firshman et al., 2003, 

2005). 
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Depending on the genomic location of the causative gene, this can be an autosomal 

chromosome, a sex chromosome, or mitochondrial DNA, the inheritance is said to be either 

autosomal, gonosomal or mitochondrial. 

Many coat colors and genetic diseases in horses are determined by a single variant in a particular 

gene and can be categorized as qualitative traits. 

3.2. Quantitative traits 

Traits that show a continuous phenotypic distribution are defined as quantitative or complex 

traits. Continuous variation in the expression of the phenotype is due to the interaction of many 

genes and non-genetic factors. Thus, the underlying genetic architecture of such traits is mostly 

polygenic. Most performance traits in animals, such as milk yield in cattle, carcass quality in 

pigs, and height at the withers in horses, fall into this category (Signer-Hasler et al., 2012; 

Miglior et al., 2017; Bergamaschi et al., 2020). Additionally, some diseases are classified as 

‘quantitative traits’ or ‘complex diseases’, e.g., equine osteochondrosis (Distl, 2013).  

Loci in the genome, that contribute to a certain quantitative trait, are termed as ‘Quantitative 

Trait Loci’ (QTL) for the respective trait. QTL have a significant impact on animal breeding, 

as they are used to estimate genomic breeding values. The interest in genetic markers for various 

performance traits, such as racing or jumping ability, is also growing in horses, and there have 

been several studies carried out on this topic. For example, 5 QTL for endurance exercise ability 

were published in 2017 (Ricard et al., 2017). 

4. Localising trait causative regions in the genome 

To identify the genetic background of both, qualitative and quantitative traits, two major 

approaches, genome-wide association studies (GWAS) and linkage analyses, are used. Both are 

no candidate-driven approaches. For qualitative traits also candidate gene approaches are used. 

4.1. Genome wide association studies (GWAS) 

In domestic animal genetics, GWAS are mainly based on a set of neutral markers, spread 

throughout the genome (hence ‘genome wide’). Typically, SNP-array data are analysed in a 

case–control setup, in which individuals are divided into two groups based on their phenotype: 

one cohort expressing the trait versus a control group that does not. Independent single-locus 

tests (mostly chi-square tests) are carried out to determine the association of marker alleles with 

the phenotype (Bush and Moore, 2012). The significance levels of association with the trait, for 

the variants tested, are usually shown in a so-called ‘Manhattan plot.’ As shown in Figure 2, 

the markers are ordered upon their genomic coordinates on the X-axis with the negative 
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logarithm of the association P-value on the Y-axis. As a strong association results in a small P-

value, the higher the value on the y-axis (negative logarithm of the P-value), the greater the 

probability that an allele of a particular SNP is associated with the phenotype of interest. GWAS 

has been applied to successfully locate the genomic region harboring the causative allele for 

numerous Mendelian traits in horses. For example, the causative region of mushroom coat color 

in Shetland Ponies was identified on chromosome 7 (Tanaka et al., 2019). As shown in Figure 

2, several SNPs on chromosome 7 show a more or less strong association with the mushroom 

phenotype, which is due to genetic linkage. Genetic linkage is the tendency of DNA segments, 

located in proximity on a chromosome, to be inherited together from a single parent. The closer 

two loci are on a chromosome, the lower the probability of recombination is between them and 

the more likely they are to be inherited together through genetic linkage. Linked loci form a so-

called haplotype.  

GWAS has also been used in horses to determine the genetic variation contributing to complex 

traits. An example, therefore, is given in Makvandi-Nejad et al., (2012), where 4 loci were 

determined, explaining 83% of size variation in the horse. 

 

Figure 2: Manhatton plot of a GWAS for mushroom coat color in Shetlandponies. Highly 

associated loci were identified on chromosome 7. Figure taken from Tanaka et al. (2019). 

 

4.2. Linkage analysis 

In contrast to GWAS, where the relatedness among individuals is not considered, linkage 

analyses deal with the segregation of a phenotype within known families. The most common 

approach to investigate Mendelian traits is a parametric linkage analysis, that builds upon the 

specification of an inheritance model for the trait locus. Two genes, MITF and PAX3 were 

identified as responsible for the splashed white phenotype in a Quarter Horse family based on 

parametric linkage analysis (Hauswirth et al., 2012). 

There are numerous other mapping methods, that use the principle of genetic linkage. One 



II. Literature survey      9 

example is homozygosity mapping, which is based on searching for shared segments of 

homozygosity that are not identical by state (IBS). Homozygosity mapping is highly effective 

in the setting of consanguineous parents (Lander and Botstein, 1987; Charlier et al., 2008). 

4.3. Candidate gene approaches 

Unlike GWAS and linkage analysis, where markers spread throughout the genome are 

investigated, a focus on particular pre-selected genes is made in the candidate gene approach. 

Therefore, it is necessary to understand the biological mechanisms underlying the phenotype; 

otherwise, there is no basis for the selection of a candidate gene (Kwon and Goate, 2000). Once 

candidate genes are determined, sequence variation within this region is investigated by 

comparatively sequencing cases. A typical candidate gene for white markings in horses is the 

KIT gene, as several white marking phenotypes are caused by variants in this gene. In Haase et 

al., (2013), the two candidate genes KIT and MITF were investigated, to identify alleles 

causative for white markings in Franches-Montagnes Horses. 

GWAS and linkage analysis in domestic animals are usually conducted based on SNP-array 

data. Accordingly, only the genomic region and the markers associated with the causal variant 

(the haplotype), and not the causal variant itself, can be identified. Therefore, after the regions 

are defined by GWAS or linkage analyses, additional analysis steps are needed to identify the 

causal variant itself. This is usually done by sequencing the associated haplotype, as this 

approach (today, mostly NGS technologies are used) discloses all variants in the region of 

interest. Defining the causative variant within the proposed region is often challenging, and 

success depends on the type of variant. Typically, researchers determine whether there are 

genes in the predicted region, whose function has already been shown to be related to the 

observed phenotype in the literature. Sequence variation is screened concisely in those genes 

and the first focus is on nonsynonymous variants, as for those variants the consequence on the 

phenotype is easy to predict. A practical example for the detection of a causal variant, located 

in an exon of a candidate gene, is given in Drögemüller et al., (2009). In this work, a missense 

mutation in the SERPINH1 Gene leading to Osteogenesis Imperfecta in Dachshunds was 

identified. If no exonic variants are observed, intronic and promotor regions are investigated 

more closely. Intronic variants can affect splicing and variants in promotors can result in altered 

gene expression levels, leading to alteration in protein integrity and volume (Abramowicz and 

Gos, 2018). Predicting or even proving the causality of noncoding variants is challenging. 

Regardless of whether a variant is exonic or intronic, it is difficult to fully prove causality in 

non-model organisms.  
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5. Applied genetics in horse breeding 

Intense selection within horse breeding led to a drop in diversity, especially in recent centuries. 

While early horse breeders conserved the level of genetic diversity for several millennia, it has 

decreased by 16% in the last 200 years (Fages et al., 2019). This decrease in diversity was 

accompanied by a significant increase of deleterious alleles (Orlando and Librado, 2019). The 

total genetic burden in a population resulting from the accumulation of deleterious alleles is 

defined as mutational load. The recent increase in the mutational load is due to a severe drop in 

effective population size in modern horse breeds due to intensive selection, even involving the 

mating of related animals termed as ‘inbreeding.’ Consequently, there has been an 

accumulation of homozygous regions in the genome in modern horse breeds, also known as 

extended runs of homozygosity (ROH) (Ceballos et al., 2018; Grilz-Seger, Druml, et al., 2019). 

The effect of recessive mutations is hidden in the heterozygous state. When recessive alleles 

are homozygous, the accumulation of ROHs within the genome leads to the expression of 

recessive disorders and a reduction in fitness, which has been designated as inbreeding 

depression. The accumulation of deleterious alleles is an undesirable side effect of intensive 

selection in horse breeding, which we must deal with responsibly. Therefore, it is necessary to 

study the genetic background of deleterious traits, as this knowledge is fundamental for the 

development of genetic testing. Genetic testing can be confirmed either directly when the 

causative allele is determined, or indirectly, in cases where the causal variant could not be 

explicitly determined, and a marker linked to the causative allele is tested instead (also called a 

‘marker test’). Genetic testing enables the determination of carrier animals and thus represents 

the basis for responsible breeding management. By strategically mating carrier animals only 

with free animals, genetic diversity in a breed can be preserved, as no animals need to be 

excluded from breeding. At the same time, the birth of affected animals is prevented. 

Furthermore, the determination of color loci enables strategic mating to obtain offspring of the 

desired color. In addition to routine examinations as part of breeding, genetic tests are also 

valuable for individual animals. In the case of disorders, genetic testing can support veterinarian 

diagnostics and create clarity about further treatment and prognosis. 

The relevance of genome research in horses is not limited to the species itself, as horses can be 

used as a model for human diseases. For example, the horse is an important cancer model, 

because metastases of tumors occur less frequently in horses than in humans. In 2017, a 

missense mutation in the DDB2 gene, associated with ocular squamous cell carcinoma (SCC), 

was identified in horses. Mutations within the DDB2 gene have also been linked to a similar 

disorder in humans, allowing interspecies comparisons (Bellone et al., 2017). 
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6. Mendelian traits in horses 

The website OMIA (OMIA - Online Mendelian Inheritance in Animals, 2022) is a compendium 

of inherited disorders, traits, and genes in many different species. In February 2022, 48 genetic 

traits of horses with known causal variants were listed in this database. This number appears 

rather low when compared to other domestic species. By far the most causal variants were 

clarified in dogs (319), followed by cattle (186) and cats (96). Pigs (58), sheep (49) and chickens 

(46) are roughly on the same scale as horses, while fewer causal variants for Mendelian traits 

have been identified in goats (17) and rabbits (13). However, when considering only the 

identified coat color variants, the horse is placed further ahead (OMIA - Online Mendelian 

Inheritance in Animals, 2022). 

A brief overview of the most common monogenetically determined diseases and coat colors in 

horses, with their genetic background resolved, is given in the following sub-chapters. 

6.1. Genetic diseases 

To date, 28 monogenic diseases in horses have been clarified and genetic testing is 

commercially available in Austria and Germany (listed in Table 1). Most of them, namely 21 

out of 28, are recessively inherited. 

Notably, some genetic disorders or risk factors for diseases are linked to coat color mutations. 

A prominent example is a di-nucleotide substitution in the EDNRB gene, responsible for the 

overo spotting pattern. While heterozygous horses show the desired phenotype, horses that are 

homozygous for this variant are born white or nearly white. Homozygous foals die within a few 

days after birth through intestinal obstructions, resulting from a lack of nerve cells in the 

intestine, also referred to as Overo lethal white syndrome (Metallinos et al., 1998). Further 

examples are Congenital stationary night blindness, which is observed in homozygous carriers 

of a retroviral long terminal repeat insertion in the TRPM1 gene that is responsible for the 

leopard spotting pattern, and the augmented incidence of melanoma in Gray horses (Rosengren 

Pielberg et al., 2008; Bellone et al., 2013).  
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6.1.1. Warmblood fragile foal syndrome (WFFS) 

WFFS is an autosomal recessive disorder that was first detected in warmblood horses. Affected 

foals are aborted during a late stage of gestation or are born with skin abnormalities and extreme 

flexibility in their digital joints. The phenotype of an affected foal is shown in Figure 3. In 2011, 

the causative mutation, a nonsynonymous SNV in the procollagen-lysine-2-oxoglutarate-5-

dioxygenase 1 gene (PLOD1:c.2032G>A, p.Gly678Arg), was identified (Winand, 2011). A 

base substitution from guanine to adenine results in an altered amino acid sequence of the 

polypeptide chain, with a severe impact. Homozygosity for this PLOD1 variant seems to be 

incompatible with extra-uterine life. 

 

Figure 3: Phenotype of a WFFS-affected foal. The foal had poor muscular development and 

protruding bony prominences (A), severe skin ruptures beneath the right eye (B), at the neck 

(C) and ventral abdomen (D). Figure taken from Metzger et al. (2020). 

 

Foals born alive must be immediately euthanized (Aurich et al., 2019). WFFS carriers were 

identified in a broad range of warmblood breeds with an average carrier frequency of 11% 

(Winand, 2011; Dias et al., 2019). Apart from warmbloods, the WFFS allele was also detected 

in Thoroughbreds with a carrier frequency of 2.4% (Bellone et al., 2020). Possible origins of 

this disease have been discussed, including the Thoroughbred and the Arabian horse. Pedigree 

analysis of around 2000 horses showed that the Thoroughbred stallion Dark Ronald (1905–

1928) was the only common ancestor of all carrier animals (Wobbe et al., 2019). However, 
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Dark Ronald was refuted as the founder of WFFS. The WFFS allele was not detected in the 

skin of Dark Ronald, preserved at a museum, after sequencing the DNA isolated from this 

sample (Zhang et al., 2020). In addition to Dark Ronald, the Arabian stallion Bairactar Or. Ar. 

(1813) was also hypothesized as a founder of WFFS, as symptoms similar to WFFS were 

recognised in offspring, inbred to Bairactar in the 19th century (Rueff, 1855). 

6.2. Coat color genetics 

Although an old wise saying is ‘a good horse has no color,’ horses were selected for their colors 

immediately after domestication (Ludwig et al., 2009). Today, special-colored horses are 

extremely popular. Understanding the genetic background of colors in the horse is of great 

economic importance in breeds that are focused on rare coat colors. Commercial coat color tests 

are already available for a broad range of phenotypes (Sponenberg and Bellone, 2017; Bellone 

and Avila, 2020).  

Coat color phenotypes of horses can roughly be divided into three categories, which are base 

coat colors, dilutions, and white patterns.  

The base coat colors black, bay, and chestnut are regulated by the two genes melanocortin 1 

receptor (MC1R) and agouti signalling protein (ASIP). While MC1R, also known as the 

Extension locus, specifies if the black pigment eumelanin or the red pigment pheomelanin is 

produced, ASIP, also known as Agouti locus, defines where the pigment is produced, on the 

whole body or restricted to the points (Marklund et al., 1996; Wagner and Reissmann, 2000; 

Rieder et al., 2001). 

Dilutions, as the term implies, lighten the base colors bay, chestnut, or black and manifest as 

pale colors. The genes and alleles determining these special colors have already been described, 

and six ‘dilution genes’ have been reported in horses. The most common dilutions are line 

backed duns (TBX3 locus) and cream-related (SLC45A2 locus) colors (Mariat et al., 2003; 

Imsland et al., 2016). Other dilutions, such as champagne (SLC36A1 locus), silver dapple 

(PMEL locus), pearl (SLC45A2 locus), and mushroom (MFSD12 locus), are less frequent 

(Brunberg et al., 2006; Cook et al., 2008; Holl et al., 2019; Tanaka et al., 2019).  

White patterns emerge through white hairs that are superimposed over the base coat color. The 

expression of white patterns is variable and ranges from small white markings on the head and 

legs to completely white horses. Any combination of white patterns with any base colors and 

dilutions is possible. Thus far, more than 40 mutations in 7 different genes have been described 

that contribute to white patterns in horses. It is also important to mention, that some white 

patterns are accompanied by pathogenic phenotypes (see chapter genetic diseases above). An 
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overview of the most common white patterns and the underlying genes is given in Figure 4. 

 

Figure 4: Overview of common white spotting patterns in the horse grouped according to the 

causal genes. Adapted from Figure 9.2 in Sponenberg and Bellone 2017. 

 

6.2.1. Roan 

The roan phenotype is a white spotting pattern characterized by intermixed white and colored 

hairs in the body, while the head, lower legs, mane, and tail remain colored (Figure 5). Roan 

can appear on any base color and is termed accordingly as blue roan (black), red roan (bay), 

and strawberry roan (chestnut). The roan phenotype is widespread and occurs in different pony, 

warmblood, and coldblood breeds (Sponenberg and Bellone, 2017; Grilz-Seger and Druml, 

2018). In contrast to the phenotype ‘gray,’ where white hairs are equally distributed across the 

body and increase from year to year, roan is not progressive. A seasonal color change, however, 

is clearly pronounced. Therefore, in some breeds, including the Icelandic horse, roan is also 

designated as color-changing roan. Blue roans are common in the Austrian Noriker breed and 

are named ‘Blauschimmel’ or ‘Mohrenkopf.’ The mode of inheritance of roan is autosomal 

dominant. The genetic basis of roan was investigated in several studies, and the causal region 

has been mapped to equine chromosome 3, close to the KIT gene (Marklund et al., 1996; Grilz-

Seger et al., 2019; Voß et al., 2020). Although several variants were detected to be associated 

with roan in diverse breeds, the causal one remains unknown. A marker test for this trait, 

informative in Quarter Horses, is commercially available (Roan Zygosity Test/UC Davis, 2021). 
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Figure 5: Blue roan Noriker mare with intermixed white hair on the body. Picture: Simone 

Reiter 
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III. STUDY OBJECTIVES 

Mendelian traits are phenotypes that are determined by a single variant in the genome. As the 

understanding of Mendelian traits forms an important basis of genetic selection in animal 

breeding, effort has been made to resolve their causal variants. Depending on the type of variant, 

its detection and the proof of causality can be a challenging process, but once the genetic 

background of a trait is resolved, genetic testing is feasible. Genetic tests identify carrier 

animals of special traits and therefore enable straightforward selection. For example, certain 

coat colors can be promoted, or genetic disorders avoided. The reduction of hereditary defects 

in a population is an important point in terms of animal welfare and can be managed by suitable 

breeding programs.  

In this work the significance of monogenic traits in horse breeding is illuminated based on two 

concrete publications, dealing with certain questions of this field. Within the first publication 

the genetic background of the roan coat color in Austrian Noriker horses was investigated. The 

second publication deals with the spread of hereditary defects and the potential of extended 

screening studies for horse breeding. 

Publication I (co-first Authorship):  

A Genome-Wide Association Analysis in Noriker Horses Identifies a SNP Associated With Roan 

Coat Color 

In this article the associated region for roan coat color was confirmed near the KIT gene using 

GWAS. Based on NGS data from a homozygous roan Noriker horse, an attempt was made to 

identify the causal variant. Potential variants in the haplotype block associated with roan in the 

Noriker horse were checked by genotyping them in a random sample set of roan and non-roan 

animals in Noriker and other horse breeds. 

Publication II (first Authorship):  

Distribution of the Warmblood Fragile Foal Syndrome Type 1 Mutation (PLOD1.2032G>A) 

in Different Horse Breeds from Europe and the United States 

In this study, the distribution of the WFFS allele was screened in a range of horse breeds from 

different countries. Breeds where WFFS was not suspected, and a historic DNA sample were 

included. The genotyping results provide data for breeders and breeding associations to 

determine whether genetic testing for WFFS in breeding animals is sensible. The DNA 

investigation from a historical museum sample enables conclusions about the origin of WFFS.
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IV. RESULTS 

Two publications included in this thesis are presented within the results section. Both publications will 

not be part of any other doctoral thesis. References of the individual manuscripts are formatted in the 

style of the journal and are not included in the general reference section at the end of this thesis. 

Numeration of figures and tables refers to the respective journal article.  
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1. Publication I 
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2. Publication II 
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V. DISCUSSION 

Genome research has continued to develop since the molecular basis of a genetic disorder in 

horses was first determined 30 years ago. Today, many Mendelian traits are well characterized, 

and genetic testing is commercially available. Some tests are successfully implemented in 

breeding programs and thus are an important contribution to animal welfare. 

This thesis deals with several questions on Mendelian traits in horse breeding, which were 

devised based on two publications. The findings of each publication will be discussed in detail 

followed by a more comprehensive general discussion. 

Within the first publication an attempt was made to clarify the genetic background of a 

monogenetic trait, namely roan coat color. 

Publication I: 

A Genome-Wide Association Analysis in Noriker Horses Identifies a SNP Associated With Roan 

Coat Color 

The coat color phenotype roan segregates in many different breeds around the world and is 

dominantly inherited. It has long been assumed that roan is lethal in a homozygous state (Hintz 

and van Vleck, 1979), but this assumption has been refuted multiple times (Sponenberg and 

Bellone, 2017; Grilz-Seger et al., 2020; Voß et al., 2020). Several studies published on this trait 

suggest a locus near the KIT gene, which was also confirmed as the causative region for roan 

in Noriker horses within this thesis.  

In Grilz-Seger et al. (2020), we investigated the NGS sequence of a homozygous roan Noriker 

to detect potential causal variants. In close proximity of the associated top-SNP 

(ECA3:g.79,543.439 A > G), three variants were detected, a 3 bp deletion combined with 17 

bp insertion in intron 20 and two deletions in the 3’-flanking region of the KIT gene, all in non-

coding regions. The defined haplotype with a size of nearly 54.9 kb was completely associated 

with the roan phenotype in Noriker, Quarter Horses, Slovenian Coldblood, Belgian Drought, 

and Murgese. However, this haplotype was not detected in roan-colored Shetland Ponies, 

Trakehner, and German Sport horses (Grilz-Seger et al., 2020). Based on the breeding history 

of those breeds that carry the 54.9 kb roan haplotype, a common origin can be presumed for 

this haplotype. This topic is discussed in more detail in the original article (Grilz-Seger et al., 

2020). 

In Marklund et al. (1999), a similar observation, namely an association of the roan coat color 
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with KIT variants in some but not all breeds, was made. The screening of a TaqI polymorphism 

in exon 19 of the KIT gene in roan and non-roan horses from nine breeds revealed a complete 

association of this variant in the Belgian Drought, Connemara pony, American Quarter Horse, 

New Forest pony, Standardbred, and Swedish Halfbred but not in the Welsh, Shetland, and 

Gotland pony (Marklund et al., 1999). Two variants that were carried in roan individuals 

investigated in Marklund et al. (1999) were also detected in the whole genome sequenced 

homozygous roan Noriker (ECA3:79,540,501 G>A; ECA3:79,545,912 G>A). This leads to the 

assumption, that variants associated with roan in Marklund et al. 1999 correspond to the 

haplotype defined in the Noriker. A roan haplotype different to the one in the Noriker was 

recently described in the Icelandic horse. Five intronic and three exonic KIT variants were 

highly associated with roan in this breed (Voß et al., 2020). Interestingly, although they were 

in close proximity to the variants reported by Marklund et al. (1999) and Grilz-Seger et al. 

(2020), those variants were not identical (Voß et al., 2020).  

The association of the roan coat color with KIT variants in some but not all breeds support the 

theory of allelic heterogeneity in different breeds. Despite multiple studies have been conducted 

to resolve the genetic basis of the roan coat color, the causal variant is still unknown. As the 

causal variant is not an exonic variant in the KIT gene, further investigations should be focused 

on intronic and structural variants. 

Intronic variants can have an effect on mRNA and accordingly on the resulting protein. Mature 

mRNA contains only coding sequences, and it is the result of a complex process (‘splicing’) 

where intronic sequences are removed from the transcript. Intronic variants can alter the 

splicing process by disrupting existing splice sites or splicing regulatory sequences (intronic 

and exonic splicing silencers and enhancers), creating new ones or activating cryptic ones 

(Abramowicz and Gos, 2018). 

About 9% of all variants reported in the Human Gene Mutation Database result in alternative 

splicing (Human Gene Mutation Database, 2022). Due to the challenging proof of their 

causality the volume and importance of splicing mutations is likely to be underestimated. 

In Lim et al. (2011), the finding of a novel alternative splicing event in the porcine KIT gene 

was reported, which is speculated to be causative for the roan phenotype in the investigated 

pigs (Lim et al., 2011). This study indicates that the intronic KIT mutations determined in this 

doctoral thesis should be further investigated, as they can be causative for the roan coat color 

in Noriker and other breeds with the related haplotype. 

Determining the causality of a mutation in a non-model organism is challenging, especially for 
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intronic variants. One method for a proof of causality would be through studying the 

consequence of the variants in a genetically modified organism. Some studies have simulated 

genetic traits of horses in a mouse model. In Andersson et al. (2012), a mouse model was used 

to verify the so-called ‘gait-keeper’ mutation in the DMRT3 gene of horses. This nonsense 

mutation is permissive for the ability to perform alternate gaits, such as ambling and passing 

(Andersson et al., 2012). Another example is given in Liu et al. (2021), where a single SNP in 

the TBX3 enhancer region was identified to drive size variation in Chinese horses. Mouse 

models confirmed that this SNP affects the level of TBX3 transcription and consequently limb 

length (Liu et al., 2021). 

Large structural variations, which could also be a possible cause for roan, are difficult to detect 

with short-read NGS data. Long-read sequencing technologies can generate long continuous 

sequences, ranging from 10 kb to >1 Mb in length, which enable a more accurate detection of 

structural variants (Logsdon et al., 2020). One structural variant within the KIT region has 

already been described in horses. The tobiano white spotting pattern is caused by a large 

chromosomal inversion, which starts approximately 100 kb downstream of the KIT gene. 

Although this inversion does not interrupt any annotated genes, sequences regulating the KIT 

gene may be damaged and cause this pattern (Brooks et al. 2007). In addition to tobiano and 

roan, there are two further depigmentation phenotypes that are caused by variation in the KIT 

gene, namely dominant white and sabino.  

‘Special’ coat colors in domestic animals are very popular. Like rare species in general, the 

attraction for special coat colors seems to be part of human nature (Angulo et al., 2009). Thus, 

the trend of favoring unusual coat colors in horses started with the domestication of the horse 

around 5000 years ago, where a rapid and substantial increase in the number of coat color 

variations was recognized. While early wild horses were mainly bay or bay-dun, a variety of 

colors could be seen around the Bronze age. In addition to bay and black, the genotypes 

determining chestnut, tobiano, sabino, buckskin and black silver were detected in ancient bone 

samples (Ludwig et al., 2009). 

Today, unusually colored horses are in high demand and often achieve astonishingly high 

prices. Thus, the interest of the public in genetic testing to determine color characteristics is 

correspondingly high. 

Although the causal variant for roan coat color remains unknown, genetic testing to determine 

the zygosity in Noriker (and in the other breeds that carry the Haplotype) is feasible through 

the associated variants. Because only an associated marker, instead of the causative variant can 

be monitored, it is an indirect genetic test (or marker test). However, there is always the 
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possibility of a recombination event, that could break up linkage and lead to a loss of the 

association between the marker and the causal mutation. Therefore, test results should always 

be viewed with caution and implausible results must be checked carefully. Nevertheless, results 

of the marker test enable selective mating with a more accurate prediction of coat color. Roan 

is a dominant inherited trait; thus, when mating a homozygous roan horse to a non-roan, all 

offspring will be roan. 

The second publication of this work, on the other hand, deals with a completely opposite trait, 

namely a recessive, negatively selected disease in the horse. More specifically, we were 

interested here in the prevalence of a hereditary defect and the potential of an expanded 

screening study for horse breeding.  

Publication II:  

Distribution of the Warmblood Fragile Foal Syndrome Type 1 Mutation (PLOD1.2032G>A) 

in Different Horse Breeds from Europe and the United States 

Warmblood fragile foal Syndrome is a recessive disorder that, as the name suggests, was first 

detected in warmbloods. Homozygosity for the WFFS allele is lethal, while heterozygous 

carriers are asymptomatic. The causative mutation for WFFS was first described in 

2011(Winand, 2011). Since then, WFFS carrier animals have been detected in various 

warmblood breeds with an average frequency of 11% (Winand, 2011; Dias et al., 2019). In 

2019, WFFS was detected in a breed other than warmbloods. A carrier frequency of 2.4% was 

observed in the thoroughbred (Bellone et al., 2020). To gain clarity on the appearance and the 

origin of WFFS, in Reiter et al. (2020), we screened over 4000 horses of 38 different breeds for 

the WFFS allele (Reiter et al., 2020). Within this study, a broad distribution of WFFS through 

warmbloods was confirmed. The highest carrier frequency was observed in the Hannoverian 

and Danish Warmblood with 17%, followed by the Oldenburger with 15%.  

Such high frequencies of a deleterious allele would be rather unusual in a population with 

natural selection, as the allele frequency of a recessive lethal allele is expected to slowly decline 

over generations. However, within managed populations, where mating is controlled by 

humans, the opposite–an increase of recessive disorders–can occur. This is often owed to 

influential breeding animals and is therefore referred to as the ‘popular sire effect.’ ‘Popular 

sires’ are stallions that are used disproportionately within breeding. Since the use of artificial 

insemination in horse breeding, the number of offspring per stallion has increased enormously, 

which has also accelerated the spread of undetected recessive diseases. In Metzger et al. (2019), 

pedigree analysis revealed a Hanoverian stallion, born in 1861, as the most recent common 
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ancestor of 76 genotyped WFFS carriers (Metzger et al., 2020). The fact that this stallion is the 

ancestor of very successful dressage horses supports the theory of a heterozygous advantage of 

the WFFS allele, which can be another explanation for such high allele frequencies. Foals that 

are homozygous WFFS have defective connective tissue, which becomes apparent through skin 

and mucosa lacerations, fragile skin, and hyperextension of the articulations. Possibly, under 

heterozygous conditions, these symptoms are weakened and may represent a desired phenotype. 

Accordingly, carrying the WFFS allele could result in a selective advantage. Two independent 

studies on this theme identified a noticeable association between equine performance and the 

WFFS genotype, and a favorable effect of the WFFS allele for movement and dressage traits is 

suggested (Metzger et al., 2020; Ablondi et al., 2021). 

Beneath the high frequencies of WFFS in warmbloods, in Reiter et al. (2020), the WFFS allele 

was detected for the first time in the Haflinger (2/48), American Sport Pony (1/12), and 

Knabstrupper (3/46). In another recently published work, one of six Haflingers was also 

identified as a WFFS carrier (Martin et al., 2021). These data provide evidence, that the WFFS 

allele is more widespread than assumed. Further studies based on an even broader population-

based sampling need to be carried out, to obtain a more meaningful allele frequency within the 

Haflinger, American Sport Pony, and Knabstrupper. Based on the recent findings, which 

provide evidence that WFFS is not limited to warmbloods, the term WFFS (Warmblood Fragile 

Foal Syndrome) was questioned, and renaming was considered. Therefore, the disease is termed 

Fragile Foal Syndrome (FFS), which is probably more appropriate, in the OMIA database. 

Many studies have been carried out on WFFS, dealing with the pathology and distribution of 

the disease. However, the original source of the deleterious allele and its distribution mode is 

debated and not yet resolved. To determine the foundation individual, pedigree analysis could 

be an effective tool, as they enable tracing back segregating alleles within a breed. However, 

for an allele that is as widespread as WFFS, this analysis reached its limits. Furthermore, the 

length of the haplotype surrounding the mutated position can be investigated; the longer the 

associated haplotype, the more recent the shared founder. Another possibility is to trace the 

causative allele in historical or even ancient samples. For example, Bower et al. (2012) 

investigated the genetic origin and history of speed in the Thoroughbred racehorse by testing 

12 historically important Thoroughbred stallions from Museums, for a variant in the myostatin 

gene (MSTN) (Bower et al., 2012). Unfortunately, the identity of the Hanoverian stallion, 

mentioned in Metzger et al. (2020), has not been published; therefore, it is impossible to assess 

whether a museum sample of this horse is available. However, the likelihood of a museum 

specimen being available would be low, as only very view famous horses have been preserved. 
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Another study, based on Pedigree analysis pointed to the English Thoroughbred stallion Dark 

Ronald (1905) as the possible origin of WFFS (Wobbe et al., 2019). Historic DNA analysis of 

Dark Ronalds’ preserved skin provides evidence that Dark Ronald was not the founder of the 

WFFS causative variant (Zhang et al., 2020). Rueff (1855) described symptoms similar to 

WFFS in horses inbred to the stallion Bairactar Or. Ar. (1813). Hence, Bairactar Or. Ar. was 

discussed as a possible origin of this disease. We obtained the privilege to isolate DNA from a 

tooth of the Arabian stallion Bairactar Or. Ar.. Sanger sequencing revealed that he was 

homozygous for the wild type allele at the SNV causative for WFFS in the PLOD1 gene. Based 

on this finding, Bairactar Or. Ar. could be ruled out as a possible origin for the WFFS allele. 

This work again proves the potential of historical samples to elucidate the origin and dispersal 

of variants in the horse genome. However, this also underlines the risk that ‘popular sires,’ such 

as Bairactar Or. Ar. (Rueff, 1855), Dark Ronald (Zhang et al., 2020), or the Hannoverian 

stallion, born in 1861 mentioned by Metzger et al., (2020), are automatically and unjustifiably 

accused of being the founder of some positively or negatively selected traits. 

The increasing number of detected causal variants in horses has led to a wide range of available 

genetic tests. Large-scale screening studies are necessary to determine which alleles segregate 

in populations and whether they cause diseases. Such information is essential to select genetic 

tests to implement in breeding programs. In general, genetic testing is handled controversially 

through different breeding associations. For WFFS, the allelic status (carrier or free) is required 

for males registered as breeding stallions in most warmblood breeds. Since 2019, this is also 

the case for the Austrian Warmblood, where only stallions with a known WFFS status are listed 

in the main stallion book. WFFS carriers are not excluded from breeding, but rather get the note 

‘WFFS-carrier’ in the registry. Consequently, WFFS-carriers are exclusively allowed to be 

mated with WFFS-free mares, as otherwise the risk of a non-viable foal is 25%. Animal welfare 

is an important issue in animal breeding. The breeding of animals with predictable pain, 

suffering, or harm is not only ethically questionable but also prohibited according to §5 of the 

Federal Act on the Protection of Animals in Austria (RIS - Tierschutzgesetz, 2022). Through 

the controlled mating of carrier animals, the WFFS allele should decrease slowly in the 

population, and the genetic diversity within a breed can be preserved. 

In contrast to classic livestock animals that are selected for specific economic attributes, such 

as meat, milk or wool, the use of horses has clearly shifted in recent centuries. Horses have 

been selected for a broad range of characteristics and steadily developed away from livestock 

toward a companion and show animal. Accordingly, today’s horse population is characterized 

by an extensive variation in color and other traits, leading to a range of phenotypic diversity 
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that can only be found in the dog (Hedrick and Andersson, 2011). Similar to dogs, some horse 

breeds are heavily inbred, which at the genome level, results in the accumulation of 

homozygous regions and a reduced heterogeneity. At the population level, this can lead to an 

extraordinary increase in allele frequency of some negative and even lethal variants, e.g. 17% 

of WFFS in Hanoverians (Reiter et al., 2020). By studying overlapping homozygous regions 

(ROH islands) the impact of selection for different traits can be analyzed. In Grilz-Seger et al. 

(2019), ROH islands were used to study the impact of color selection in the Noriker breed. 

Although the Noriker breed is a closed population with a limited number of founders and 

ancestors, genetic fragmentation based on the color selection was shown (Grilz-Seger, Druml, 

et al., 2019).  

In summary, although there is enormous phenotypic variance in horses, this is not reflected in 

the genome. Breeding strategies that are applied to achieve rapid breeding success are at the 

same time responsible for the spread of deleterious alleles and act against genetic diversity 

(Orlando and Librado, 2019).  

By studying Mendelian traits, their impact can be assessed, and their spread monitored. The 

development of suitable breeding programs can preserve desired phenotypes in a population, 

while reducing hereditary defects. Preservation of the still existing genetic diversity forms the 

basis of sustainable horse breeding, which also enables passion for horses in future generations.
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VI. SUMMARY 

Mendelian traits represent an important basis for genetic selection in modern animal breeding. 

Lots of effort has been made to resolve the underlying variants of Mendelian traits in horses. In 

this doctoral thesis, the various aspects of the research on Mendelian traits were processed based 

on two publications. The first publication deals with the challenges of detecting a causal variant, 

which are represented in the example of roan coat color. The roan phenotype is characterized 

by intermixed white and colored hairs in the body and occurs in different pony, warmblood, 

and coldblood breeds, including the Noriker. Roan is a Mendelian trait and follows a dominant 

mode of inheritance. To investigate the genetic background of roan 670,000 genome-wide SNP 

genotypes of 14 roan Noriker (case group) and 26 black Noriker (control group) were analyzed 

in a genome-wide association study (GWAS). A single nucleotide variant in intron 17 of the 

KIT gene was found to be completely linked with roan. Based on NGS data from a homozygous 

roan Noriker, a 54.9 kb haplotype, consisting of a single nucleotide variant, two deletions in the 

3’-flanking region, and a 3 bp deletion combined with a 17 bp insertion in intron 20 of the KIT 

gene was determined. This haplotype, composed of four non-coding variants, was checked by 

genotyping a random sample set of roan and non-roan animals of different breeds. Complete 

association was observed in some breeds (Noriker, Quarter Horses, Slovenian Coldblood, 

Belgian Draft, Murgese) but not in others (Shetland Pony, Trakehner, German Sport horse). 

The results suggest allelic heterogeneity for the roan coat color through different breeds. Further 

work is needed to explicitly clarify the genetic basis of roan, but the associated variants 

identified within this work can be used for indirect genetic testing.  

In the second publication, the importance of genetic testing for animal welfare was illustrated 

by a large scale screening study of the variant causing the Warmblood Fragile Foal Syndrome 

(WFFS). Most monogenetic disorders in the horse are recessively inherited, including WFFS. 

Homozygosity for the WFFS allele is always incompatible with extra-uterine life. The affected 

foals are aborted during a late stage of gestation or are born with skin abnormalities and extreme 

flexibility in their digital joints. The WFFS allele occurs at high frequencies in various 

warmblood breeds and has also been detected in the Thoroughbred. Within this work the 

distribution of the WFFS allele in the horse population was determined by screening 4081 

horses belonging to 38 different breeds. The results confirmed high carrier frequencies in 

warmbloods, with the highest levels in Hannoverian and Danish Warmblood. For the first time, 

the WFFS allele was detected in breeds other than Warmbloods, namely in Haflinger, American 

Sport Pony, and Knabstrupper. Based on the inclusion of historical DNA, it has been shown 
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that an origin of WFFS in the Arabian breed, specifically in the stallion Bairactar Or. Ar. (1813), 

is unlikely.  

This work shows that the clarification of Mendelian traits and the dense monitoring of the 

distribution of hereditary defects are of particular importance for applied horse breeding. 

Genetic testing enables the identification of animals carrying recessive deleterious alleles, 

which facilitates strategically planned mating and thus improves animal welfare.
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VII. ZUSAMMENFASSUNG 

Monogene Merkmale bilden eine wichtige Grundlage für die genetische Selektion in der 

modernen Tierzucht. An der Aufklärung der kausalen Varianten dieser Merkmale wird intensiv 

geforscht. In dieser Dissertation werden verschiedene Aspekte rund um monogene Merkmale 

beim Pferd, basierend auf zwei Publikationen, bearbeitet. Anhand der ersten Publikation 

werden die Herausforderungen der Detektion einer kausalen Variante am Beispiel roan 

aufgezeigt.  Der roan-Phänotyp ist durch eine extreme Stichelhaarigkeit am ganzen Körper 

charakterisiert und kommt in verschieden Pony-, Warmblut-, und Kaltblutrassen vor, 

einschließlich dem Noriker. Bei roan handelt es sich um ein dominant vererbtes monogenes 

Merkmal. Um den genetischen Hintergrund von roan zu untersuchen, wurden 670.000 

genomweite SNP Genotypen von 14 roan Norikern (Fallgruppe) und 26 Rappen 

(Kontrollgruppe) in einer genomweiten Assoziationsstudie (GWAS) analysiert. Dabei wurde 

ein mit roan assoziierter SNP in Intron 17 vom KIT Gen ermittelt. Basierend auf NGS Daten 

eines homozygoten roan Norikers wurde ein 54,9 kb großer Haplotyp, bestehend aus dem 

bereits erwähnten SNP, zwei Deletionen in der 3’-flankierenden Region und einer 3 bp Deletion 

kombiniert mit einer 17 bp Insertion in Intron 20 des KIT Gens, definiert. Dieser Haplotyp aus 

vier nicht-codierenden Varianten wurde durch Genotypisierung in einer zufälligen Stichprobe 

von roan und nicht-roan Pferden verschiedener Rassen überprüft. Einige Rassen (Noriker, 

Quarter Horse, slowenisches Kaltblut, belgisches Kaltblut, Murgese) zeigten eine vollständige 

Assoziation von diesem Haplotyp mit dem roan Phänotyp, andere Rassen (Shetlandpony, 

Trakehner, deutsches Sportpferd) jedoch nicht. Diese Ergebnisse sprechen für einen 

heterogenen Ursprung des roan Allels in den verschiedenen Rassen. Zur Bestimmung der 

kausalen Variante sind weitere Untersuchungen nötig, allerdings können die assoziierten 

Varianten aus dieser Arbeit für einen indirekten Gentest herangezogen werden. 

In der zweiten Publikation dieser Arbeit wird die Bedeutung von Gentests für den Tierschutz 

anhand einer groß angelegte Screening-Studie der Variante, die das Warmblood Fragile Foal 

Syndrome (WFFS) verursacht, veranschaulicht. Ein Großteil aller monogenen Erbkrankheiten 

beim Pferd wird rezessiv vererbt, so auch WFFS. Homozygotie für das WFFS-Allel ist immer 

letal. Betroffene Fohlen werden gegen Ende der Trächtigkeit abortiert oder mit 

Hautveränderungen und einer extremen Flexibilität der Gelenke geboren. Das WFFS Allele 

kommt mit hohen Frequenzen in verschiedenen Warmblütern vor und wurde auch im Vollblut 

nachgewiesen. In dieser Arbeit wurde die Verbreitung des WFFS Allels in 4081 Pferden von 

38 verschiedenen Rassen untersucht. Die Ergebnisse bestätigten hohe Trägerfrequenzen in den 
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Warmblütern, wobei diese im Hannoveraner und im Dänischen Warmblut am höchsten waren. 

Des Weiteren wurde das WFFS-Allel erstmals beim Haflinger, Amerikanischen Sportpony und 

Knabstrupper nachgewiesen.  Durch Einbeziehung historischer DNA konnte zudem gezeigt 

werden, dass ein Ursprung von WFFS in den Arabern, speziell im Hengst Bairactar Or. Ar. 

(1813), unwahrscheinlich ist.  

Die Abklärung monogener Merkmale und das Monitoring der Verbreitung von Erbfehlern sind 

für die angewandte Pferdezucht von großer Bedeutung. Durch die Identifikation von Trägern 

rezessiver Erbfehler ermöglichen Gentests eine strategische Anpaarung und leisten somit einen 

wichtigen Beitrag zum Tierschutz. 
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