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1. Abstract 

In many mammalian species, depigmentation phenotypes are widely known, but are rare in 

the wild, as unpigmented animals usually have a disadvantage in survival. Depigmentation 

phenotypes are sometimes associated with pleiotropic effects, resulting in severe pathological 

conditions such as e.g. the overo lethal white foal syndrome in horses. As abnormal coat color 

phenotypes are easily recognized in domestic animals they provide a good system to identify 

genetic variants affecting fundamental processes of life. This includes melanocyte 

development, migration, survival, and proliferation. Said special coat color phenotypes are 

mostly due to spontaneous mutations. The resulting mutant alleles, are often kept in the 

population and positively selected due to the striking appearance and special value of fully or 

partially depigmented animals to their owners. 

In this thesis, I contributed to the identification of candidate causative genetic variants of 

various coat color phenotypes in a range of domestic animals, by applying different genetic 

approaches and with the help of next generation sequencing technologies. One approach was 

based on the calculation of selection signatures in various goat breeds from Switzerland and 

Pakistan. In two Pakistani goat breeds, complex structural variants at the KIT locus were 

identified potentially explaining the observed breed-defining depigmentation phenotypes. In 

the same study, multiple structural variants at the ASIP locus in Swiss goat breeds were found. 

RNA sequencing results of the caprine ASIP locus, revealed a high number of non-coding 5’-

exons which were not observed in other mammals so far. Further analysis of one particular 

Swiss goat breed, the Valais Blackneck, revealed introgression events of some aforesaid ASIP 

alleles into the breed accounting for the rare coat color phenotypes segregating in the breed. 

Variation of ASIP could also be found in rabbits being a plausible cause for the black and tan 

phenotype further giving insight into the variable regulation of ASIP in multiple species. A 

heterozygous deletion affecting KIT was identified in a young German Riding Pony showing 

an interesting white spotting phenotype. It has most likely arisen by a de novo mutation event 

as the parents did not show any comparable phenotype. Lastly, a deletion in the MITF gene 

was found in a family of American Paint Horses, displaying variable white spotting phenotypes 

associated with deafness. Additional known white spotting alleles further increased the risk for 

deafness as six of the eight family members were deaf and carried multiple additional white 

spotting alleles.  

The identification of these candidate causative variants not only enabled genetic testing and 

targeted breeding. They also gave insights into underlying mechanisms of the spatial and 

temporal regulation of pigment production as well as on the complex regulatory network 
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involved in melanocyte development. Additionally, they help us in better understanding of 

breed history. 
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2. Introduction 

Wild animals have distinct coat color phenotypes, which are important for camouflage, hunting, 

mimicry, social communication, mating, predator warning and protection from UV light [1,2]. 

Depigmentation phenotypes are widely known in many mammalian species, but they are rare 

in wild animals, as unpigmented animals have a disadvantage in survival. Said special coat 

color phenotypes, including depigmentation, are mostly due to spontaneous mutations. In 

domestic animals the mutant alleles are often positively selected and kept in the population 

due to the special value of animals with striking appearance to their owners [3] (Figure 1). 

Depigmentation phenotypes result from the lack of melanocytes in hair and skin follicles [4] 

and the mutants provide a valuable resource for the genetic dissection of pathways that 

influence melanocyte development, migration, survival, and proliferation. 

 

Figure 1 .Various coat color patterns of domestic animals. A Grison striped goat displaying the breed specific 

pattern. B The agouti wild type pattern of rabbits. C An American Point Horse with a white spotting coat color 

phenotype involving depigmentation of the head and the distal extremities. D Pakistani Barbari goats showing the 

breed specific white spotting phenotype. E The black and tan coat color of rabbits. F A German Riding Pony with a 

white spotting coat color phenotype involving partial depigmentation on the body and the extremities. Picture B and 

E are modified from Letko et al. 2020 [5], C from Henkel et al. 2019 [6] and F from Hug et al. 2019 [7]. All images 

were used with permission. 

2.1 Melanocytes – the pigment producing cells 

Melanocytes are a heterogeneous group of cells in vertebrates. They are mostly concerned 

with the production of pigment in skin and hair follicles [8]. Some have other physiological 

functions than the production of pigment and those are present in the inner ear and heart. 

Melanocytes produce different forms of melanin in specialized organelles, called 

melanosomes. Synthesized melanin is deposited in melanin granules and transferred into 
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keratinocytes and other parts of the skin. These pigment producing melanocytes reside in the 

basal layer of the epidermis and the bulb of growing hair (Figure 2).  

 

Figure 2. Schematic representation of mammalian skin and hair follicle. A Representation of mammalian skin, 

separated in four layers (epidermis, dermis, subcutaneous tissue and muscle layer). The insert shows an 

interfollicular epidermal melanocyte providing pigment to keratinocytes by depositing melanosomes filled with 

melanin. B Melanocyte stem cells (red) reside in the bulge region of the hair follicle and are supported by hair follicle 

stem cells (blue). Differentiated intrafollicular melanocytes (black) reside at the bulb to provide pigment to the 

growing hair. Epidermal interfollicular melanocytes are also indicated. Figure A modified from [9] and Figure B from 

Mort et al. 2015 [10], with permission. 

2.1.1 Where do they originate? 

Melanoblasts are the progenitor cells of melanocytes. Melanocytes are clonally derived from a 

fixed, small number of primordial melanoblasts in the neural crest region [11,12]. They descend 

from neural crest cells, a distinct multipotent, migratory, transient stem cell population which 

gives rise to various cell types early during development, and for that reason are called the 

"fourth germ layer" [13]. In fact, all pigments cells, except for the cells in the retinal pigment 

epithelium, originate from neural crest cells [12]. Neural crest cells arise alongside the edges 

of the neural plate as the neural plate folds, closes to the neural tube and separates from the 

ectoderm. Thereby all neural crest cells undergo a process called epithelial mesenchymal 

transition (EMT) followed by delamination to become migratory mesenchymal stem cells. 

Neural crest cells give rise to a variety of different cell types (e.g. glia cells, adipocytes or 

melanocytes) depending on their migratory routes and external cues [13] (Figure 3 A). Based 

on the axial levels of the neural tube, neural crest cells can be grouped into cranial, vagal, 

trunk and sacral neural crest cells [14], which have their own specific cell fate. While trunk 

neural crest cells give exclusively rise to melanogenic and neurogenic cells, both cell types are 

produced along the entire axis [15].  
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Figure 3. Origin of neural crest cells and model for melanoblast migration. A A model describing different 

stages in neural crest induction starting with the folding of the neural plate bypassing intermediate stages to the 

closed neural tube. As the neural tube closes, the neural crest cells undergo epithelial mesenchymal transition 

(EMT) followed by delamination resulting in multipotent mesenchymal stem cells. Said cells migrate on specific 

migratory routes to their final destination were they colonize the tissue. During this process, the neural crest cells, 

proliferate and differentiate into various cell types. B Starting from the migratory staging area (MSA) melanocytes 

differentiated from melanoblasts exclusively via the dorsolateral migration route between the ectoderm and 

dermomyotome (somite). Neurogenic populations differentiating from ventrally migrating trunk neural crest cells. 

Ventrally migrating neural crest cells give rise to numerous other lineages, whereas the dorsolateral pathway is 

restricted to melanoblasts only. Panel A is modified from Shyamala et al. 2015 [13], with permission and B adapted 

from Vandamme and Berx 2019 [15], Springer Nature with permission. 

2.1.2 How do they migrate? 

In the neural crest region, a middorsal separation exists, so that migration and clonal 

proliferation of neural crest cells occur autonomously on each side. The migration follows 

species-specific migration routes which differ significantly in timing and spatial pathways of 

morphogenetic events [16] as well on the axial level of the neural crest cells. In mammals, after 

delamination, the neural crest cells accumulate in the migration staging area from which they 

start migrating into two distinct migration routes, the dorsolateral route and the ventral route 

(Figure 3 B). The dorsolateral pathway is restricted to melanoblasts [13]. Since neural crest 

cells are the source of many important cell lines (e.g. melanocytes and smooth muscle cells), 

the entire process of their delamination, migration and differentiation has to be tightly regulated. 

Especially as neural crest cells are initially multipotent but lose some of their potential after 

differentiation [17]. Many studies were conducted on this topic using different vertebrate 

embryos, such as chicken, mice, zebrafish and xenopus [15]. Said studies helped to shine light 

on the complex regulatory network of neural crest cell formation were the Wnt signaling 

molecule (WNTs), bone morphogenetic protein (BMPs), fibroblast growth factors (FGFs) and 

notch signaling are the main drivers govern the initial steps.  

Melanoblasts, as one specific subset of migratory neural crest cells follow the dorsolateral 

path, towards their target areas in skin and hair. During migration the melanoblasts proliferate 

and differentiate into melanocytes leading to the distribution of full complements of 

melanocytes. This process requires another complex regulatory network of signaling 
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molecules, to govern the developmental program of melanocytes [18]. Figure 4 gives a 

comprehensive overview of the complex interactions of regulatory genes leading to migratory 

neural crest cells and the regulation of melanocytes. 

 

Figure 4. Complex regulatory networks of neural crest formation and melanocyte regulation. A Gene 

regulation network of neural crest formation in vertebrates. WNTs and BMPs are the main driver and modulates the 

interaction of different transcription factors controlling neural plate formation, migration and differentiation. The 

microphthalmia transcription factor (MITF) is the main regulator involved in melanocyte development. B The gene 

regulation network of MITF, which is central in the formation of melanocytes. The promoter region of the MITF-M 

transcript is shown together with the transcription factors as well as their targets and regulatory effects. Panel A 

modified from Green et al. 2015 [19], Springer Nature with permission. Panel B from [20] with permission.  

2.1.3 Key genes of melanocyte development 

Genes controlling melanocyte migration, survival and differentiation encode a number of 

extrinsic signaling factors and their corresponding receptors, as well as downstream signaling 

molecules such as transcription factors. The key genes of melanocyte development are KIT, 

KITL, EDNRB, EDN3, MITF, SOX10, PAX3 and SNAI2 (Figure 4). It is imperative to discuss 

the importance of these genes, as variants affecting them give rise to a number of 

depigmentation phenotypes (Figure 5 A-H), which can be summarized under the term leucism. 

Leucism describes a phenotype characterized by a reduced number or the complete lack of 

melanocytes in skin and hair follicles. This has often pleiotropic effects for the individual [21]. 

The loss of melanocytes results in different forms of white spotting, ranging from few white 

spots to completely depigmented individuals (Figure 1 C, D, F and Figure 5 A-H), sometimes 

with additional side effects. Those can be hearing loss, aganglionosis, deficiencies in 

hematopoiesis and deficiencies in gametogenesis [22–25]. In domestic animals these 

deleterious side effects have sometimes not been recognized immediately and lead to 

considerable animal welfare concerns. In humans, the most important depigmentation disorder 
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is the Waardenburg syndrome (WS), a group of rare genetic disorders. It was first described 

and named after Petrus Johannes Waardenburg, a Dutch ophthalmologist in 1951 [26]. WS is 

described as a congenital disorder marked by facial abnormalities like dystopia canthorum, 

pigmentation deficiencies of hair, skin and iris, and some degree of hearing loss. WS is divided 

into four general types, which are further subdivided based on the differences in phenotype 

and severity of symptoms [27]. A common cause of all ten known WS subtypes is, that genes 

involved in melanocyte development are affected (Table 1). The key genes involved in 

melanocyte development and important in the formation of WS are discussed in the following. 

Table 1. Human pigmentation disorders associated with key genes of melanocyte development. Genes, 

phenotypes and OMIM entries are given (Online Mendelian Inheritance in Man, https://www.omim.org/). 

Gene Phenotype OMIM number 

KIT Piebaldism 172800 

KITL 
Pigmentation abnormalities 

or deafness 
145250, 611664, 616697 

EDNRB WS4A 277580 

EDN3 WS4B 613265 

MITF WS2A or WS2C 193510, 606662 

SOX10 WS2B, WS2E or WS4C 600193, 611584, 613266 

PAX3 WS1 or WS3 193500, 148820 

SNAI2 Piebaldism or WS2D  172800, 608890 

2.1.3.1 KIT 

The KIT receptor tyrosine kinase is conserved across all vertebrates and activated upon 

binding of its ligand (KITL). KIT is one of the key molecules involved in melanocyte 

differentiation, migration and survival. With dimerization followed by activation of KIT signaling 

due to ligand binding, MITF will be regulated by phosphorylation via the MAPK pathway (Figure 

4 B, top right, c-KIT) [28]. Besides its important function for melanocytes, KIT is involved in the 

regulation of hematopoiesis, stem cell maintenance, gametogenesis and in mast cell 

development [29,30]. Interestingly genetic variants in KIT can vary in size and location and still 

result in a variable depigmentation phenotype (e.g. Figure 5 A). Those can range from subtle 

white spotting phenotypes towards complete depigmentation in various livestock animals [31–

35]. In humans, variants of KIT lead to piebaldism, a rare depigmentation phenotype (Table 1) 

[36]. The complete lack of KIT during early embryonic development is often lethal, further 

indicating the importance of the gene [37]. 
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2.1.3.2 KITL 

KIT ligand, also called stem cell factor (SCF) or steel, is the ligand of KIT leading to its 

activation to fulfill its important role in melanocyte development (Figure 4 B, top right, SCF) 

[30]. KITL was formerly also termed steel locus (Sl in mice) and genetic variants of it give rise 

to many different phenotypes, including depigmentation phenotypes (Figure 5 B). In humans, 

mutant KITL can lead to pigmentation abnormalities or deafness (Table 1). Interestingly, KITL 

is expressed as membrane bound protein with two isoforms. The longer isoform contains a 

protease cleavage site and will be rapidly processed into soluble dimeric KITL, while the 

shorter isoform stays as dimer in the plasma membrane [30]. 

2.1.3.3 EDNRB 

Endothelin receptor type B is a seven transmembrane G protein-coupled receptor binding the 

three vasoactive endothelins (EDN1-3) (Figure 4 B, top right, ETB-R) [38]. Genetic variation of 

the gene in humans result in the Waardenburg syndrome (WS4A, Table 1), manifesting in 

deficient pigmentation and hearing loss due to absent melanocytes and/or Hirschsprung 

disease characterized by impaired motility of the intestine due to a lack of enteric ganglia [39]. 

Studies on ENDRB in human malignant melanoma suggested its role in the development of 

melanocytes [40,41] as well as in the enteric nervous system. Mouse experiments indicated 

that the gene is expressed during early embryonic development in the neural tube and is 

required for normal melanocyte development [42]. Knockout experiments of EDNRB result in 

animals with extreme depigmentation phenotypes [43] (Figure 5 C), while the paralog of 

ENDRB, endothelin receptor type A (ENDRA) is not as closely associated with melanocyte 

development [40,44]. 

2.1.3.4 EDN3 

Endothelin 3 is a vasoactive peptide consisting of 21 amino acid residues. It is expressed in 

various tissue types but most importantly in neural crest cells and surrounding mesenchymal 

cells [45]. EDN3 binds specifically to EDNRB and plays, therefore an important role in 

melanocyte development (Figure 4 B, top right, ET3). Accordingly, genetic variants of EDN3 

in humans result in the Waardenburg syndrome and/or Hirschsprung disease (WS4B, Table1), 

similar to mutant EDNRB [39]. Edn3 knockout mice have a reduced number of melanoblasts 

and a white spotting phenotype (Figure 5 D). Remarkably, overexpression of Edn3 in mice 

result in a hyperpigmentation phenotype, due to more melanocytes in the dermis [45]. 
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2.1.3.5 MITF 

MITF is known as the master regulator of melanocyte development. MITF also regulates the 

differentiation and development of retinal pigment epithelium and is responsible for 

melanocyte-specific transcription of the genes encoding enzymes required for melanogenesis 

(Figure 4 bottom right, M-MITF) [46–49]. MITF belongs to the family of basic helix loop helix 

domain transcription factors and till date at least nine distinct MITF mRNA isoforms are known 

[50]. All isoforms differ mainly in the first exon while the following eight (exon 2- 9) are usually 

found in all transcripts. Different isoforms are found to affect various linage specific pathways 

of different cell types [50]. For melanocyte development the isoform M-MITF is essential and 

exclusively expressed in melanoblasts [47]. MITF is known to directly affect a number of target 

genes (Figure 4 B) important for melanocyte development and melanogenesis. Variants of the 

gene lead to various depigmentation phenotypes (Figure 5 E), often associated with a white 

head, blue eyes and higher risk for deafness [51–53]. Complete loss of function of MITF holds 

the risk of being neonatal or embryonic lethal, indicating the importance of this gene during 

early embryonic development. Due to its importance, MITF is tightly regulated by complex 

regulatory networks and feed-back loops [47,49,54,55]. In addition to its importance in pigment 

cell development, MITF´s function in eye imaginal disc formation should not be overlooked as 

it might be conserved across vertebrates and invertebrates [56]. In humans, such variants of 

MITF are associated with two different types of the Waardenburg syndrome (WS2A and 

WS2C, Table 1), sharing the absence of dystopia canthorum. 

2.1.3.6 SOX10 

SOX10 belongs to the SRY-related high mobility group (HMG) family of transcription factors 

known to consist of 20 different proteins in mammals. Their function is well conserved 

throughout the animal kingdom and they are classified based on function and sequence 

similarities. SOX10 is considered as the master regulator gene for neural crest development 

[57]. Together with other SOX proteins (SOX8 and SOX9) it is grouped in the SOXE subgroup 

important in neural crest and melanocyte development (Figure 4 A) [58,59]. SOX10 in 

particular is important in the maintenance of melanoblasts (Figure 4 B) as heterozygous murine 

mutants display a reduction of melanocytes and consequently depigmentation (Figure 5 F), 

while homozygous mutants are embryonic lethal [60,61]. In humans, variants of SOX10 are 

associated with different forms of Waardenburg syndrome and/or Hirschsprung disease 

(WS2B, WS2E and WS4C, Table 1) and potentially neurologic abnormalities, including mental 

impairment, myelination defects, and ataxia [62]. 
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2.1.3.7 PAX3 

Paired Box 3 is a transcription factor of the PAX family characterized by a highly conserved 

DNA binding domain (paired box). It was first described in Drosophila segmentation genes. In 

mammals, there are nine such genes participating in the regulation of cell migration, 

proliferation and differentiation [63]. PAX3 is active in neural crest cells embedded in the 

complex regulatory network of neural crest formation and melanocyte regulation (Figure 4). It 

is in particular important in the differentiation of melanoblasts [64]. The ‘splotch’ mouse mutant 

is due to a variant in Pax3 [65]. PAX3 binds to the promotor of MITF and activates the 

transcription of the MITF-M mRNA [66]. Genetic variation of the PAX3 itself as well as variation 

of the PAX3 binding site in MITF result in light white spotting (Figure 5 G) [51,64]. Furthermore, 

variants of the human PAX3 gene are associated with different types of Waardenburg 

syndrome (WS1 and WS3, Table 1), characterized by pigmentation abnormalities and upper 

limb abnormalities (Klein Waardenburg syndrome, WS3). 

2.1.3.8 SNAI2 / SLUG 

The Snail-related zing-finger 2 is a transcription factor also known as SLUG or SLUGH, 

belonging to the Snail superfamily of transcription factors which have an evolutionary 

conserved role across vertebrates and invertebrates [67]. Members of the Snail superfamily 

act as repressors [68]. SNAI2 was first identified in the neural crest of chick embryos and is 

expressed by cells undergoing EMT (epithelial mesenchymal transition) [69]. Studies in mice 

show, that Snai2 is important for melanoblast migration and survival as it is expressed in 

migratory neural crest cells [70]. Mutants display white spotting of the head and various other 

body parts (Figure 5 H) indicating the importance of Snai2 for the normal development of 

melanocytes [71]. Mutants are viable but display additional severe phenotypes [72]. In 

humans, genetic variants of SNAI2 are associated with a type of Waardenburg syndrome 

(WS2D) similar to that of MITF variants and piebaldism similar to KIT variants (Table 1).  
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Figure 5. Depigmentation phenotypes in mice. A Example of a depigmentation phenotype caused by a Kit variant 

(KitD17/+). Image modified from Sun et al. 2020 [73]. B Lack of pigmentation of skin in Sl (Kitl) homozygous mutant 

mice due to Sl/Sld [25]. Figure modified from Pérez-Losada et al. 2002 [72]. C White spotting phenotype with only 

some pigmented spots left caused by a genetic variant of Ednrb, known as piebald lethal (Ednrbsl/sl). D A genetic 

variant of Edn3 known as lethal spotting (Edn3ls/ls) causes a white spotting phenotype. Image C and D modified 

from Saldana-Caboverde and Kos 2010 [74]. E Depigmentation phenotype caused by genetic variants in Mitf. 

Homozygous Mitf mi-x39 (foreground) and Mitf mi-enu198 (background) mice. Image adapted from Hallson et al. 2000 

[75]. F White spotting phenotype of caused by a genetic variant in Sox10 (Dalmatian). Figure adapted from [76]. G 

ventral view of white spotting due to mutant Pax3 (left) and wild type (right) mice. Image modified from Ohno et al. 

2017 [77]. H White spotting phenotype of a Slugh (Snai2) -deficient mouse. Image adapted from Sánchez-Martín 

et al. 2003 [78]. I Mouse displaying an albinism phenotype caused by a genetic variant in TYR (TyrC/C). In contrast 

to the leucistic mouse mutants shown in panels A-H, albinistic mice do not have any pigment in the eyes and 

consequently have red eyes. Image adapted with permission from © The Jackson Laboratory [79]. All images were 

used with permission. 
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2.2 Melanogenesis and pigment-type switching 

Melanocytes produce two types of melanin in their melanosomes, the brown to black 

eumelanin and the yellow to red pheomelanin by a process called melanogenesis [80]. At a 

given time, a melanocyte will only produce one type of pigment. However, depending on the 

external stimuli, a melanocyte can chance the synthesized pigment. This so-called pigment-

type switching involves binding of one of two signaling molecules α-melanocyte-stimulating 

hormone (α-MSH) or agouti-signaling protein (ASIP), to the melanocortin 1 receptor (MC1R) 

(Figure 6 A). Binding influences cellular cAMP levels in the melanocyte leading to the synthesis 

of eumelanin or pheomelanin. Key genes involved in this synthesis are the enzymes tyrosinase 

(TYR), dopachroma tauromerase (DCT) and tyrosinase like protein 1 (TYRP1) (Figure 4 B) 

[81].The regulation of temporal and spatial expression of both melanin types is called pigment-

type switching, when binding of either one signaling molecule leads to the expression of 

exclusively one specific melanin [82–86]. This process is involved in many different coat color 

phenotypes [83]. 

 

Figure 6. Melanin regulation and production. A Schematic representation of MC1R in the plasma membrane of 

melanocytes. Binding of α-MSH as the agonist or ASIP as the competitive antagonist, leads to activation or inhibition 

of MC1R. Activation of MC1R leads to an increase in cellular cAMP levels and the preferred production of 

eumelanin. Adenylyl cyclase (AC) catalyzes the conversion of ATP to cAMP. B Schematic representation of melanin 

production pathway in melanosomes. Key enzymes are highlighted in red. Panels A and B are modified and adapted 

from Wolf Horrell et al. 2016 [87], with permission. 

2.2.1 Key genes of melanogenesis and pigment-type switching 

Genes important for melanogenesis and pigment-type switching are mainly two of extrinsic 

signaling factors and their corresponding receptor, as well as enzymes catalyzing the pigment 

synthesis. The key genes of pigment-type switching are MC1R, α-MSH and ASIP [82–84], and 

for melanogenesis TYR, DCT and TYRP1 [88] (Figure 6). Alterations of genes involved in 

pigment-type switching result in interesting coat color patterns (Figure 1 A), while variants 

altering melanogenesis, often lead to albinistic individuals (Figure 5 I). Interestingly, a strong 

positive correlation between MC1R and extensive white markings was observed suggesting a 

modifier effect of genetic variants of MC1R [51,89–91]. This indicates an effect on the number 
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of melanocyte in skin and hair follicle, despite of genes involved in pigment-type switching and 

melanogenesis do not directly alter them. 

Albinism is an inherited hypopigmentation disorder caused by a partial or complete reduction 

in melanin biosynthesis in the melanocytes leading to a lack of mature melanin. Most humans 

with albinism have either oculocutaneous albinism (OCA) or ocular albinism (OA) depending 

on the affected genes (Table 2) [92]. OCA is inherited autosomal recessive, while OA is X-

linked and thereby affecting mostly males. Carriers often have pigmentary mosaicism in the 

fundi without any side effects. Patients suffering from the most frequent OCA display 

hypopigmentation of skin, hair and eyes making them susceptible to UV radiation and leading 

to serious eye dysfunction [93]. OA on the other side is characterized by normal pigmentation 

of skin and hair follicles, while the eye is depigmented leading to ocular dysfunction. Variants 

in GPR143 encoding a G protein-coupled receptor involved in melanogenesis lead to this 

specific form of albinism [94,95]. Key genes involved in pigment-type-switching and 

melanogenesis associated with albinism are discussed in the following. 

Table 2. Types of oculocutaneous albinism or ocular albinism. Genes associated with the different types and 

OMIM entries are given (Online Mendelian Inheritance in Man, https://www.omim.org/). 

Type Gene OMIM 

OCA1A TYR 203100 

OCA1B TYR 606952 

OCA2 OCA2 203200 

OCA3 TYRP1 203290 

OCA4 SLC45A2 606574 

OCA5 unknown 615312 

OCA6 SLC24A5 113750 

OCA7 LRMDA 615179 

OCA8 DCT 619165 

OA1 GPR143 300500 
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2.2.1.1 MC1R and α-MSH 

Melanocytes produce the yellow to red pheomelanin by default. They switch to the production 

of eumelanin upon activation of MC1R. MC1R is a G protein-coupled receptor, localized in the 

plasma membrane of melanocytes with a high affinity for α-MSH and also its precursor, 

adrenocorticotropin [96,97]. Binding of the agonist α-MSH induces a conformation change of 

MC1R that activates the enzyme adenylyl cyclase (AC) by signal transmission via the G 

protein. Then AC catalyzes the conversion of ATP to cAMP, resulting in elevated cellular cAMP 

levels triggering the switch of pheomelanin to eumelanin production in the melanosomes 

(Figure 6). 

2.2.1.2 ASIP 

ASIP is the competitive antagonist of α-MSH and can also bind to MC1R [98–100]. Binding of 

ASIP blocks binding of α-MSH, inhibiting the activation of MC1R, repressing AC activation and 

thereby reducing cellular cAMP levels. When cAMP levels are low, pheomelanin is produced 

in the melanosomes (Figure 6).  

2.2.1.3 TYR 

Tyrosinase (TYR) is an enzyme catalyzing the first two initial and rate limiting steps of melanin 

synthesis. It first mediates the hydroxylation of tyrosin to dihydroxyphenylalanine (DOPA) and 

then immediately catalyzes the oxidation to DOPAquinone (Figure 6 B). Genetic variants of 

TYR lead to albinistic individuals (Figure 5 I) and in humans causes two types of OCA (OCA1A 

and OCA1B, Table 2) [101]. 

2.2.1.4 DCT 

L-dopachrome tautomerase (DCT), also known as tyrosinase-related protein 2 (TYRP2) is 

another key enzyme in melanin synthesis, especially for eumelanin synthesis. It catalyzes the 

conversion of L-DOPAchrom to DHI-2-Carboxylic acid (DHICA) (Firgure 6 B) [102]. In humans, 

variants of DCT cause one form of OCA (OCA8, Table 2) [103]. Historically DCT was 

established as an early melanoblast marker [104] used in various studies dissecting 

melanoblast development [55]. 

2.2.1.5 TYRP1 

Tyrosinase-related protein 1 (TYRP1) plays an important role in eumelanin synthesis. It 

catalyzes the transformation of DHICA into indole-5,6-quinone-2-carboxylic acid (Figure 6 B) 

[105,106]. Genetic variants of TYRP1 causing one form of OCA in humans (OCA3, Table 2) 

[107,108]. In domestic animals and mice variants lead to alterations in coat color [109–112]. 
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2.3 Domestic animals as model organisms for coat color phenotypes 

The process of domestication involves adaptation of wild species to the environment man 

provides. Adaptation is achieved through genetic change over generations to environmental 

influence [113]. Domestication involves a process called artificial selection guided by their 

owners [114]. In contrast to artificial selection, natural selection is a non-intentional process by 

adapting to changing environments which introduce selective changes to the individual [115–

117]. During early domestication, humans almost exclusively selected animals for breeding 

based on behavioral characteristics [118]. Physiological or morphological alterations were 

often secondary byproducts of this selective pressure [119]. Since the initial process of 

domestication, humans then shaped domestic animals based on favorable attributes such as 

fur, food, or transportation [120]. This strong artificial selection of domestic animals is an 

evolutionary process linked with changes in the gene pool resulting in an enrichment of gene 

variants associated with these favorable phenotypes [121]. As a consequence of the long 

period of strong phenotypic selection, distinctive breeds were formed which are often kept as 

closed populations. These breeds are characterized by a specific set of phenotypes and 

typically the most distinctive ones for differentiation are related to morphology or coat color as 

they are easy to observe [121]. Due to the abundance and relatively short reproduction cycle 

(compared to humans), domestic animals are well suited to observe spontaneous mutations 

resulting in interesting phenotypes [122]. Such changes can be either harmless or harmful to 

the individual. As for coat color, an interesting variation of the breeds standard coat color might 

evolve, which is of particular interest to owners and breeders and therefore, will be kept in the 

population, rising in frequency [3]. The investigation of these specific coat color phenotypes 

gives us the opportunity to understand not only the underlying molecular mechanisms of coat 

color itself, but as well giving us insight into the breed’s history [122–124]. This makes domestic 

animals a well suited model for the dissection of various pathways of interest as studies 

conducted on domestic animals give a comprehensive view on genotype-phenotype 

relationships [121,122]. 

2.4 Selected methods and technologies in genetic analyses 

In the beginning, the investigation of the genetic causes for heritable traits was a challenging 

task relying on candidate gene approaches. This not only required biological understanding of 

the phenotype and therewith a set of candidate genes but also capable technical methods. 

The genetic analyses as we know it today, began with DNA sequencing in the 1970s [125] and 

advances with Sanger sequencing [126]. It made sequencing of candidate genes for a 

particular phenotype possible, potentially revealing the underlying genetic cause. Another 

important breakthrough toke place in 1983 with the invention of the polymerase chain reaction 



 

 

16 

 

(PCR) by Mullis [127], further facilitating targeted sequencing using PCR and Sanger 

sequencing. In the 1990s, positional cloning became popular to locate the chromosomal 

position of disease associated genes. It even works without knowledge or hypotheses about 

the biological basis of the disorder, which made it a dominant method for disease gene 

discovery [128]. Two important widely applied methods comprised in positional cloning are 

linkage analysis [129] and homozygosity mapping [130]. 

All of the used methods require some form of genotype data with corresponding chromosomal 

positions. Today, genotype datasets are often made up of thousands of single nucleotide 

variants (SNVs) produced by either species specific genotyping arrays [131] varying in marker 

density or next generation sequencing. 

2.4.1 Next generation sequencing (NGS) 

The first generation of sequencing technique started with the initial invention of DNA 

sequencing [125] and advances with Sanger sequencing [126]. This first generation 

sequencing technique is still applied today for targeted sequencing of candidate genes and 

validation of next generation sequencing results. The reason is, that it produces high accurate 

results of around one kilobase in length for a relatively low experimental price [132].  

With the development of next generation sequencing techniques (second and third generation) 

high-throughput sequencing became possible. This came with a reduction in sequencing cost, 

time and effort [133] but often required advanced computational power to handle the produced 

big datasets [134]. These sequencing methods revolutionized genomics, as DNA and RNA 

sequencing became feasible to everyone, enabling its use for research and diagnostic 

purposes [132,135,136]. The different developed NGS platforms differ not only in the principles 

of their methodology but also in other factors such as speed, read length and throughput [137]. 

Nowadays, the by far most commonly used NGS technology of the second generation, is 

Illumina followed by Ion Torrent [138].  

Illumina machines are short read sequencing devices and they most commonly produce single 

or paired end reads of 150 bp in length. The use of bioinformatics tools to analyze these short 

read sequencing data reveal a large portion of the genetic variation, namely the SNVs and 

short indels [139]. The number of identified SNVs typically exceed those of genotyping arrays 

by a large margin (Affymetrix Genome-Wide Human SNP Array 6.0 = 1.8 million genotypes vs 

~20 million SNVs per human genome [140]). This large SNV dataset represents a part of the 

normal genetic variation of the sequenced individual. The number might vary from species to 

species due to species-specific parameters and the quality level of the available reference 

genome. If the sequenced individual had a rare genetic disorder caused by a single genetic 

variant, the causative variant will be present in this dataset. It is possible to identify causative 

variants in a relatively small number of cases and controls by comparing their variant datasets 
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with each other [141]. Particularly for monogenic disorders caused by rare variants, this 

approach of using NGS technologies has had a huge impact and has led to a fast increase in 

the number of known causative variants [130,133]. 

One major drawback of the common second generation sequencing technologies is the short 

read sequencing with the consequence of not been able to detect the whole genetic variation 

of an individual, as large structural variants are often not detectable [135]. Third generation 

sequencing technologies with much longer read lengths facilitate the analysis of structural 

variants [136]. 

The two main protagonists of third generation sequencing technologies are the single molecule 

real time (SMRT) platform of Pacific Biosciences [142] and the nanopore sequencing [143,144] 

of Oxford Nanopore. Both platforms produce long to ultra-long reads enabling not only 

structural variant detection but also de novo genome assemblies [142,145]. 

For this thesis I obtained many whole genome sequencing datasets of different species, 

exclusively produced on Illumina instruments. I used these datasets not only for the calculation 

of selection signatures but also for the discovery of functional variants causing heritable coat 

color phenotypes. 

2.4.2 Genetic variation 

Genetic variation describes the differences in DNA sequences within and between individuals 

of the same species. This variation is caused by mutations and is heritable, if mutation events 

affect the germ line. Genetic variants may be classified based on their size and/or their 

functional effects. Genetic variants can have multiple effects, from altering gene function by 

changing the coding sequence and therewith the protein sequence, to non-coding variants with 

no clear impact. The most impactful chances altering gene function include start/stop codon 

alterations and frameshift mutations followed by non-synonymous amino acid changes. Such 

alterations are often straight forward to detect and to assess but they do not display the majority 

of the variant catalogue. The evaluation of the potential impact of noncoding variants is 

challenging and requires a more advance experimental setup [146,147]. 

2.4.2.1 SNVs and short indels 

The most commonly observed genetic variants are single nucleotide variants (SNVs), in which 

one nucleotide is substituted by another. Short indels are insertions or deletions of DNA 

affecting up to 50 nucleotides. Using short read sequencing, those are the two main types of 

genetic variation detected and reported in the variant call format (VCF) [139]. One state of the 

art tool to detect SNVs and short indels is the HaplotypeCaller of the Genome Analysis Toolkit 

(GATK) [148].  
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2.4.2.2 Structural variants 

Besides SNVs and short indels, structural variants (SVs) play a prominent and important role 

for not only phenotypic evolution but also for disease associated traits [140]. SVs include 

duplications, deletions, inversions, translocations and copy number variants (CNV), spanning 

more than 50 bp [121]. Larger SVs are generally more difficult to detect using short read data 

as they are not reported in the SNV and short indel dataset [149]. Besides available structural 

variation calling tools (e.g. BreakDancer [150] or CNVfinder [151]), the most reliable approach 

to detect them is the visual inspection of the short read alignments of limited genomic regions 

as it was done for projects in this thesis. Another way would be the usage of third generation 

sequencing technologies paired with novel SV calling tools (e.g. SMRT-SV [152] or NextSV 

[153]) [154]. 

A common pattern for structural changes discovered so far, is that they may lead to an altered 

configuration of regulatory elements by duplication [35] ,deletion [155] or translocating [156–

158] regulatory elements in relation to the coding sequence and thereby alter gene expression.  

2.4.3 Methods for identifying causal gene variants 

In order to identify causative variants, commonly used methods are based on either one of the 

two principles: hypothesis- free or hypothesis-driven research.  

Hypothesis-free research is the principle of using unbiased holistic tools to spot differences 

between affected and unaffected individuals without mechanistic understanding of the 

investigated phenotype [159]. Important methods used for hypothesis-free approaches are 

"Linkage analysis" (2.4.3.1), "Homozygosity mapping" (2.4.3.2), "Genome wide association 

study" (2.4.3.3) and "Selection signature" analysis (2.4.3.4), which are outlined in this chapter 

(2.4.3). 

Hypothesis-driven research is the principle of developing a (working) hypothesis about the 

potential cause for a heritable trait. The developed hypothesis can be experimentally tested 

and ultimately be true or false. Hypothesis-driven approaches in genetics require some degree 

of mechanistic understanding how heritable phenotypes are controlled. The most important 

hypothesis-driven method in forward genetics is the candidate gene approach (2.4.3.5) 

displayed in greater detail in this chapter (2.4.3). 

2.4.3.1 Linkage analysis 

Linkage analysis is a method to detect chromosomal regions inherited together in a given 

family, displaying a trait of interest [160]. It can be performed either non-parametric (model-

free) or parametric depending on the complexity of the investigate disorder. Important for 

linkage analysis are the principles of linkage and recombination [161].  
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2.4.3.2 Homozygosity mapping 

Homozygosity mapping, also called autozygiosity mapping, is a powerful method to locate 

causal variants, under the premise of being identical by descent. The method works for 

(monogenic) autosomal recessive traits as it is based on the assumption that an affected 

individual has inherited two identical copies of chromosomal regions carrying the disease allele 

from an ancestor, to which it is inbred. Extended homozygous regions are known as runs of 

homozygosity (ROHs), ranging from usually few hundred kilobases to several mega-bases in 

size. Their length decreases with genetic distance due to recombination events [130]. 

2.4.3.3 Genome wide association study (GWAS) 

In contrast to the family based methods (e.g. linkage analysis), GWASs are a popular 

alternative. The classical design of a GWAS is a case-control study where the association of 

genetic markers of unrelated individuals with a trait is calculated [162]. If the frequency of an 

allele is significantly different between the case and control group, it is associated with the trait 

of interest. Most performed GWASs use markers of genotyping arrays as input, meaning that 

an associated marker is most likely not causative but in linkage disequilibrium with the true 

causative variant [162].  

2.4.3.4 Selection signatures 

Selection leaves unique genetic patterns or footprints in the genome behind. These patterns 

are called selection signatures, representing reduced regional variation surrounding the 

selected and fixed beneficial alleles [116,163]. In modern times, one of the key interests of 

animal genetics is to investigate regions under selection in order to identify the underlying 

cause of a given phenotype and to learn something of their evolutionary history [164]. 

Therefore, methods based on linkage disequilibrium, allele frequency spectrum, reduced local 

variability, and haplotype characteristics (Figure 7), are applied to SNV datasets of multiple 

individuals produced by either genotyping arrays or NGS [165]. One way to use those methods 

is to search for domestication genes in livestock as the group of Leif Andersson did. They 

calculated pooled heterozygosity scores (Hp) for chicken, pigs, rabbit and herring [35,166–

168]. For this thesis, I chose the same approach for goats in order to identify regions under 

selection associated with various coat color phenotypes. Additionally, I combined in my study 

Hp scores with the calculation of fixation index values (FST) [169], another method to detect 

selection signatures. 
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Figure 7. Classification of different approaches commonly used for the detection of selection signatures in 
livestock populations. Image adapted from Saravanan et al. 2020 [165], with permission. 

2.4.3.5 Candidate gene approach 

The advances of whole genome sequencing (WGS) and the associated reduction of cost, 

made it feasible to have comprehensive SNV datasets of case and control sequences. In order 

to identify causal variants for heritable traits in WGS datasets, mapping of the obtained 

sequenced reads to a reference genome sequence and calling variants are required [170]. 

Typically several million variants are called compared to the reference genome [139,140]. To 

identify a causal variant for a given trait, an approach has to be applied to reduce the immense 

number of variants to a manageable amount. Usually the approach involves hierarchical 

filtering strategies and variant annotation followed by candidate gene filtration. Modern 

annotation tools [171] suggest the potential impact of called variants. Filtering for variants with 

potentially altering impact in a candidate gene set often reveals candidate causative variants. 

Finally, these variants have to be validated leading hopefully to one true causative variant. This 

approach works usually fine for rare monogenic diseases and was applied for projects 

discussed in this thesis. 
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3. Aim and hypothesis of thesis 

Hypothesis 

For my thesis I had the following hypotheses: If a breed specific coat color phenotype is 

investigated, the causative variant has to be under selection and a particular allele is therefore 

fixed in that particular breed. This means on the other side, it has to be absent (or rare) in other 

unrelated breeds not showing the same phenotype. Furthermore, if an inheritable, abnormal 

coat color phenotype (depigmentation phenotype) is investigated, the causative variant has to 

be present in the affected individual/family. Meanwhile, the variant has to be absent (if inherited 

as a dominate trait) or in heterozygous state (if inherited as a recessive trait) in unaffected 

individuals of the same breed or species. The causative variant has to be present in all affected 

individuals displaying the same abnormal phenotype. 

Aim 

The aim of this thesis was to identify genetic causative variants in the following domestic 

mammalian species displaying interesting heritable coat color phenotypes. 

 

1. Pakistani goat breeds with breed-specific white spotting or depigmentation phenotypes 

2. Swiss goat breeds displaying interesting coat color patterns 

3. Rare coat color phenotypes segregating in Swiss Valais Blackneck goats 

4. The black and tan coat color phenotype of rabbits 

5. White spotting phenotype of a German Riding Pony 

6. American Paint horse family with diverse depigmentation phenotypes and an increased 

risk of deafness 
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4. Results 
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5. Discussion and perspective 

During my PhD studies, I contributed to the identification of candidate causative genetic 

variants of various coat color phenotypes in a range of domestic animals. The investigated 

phenotypes could be roughly clustered into two groups. In the first group are rare coat color 

mutants with potential pleiotropic effects. The second group comprises breed specific coat 

colors with no known pleiotropic effects. The first group involves a white spotting phenotype in 

an American Paint horse family with increased risk of deafness and a white spotting phenotype 

in a young German Riding Pony. The second group contains the analysis of breed-defining 

coat color phenotypes. It includes the calculation of selection signatures in a number of goat 

breeds, the analysis of different coat color phenotypes segregating in one particular Swiss goat 

breed and investigations of the black and tan coat color phenotype in rabbits. For the 

exploration of the above mentioned phenotypes, mainly two different genetic approaches were 

applied, a candidate gene approach relying on a relatively small sample size and the 

calculation of selection signatures facilitated by the power of a large comprehensive screen. 

Interestingly all of the examined phenotypes revealed some sort of structural variation 

potentially disrupting gene function or altering gene expression.  

Of the first group, we received samples from an American Paint horse family displaying 

variable coat color phenotypes as all of them carried known white spotting alleles (Overview 

Table A1). Nonetheless, the detected alleles could not explain the observed phenotype 

completely, nor provided they an explanation for six of the eight horses being deaf. We 

sequenced one of the horses. After visually going through the list of candidate genes a large 

heterozygous deletion, spanning four exons of MITF was discovered, likely representing a 

complete loss of function allele. A lack of functional MITF as cause for an increased risk for 

deafness was already reported in another study in horses [51] and could be confirmed by my 

study. The additional white spotting alleles might have exacerbated the functional impact of 

the MITF deletion. This study indicates what devastating effects genetic variants of MITF can 

have, highlighting its important function during melanocyte development. The discovered 

variant is now known as SW5 (splashed white 5) by diagnostic laboratories offering genetic 

testing. Genetic testing is offered as breeding of horses carrying the variant should be avoided 

due to animal welfare concerns. 

Analysis of a young German Riding Pony with a white spotting phenotype revealed a de novo 

mutation event. Neither father nor mother showed a similar phenotype. Similar to the American 

Paint horse family, we could not detect any likely causative SNV or small indel and therefore 

searched for structural variants in the candidate genes. A deletion at KIT was identified, 
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removing the 3’ splice site of intron 2, most likely altering the splicing of the KIT mRNA resulting 

in this interesting phenotype. The discovered variant was termed W28 but it is unlikely that this 

variant will be frequent in horses as it arose due to a de novo mutation event and is probably 

restricted to the analyzed German Riding Pony. This variant together with other dominant white 

causing variants in horses (Table A1) highlight the role of KIT during melanocyte development 

as defects influence melanocyte survival [31–33]. 

This could be further shown by the findings of large complex structural variations downstream 

of KIT potentially influencing its expression in two Pakistani goat breeds. KIT requires precise 

regulation of its temporal and spatial expression and disruptions lead to various coat color 

phenotypes. The gene is flanked by several hundred kilobases of non-coding genomic DNA 

on either side harboring important regulatory elements as shown by multiple studies 

[35,156,172–174]. All found and discussed phenotypes caused by mutant KIT in this thesis 

are characterized by striking alterations in pigmentation. The observed non-coding alteration 

in goats did not lead to any obvious pleiotropic effects on other KIT dependent cell types. The 

W28 variant of the German Riding Pony on the other side is expected to have serious 

pleiotropic effects in animals that carry the mutant allele in a homozygous state. The predicted 

complete lack of functional KIT in homozygous mutant animals might be potentially embryonic 

lethal. Therefore, mating of two horses carrying heterozygous loss of function variants in KIT 

should be avoided due to animal welfare concerns. 

Another set of interesting structural variants found by investigating selection signatures 

harboring coat color candidate genes affected the caprine ASIP locus. In contrast to KIT, ASIP 

does not contain a large 3’- flanking region and regulatory elements of the ASIP gene are 

mostly located upstream of the coding exons in a large genomic region harboring several 

alternative promotors [84]. In goats, I could identify complex structural variations of this region 

affecting and giving rise to multiple non-coding 5’-exons. This high number of non-coding 5’-

exons came by surprise as it was not observed in other mammals so far [82,84]. In another 

study on rabbits, our group identified a large deletion covering the hair cycle specific ASIP 

promotor and resulting in a black and tan phenotype (Figure 1 E). The observed variants have 

an effect on the temporal and spatial control of pigment-type switching and help to advance 

our understanding of the complex regulation of transcription at the ASIP locus.  

Investigation of coat color phenotypes not only revealed the potential causative variants but 

also brought light on historic breed developments. By analyzing rare coat color patterns of the 

Swiss Valais Blackneck goat breed, we observed Introgression events of two distinct ASIP 

alleles. The most likely source of the alleles were Saanen/Appenzell and Peacock goats, as 

they are fixed for the respective ASIP alleles. An important mediator of the observed 

introgression event was potentially the Swiss goat herding practice, the so-called Alps, which 
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offer a contact zone for the normally closed Swiss goat breeds. As goats from different farms 

and breeds are jointly kept on pastures in the Swiss mountains, during summer time. This 

might have had even more relevance in the past, as the breeds were geographically separated 

[175]. The introgression events are potentially relatively old (~100 years), as anecdotal breeder 

reports suggest a phenotypically diverse goat population before the consolidation of the breed 

standard in 1938. 

During recent years the research on selection signatures in domestic animals increased. The 

usage of comprehensive screens yielded many interesting findings regarding domestication 

and adaptation to different factors. This could be shown by multiple studies conducted by Leif 

Andersson’s group [35,166–168] and others [176–180]. While I focused on coat color 

phenotypes during my PhD, the underlying data have the potential to answer many more 

questions. As an example, examinations of the Pakistani goat breeds included in my search 

for selection screen revealed an interesting height associated variant in goats of medium to 

large body size [181]. Similar findings could be made in Swiss goat breeds (ongoing work). 

The used dataset of whole genome sequenced Swiss goats was made publicly available and 

is shared with colleagues for future studies on Swiss goat diversity. As part of the VarGoats 

consortium (http://www.goatgenome.org/vargoats.html) the produced data will help to build a 

comprehensive catalog of genetic variation in goat genomes related to domestication and 

adaptation. 

The Valais Blackneck goat carries the most interesting coat color phenotype studied during my 

PhD, which is characterized by a striking depigmentation of the caudal half of the animal. I was 

able to identify the potential cause for the rare coat colors segregating in the breed. However, 

unfortunately, the molecular cause for the depigmentation of the caudal half of all Valais goats 

is still unknown. Ongoing research on this unique phenotype indicate that it might be more 

complex, potentially involving structural variations. So far no promising private candidate 

variant nor region could be identified. Due to its complexity a cross breeding experiment was 

recently started, expected to provide data in 2023. Additionally, a long read sequencing 

experiment of one Valais Blackneck goat using the third generation sequencing instrument 

Sequel II was performed. These long read sequencing data together with short read data and 

results of the cross breeding should help to identify the causative variant. 

The proof for causality is a challenging task in genetic analysis as it is highly dependent on the 

investigated trait or disorder, the penetrance of the identified variant and the available sample 

size. Sufficient proof of causality is typically achieved for traits with variants exhibiting high 

penetrance and exerting large effect sizes through genetic linkage analysis in large families 

following Mendelian patterns of inheritance [182]. To provide robust evidence of causality for 
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more complex traits often require more sophisticated functional experiments. Such 

experiments may involve CRISPR/Cas9 enabled targeted genome editing or functional 

reporter gene studies to confirm postulated regulatory effects on expression as for example 

shown in Mishra et al. 2017 [183]. 

In conclusion, this thesis showed the great potential of studying interesting coat color 

phenotypes in domestic animals using large datasets produced with NGS techniques. The 

identified variants in horses provide the basis for genetic testing, which enables targeted 

breeding. In case of the identified deleterious MITF allele (SW5), breeding should be 

completely avoided, since carrier individuals have a higher risk of deafness. The identification 

of regulatory ASIP and KIT variants can contribute to a better mechanistic understanding on 

the spatial and temporal regulation of transcription as well as the complex regulatory networks 

pigmentation. 
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9. Appendix 

Table A1. Causal variants for white spotting phenotypes in horses. 

Gene Variant cDNA Variant Protein/RNA Phenotype Horse Breed Allele 

EDNRB NM_001081837.2:c.353-354TC>AG NP_001157338.1:p.I118K 

Frame Overo white 

spotting 

(heterozygous),  

lethal white foal 

syndrome 

(homozygous) 

Multiple LWO [23] 

KIT NM_001163866.2:c.338-1G>C r.spl? Dominant white Thoroughbred W7 [34] 

KIT NM_001163866.2:c.559_563delTCTGC NP_001157338.1:p.S187DfsX10 Dominant white Thoroughbred W12 [184] 

KIT NM_001163866.2:c.338-1197_414del NP_001157338.1:p.D113_L138del Dominant white German Riding Pony W28 [7] 

KIT NM_001163866.2:c.668T>C NP_001157338.1:p.L223P Dominant white Thoroughbred W25 [185] 

KIT NM_001163866.2:c.706A>T NP_001157338.1:p.K236X Dominant white Arabian W3 [186] 

KIT NM_001163866.2:c.756+1G>C r.spl? Dominant white Arabian W23 [187] 

KIT NM_001163866.2:c.856G>A NP_001157338.1:p.G286R Dominant white Thoroughbred W6 [34] 

KIT NM_001163866.2:c.1126_1129delGAAC NP_001157338.1:p.E376FfsX3 Dominant white Quarter W10 [34] 

KIT NM_001163866.2:c.1322A>G NP_001157338.1:p.Y441C Dominant white Arabian W19 [188] 

KIT NM_001163866.2:c.1346+1G>A r.spl? Dominant white Swiss Warmblood W18 [188] 

KIT NM_001163866.2:c.1473T>G NP_001157338.1:p.C491W Dominant white Thoroughbred W27 [185] 

KIT NM_001163866.2:c.1597T>C NP_001157338.1:p.C533R Dominant white Arabian W15 [189] 

KIT NM_001163866.2:c.1789G>A NP_001157338.1:p.G597R Dominant white Holstein W9 [34] 

KIT NM_001163866.2:c.1805C>T NP_001157338.1:p.A602V Dominant white Camarillo White W4 [186] 

KIT NM_001163866.2:c.1960G>A NP_001157338.1:p.G654R Dominant white Thoroughbred W2 [186] 

KIT NM_001163866.2:c.1529_1978del NP_001157338.1:p.E510_G659del Dominant white Thoroughbred W22 [190] 

KIT 
NM_001163866.2:c.2001A>T 

NM_001163866.2:c.2021T>C 

NP_001157338.1:p.E667D 

NP_001157338.1:p.L674P 
Dominant white Japanese Draft W17 [189] 
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Table A1 (continued). Causal variants for white spotting phenotypes in horses. 

Gene Variant cDNA Variant Protein/RNA Phenotype Horse Breed Allele 

KIT NM_001163866.2:c.2021T>A NP_001157338.1:p.L674H Dominant white Berber W30 [191] 

KIT NM_001163866.2:c.2045G>A NP_001157338.1:p.R682H Dominant white Multiple W20 [188] 

KIT NM_001163866.2:c.2151C>G NP_001157338.1:p.Y717X Dominant white Franches-Montagnes W1 [186] 

KIT NM_001163866.2:c.2193delG NP_001157338.1:p.T732QfsX9 Dominant white Thoroughbred W5 [34] 

KIT NM_001163866.2:c.2222-1G>A r.spl? Dominant white Icelandic W8 [34] 

KIT NM_001163866.2:c.2349+1G>A r.spl? Dominant white Italian Trotter W24 [192] 

KIT NM_001163866.2:c2350-13A>T r.spl? 
Sabino white 

spotting 
Multiple SB1 [193] 

KIT NM_001163866.2:c.2369delC NP_001157338.1:p.A790Efs*20 Dominant white Icelandic W21 [194] 

KIT NM_001163866.2:c.2392_2445del NP_001157338.1:p.H798_N815del Dominant white Thoroughbred W14 [189] 

KIT NM_001163866.2:c.2472+5G>C r.spl? Dominant white Miniature and Quarter W13 [189] 

KIT NM_001163866.2:c.2489A>T NP_001157338.1:p.K830I Dominant white Oldenburg W16 [189] 

KIT NM_001163866.2:c.2536delA NP_001157338.1:p.S846Vfs*15 Dominant white Thoroughbred W26 [185] 

KIT NM_001163866.2:c.2684+1G>A r.spl? Dominant white South German Draft W11 [34] 

KIT Larger chromosomal inversion  
Tobiano white 

spotting 
Multiple TO [156] 

MITF 
ENSECAT00000006375.3:c.1-179_1-

178insTAGGTTATTAT 
 

Splashed white, 

Risk for deafness? 
Multiple SW1 [51] 

MITF 
ENSECAT00000006375.3:c.519_523del

GTGTC 

ENSECAP00000004506.1:p.C174

Sfs*20 

Splashed white, 

Risk for deafness? 
Quarter SW3 [51] 

MITF 
ENSECAT00000006375.3:c.560-

1569_1260del 

ENSECAP00000004506.1:p.A187_

C419del 

Splashed white, 

increased risk for 

deafness 

Quarter and Paint SW5 [6] 

MITF 
ENSECAT00000006375.3:c.711-

3228_1260del 

ENSECAP00000004506.1:p.D237

_C419del 

Splashed white,  

Risk of deafness? 
Quarter and Paint SW6 [53] 

PAX3 XM_001495160.1:c.95C>G XP_001495210.1:p.P32R Splashed white Appaloosa SW4 [188] 

PAX3 XM_001495160.1:c.209G>A XP_001495210.1:p.C70Y Splashed white Multiple SW2 [51] 
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10. Figure index 

Figure 1.Various coat color patterns of domestic animals. A own source. B John Wiley 

and Sons with permission (#5011410995689). C John Wiley and Sons with permission 

(#5011410911201). D own source. E John Wiley and Sons with permission 

(#5011410995689). F John Wiley and Sons with permission (#5011410781516). 

Figure 2. Schematic representation of mammalian skin and hair follicle. A with permission 

by CC-PD Mark 1.0. B with permission by CC BY 4.0. 

Figure 3. Origin of neural crest cells and model for melanoblast migration. A with 

permission by CC BY-NC-SA 3.0. B Springer Nature with permission (#5012340227818). 

Figure 4. Complex regulatory networks of neural crest formation and melanocyte 

regulation. A Springer Nature with permission (#5012360072352). B Illustration by Peter 

Jurek. MUTAGENETIX (TM), B. Beutler and colleagues, Center for the Genetics of Host 

Defense, UT Southwestern, Dallas, TX, with permission. 

Figure 5. Depigmentation phenotypes in mice. A with permission by CC-BY-4.0. B Elsevier 

with permission (#5011350981038). C John Wiley and Sons with permission 

(#5011380380424). D John Wiley and Sons with permission (#5011380380424). E Oxford 

University Press with permission (#1098068-1). F Illustration by Diantha La Vine. 

MUTAGENETIX (TM), B. Beutler and colleagues, Center for the Genetics of Host Defense, UT 

Southwestern, Dallas, TX, with permission. G with permission by CC-BY-NC-ND 4.0. H 

Elsevier with permission (#5011350981038). I printed with permission from © The Jackson 

Laboratory. 

Figure 6. Melanin regulation and production. A/B with permission by CC-BY-NC-ND 4.0. 

Figure 7. Classification of different approaches commonly used for the detection of 

selection signatures in livestock populations. A Elsevier with permission 

(#5011381487519). 
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