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3 Preamble 
 

The exploration of genomes harboring billions of genetic variants and their functional impact 

in mammals is one of the challenges of our time. Strong technical advances have changed the 

landscape of genetics and shifted the focus on genomics as a widespread field in domestic 

animal research.  

Since the first sequencing of a whole genome of a bacteriophage in 1977 by Frederick Sanger 

and subsequent development of massively parallel sequencing thirty years later, fast and 

comparatively low cost sequencing of whole genomes using Next Generation Sequencing 

(NGS) technology led to a breakthrough in the field of genomics. NGS analyses have 

contributed to the identification of genetic variants ranging from coding or non-coding single 

nucleotide polymorphisms to insertions, deletions and structural variations. Thus, the previous 

single candidate gene-sequencing approaches were superseded by whole genome and 

transcriptome studies. The success of high-throughput sequencing has led to a continuous 

development and improvement of sequencing technology, particularly with regard to the length 

of sequence reads. A third generation of sequencing has been established, which enables single 

molecule sequencing and has brought great progress for the elucidation of novel genomes. 

These advances in the sequencing field have raised questions not only about gene and variant 

identification but also about organization and gene regulation in the genome. The ENCODE 

(Encyclopedia of DNA Elements) project for human functional genome annotation represents 

a pioneer for further delineation of all functional elements encoded in the genome by the 

implementation of high-throughput sequencing technologies. 

The aim of this habilitation thesis is to demonstrate the powerful use of whole genome data 

derived from NGS for versatile analyses in domestic animals. It elucidates the consequence of 

targeted human selection for performance or conformation traits. Selection signatures and 

population specific variants are investigated for their potential effects resulting in desirable 

traits like small body size and fertility or in malformations and diseases. 
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4 Introduction 
 

The fundamental basis for the formation, development and maintenance of life is the genome 

in its entirety. Information is packed on various chromosomes and the mitochondrial DNA 

composed of systematically arranged nucleotides (Mullinger & Johnson 1980). Each of these 

nucleotides contribute to the built of a DNA-sequence that determines function and properties 

of all living organisms. The base sequence of these nucleotides varies widely not only among 

different species and breeds but also among individuals. Whole genome sequencing performed 

by high throughput Next Generation Sequencing (NGS) enables to detect these sequence 

variations of different types including single nucleotide polymorphisms (SNPs), insertions and 

deletions as well as further structural variations (DePristo et al. 2011). They represent the key 

for understanding phenotypic variations in domestic animal genomes, especially those 

introduced by natural or targeted artificial selection. 

Sequencing technologies- the next generation 

High-throughput sequencing has become the most important and indispensable technology for 

genome analyses. It represents a powerful massively parallel sequencing technology allowing 

cost-effective and fast detection of thousands of variants at once by producing millions of reads 

in one run (Wheeler et al. 2008). For preparation, DNA needs to be fragmented physically or 

enzymatically and adaptor-ligated into libraries of about 500-900 nucleotides (Knierim et al. 

2011). After attachment of these libraries onto a glass plate or on beads, sequencing-by-

synthesis reactions are performed (Ju et al. 2006; Bentley et al. 2008). In the most common 

sequencing platforms, the Illumina sequencers, single fluorescence-labeled nucleotides (3’-O-

azidomethyl-dNTPs) incorporate with the template at the complementary base temporarily 

terminating the polymerization during fluorescent imaging (Ju et al. 2006; Bentley et al. 2008). 

Finally, cleavage of this 3’ block allows the incorporation of the next nucleotide. As fluorescent 

signals from a single event are not sufficient for detection in the four-color imaging system, a 

clonal amplification for all templates is performed in advance (Ju et al. 2006; Metzker 2010). 

Other platforms like Ion Torrent use a semiconductor technology measuring pH changes instead 

of fluorescence signals during DNA extension and discriminate bases by a voltage signal 

(Rothberg et al. 2011).  

Data derived from NGS runs comprise millions of reads that have to be mapped to a reference 

genome or de novo without a reference for further evaluation (McKenna et al. 2010; DePristo 

et al. 2011). The use of different tools for further processing of reads is dependent on the input 
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and objectives of NGS projects (Fig. 1). In particular, paired end approaches sequencing both 

ends of a fragment were shown to be advantageous due to particular low error rates (Dohm et 

al. 2008). Whole genome data derived from sequencing-by-synthesis reactions usually undergo 

variant calling pipelines, which comprise quality control, alignment, duplicate marking, variant 

calling and variant effect prediction (Pabinger et al. 2014). Reads are investigated for their 

sequence length and trimmed on basis of sequence quality parameters in order to improve mean 

read quality (Andrews 2010; Schmieder & Edwards 2011). After mapping, duplicates, that 

means reads pairs with the same unclipped alignment start, are marked with tags, which can be 

identified by downstream tools (Li & Durbin 2009; Li et al. 2009a). In a next step, variants are 

commonly called by the genome analysis tool kit (GATK) (McKenna et al. 2010). The use of 

the GATK Unified Genotyper or Haplotype Caller was controversially discussed, although 

more recent studies emphasized the high specificity and reliability of Haplotype Caller for indel 

detection (Ghoneim et al. 2014; Belkadi et al. 2015). Variant effect estimation is finally 

performed for functional classification of the individual SNPs/SNVs and indels (Cingolani et 

al. 2012).  

 
Figure 1. Common bioinformatics pipeline for variant calling in whole genome sequencing 

data generated by sequencing-by-synthesis technology. 
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Similar variant calling pipelines can be applied for RNA sequencing (RNA-seq) data (Conesa 

et al. 2016) (Fig. 2). However, in contrast to whole genome analyses, whole transcriptome 

analyses produce shorter sequence reads, are usually performed in specific tissues of interest 

and are therefore often focused on differential expression issues (Su et al. 2002). Pipelines for 

quantification of gene expressions usually use specific RNA-seq aligners for mapping of the 

short reads, followed by tagging of duplicates (Trapnell et al. 2009; Langmead & Salzberg 

2012; Dobin et al. 2013). After that, reads are split into exon segments and trimmed for 

sequences overhanging into the intronic regions (McKenna et al. 2010). Finally, common 

pipelines apply RSEM tool for counting, which uses an expectation-maximization (EM) 

algorithm to estimate maximum likelihood expression levels (Li & Dewey 2011). The expected 

counts-matrix provided by RSEM, is further evaluated using tools like DESeq or edgeR for 

differential gene expression analysis (Robinson et al. 2010; Anders & Huber 2012).  

 

Figure 2. Common bioinformatics pipeline for quantification of gene expression using RNA 

sequencing data.  

Despite these successful sequencing technologies of the next generation, the development of 

high-throughput sequencing has not stopped yet. A third generation of sequencing has evolved 

aiming at sequencing a single DNA molecule without fragmentation (Eid et al. 2009). This can 
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be accomplished by single-molecule real-time sequencing (PacBio, Pacific Biosciences, CA, 

USA) using four fluorescence-labeled dNTPs for synthesis and in parallel a real-time video 

detection of fluorescence signals (Eid et al. 2009). Another method is used by Nanopore 

technologies (Nanopore, Oxford, UK), which is based on current changes measured during the 

passing of a DNA molecule through a pore of one nanometer (Kasianowicz et al. 1996; 

Schneider & Dekker 2012). The key benefit of these single-molecule sequencers is the 

generation of long reads of about 10 kb (PacBio) and 50 kb (Nanopore) or more (Branton et al. 

2008; Gordon et al. 2016; Jain et al. 2018). They allow the generation of large contigs and 

highly improve assembly statistics, in particular for de novo sequencing analyses (Frank et al. 

2016). Nevertheless, single-molecule sequencing results in a comparatively low throughput and 

higher error rates (Lee et al. 2014). For this reason, most de novo sequencing projects are 

performed in a hybrid approach combining long reads from single-molecule sequencing with 

short and more accurate reads from sequencing-by-synthesis reactions (Branton et al. 2008; Lee 

et al. 2014). The substitution of 50% of short sequence reads with long read from PacBio was 

shown to result in a 3 fold increase of N50, an assembly metric designating the shortest contig 

at which half the total length of the assembly is made of contigs of that length or greater (Koren 

et al. 2012; Chaisson et al. 2015b). 

Nevertheless, despite these advances of the third generation, NGS, especially the Illumina 

platform, has been proven to be the most cost-effective and accurate technology and is therefore 

still the method of choice especially for whole genome analyses based on known reference 

genomes in domestic animals (Reuter et al. 2015). 

Domestic animal genomes 

In the new era of genomics, the amount of genome data has been increased considerably. 

Various reference genomes of domestic animals have been built and made available in genome 

databases (NCBI: https://www.ncbi.nlm.nih.gov/genome; Ensembl: http://www.ensembl.org). 

They allow fast and accurate sequencing and evaluation of different breeds or populations of 

interest (Li et al. 2009b). Raw reads files derived from NGS are quality controlled and aligned 

to the reference sequence using structured programming frameworks (McKenna et al. 2010). 

That means, the quality and reliability of studies using whole genome sequencing data is highly 

dependent of the sequence coverage of reads at each individual base as well as reference 

accuracy itself (Harismendy et al. 2009). The house mouse assembly was found to be the most 

accurate one compared to the human reference assembly with notably low gap content 

(Seemann et al. 2015). In contrast, rather incomplete assemblies were identified in pig and 

https://www.ncbi.nlm.nih.gov/genome
http://www.ensembl.org/
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dolphin with a high number of missing ultraconserved elements and protein-coding exons 

(Archibald et al. 2010; Seemann et al. 2015). Efforts have been made by different international 

communities to close those sequence gaps and errors in the reference assemblies to improve 

genome analyses. One of the latest achievements in updating of assemblies have been made for 

the cat reference genome Felis_catus_9.0 released in December 2017 as well as for the horse 

reference genome EquCab3.0 released in January 2018 (NCBI genome Annotation Release 103 

Equus caballus, date of access: 13.02.2018). These upgrades of genomes display the increasing 

demand on genome reference-guided whole genome sequencing analyses for variant detection 

(English et al. 2012). 

Table 1. Reference genomes in domestic animals. Current status of reference genome 

assemblies, their median length and number of annotated genes specified in NCBI database.  

Common name 
(taxonomy, taxid ID) 

Latest genome 
assembly 

Median total 
length (Mb)  

Number of 
protein-
coding 
genes 

Publications 

Alpaca  
(Vicugna pacos, 30538) 

Vicugna_pacos-
2.0.2 

2,092.95 19,510 Bactrian Camels 
Genome et al. 
(2012) 

Arabian camel 
(Camelus dromedaries, 
7461) 

PRJNA234474_
Ca_dromedarius
_V1.0 

2,055.06 19,410 Fitak et al. (2016) 

Asiatic honeybee  
(Apis cerana, 7461) 

ACSNU-2.0 228.332 10,608 - 

Bactrian camel 
(Camelus bactrianus, 
9837) 

Ca_bactrianus_
MBC_1.0 

1,780.72 19,242 Bactrian Camels 
Genome et al. 
(2012) 

Cat  
(Felis catus, 9685) 

Felis_catus_9.0 2,841.07 19,748 O'Brien et al. 
(2002); Pontius et 
al. (2007) 

Cattle  
(Bos taurus, 1758) 

Bos_taurus_UM
D_3.1.1 

2,697.56 21,514 Bovine Genome et 
al. (2009); Zimin 
et al. (2009) 

Chicken  
(Gallus gallus, 9031) 

Gallus_gallus-
5.0 

1,125.64 19,137 International 
Chicken Genome 
Sequencing (2004) 

Common canary 
(Serinus canaria, 9135) 

SCA1 9,135 15,609 Frankl-Vilches et 
al. (2015) 

Common carp 
(Cyprinus carpio, 7962) 

Common carp 
genome 

1,546.88 49,579 Ji et al. (2012) 

Dog  
(Canis lupus familiaris, 
9615) 

CanFam3.1 2,254.63 20,039 Lindblad-Toh et al. 
(2005) 
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Table 1 continued.     
Common name 
(taxonomy, taxid ID) 

Latest genome 
assembly 

Median total 
length (Mb)  

Number of 
protein-
coding 
genes 

Publications 

Domestic guinea pig 
(Cavia porcellus, 
10141) 

Cavpor3.0 2,723.22 19,976 - 

Domestic silkworm 
(Bombyx mori, 7091) 

ASM15162v1 397.687 13,798 Mita et al. (2004); 
Xia et al. (2004) 

Donkey (Equus asinus 
asinus, 83772) 

ASM130575v1 2,391.05 20,673 - 

Ferret  
(Mustela putorius furo, 
9669) 

MusPutFur1.0 2,405.53 19,816 Peng et al. (2014) 

Goat  
(Capra hircus, 9925) 

Capra hircus 
ARS1 

2,866.11 20,755 Bickhart et al. 
(2017) 

Guppy  
(Poecilia reticulate, 
8081) 

Guppy_female_
1.0+MT 

731.622 22,897 Künstner et al. 
(2016) 

Helmeted guineafowl 
(Numida meleagris, 
8996) 

NumMel1.0 1,043.26 16,101 - 

Honeybee  
(Apis mellifera, 7460) 

Amel_4.5 246.927 10,728 Weinstock et al. 
(2006) 

Horse  
(Equus caballus, 9796) 

EquCab2.0 
(EquCab3.0) 

2,426.22 21,129 Wade et al. (2009) 

House mouse  
(Mus musculus, 10090) 

Mus musculus 
GRCh38.p6 

2,671.82 22,493 Mouse Genome 
Sequencing et al. 
(2002) 

Pig  
(Sus scrofa, 9823) 

Sscrofa11.1 2,457.91 20,790 Schook et al. 
(2005); Archibald 
et al. (2010) 

Rabbit  
(Oryctolagus cuniculus, 
9986) 

OryCun2.0 2,737.46 20,547 Carneiro et al. 
(2014) 

Rat  
(Rattus norvegicus, 
10116) 

Rattus 
norvegicus 
Rnor_6.0 

2,743.3 23,347 Gibbs et al. (2004) 

Rock pigeon 
(Columba livia, 8932) 

Cliv_1.0 1,063.01 15,588 Shapiro et al. 
(2013) 

Sheep  
(Ovis aries, 9940) 

Oar_v4.0 2,738.01 20,645 International Sheep 
Genomics et al. 
(2010) 

Swan goose (Anser 
cygnoides, 8845) 
 

Anser cygnoides 
domesticus 

1,124.72 20,787 - 
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Table 1 continued.     
Common name 
(taxonomy, taxid ID) 

Latest genome 
assembly 

Median total 
length (Mb)  

Number of 
protein-
coding 
genes 

Publications 

Turkey  
(Meleagris gallopavo, 
9103 

Turkey_5.0 1,128.34 18,511 Dalloul et al. 
(2010) 

Water buffalo  
(Bubalus bubalis, 
391902) 

UMD_CASPUR
_WB_2.0 

2,921.06 21,711 - 

White-rumped munia  
(Lonchura striata, 
40157) 

LonStrDom1 1,060.17 17,446 Colquitt et al. 
(2018) 

Zebu cattle  
(Bos indicus, 9915) 

Bos_indicus_1.0 2,673.97 19,900 Canavez et al. 
(2012) 

 

Detection of SNPs and SNVs 

NGS has opened up the way for fast detection of common single-nucleotide polymorphisms 

(SNPs) as well as novel single-nucleotide variants (SNVs) distributed all over the genome. 

Millions of SNPs/SNVs were identified in domestic animals ranging from 2-3 M in single 

individuals (Eck et al. 2009; Doan et al. 2012) to about 27 M in larger sample sizes used in the 

234 bull genomes sequencing project, in which 78.4% of the SNPs/SNVs were classified as 

novel (Daetwyler et al. 2014).  

A small fraction of these variants is located in protein-coding regions. In particular non-

synonymous single nucleotide polymorphisms (nsSNPs), a type of genetic mutations in protein-

coding regions that cause a single amino acid substitution in a protein sequence, have been of 

special interest in investigations of domestic animals, as they are likely to affect protein function 

and might have an impact on economically important phenotypic traits (Kim et al. 2003; Kumar 

et al. 2009). About 26-32% of human nsSNPs in clinically important genes were predicted to 

have functional consequences (Chasman & Adams 2001). It was postulated that nsSNPs occur 

at a significantly lower rate and with a lower allele frequency than synonymous substitutions 

as a result of selection acting against deleterious alleles during evolution (Cargill et al. 1999). 

This low frequency of nsSNPs was also observed in other mammals like cattle, in which 87% 

of amino-acid changing mutations were estimated to be deleterious (MacEachern et al. 2006). 

The prediction of these functional effects of nsSNPs on the protein in every organism is based 

on the level of conservation, which is assessed by various effect prediction tools (Kumar et al. 



Introduction 
 

9 
 

2009; Bendl et al. 2014). The higher the conservation of specific SNP-positions is, the less a 

substitution of an amino acid is potentially tolerated (Kumar et al. 2009). In contrast, 

synonymous SNPs (sSNPs) that do not cause a single amino acid substitution, are usually 

predicted as tolerated variants without any effects on protein function (Ng & Henikoff 2003; 

Kimchi-Sarfaty et al. 2007). Nevertheless, the increased detection rates of SNPs/SNVs by NGS 

data analyses have more and more revealed functional effects of sSNPs on protein folding, 

especially co-translational folding, or mRNA stability (Cortazzo et al. 2002; Capon et al. 2004; 

Kimchi-Sarfaty et al. 2007). It was shown that nsSNPs and sSNPs shared similar likelihood and 

effect size for disease association and should thus be both considered in functional studies 

(Chen et al. 2010).  

However, despite this significant importance of coding-region SNPs, the number of non-coding 

variants with functional effects is as large as nsSNPs and sSNPs (Consortium 2012). Human 

genome data showed that only 2.94% of the genome is covered with exons of protein-coding 

genes. It was estimated that 90% of trait-associated SNPs are located in non-coding regions 

(Chen et al. 2016). These SNPs usually affect functional elements, including regions of 

transcription factor association, promoter regions, enhancers, silencers, DNA-methylation 

regions or histone modifications (Narlikar & Ovcharenko 2009; Consortium 2012). All these 

types of regulatory elements were systematically assigned in the Encyclopedia of DNA 

Elements (ENCODE) project for human genomes, which served as a pioneer for discovering 

all functional elements of the genome (Consortium 2012). It revealed 80.4% of the genome to 

be involved in biochemical RNA- and/or chromatin-associated events. NGS technology 

enabled massively parallel sequencing of ChIP (chromatin immunoprecipitation) libraries in 

order to identify regions bound by proteins (Hu et al. 2010). In particular, transcription factor 

binding sites were identified mostly containing strong DNA-binding motifs, although the 

sequences of the motifs were highly species-specific (Schmidt et al. 2010; Consortium 2012). 

It was proposed that various species show transcription factor bound regions near genes, whose 

expression levels are dependent of transcription factors, but do not necessarily have the same 

motifs (Schmidt et al. 2010). SNPs/SNVs modifying the accessibility for these regulatory 

factors by affecting allelic chromatin states, were found to be concentrated in DNase I 

hypersensitivity regions (Neph et al. 2012; Light et al. 2014). The loss of the condensed 

chromatin structure in these regions resulted in an enrichment of DNase I cleavage but a 

punctuated protection from cleavage in regions bound by regulatory factors designated as 

‘footprints’ (Neph et al. 2012). Heterozygous SNVs were supposed to confer significant allelic 

imbalance in chromatin accessibility by disrupting the footprinting of DNA-binding motifs. 
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Thus, the expansive mapping of regulatory elements in the ENCODE project by genome 

sequencing technology elucidated functional sequence compartments as potential targets for 

SNVs or SNPs. In domestic animals, efforts have been made to follow the example of ENCODE 

by the promotion of the Functional Annotation of ANimal Genomes (FAANG) project, an 

international project for assembling comprehensive maps of functional elements in the genomes 

of domesticated animals (Andersson et al. 2015). Due to the complexity of functional elements 

and the inter-species differences, it was outlined as an invaluable resource for the identification 

of genotype-phenotype relations (Barbosa-Morais et al. 2012; Yue et al. 2014; Andersson et al. 

2015). In 2016, the FAANG Consortium established reference datasets under pilot projects, 

initiated plans for sample collection and specified data analysis standards (Tuggle et al. 2016). 

This project shall contribute to understanding functional effects of variants, especially of those 

located in non-coding regions. 

However, despite these efforts to specifically identify SNVs/SNPs and their functional effects, 

these type of variants are also considered as useful tools for genetic analyses (Lee et al. 2006).  

Various studies used SNPs as genetic markers equally distributed over the genomes for 

mapping of desired traits (Petersen et al. 2013; Daetwyler et al. 2014). In particular, genome-

wide association studies (GWAS) and analyses for selection signatures were applied for SNP-

genotyping data to identify candidate regions (Burren et al. 2016; Gottschalk et al. 2016). In 

sliding window approaches runs of homozygosity (ROH) detection was performed in order to 

identify long stretches of consecutive homozygous SNP genotypes as potential selection signals 

(Szpiech et al. 2013). These analyses were run on basis of bead chip genotyping results and 

further validated using whole genome sequencing data or directly run on SNVs/SNPs derived 

from NGS data (MacLeod et al. 2013; Reinartz et al. 2017). The identified ROHs were directly 

explored for causal variants found in genome data and were also widely used for population 

genetic approaches in order to characterize breeds or specific populations (Bosse et al. 2012; 

Purfield et al. 2012; Wang et al. 2015). To investigate the reduced genetic variability in 

homozygosity regions for indications of positive selection or inbreeding, group comparative 

population studies additionally performed analyses for selective sweeps, a reduction of 

variation among nucleotides surrounding a mutation (Pfahler & Distl 2015). These regions 

provided evidence for differences in selection and for particular specialization of breeds (Rubin 

et al. 2010). 

The more the genome was covered with SNPs, the higher was the accuracy of detection results 

(Cai et al. 2011). To avoid cost-intensive NGS of large sample sizes, low density genotyping 

data were in some studies imputed on SNPs derived from whole genome sequencing analyses 
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and used to further narrow down regions of interest (van Binsbergen et al. 2014). The specificity 

of these imputed sequence variants was estimated to be high in total, but showed limitations for 

SNPs with low minor allele frequencies (MAF) or poorly covered genome regions (Daetwyler 

et al. 2014). 

This demonstrates the versatile use for SNVs/SNPs from whole genome sequencing data not 

only for the identification of candidate variants for individual traits but also for targeting regions 

of interest and signatures of potential selection for domestic animal breeds. 

Insertions/deletions and copy number variations 

Since the introduction of high throughput sequencing technologies, various studies focused on 

SNPs as the main genetic basis for variation among mammals. Nevertheless, more and more 

analyses of whole genome sequencing data revealed a high frequency of insertions/deletions 

(indels) as well as structural variation in the genome and emphasized their contribution to 

diversity and disease traits (Weber et al. 2002; Feuk et al. 2006; Chen et al. 2009). Indels are 

defined as variations of 1 bp to 1 kb, whereas structural variation comprise deletions, 

duplications and large-scale copy-number variants (CNVs) >1 kb (Weber et al. 2002; Feuk et 

al. 2006).  

In domestic animals, various research groups identified indels or structural variation affecting 

breed specific phenotypes or performance traits (Bickhart et al. 2012; Axelsson et al. 2013). 

However, it was shown that a comprehensive assessment of particularly larger deletions, 

insertions or translocations was more challenging due to their complexity and limitations of 

mapping of short sequence reads (Ye et al. 2009; Alkan et al. 2011). A thorough 

characterization of structural variations was proposed to be fully accomplished by de novo 

assembly, which was found to be more efficient by using long sequence reads derived from 

single-molecule sequencing technology (Schadt et al. 2010; Chaisson et al. 2015a). These long 

reads enabled to close so far unsolved gaps and the detection of larger, complex regions in the 

genome (Chaisson et al. 2015a). 

Despite these advantages of third generation sequencing technologies, the production of long 

sequence reads has been found to be cost-intensive and thus not applicable for larger sample 

sizes in particular in animal studies. That is why efforts have been made to improve structural 

variant detection, in particular the identification of CNVs. CNV analyses have considerably 

made progress since the implementation of genome analyses, initially based on array 

comparative genomic hybridization (CGH) methodology (Pinkel et al. 1998), followed by SNP 

genotyping chips (Winchester et al. 2009) and CNV detection in whole genome sequencing 
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data (Wheeler et al. 2008). Basically, four different methods have been used for NGS data to 

evaluate CNVs, which all have their advantages and limitations (Pirooznia et al. 2015). One of 

the first approaches based on NGS data has been the read-pair method, an analysis of read-pair 

distances in the investigated data compared to expected distances according to the reference 

sequence (Korbel et al. 2007). It was shown that the average breakpoint resolution was high, 

although some unmated insertions, lacking one predicted breakpoint, were detected, whose 

sizes could not be determined (Korbel et al. 2007). The high information content derived from 

paired-end sequencing, a sequencing of both ends of a fragment, was not only used for read-

pair but also for split-read approaches. This method allows pinpointing the exact breakpoints 

of structural variation, by using the information of unmapped or partially mapped reads whose 

mate was reliably mapped, so-called hanging read pairs (Zhang et al. 2011; Jiang et al. 2012). 

Thus, the actual sequence content of an insertion can be detected by this approach, whereas 

long structural variations are more difficult to detect (Ye et al. 2009; Zhang et al. 2011).  

However, it was shown that these variants, which were refractory to paired-end based tools, 

were captured by the read-depth method (Yoon et al. 2009). This type of analysis based on the 

read depth at each position in the genome in relation to a control sample or a bunch of samples, 

enables the detection of segmental duplications, as it is not dependent of uniquely mapping 

reads in a region to estimate the coverage (Yoon et al. 2009). An also independent method, the 

assembly method, produces contigs of assembled whole genome sequencing data in a first step 

and compares these results to a reference genome (Nijkamp et al. 2012) . After all, the most 

effective way to identify CNVs is to combine different detection methods in order to increase 

detection accuracy (Rausch et al. 2012). Various tools apply joint analyses using paired-end 

insert size detection, identification of discordantly mapped read-pairs, chimeric reads and read 

depth estimation in two- or three-step runs (Medvedev et al. 2009; Ye et al. 2009; Alkan et al. 

2011; DePristo et al. 2011; Rausch et al. 2012; Narzisi et al. 2014; Rimmer et al. 2014; Li 2015; 

Chong et al. 2017; Yang et al. 2018). The continuing development of tools for detection of 

structural variations and the increasing knowledge of its relevance for disease and performance 

traits has more and more supported the standard integration of structural variant detection in 

genome analysis of domestic animals.Thus, various studies on different species demonstrated 

the essential role of SNPs/SNVs as well as indels and structural variations. Their significance 

for complex interactions in the genome and their role in targeted selection of domestic animals 

still need to be further investigated.
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5 Concepts and Objectives 
 

This habilitation thesis focusses on the area of genomics applied in domestic animals. The 

individual studies aim at different aspects of this field, investigating structure, function and 

evolution of genomes using NGS technology. The key link in-between all these analyses is the 

strong-targeted human selection of animal populations or breeds in the course of domestication 

that are traced back on the domestic animal genomes. 

The following objectives were on focus in this work: 

1. Characterizing genomic variations with regard to diversity in highly selected breeds and 

less selected populations.  

2. Identifying runs of homozygosity as potential signatures of selection playing an essential 

role in the evolutionary processes. 

3. Detection of variants in highly selected regions on the genome that play a role in disease 

development. 

4. Identifying functional variants and synergistic effects on the genome that affect 

characteristic breed specific phenotypic traits. 
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6 Results and Discussion 
 

6. 1 Characterisation of horse genomes under strong targeted selection using 
Next Generation Sequencing 

The fundament of genome analyses in domestic animals is built on high quality reference 

genomes as well as the knowledge of known or novel variants and their functional effects (Doan 

et al. 2012; Daetwyler et al. 2014). In the presented publications 1 and 2 whole genome 

sequencing data from different types of horses were investigated in order to asses the 

distribution of variants, their detection accuracy given a certain genome coverage and their 

involvement in selection signatures. At the time of first investigations in publication 1, only 

two studies on NGS data in horses were published, dealing with the genome of a Quarter Horse 

mare as well as with a group of seven equids including five domestic horses, one Przewalski 

and one donkey (Doan et al. 2012; Orlando et al. 2013). It was still unclear how the detected 

variants in these horses were actually distributed among horse populations and how selective 

pressures were involved in the occurrence of known or novel variants. Thus, we analyzed NGS 

data from horses breeds highly selected for comformation or performance traits and compared 

them to data from non-breed horses, which were less exposed to human influences, in order to 

approach these questions.  

A coverage of 10.97X-25.38X (publication 1) and 5.92X-35.18X (publication 2) of the 

individual samples allowed an accurate detection of known variants affecting coat color, body 

size or performance traits. Based on bead chip genotyping data as reference, the accuracy of 

variant calling results was 95.92% in the Arabian horse and 97.42% in the Hanoverian. Further 

investigation of four Hanoverian and one Arabian in publication 2, revealed in total 22%-26% 

of the heterozygous SNPs to be false-negatively detected as homozygous in NGS data. Only 

few SNPs (19-49 SNPs) were estimated to be false-positive and thus heterozygous in NGS data, 

although designated as homozygous in bead chip analysis. These sequence error estimations 

confirmed a reliable detection of variants in this coverage range. As it was proposed for 

analyzed whole-genome sequencing data of a Quarter Horse mare, the false-negative rate is 

comparatively high, if variants are stringently filtered for their individual read depth (Doan et 

al. 2012). For this reason, we used raw variant calling results for the estimation of potential 

novel variants. Approximately 5,000,000 SNPs and 900,000 indels were identified in 

publication 1 in the individual horses including two Hanoverian, one Arabian, one Duelmen 

Horse and one Sorraia. We found an overlap of 907,776 SNPs in comparison to dbSNP variant 
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database records (NCBI) and an overlap of 907,864 SNPs with Ensembl variant database. A 

similar number of SNPs (910,822) was identified overlapping with variants uploaded in the 

database from Broad Institute (horse_snp_release/v2). In total, 3,394,883 SNPs were identified 

neither in public databases nor in previous studies on whole-genome sequencing data in horses 

and were for this reason designated as novel variants. Furthermore, we found 868,525 novel 

indels. These high numbers of novel SNVs and indels showed that millions of variants have 

been undetected so far. It provides evidence of the high genetic variability in-between different 

horse populations or breeds as it has already been supposed in bead chip based analyses 

(Petersen et al. 2013). 

This suggestion was supported in publication 1 by the analysis of private variants for their 

functional effects in breed horses (Hanoverian and Arabian) as well as non-breed horses 

(Duelmen Horse and Sorraia). Variants private for non-breeds were enriched with genes 

involved in metabolic pathways and morphogenesis. We assume that the survival of these 

horses, which are kept under free-range conditions, is highly dependent on fast development, 

efficient digestion and energy intake as it was shown in the Przewalski horse (Kuntz et al. 2006). 

In contrast, modern horse breeds are specifically selected for performance or conformation 

traits (Koenen et al. 2004). We found indications for this high specialization of breed horses in 

coding regions with private variants. They were enriched with genes affecting muscle 

contraction, neurological system processes, ectoderm development and ion/cation transport. In 

addition, genes involved in the development of the immune system were more frequent in 

private indels with codon changing effects in breed horses in comparison to non-breed horses. 

In order to characterize these potential signatures of selection in breeds or non-breeds, we 

performed runs of homozygosity (ROHs) analyses on these whole-genome data. The detection 

of ROHs was shown to be a powerful approach for the estimation of inbreeding and the 

population’s demographic history (Curik et al. 2014). Especially genome signatures of artificial 

selection were successfully identified in groups of individuals specifically bred for performance 

or conformation traits (Kim et al. 2013). Based on the high number of SNPs identified in the 

ten investigated horses in publication 2, we detected an average number of 3492 ROHs in 

sliding windows of 50 homozygous SNPs. Further approach for a minimum of 500 homozygous 

SNPs revealed an average number of 292 ROHs. The genomic inbreeding coefficient (FROH) 

was found to be significantly high in the Thoroughbred and in the Sorraia horses. This supported 

previous suggestion of a reduced effective population size in the endangered Sorraia horse and 

an increase of inbreeding in the Thoroughbred over the past years (Luis et al. 2007; Binns et al. 

2012).  
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Further investigation of the Hanoverian breed for potential selection signatures revealed 18 

ROHs shared by all four Hanoverian, which were not identified in any other of the investigated 

horses. As expected from the high selection for performance of these sports horses, we found 

genes in ROH regions, which were proposed to play a role in osteogenic proliferation and 

differentiation (ALX homeobox 4), neurologic control (cysteine sulfinic acid decarboxylase, 

dyslexia susceptibility 1) and signal transduction (TBC1 domain family, member 30) (Wu 1982; 

Antonopoulou et al. 2004; Ishibashi et al. 2009; Darki et al. 2012). Furthermore, the whole 

group of investigated Hanoverian, Arabian, Saxon-Thuringian Heavy Warmblood and 

Thoroughbred revealed a private ROH in the region of V-Yes-1 Yamaguchi Sarcoma Viral 

Oncogene Homolog 1 (YES1), whose expression was shown to be activated in response to 

testicular heat stress in mice and thus suggested to be important for pachytene spermatocytes in 

the prophase of meiosis (Liang et al. 2013). This evidence for positive selection for reproduction 

was not only found in breed horses but also in non-breeds. The KIT ligand (KITLG) gene, which 

is known to play an important role in male fertility and spermatogenesis, was detected in the 

region of three consensus ROHs identified in all ten horses, breeds and non-breeds (Blume-

Jensen et al. 2000; Runyan et al. 2006). These findings support the assumption that functionally 

important regions under natural or artificial selection, can be traced back by their specific 

selection signatures and are relevant for highly selected horse breeds as well as non-breeds 

(Qanbari et al. 2011).  

However, the use of artificial insemination applied widely in horse breeding, has in particular 

strongly influenced positive reproductive factors in stallions in breed horses (Hamann et al. 

2007). In the presented publication 3, we screened whole genome sequencing data from seven 

stallions and four mares of different breeds for high-impact variants involved in stallion fertility. 

We assumed that variants affecting genes involved in male reproductive processes were less 

likely to show a homozygous mutant genotype due to strong selective pressures for high 

fertility. This was supported by investigations of other species, which gave evidence for a 

decrease of the reproductive efficiency or even infertility due to loss-of-function mutations 

(Sonstegard et al. 2013; Pausch et al. 2014; Fujiwara et al. 2015). Our filtering analysis for 

variants, which showed no homozygous mutant genotype in all investigated horses and were 

located within one of 1194 identified equine genes orthologue to human or mice fertility related 

genes, resulted in 1259 variants in coding regions. Further screening of these data for variants 

with putative high impacts according to SnpEff predictions (Cingolani et al. 2012) resulted in 

19 SNPs. In total 16 of these SNPs were located in 15 genes involved in reproductive processes, 

whereas further three genes were designated as novel or pseudogenes with unknown function 
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(Ensembl database). Validation of these 19 SNPs in 96 stallions revealed two variants to be 

monomorphic, which were thus not further investigated for this reason. The remaining 17 SNPs 

were genotyped in 337 horses including 226 Hanoverian stallions from the National State Stud 

Celle and 111 stallions from different breeds, whose fertility was ensured by records of a 

minimum of 10 viable offspring. Nine SNPs located in the reproduction-related genes cystic 

fibrosis transmembrane conductance regulator (CFTR), oviductal glycoprotein 1 (OVGP1), F-

box protein 43 (FBXO43), testis specific serine kinase 6 (TSSK6), polycystic kidney disease-

associated protein (PKD1), forkhead box P1 (FOXP1), T-complex 11 (TCP11), SPATA31 

subfamily E member 1 (SPATA31E1) and neurogenic locus notch homolog protein 1 

(NOTCH1) did not show a homozygous mutant genotype in the investigated stallions. 

Additional GWAS for all 15 SNPs located in male reproduction (novel genes excluded) related 

genes in 216 Hanoverian stallions with defined breeding values of the paternal component of 

the pregnancy rate per estrus (EBV-PAT), revealed a significant association with stallion 

fertility in the NOTCH1 variant (g.37453246G>C). These results indicated that NOTCH1 high-

impact variant is a potential stallion fertility-associated locus in Hanoverian stallions. It was 

postulated that NOTCH1 is required for spermatogenesis in rat and human testes and thus is 

crucial for differentiation or survival of male germ cells (Azuma et al. 2002). In addition, we 

found NOTCH1 interacting with the identified genes harboring potential high-impact variants 

with absent homozygous mutant genotypes, suggesting these 9 mutations also as deleterious 

factors for stallion fertility. This supports the assumption that homozygous mutant genotypes 

promote infertility in stallions, which is underlies negative selection in the breeding 

populations. NGS analysis in publication 3 allowed the identification of these potential high-

impact variants by screening whole genomes and thus demonstrated that also rare variants could 

be accurately detected.  

All three studies in publication 1, 2 and 3 highlight the detection of genomic changes because 

of targeted specific selection of horse breeds. This targeted selection has resulted in particularly 

diverse breed types, which vary widely not only by their performance but also by their external 

appearance. One of the most apparent characteristics of horse breeds is their body size, ranging 

from a height at the withers (transition from neck to back) of 74 cm (29.13 inches) or smaller 

to a height of 183 cm (72 inches) or higher (Petersen et al. 2013). Even within the group of 

ponies, there is a wide range of withers height from miniature size (smaller than 87 cm/34.25 

inches) up to a maximum height of 148 cm (58.27 inches). In the presented publication 4, we 

investigated potential signatures of selection for extremely small body size in miniature horses. 

For this purpose, we analyzed whole-genome sequencing data of two Miniature Shetland ponies 
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and one standard-sized Shetland pony for signatures of selection involved in size development. 

The Shetland pony represents an optimal model for the investigation of selection signals, 

because this small pony breed was further subdivided into Miniature Shetland ponies, which 

are not allowed to exceed 87 cm (34.25 inches) height at the withers, and standard-sized 

Shetland ponies with a withers height up to 107 cm (42.13 inches), which can only 

differentiated by their size (Molra C. Reeve 2011). We assume that selection for body size in 

Shetland ponies was targeted at both directions, specifically developing miniature and standard-

sized types. For this reason, we performed detection of shared ROH regions found in Miniature 

and standard-sized Shetland ponies. We identified 460 ROH regions spanning in total 1492 

genes common in all three individuals. Further functional investigations revealed one gene, 

high mobility group AT-hook 2 (HMGA2), in a shared ROH region, which was suggested to 

harbor a variant in a gap region of the reference genome, involved in body size development in 

ponies (Frischknecht et al. 2015). We confirmed this HMGA2 variant (c.83G>A) in the Shetland 

pony. However, it could not fully explain the size differences in-between miniature and 

standard size. 

Thus, all shared ROH regions were screened for variants with predicted high or moderate 

effects according to SnpEff predictions (Cingolani et al. 2012) and revealed 1364 variants of 

which 216 had a potential deleterious effect. Nine of the 216 variants were classified as growth, 

muscle development or skeletal development related genes by DAVID functional annotation 

tool (Huang da et al. 2009a, b). One of these variants, located in disintegrin-like and 

metalloprotease with thrombospondin type 1 motif 17 (ADAMTS17), and a second missense 

variant in osteocrin (OSTN), showed a homozygous mutant genotype in the three Shetland 

ponies. Furthermore, the mutant allele of these two variants could not be identified in whole-

genome sequencing data from 29 control equids, including modern horse breeds, non-breeds, 

Przewalski horses, one donkey and also ancient Scythian horses from Berel’ (Orlando et al. 

2013; Librado et al. 2017). Validation of all ten identified SNVs in Shetland ponies of different 

heights and further samples of various horse breeds revealed three missense variants located in 

growth hormone 1 (GH1), ADAMTS17 and OSTN to be highly associated with withers height. 

Moreover, the joint genotypes of these three variants and the additionally validated HMGA2 

variant could explain the height differences of miniature and standard-sized Shetland ponies 

and Shetland pony-related breeds. We conclude that the synergistic effects of these four variants 

are responsible for the determination of miniature size, a height at the withers of smaller or 

equal to 87 cm (34.25 inches), in horses, explaining 72% of the size variation. As the variants 

were specific for Shetland ponies and related breeds, it confirmed the suggestion that they 
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occurred in the Shetland pony breed and resulted in a miniature type due to strong-targeted 

selection.  

Based on the size of the homozygosity regions, we found indication that the first mutant allele 

arose over 1000 years ago. Samples from ancient genomes of Scythian horses from the Iron 

Age (Librado et al. 2017), investigated in our study, did not harbor any of these variants. This 

leads to the suggestion that miniature size in horses is a product of more recent human selection, 

presumably due to the advantages of small size for Shetland ponies as workhorses in the 

coalmines or for optical purposes (Van Bergen & Van Arendonk 1993; Molra C. Reeve 2011).  

However, the pony-type, ranging from >87 cm (34.25 inches) to 148 cm (58.27 inches) was 

presumably already present in early domestic horses. It was shown that whole-genome 

sequences from Iron Age stallions from the earliest Scythian royal mound of Arzhan I as well 

as Scythian stallions from the kurgan 11 of Berel’ did all harbor the pony-associated genotype 

of the LCORL variant, which was described as the main regulator for body size differences in-

between ponies and larger horses (Makvandi-Nejad et al. 2012; Librado et al. 2017). In the 

presented publication 4, we found evidences that supported this assumption.  

We performed copy number variant (CNVs) detection, in order to identify Shetland pony 

specific variations. In total 91 CNV regions harboring losses and 6 CNV regions harboring 

gains were found in whole-genome sequencing data of the three Shetland ponies in comparison 

to three Hanoverian, two Arabian, one Thoroughbred, three non-breed horses, one Marwari 

horse, one Standardbred and one Saxon-Thuringian Heavy Warmblood. Validations of a 

7245bp deletion spanning diaphanous related formin 3 (DIAPH3) in various samples of equids 

revealed this loss to be exclusive in Shetland ponies, Shetland pony-related breeds, Icelandic 

horses, Lewitzer, Welsh horses and donkeys. Furthermore, this deletion was also confirmed in 

a Scythian horse. We assume that this CNV represents a pony-specific variant, potentially 

involved in traits characterisitc for the pony breeds.  

The findings once more underline the role of body size as an interesting model of rapid 

evolutionary changes during horse domestication (Brooks et al. 2010b). Whole-genome 

sequencing data allowed a deep insight into genomic changes, which shaped the horse 

populations due to the strong influence of targeted selection.  

All four publications 1, 2, 3 and 4 emphasized the high diversity of horse populations displayed 

by the extremely high number of private SNPs, indels and CNVs and thus highlighted the value 

of NGS data for versatile characterization of genomes.
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6.2 Analysis of dog genomes for breed specific selection signatures associated 
with disease traits 

The dog represents an extremely divers species, represented by various breeds highly selected 

for their appearance, abilities and behavior (Akey et al. 2010). Intense selection for sharply 

defined breeding objectives and targeted inbreeding has supported the development of breed 

specific variants in domestic dog genomes, promoting not only desired phenotypes but also 

disease susceptibility traits (Shearin & Ostrander 2010).  

In the presented publications 5, 6 and 7 (appendix 12.4, 12.5 and 12.6) we performed ROH 

analyses for potential selection signatures as means of identifying causative variants for breed-

specific diseases. This approach was used to respond to the main challenge for NGS-based 

analyses: Huge datasets provide huge numbers of variants, of which only few can be considered 

as causative for the investigated diseases (Amos et al. 2011). For targeted filtering of candidate 

variants, genomic regions are narrowed down by the identification of potential selection signals, 

often further accompanied by GWAS. In publication 5, we performed both ROH analysis and 

GWAS in Norwegian Lundehund dogs in order to identify a recessive major gene for the 

Lundehund syndrome (LS). This severe syndrome is a complex disease composed of protein-

losing enteropathy (PLE), intestinal lymphangiectasia, gastrointestinal disturbance, 

inflammatory bowel disease and malabsorption (FlesjÅ & Yri 1977; Kolbjørnsen et al. 1994). 

GWAS based on bead chip genotyping data revealed a significant association on canis 

familiaris autosome (CFA) 34 in the region of 23,373,982-24,488,983 bp (CanFam 3.1). 

Subsequent whole-genome sequencing of pools of three LS-affected and three LS-unaffected 

dogs resulted in more than 10 million SNPs/SNVs and more than 8 million indels. After 

stringent quality control, 8,815,395 SNPs/SNVs (LS-affected) as well as 8,799,793 SNPs/SNVs 

(LS-unaffected) remained for ROH analysis. To narrow down the number of potential candidate 

variants for LS, we performed ROH detection for common ROH regions in LS-affected dogs. 

In total, three of the 1713 identified ROHs were found at 23,223,356-24,490,050 bp, 

overlapping with the region of genome-wide association. In addition, we detected 600 

consensus ROH regions, which showed homozygous stretches in both pools comprising LS-

affected and LS-unaffected Lundehund. One of these ROH regions harbored the gene 

nucleotide-binding oligomerization domain containing 1 (NOD1), which was shown to play a 

role in inflammatory bowel disease in human (McGovern et al. 2005) and thus suggested an 

involvement in breed-disposition for LS. However, no LS-specific missense variant, splice 

variant or other variants with high or moderate effects according to SnpEff predictions 

(Cingolani et al. 2012) were identified in consensus or in private ROH regions. Further filtering 
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performed for all variants derived from whole-genome sequencing analysis, revealed 32 SNPs 

and one indel, which were homozygous mutant in LS-affected dogs and heterozygous or 

homozygous wild-type in LS-unaffected dogs as well as in five control sequences from a 

Korean Jindo Dog, an Afghan Hound, a Border Collie and two German Shepherd dogs. One of 

these variants was located 1.2 Mb proximal of the region of GWA in the gene LEPREL1. 

Validation of this missense variant in 36 Lundehund and 186 dogs of different breeds confirmed 

a significant association with LS and revealed all Lundehund with diagnosed LS to harbor the 

homozygous mutant genotype for this variant. The results of this study in publication 5 show 

that the whole genome sequencing analysis accompanied by GWAS and ROH detection 

allowed a successful identification of LEPREL1 variant as causative variant for LS. 

A similar approach was chosen in publication 6 and 7 for a breed-specific disease in Shar-Pei 

dogs. The Shar-Pei Autoinflammatory Disease (SPAID) is assigned as a syndrome with typical 

signs of inflammation, including swollen hooks, dermatitis, otitis and fever (Olsson et al. 2013). 

Due to its high similarity to human Mediterranean fever, the Familial Shar-Pei Fever was 

initially suspected to be a separate disease potentially triggered by a CNV located upstream of 

hyaluronic acid synthase 2 (HAS2) (Olsson et al. 2011). In publication 6, we investigated the 

distribution of this CNV (CNV-1), which was proposed to be causative for Familial Shar-Pei 

Fever, and a second overlapping CNV (CNV-2) in this region. The detection results of copy 

numbers in 95 Shar-Pei dogs and 14 controls refuted an association of CNV-1 with SPAID. In 

addition, we investigated the hypothesis of an association of CNV-1 with the development of a 

strongly wrinkled skin and a heavily padded muzzle, characteristic for the meatmouth Shar-Pei 

type (Olsson et al. 2011). This assumption was also not confirmed in our analysis. Nevertheless, 

we found the development of wrinkles closely related to Familial Shar-Pei Fever.  

After further clinical studies of Swedish Shar-Pei dogs, it became clear that the Shar-Pei Fever 

was one of many more signs of a complex syndrome, the SPAID (Olsson et al. 2013). In the 

presented publication 7, we performed whole genome sequencing in two SPAID-affected 

Shar-Pei in order to identify the causal variant for this syndrome. In total 27 variants were 

detected, which were exclusively homozygous in the two SPAID-affected Shar-Pei but 

homozygous wild-type in five dogs from different breeds, which have already been used as 

controls in publication 5. Validation of six potentially deleterious SNVs in 102 SPAID-

affected and 62 SPAID-unaffected Shar-Pei revealed one variant with a borderline significant 

P-value in transforming growth factor beta receptor 3 (TGFBR3) and one highly significant 

variant in MDM2 binding protein (MTBP). MTBP was found to be located proximal of the 

previously investigated CNV-1. Furthermore it was close by the significant peaks of GWAS, 
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which was performed for the individual signs fever, arthritis, vesicular hyaluronosis, otitis and 

amyloidosis in Shar-Pei and revealed association signals in the region of 23,180,227- 

27,371,905 bp on CFA13.  

Due to the late onset of the disease, we carefully investigated those Shar-Pei dogs for MTBP 

variant MTBP:g.19383758G>A that were older than six years. It was found to be homozygous 

mutant (A/A) in SPAID-affected dogs, whereas SPAID-unaffected dogs harbored the wild-type 

genotype (G/G). In the total group of 25 SPAID-affected dogs with a heterozygous genotype 

(G/A), 17 showed clinical signs of SPAID, whereas 8 individuals were not affected at the time 

of investigation. We proposed that this distribution supported an incomplete dominant mode of 

inheritance for SPAID. The MTBP variant was suggested to affect the binding capacity of 

MTBP resulting in an increased binding to MDM2 or a reduced dissociation of this complex 

(Alam et al. 2012). Our expression analysis of cellular tumor antigen p53 (Tp53) as bio-

indicator for MTBP-MDM2-activity supported this assumption and revealed a decreased 

expression of TP53 due to an increase MTBP-MDM2 activity in SPAID-affected dogs. We 

assumed that this complex supports the pro-inflammatory effect of MDM2 similar as it was 

observed in human Mediterranean Fever (Mulay et al. 2012; Manukyan et al. 2015). 

Additional ROH analysis based on bead chip data confirmed a potential selection signature in 

this region. The largest ROH region was located on CFA13 at 18,625,926-19,967,354 bp 

spanning MTBP. Due to the frequent occurrence of SPAID in Shar-Pei with a meatmouth and 

a heavily wrinkled skin, we assumed that the causative variant for both traits were located close 

by and thus inherited together. Strong targeted selection for the desired meatmouth type might 

have promoted thereby disease development. 

The results of both studies in publication 5, 6 and 7 show that intra-breed homogeneity supports 

genome analyses for specific traits by the use of ROH detection and GWAS. Selection 

signatures for desired phenotypes can be concurrently associated with disease traits and 

therefore occur frequently in the breed due to strong human selection for the intended breeding 

goal.
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6.3 Investigation of variants for specific phenotypes in whole genome 
sequencing data of domestic animals 

Whole genome sequencing provides a multitude of variant data, comprising mutations with 

high, moderate, low or no functional effects (Cingolani et al. 2012). The detection results of 

NGS data can be scanned for potential candidate mutations associated with desired phenotypes 

or disease traits, superseding the previous single candidate gene-sequencing approaches (Zuryn 

et al. 2010). This allows fast and accurate investigation of variants in various trait related genes, 

neighboring non-coding regions and in further genes, which have not been associated with this 

trait so far.  

In the presented publication 8, we investigated a Miniature Shetland pony with a dwarf 

phenotype. This filly revealed a disproportionate short stature, a shortened neck, torso and a 

malformed skull. After four days, it was euthanized due to acute respiratory problems, which 

turned out to be a result of an aspiration pneumonia due to a soft and hard palate found in 

computer tomography (CT) scan. Pathological examination confirmed these findings and 

showed that the caudal end of the soft palate protruded into the nasal passage. Furthermore, the 

metacarpal, metatarsal and cannon bones were comparatively short, although no signs of 

chondrodysplasia could be observed patho-histologically. This individual underwent whole 

genome sequencing analysis in order to detect the causative variant(s) for this specific type of 

dwarfism and malformation. This approach allowed a fast and accurate scanning of known 

variants involved in dwarf types and simultaneously the investigation of novel variants, similar 

to the procedures in neonatal intensive care units, which use whole genome sequencing for 

rapid differential diagnosis of genetic disorders (Saunders et al. 2012). 

We identified 7,068,170 SNPs and 923,406 indels in whole genome sequencing data of the 

dwarf Miniature Shetland pony. These detected variants were compared to NGS data from 25 

control horses of 14 different breeds and one donkey. Filtering for variants exclusively found 

in the dwarf Miniature Shetland pony with predicted high or moderate effects according to 

SnpEff predictions (Cingolani et al. 2012), revealed 26 variants that met these criteria. In total 

24 were designated as missense variants, one variant was predicted to be a disruptive in-frame 

deletion and one variant was a potential splice acceptor variant. Further investigation of all 

these variants for their potential functional effects based on sequence homology and the 

physical properties of amino acids using SIFT (Ng & Henikoff 2003) and PolyPhen-2 

(Adzhubei et al. 2010) showed only three variants located in activator of basal transcription 1 

(ABT1), SEC31-like protein 2 (SEC31B) and aggrecan (ACAN) to be deleterious and probably 
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damaging. Validation of these three variants revealed only the ACAN variant to be exclusively 

homozygous in the affected individual and heterozygous in the mare and stallion.  

ACAN was found to be a strong candidate gene, which has already been shown to be involved 

in the development of dwarf American Miniature horse types (Eberth 2013). Four variants were 

previously found to be associated with different dwarf types in American Miniature horses, 

which were located in the C-type lectin fold domain of ACAN, designated as D1 and D2 variant, 

and in the sushi domain, designated as D3 and D4 variant (Eberth 2013). The detected ACAN 

variant p.A505P in our genome data analysis for the Miniature Shetland pony was a novel so 

far not identified variant, also located in the C-type lectin fold domain. We assume, that this 

variant has a major effect on protein function and thus might affect cell adhesion and interaction 

of cells during endochondral ossification (Drickamer & Taylor 1993).  

The results of this analysis showed that novel high impact variants causing malformations can 

be successfully identified by screening of whole genome sequences. To investigate further the 

detection capacity of NGS data for traits appearing more complex, we subsequently performed 

an analysis for a specific coat phenotype, the curly coat. In the presented publication 9, we 

observed curly coat in horses, particularly found in American Bashkir Curly Horses and in 

Missouri Foxtrotters, which was accompanied with hypotrichosis in some cases (Thomas 1990; 

Scott 2004). Three different curly coat phenotypes were identified: a curly coat accompanied 

with complete hypotrichosis, a curly coat accompanied with incomplete hypotrichosis and a 

curly coat without hypotrichosis. Hair fibers of horses with signs of hypotrichosis appeared to 

be rougher compared to those without hypotrichosis. We performed genotyping of horses 

showing these different phenotypes on a high density bead chip (Axiom Equine Genotyping 

Array 670K) to narrow down potential candidate regions. GWAS for curly versus straight coat 

revealed a highly significant peak on equus caballus autosome (ECA) 11 at 21,899,031-

35,414,844 bp. This region harbored 26 SNPs reaching the significance threshold located in the 

region of 202 genes including the two keratin genes KRT24 and KRT25. Further 15 keratin 

genes were found close by this region of association. Studies on hair structure and development 

confirmed that hair keratins play an important role for the assembly and maintenance of hair 

structure (Smith & Parry 2008). That is why keratin genes were widely considered as candidate 

genes for curly hair development (Kikkawa et al. 2003; Cadieu et al. 2009; Gandolfi et al. 2010; 

Shimomura et al. 2010; Daetwyler et al. 2014). For this reason, we investigated the region of 

association and the proximal keratin cluster region for candidate variants in whole genome 

sequencing data. Scanning of NGS data from a curly coated American Bashkir Curly Horse 

with complete hypotrichosis, a curly coated American Bashkir Curly Horse with incomplete 
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hypotrichosis and a curly coated Missouri Foxtrotter without hypotrichosis compared to 27 

straight-coated controls revealed six variants with high or moderate effects in these regions. 

After genotyping of all six variants in 148 curly and 68 straight coated horses, only three 

variants located in KRT25, keratin associated protein 16 (KRTAP16) and transcription factor 

SP6 (SP6) remained to be associated with investigated phenotypes.  However, we could exclude 

KRTAP16 variant as candidate, because we found the mutant allele of this variant in a larger 

validation sample set of straight-coated horses of different breeds. Thus, we concluded that 

KRT25 and SP6 missense variants were causative for curly hair in horses. Furthermore, we 

found KRT25 to have an epistatic effect on SP6 variant. Horses with one or two mutant alleles 

in KRT25 variant developed curly hair and an incomplete (heterozygous genotype) or complete 

(homozygous mutant genotype) hypotrichosis and a rough appearance of remaining hair fibers. 

Those individuals with both KRT25 and SP6 variants also revealed curly hair with a rough 

surface accompanied with hypotrichosis. In contrast, horses with SP6 variant showed curly hair 

but no hypotrichosis. We assumed that KRT25 variant was masking the SP6 effect, resulting in 

the development of hypotrichosis and a rough hair surface. Morphologic analysis of hair fibers 

by scanning electron microscopy (SEM) confirmed the rough appearance of KRT25 mutant 

horses and showed the hair surfaces to be irregularly desquamated and scaly in particular in 

homozygous mutant individuals. The same findings were detected in horses with both KRT25 

and SP6 mutant alleles. Individuals with an exclusive mutant allele in SP6 revealed a regular 

desquamation and only slightly raised scales on hair fiber surfaces, whereas straight-coated 

horses were found to harbor a regular desquamation as well, but a completely smooth surface. 

Despite these differences in-between the phenotypes of KRT25 and SP6 mutant horses, we 

found evidence for common characteristics of curly hair in curly horses of all genotypic 

combinations. As previous studies on human, mice and rats postulated (Tanaka et al. 2007; 

Thibaut et al. 2007; Kuramoto et al. 2010), the curly hair shafts in curly horses had a 

polymorphic shape in contrast to the circular shape of straight hair shafts, and showed an 

extremely restricted medulla region. Curly hair fibers were rotated in the shafts and harbored 

characteristic depressions that were proposed to be responsible for the curling of hair (Thibaut 

et al. 2007). We supposed that these findings were a result of mutant SP6 or mutant KRT25 

leading to a modified proliferation in hair follicles and thus an asymmetry in the hair bulb. We 

found evidence for such proliferative variances in studies on SP6-knockout mice that developed 

short curly whiskers, and in human curly hair types (Thibaut et al. 2005; Thibaut et al. 2007; 

Hertveldt et al. 2008). Furthermore, mutations in KRT25 were shown to be responsible for a 

disarrangement of the macrofibril structure and thus a twisted appearance in human curly hair 
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(Thibaut et al. 2007; Ansar et al. 2015). The hair was found to be coarse and lusterless and thus 

was designated as woolly hair (Ansar et al. 2015). KRT25 mutant patients additionally 

developed a decreased hair density (Zernov et al. 2016). These hypotrichotic signs were 

observed in various human patients with woolly hair, affected by different variants in other 

keratin genes, too (Wasif et al. 2011; Fujimoto et al. 2012).  

This confirmed our findings in KRT25 mutant curly horses with hypotrichosis. For further 

estimation of functional effects, we additionally performed RNA-seq in curly and straight-

coated horses. No differential expression could be observed in KRT25 or SP6. Nevertheless, we 

found significant differential expression in 20 genes involved in hair development processes 

located close by the region of GWAS. The two genes KRT17 and SOX9 were confirmed to 

show a significantly increased expression in curly hair in the validation analysis of 38 

additionally investigated samples. Both genes were predicted to be co-expressed with KRT25 

and SP6 according to gene network analysis (Warde-Farley et al. 2010). Furthermore, a 

potential interactor with KRT25, the keratin gene 1 (KRT1), showed a significant differential 

expression for curly versus straight-coated horses. In the comparative analysis of hypotrichotic 

horses with non-hypotrichotic horses, KRT1 and also KRT79 revealed significant different 

expression levels. We found evidence that KRT1, KRT79 and SOX9 were involved in the 

regeneration of hair (Ito et al. 2005; Runkel et al. 2006; Mardaryev et al. 2011; Veniaminova et 

al. 2013). We concluded that these co-expressed genes might play a role in regenerative 

processes, which should be particularly required in hair with an irregular desquamation and 

scaly surface found in curly horses.  

Thus, we detected two variants involved in curly hair and hypotrichosis in horses using whole 

genome sequencing and additionally gained knowledge about functional effects by RNA-seq 

analysis. Based on these data, our investigations further aimed at the curly coat phenotype found 

in other domestic animals. Curly hair, or woolly hair as designated in human, was identified in 

various species including pigs (Rhoad 1934), dogs (Cadieu et al. 2009), cats (Robinson 1969; 

Gandolfi et al. 2010; Gandolfi et al. 2013), cattle (Craft & Blizzard 1934; Johansson 1942; 

Eldridge et al. 1949), sheep (Kang et al. 2013), mice (Runkel et al. 2006; Tanaka et al. 2007), 

rats (Kuramoto et al. 2010), chicken (Ng et al. 2012) among others. In presented publication 

10 we investigated curly coat in Angus cattle, a breed, in which no evidence was found for a 

curly coat type until now (Daetwyler et al. 2014). We observed a curly-coated German Angus 

cow with well-defined curls in particular pronounced at neck and shoulder. Whole genome 

sequencing was performed for this curly-coated individual and mapped to the reference genome 

UMD 3.1. Comparative analysis with NGS data from 51 controls of seven cattle breeds, which 
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were expected to express a straight coat, revealed 230 variants with predicted high or moderate 

effects according to SnpEff predictions (Cingolani et al. 2012), which could be exclusively 

found in the curly-coated cow. After scanning of all genes affected by the these variants for 

candidate genes known to be involved in curly or woolly coat phenotypes in mammals 

according to NCBI (www.ncbi.nlm.nih.gov) and OMIA (www.omia.org) database, three genes 

including keratin 27 (KRT27), mitochondrially encoded NADH dehydrogenase 3 (ND3) and 

mitochondrially encoded NADH dehydrogenase 3 (ND6) remained. Only KRT27 variant 

(rs384881761) co-segregated with curly-coat phenotypes in further investigated German 

Angus. Genotyping of KRT27 variant in 284 cattle of 11 different breeds confirmed the curly-

coat associated variant in KRT27 in German Angus as well as German Fleckvieh cattle. It 

supported the previous observation of curly coat in the German Fleckvieh population expressed 

by this KRT27 (rs384881761) variant (Daetwyler et al. 2014). The frequency of this variant was 

low in these two breeds, whereas none of the other investigated breeds harbored a mutant allele. 

A neighboring variant located in KRT24, which was found to show a high linkage 

disequilibrium with KRT27 variant, could be excluded as candidate variant for curly coat in 

validation analysis, because six straight-coated German Fleckvieh bulls showed a heterozygous 

genotype for this variant. These bulls did not harbor the KRT27 mutant allele and thus were 

confirmed as straight-coated.  

The results of this study revealed that curly-coat caused by a KRT27 variant can be found in 

German Angus as well as German Fleckvieh cattle. Due to the origin of German Angus from 

crossbreeding of Aberdeen Angus with German dual-purpose breeds like German Fleckvieh 

(Sambraus 2011) this variant was presumably transferred into the German Angus breed. Further 

variants as potential candidates for curly coat in German Angus could be excluded by high 

throughput sequencing analysis. 

All three studies in publication 8, 9 and 10 show that whole genome data can be successfully 

used for the detection of variants involved in specified phenotypes. It allows a targeted 

screening for candidate genes and a wide-ranging detection of gene interactions. Further RNA-

seq analyses provide additional information on functional effects of variants and consequences 

of variants on gene expression. 
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7 General Discussion 
 

The present work is focused on genomics in domestic animals, providing insight into genome 

structure, homozygosity regions, mapping accuracy of variants, functional variant detection and 

evaluation of effects using NGS technology. The common key for all studies performed for this 

habilitation thesis is the tracking of signals for genomic changes as a result of strong selection 

for domestic animal populations or breeds in the course of domestication. 

Diversity and signatures of selection 

Domestic animals represent particularly interesting models for genome research due to their 

characteristic distribution into breeds or populations. Since domestication, artificial selection 

for specific types suitable for working, efficient use of meat or milk or even for show or 

competitions have highly shaped these animals (Calo et al. 1973; Outram et al. 2009; Schröder 

et al. 2011). As it has been demonstrated in dogs and horses, the number of genetic variants 

explaining the majority of phenotypic variation across breeds is comparatively low, producing 

markedly different breed types (Boyko et al. 2010; Petersen et al. 2013). In contrast, within 

breeds the phenotypic and genetic uniformity of individuals is quite high (Arranz et al. 2001; 

Petersen et al. 2013). Inbreeding and artificial insemination, multiple ovulation and embryo‐

transfer have shaped animals into characteristic and efficient breeds (Medugorac et al. 2009). 

Desired traits like body size, fertility or coat color were specifically selected, whereas traits 

under less attention received a relaxation of selection (Alberto et al. 2018).  

In our studies, we identified genomic regions under strong selection for important phenotypes 

including fertility, variability of the immune system, metabolism, neurologic control, body size 

and coat structure in horses and in cattle. It confirmed that natural as well as artificial selection 

alter the evolutionary development of populations (Akey et al. 2010). In non-breed horses, 

which have not been subject to the same intensity of artificial selection and closed breeding 

(Warmuth et al. 2013), we found private variants affecting coding regions enriched with genes 

involved in metabolic processes and morphologic development (publication 1). This leads to 

the suggestion that non-breeds differ considerably from breeds due to their stronger need for 

survival. In feral horses is was shown that the foaling rates and survival was highly dependent 

on ecological range conditions, in particular on food resources (Siniff et al. 1986). In contrast, 

breed horses develop characteristics highly dependent on the goal of selection. We found an 

enrichment of genes in private variants in coding regions of Hanoverian and Arabian horses 

affecting neurological control and muscle contraction among others. This clearly reflects the 



General Discussion 
 

30 
 

specialization of these breeds for performance traits as riding and show horses (Brooks et al. 

2010a; Schröder et al. 2011).  

Footprints of this artificial selection and inbreeding events were shown to emerge in certain 

regions of the genome by means of ROHs (Kim et al. 2013). These long stretches of 

homozygous segments were investigated in various domestic animal genomes, including cattle, 

pigs, sheep and dogs, in order to identify inbreeding levels, selection pressures, population 

structure and demographic history (Boyko et al. 2010; Bosse et al. 2012; Purfield et al. 2012; 

Beynon et al. 2015). In particular, intensive selection programs were shown to have increased 

the similarity among genomes of breeds and supported the development of ROH regions (Kim 

et al. 2013). In our analysis of whole genome sequencing data of horse breeds and non-breeds, 

a notably high total length of the genome was found to harbor ROH regions in the Thoroughbred 

and the two Sorraia horses (publication 2). This confirmed the postulated comparatively high 

inbreeding levels in these populations (Cunningham et al. 2001; Aberle et al. 2004). Inbreeding 

coefficients derived from ROH (FROH), depicting the proportion of the genome with ROH 

regions, were proposed to highly correlate with inbreeding coefficients derived from pedigree 

data (Fped) (Ferencakovic et al. 2011). However, FROH was suggested to be the most powerful 

method of detecting inbreeding effects, because it affects identical haplotypes over various 

generations that cannot be acquired by traditional pedigree-based analyses (Keller et al. 2011). 

FROH estimations in Holstein cattle suggested both the occurrence of bottlenecks during breed 

formation as well as a constant directional selection to be the cause of high inbreeding in this 

population (Kim et al. 2013). These findings clearly supported the assumption that selection 

pressures are the main drivers for inbreeding, leading to much higher FROH in domestic animals 

in comparison to most human populations (Curik et al. 2014; Di Gaetano et al. 2014).  

In particular, artificial insemination has supported selection programs and accelerated genomic 

changes (Kim et al. 2013). For this reason, high fertility gained more and more importance for 

breeding progresses and therefore represented an essential target of indirect selection of 

stallions or bulls (Mackinnon et al. 1990; Colenbrander et al. 2003). Our results from 

investigations of selection signatures in horse breeds and high impact variants for stallion 

fertility (publication 2 and 3) confirmed that positive as well as negative fertility-related 

variants have a crucial influence on selection and can thus be traced back by means of footprints 

of selection pressures. It was postulated that important performance parameters, for example 

milk production, could be negatively correlated with fertility, mainly promoted by high 

inbreeding levels (VanRaden et al. 2004). However, in Jersey cattle is was shown that most of 

all detected ROH regions associated with fertility were related to higher fertility, whereas only 
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a small amount of ROHs was related to lower fertility (Kim et al. 2015). The genetic 

improvement of female fertility was suggested to be achieved by indirect selection for longevity 

or body condition score or direct selection of daughter pregnancy rates (Weigel 2006). These 

findings show that the result of selection can vary due to several interrelated factors.  

The consequences of selection signatures identified by ROHs become particularly prominent, 

if they are related to desired key traits, whose phenotypes can be clearly defined. Such breed-

defining traits like body size or coat characteristics were supposed to highlight the important 

role of human-directed selection on the genetic architecture of species (Boyko et al. 2010). We 

found evidence for this assumption in our investigations for miniature size in horses and for 

curly coat in horses and in cattle (publication 4, 9 and 10). We identified ROH regions 

harboring four height-associated variants in Shetland ponies of different sizes (0.28-3.34 Mb) 

indicating past selection pressures on miniature size reaching back to 1200-1800 years ago. In 

this case, strong-targeted selection in both directions for miniature as well as standard size 

resulted in selection signatures on size-related genes. Short ROHs indicated past eras of 

population processes shaping the miniature horse type, whereas longer ROHs were presumably 

a product of recent inbreeding similar to observations made in dog breeds (Boyko et al. 2010). 

Thus, the size of ROHs and its distribution among chromosomes give evidence for demographic 

histories of populations, recently applied in studies among various breeds including cattle and 

pigs (Kirin et al. 2010; Purfield et al. 2012; Herrero-Medrano et al. 2013).  

However, long stretches of homozygous regions do not only provide an insight into inter-breed 

specific traits but also give evidence for specific phenotypes within breeds (Chan et al. 2010). 

A shared homozygous haplotype was observed in Portuguese water dogs, harboring two 

different coat types, curly coat and wavy coat, within this breed (Cadieu et al. 2009). In this 

region, a nonsynonymous variant in KRT71 was identified to be causative for curly coat 

representing a signature of selection for both desired phenotypes, curly and wavy (Cadieu et al. 

2009). In contrast to these findings, curly coat in cattle was suggested to represent a rare coat 

variation in Fleckvieh cattle (Daetwyler et al. 2014), in some studies even estimated as 

undesirable trait due to potential higher tick and parasite burden (Martinez et al. 2006; Gasparin 

et al. 2007). We observed this very specific coat type in German Angus individuals and assumed 

that it might be transmitted from Fleckvieh cattle into this breed by random selection of curly-

coated individuals. As if contrary to this, however, curly coat in horses, in particular in 

American Bashkir Curly Horses, is highly desired and underlies strong artificial selection for 

this trait (Thomas 1990; Scott 2004). This is especially reasoned by the hypoallergenic potential 

discovered in some curly-coated horses (Mitlehner 2013). These findings propose that very 
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different levels of importance are attached to specific characteristics like coat phenotypes, 

which mainly influence the intensity of selection pressures resting on such traits. 

However, consequences of selection are not only of a positive nature but can also promote 

unfavorable effects. Targeted selection for muscular growth in pigs was suggested to result in 

metabolic dysbalances within the muscle and, therefore, degenerative processes (Weiler et al. 

1995). In cattle, the promotion of increased body size of Holsteins was found to show evidence 

for negative relation with survival and efficiency (Weiler et al. 1995). In our study, we identified 

a novel variant in ACAN causative for dwarfism accompanied with malformations in miniature-

sized Miniature Shetland ponies (publication 8). We assumed that this type of dwarfism might 

be associated with extremely small body size, as it has already been suggested in dwarf 

American Miniature horses (Eberth 2013) and miniature cattle breeds including Dexter, 

Scottish Highland and Miniature Belted Galloway (Cavanagh et al. 2007; Catalina Cabrera et 

al. 2016; Dittmer et al. 2017). Such negative interrelations triggered by strong selection for a 

highly favored phenotype are usually associated with an increase of inbreeding levels 

(Mastrangelo et al. 2018). In particular in dog breeds, the frequent use of popular sires in closed 

populations and historical bottlenecks have led to a loss of diversity (Leroy 2011). In the 

Lundehund, a breed of a very small population size, we confirmed this suggestion and found a 

high frequency of individuals affected with the Lundehund syndrome (publication 5). This 

disease was probably promoted in this breed due to strong directional selection for Lundehund-

specific traits like the characteristic additional toe and joint flexibility (Melis et al. 2013). The 

Shar-Pei breed represents a further example of indirect promotion of negative effects by 

targeted selection of specific phenotypes. In our study, we observed Shar-Pei dogs affected with 

SPAID (publication 6 and 7), which prominently showed a highly wrinkled skin. Evidence 

suggested that the gene locus for this desired characteristic skin development in Shar-Pei might 

be close to the causative variant for SPAID, increasing the frequent appearance of both traits. 

Consequently, all these findings discussed in this work illustrate the closely interlinked effects 

of natural and artificial selection, which were carefully traced back by means of genomic 

footprints.  

Genome analyses- future perspectives 

During the first International Symposium on Animal Genomics for Animal Health held in Paris, 

in October 2007, more than 250 participants from 26 countries emphasized the need to exploit 

the potential of new genome-enabled technologies in animal health research in order to improve 

health and welfare of animals worldwide (Archibald et al. 2008). The maintenance of health 
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was proposed to be one of the biggest challenges for efficient livestock production in the next 

few decades (Plastow 2016). In particular, resistance to diseases, resilience, high impact 

variants and the incidence of malformations were outlined as essential parameters, which 

should be widely investigated in animal genomes (Albers et al. 1987; Thomsen et al. 2006; Fritz 

et al. 2013). Furthermore, it was postulated that genome analyses for population genetic aspects 

including diversity, inbreeding and development of breeds or non-breeds represent an essential 

basis for animal health, species survival and an increased animal production (Axelsson et al. 

2013; Petersen et al. 2013; Daetwyler et al. 2014; Wiener et al. 2017).    

In our investigations of domestic animal genomes, we demonstrated the wide-ranging and 

powerful use of next generation sequencing. We identified millions of variants as basis for 

versatile genome analyses, signatures of selection characterizing populations, high impact 

variants in highly selected regions and variants causative for diseases and malformations. This 

highlighted the potential to identify SNPs/SNVs, indels and CNVs in whole genome sequences 

and further functional evaluation of genome data in RNA-seq analyses. Thus, these results 

underline the inestimable value of high throughput technologies for research approaches. 

However, the advances in library preparation and bioinformatic analyses have not come to a 

halt yet. Recent developments of library preparation procedures have implemented kits for 

increasingly smaller input concentrations of nucleic acids and allowed preparations of formalin 

fixed tissues as well as biopsies for DNA sequencing (Malapelle et al. 2016; Wolf et al. 2016; 

So et al. 2018). In addition, single cell sequencing, a sequencing procedure for individual cells, 

more and more moved into focus for investigations of complex ecology of heterogeneous cell 

states and the functional evaluation of an individual cell in its microenvironment (Eberwine et 

al. 2014). Advanced library preparation protocols for single-cell or multi-cell DNA samples 

were run on high-throughput automated barcoding and library construction systems (Chromium 

System, 10X Genomics, Pleasanton, California) in order to preserve long-range information on 

genomes (Pellegrino et al. 2017). This approach particularly aims at meeting the challenges of 

structural variant detection and analysis of complex genomic regions (Greer et al. 2017; Spies 

et al. 2017). Short reads in a long-range context are recognized by the same barcode and thus 

are used to improve scaffolding using Supernova software (Mohr et al. 2017). These new tools 

point out the efforts being made to implement improved protocols for short-read sequencers in 

existing sequencing infrastructures (Pellegrino et al. 2017). Simultaneously, third generation 

sequencing technologies gain increased importance for genome research in particular for 

studying so far not investigated species and reconstruction of reference genomes (Bickhart et 

al. 2017).  
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Spurred on by the successes of these methods, research questions more and more focus not only 

on variations in the genome but also on functional effects of these variations on gene expression 

(Archibald et al. 2008). Translating animal genomes to phenomes, referred to as gene 

expression data, is proposed to be a new challenge for domestic animal research (Andersson et 

al. 2015). The FAANG research initiative is expected to provide comprehensive maps of 

functional genomic elements in animals in the future (Andersson et al. 2015). So far, initial 

studies on functional annotations were performed for the identification of mRNA as well as 

long-noncoding RNA (Koufariotis et al. 2015), micro RNA (Do et al. 2017), allele specific gene 

expressions (Chamberlain et al. 2015) and 3D structures of entire mammalian genomes 

(Koufariotis et al. 2015). In addition, further perspectives are outlined in the era of “omics”, 

comprising not only genomics and transcriptomics but also proteomics and metabolomics to 

create a more complete picture of living organisms (Bhatnagar et al. 2008). Studies conducted 

on genomes and metabolomes in cattle postulated that the integrative strategy significantly 

improves the understanding of complex regulatory networks (Widmann et al. 2013). 

Even more, latest developments in human health research offer an insight into the future of 

genome research not only for humans but also for domestic animals. In an upcoming Keystone 

Symposia conference, international experts from science, healthcare and industry are 

announced to discuss the scientific challenges of human genome sequencing and its impact on 

healthcare (Keystone Symposia conference in Hanover on June 4-8 2018). The focus is on the 

key term “precision medicine”, referring to individualized treatment of a patient based on 

his/her own genetic, biomarker, phenotypic, or psychosocial characteristics (Jameson & Longo 

2015). By means of latest technologies allowing studies on genomics, proteomics, 

metabolomics as well as pharmacogenomics (Collins & Varmus 2015), a totally new path will 

be set in all areas of medicine. 

Among all these prospects in the field of “omics”, NGS was found to evolve into the molecular 

microscope finding its way into virtually every field of biomedical research (Buermans & den 

Dunnen 2014). The results of present habilitation thesis provide an insight into the high 

potential of this new genome-enabled technology and its impact on domestic animal research 

in the future. 
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8 Summary 
 

Exploring genomes of domestic animals using Next Generation Sequencing 

Dr. med. vet. Julia Metzger 

 

Domestic animals represent a diverse group of populations comprising millions of genetic 

variants in their genomes. In particular, due to their extensive diversity among breeds and high 

similarity within breeds, they have been shown to be a unique model for investigations of 

phenotypic variations. 

Whole genome sequencing of highly selected horse breeds and non-breed horses kept under 

free range conditions revealed an average number of 3.4 million SNVs and 0.9 million indels, 

which could not be found in public databases. Private variants exclusively identified in non-

breed horses indicated a natural selection of these horses for metabolic processes and 

morphogenesis, whereas breed horses harbored private variants in performance-associated 

genes affecting muscle contraction, neurological processes and ion/cation transport. 

Comparative analysis with bead chip genotyping data confirmed a high detection accuracy of 

next generation sequencing data of more than 95%. 

Further investigations of horse breeds and non-breeds for ROH regions indicating potential 

signatures of selection revealed an average number of 3492 ROHs in windows of a minimum 

of 50 consecutive homozygous SNPs and 292 ROHs in windows of a minimum of 500 

consecutive homozygous SNPs. Only three ROHs were found to be common in whole genome 

sequencing data of all investigated 10 individuals, harboring the KITLG gene. This gave 

evidence for a positive natural and artificial selection of breeds as well as non-breeds for 

reproduction traits.  

Filtering of whole genome data from 11 horses for high-impact variants in genes involved in 

male reproductive processes resulted in 17 variants with no homozygous mutant genotype in 

investigated fertile stallions. After validation in further 337 fertile Hanoverian stallions, 9 high-

impact variants remained and were considered as potentially deleterious factors for stallion 

fertility. Furthermore, a splice-site disruption variant in NOTCH1 was shown to be associated 

with the de-regressed breeding values of the paternal component of the pregnancy rate per estrus 

(EBV-PAT). Thus, this variant was proposed to be a significant locus for Hanoverian stallion 

reproduction, highly affected by targeted selection for stallion fertility. 

Genomic changes due to artificial selection for conformational parameters were further 

investigated Shetland ponies. Potential signatures of selection for extremely small body size 
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were identified in both miniature and standard-sized ponies. NGS data revealed four 

synergistically interacting variants in ROH regions, which were proposed to limit the height at 

the withers in Shetland ponies to 87 cm (34.25 inches). We found evidence that these variants 

were Shetland pony-specific variants, providing a miniature size under specific genotypic 

combinations. 

Potential signatures of selection were also identified in Lundehund dogs, investigated for the 

Lundehund syndrome. A missense mutation was found in whole genome sequencing data of 

affected Lundehund dogs in a region 2 Mb proximal to a ROH. The affected gene LEPREL1 

was estimated to be a precursor of inflammatory effects promoting the Lundehund syndrome 

in this breed. Similar observations were made in Shar-Pei dogs. Analyses for potential 

signatures of selection resulted in a large ROH region exclusively identified in whole genome 

sequencing data of two SPAID-affected Shar-Pei. A missense variant located in this region in 

MTBP with a predicted damaging effect was shown to be highly associated with SPAID, 

whereas a significant association with a previously identified CNV near HAS2 could not be 

confirmed. Affected dogs revealed a characteristic Shar-Pei fever as well as other signs of 

inflammation including arthritis and dermatitis.  

Further scans of NGS data for potential candidate mutations, successfully detected disease traits 

and desired phenotypes in horses and cattle. We identified a missense mutation in ACAN in a 

Miniature Shetland pony with a dwarf phenotype suggesting this variant as a novel mutation 

for a so far not observed dwarfism phenotype associated with malformations in Shetland ponies. 

Further studies on coat characteristics in horses revealed two variants associated with curly hair 

in KRT25 and SP6. Mutant KRT25 allele was found to be masking SP6 effect, resulting in curly 

hair accompanied with hypotrichosis. This gave evidence for an epistatic effect of KRT25 on 

SP6 for the development of curly hair and hypotrichosis in horses. In cattle, whole genome 

sequencing data of a curly-coated German Angus compared to 51 cattle from seven different 

breeds resulted in a causative variant in KRT27, which has also been observed in curly-coated 

German Fleckvieh, suggesting a transmission of this variant from German Fleckvieh to German 

Angus. 

The results of this work give an insight into the wide spectrum of genome analyses using NGS 

data and elucidate various genetic effects on the development of domestic animals identified as 

genomic footprints of selection. 
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12.1 Publication 1  

Metzger J, Tonda R, Beltran S, Agueda L, Gut M, Distl O: Next generation sequencing gives 

an insight into the characteristics of highly selected breeds versus non-breed horses in the course 

of domestication. BMC Genomics. 2014;15:562. 

Abstract 
Background: Domestication has shaped the horse and lead to a group of many different types. 

Some have been under strong human selection while others developed in close relationship with 

nature. The aim of our study was to perform next generation sequencing of breed and non-breed 

horses to provide an insight into genetic influences on selective forces. Results: Whole genome 

sequencing of five horses of four different populations revealed 10,193,421 single nucleotide 

polymorphisms (SNPs) and 1,361,948 insertion/deletion polymorphisms (indels). In 

comparison to horse variant databases and previous reports, we were able to identify 3,394,883 

novel SNPs and 868,525 novel indels. We analyzed the distribution of individual variants and 

found significant enrichment of private mutations in coding regions of genes involved in 

primary metabolic processes, anatomical structures, morphogenesis and cellular components in 

non-breed horses and in contrast to that private mutations in genes affecting cell 

communication, lipid metabolic process, neurological system process, muscle contraction, ion 

transport, developmental processes of the nervous system and ectoderm in breed horses. 

Conclusions: Our next generation sequencing data constitute an important first step for the 

characterization of non-breed in comparison to breed horses and provide a large number of 

novel variants for future analyses. Functional annotations suggest specific variants that could 

play a role for the characterization of breed or non-breed horses.
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12.2 Publication 2 
Metzger J, Karwath M, Tonda R, Beltran S, Agueda L, Gut M, Gut IG, Distl O: Runs of 

homozygosity reveal signatures of positive selection for reproduction traits in breed and non-

breed horses. BMC Genomics. 2015;16:764. 

Abstract 
Background: Modern horses represent heterogeneous populations specifically selected for 

appearance and performance. Genomic regions under high selective pressure show 

characteristic runs of homozygosity (ROH) which represent a low genetic diversity. This study 

aims at detecting the number and functional distribution of ROHs in different horse populations 

using next generation sequencing data. Methods: Next generation sequencing was performed 

for two Sorraia, one Dülmen Horse, one Arabian, one Saxon-Thuringian Heavy Warmblood, 

one Thoroughbred and four Hanoverian. After quality control reads were mapped to the 

reference genome EquCab2.70. ROH detection was performed using PLINK, version 1.07 for 

a trimmed dataset with 11,325,777 SNPs and a mean read depth of 12. Stretches with 

homozygous genotypes of >40 kb as well as >400 kb were defined as ROHs. SNPs within 

consensus ROHs were tested for neutrality. Functional classification was done for genes 

annotated within ROHs using PANTHER gene list analysis and functional variants were tested 

for their distribution among breed or non-breed groups. Results: ROH detection was performed 

using whole genome sequences of ten horses of six populations representing various breed types 

and non-breed horses. In total, an average number of 3492 ROHs were detected in windows of 

a minimum of 50 consecutive homozygous SNPs and an average number of 292 ROHs in 

windows of 500 consecutive homozygous SNPs. Functional analyses of private ROHs in each 

horse revealed a high frequency of genes affecting cellular, metabolic, developmental, immune 

system and reproduction processes. In non-breed horses, 198 ROHs in 50-SNP windows and 

seven ROHs in 500-SNP windows showed an enrichment of genes involved in reproduction, 

embryonic development, energy metabolism, muscle and cardiac development whereas all 

seven breed horses revealed only three common ROHs in 50-SNP windows harboring the 

fertility-related gene YES1. In the Hanoverian, a total of 18 private ROHs could be shown to 

be located in the region of genes potentially involved in neurologic control, signaling, glycogen 

balance and reproduction. Comparative analysis of homozygous stretches common in all ten 

horses displayed three ROHs which were all located in the region of KITLG, the ligand of KIT 

known to be involved in melanogenesis, haematopoiesis and gametogenesis. Conclusions: The 

results of this study give a comprehensive insight into the frequency and number of ROHs in 

various horses and their potential influence on population diversity and selection pressures. 
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Comparisons of breed and non-breed horses suggest a significant artificial as well as natural 

selection pressure on reproduction performance in all types of horse populations.
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12.3 Publication 3  
Schrimpf R, Gottschalk M, Metzger J, Martinsson G, Sieme H, Distl O: Screening of whole 

genome sequences identified high-impact variants for stallion fertility. BMC Genomics. 

2016;17:288. 

Abstract 
Background: Stallion fertility is an economically important trait due to the increase of artificial 

insemination in horses. The availability of whole genome sequence data facilitates 

identification of rare high-impact variants contributing to stallion fertility. The aim of our study 

was to genotype rare high-impact variants retrieved from next-generation sequencing (NGS)-

data of 11 horses in order to unravel harmful genetic variants in large samples of stallions. 

Methods: Gene ontology (GO) terms and search results from public databases were used to 

obtain a comprehensive list of human und mice genes predicted to participate in the regulation 

of male reproduction. The corresponding equine orthologous genes were searched in whole 

genome sequence data of seven stallions and four mares and filtered for high-impact genetic 

variants using SnpEFF, SIFT and Polyphen 2 software. All genetic variants with the missing 

homozygous mutant genotype were genotyped on 337 fertile stallions of 19 breeds using KASP 

genotyping assays or PCR-RFLP. Mixed linear model analysis was employed for an association 

analysis with de-regressed estimated breeding values of the paternal component of the 

pregnancy rate per estrus (EBV-PAT). Results: We screened next generation sequenced data of 

whole genomes from 11 horses for equine genetic variants in 1194 human and mice genes 

involved in male fertility and linked through common gene ontology (GO) with male 

reproductive processes. Variants were filtered for high-impact on protein structure and 

validated through SIFT and Polyphen 2. Only those genetic variants were followed up when 

the homozygote mutant genotype was missing in the detection sample comprising 11 horses. 

After this filtering process, 17 single nucleotide polymorphism (SNPs) were left. These SNPs 

were genotyped in 337 fertile stallions of 19 breeds using KASP genotyping assays or PCR-

RFLP. An association analysis in 216 Hanoverian stallions revealed a significant association of 

the splice-site disruption variant g.37455302G>A in NOTCH1 with the de-regressed estimated 

breeding values of the paternal component of the pregnancy rate per estrus (EBV-PAT). For 9 

high-impact variants within the genes CFTR, OVGP1, FBXO43, TSSK6, PKD1, FOXP1, 

TCP11, SPATA31E1 and NOTCH1 (g.37453246G>C) absence of the homozygous mutant 

genotype in the validation sample of all 337 fertile stallions was obvious. Therefore, these 

variants were considered as potentially deleterious factors for stallion fertility. Conclusions: In 

conclusion, this study revealed 17 genetic variants with a predicted high damaging effect on 
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protein structure and missing homozygous mutant genotype. The g.37455302G>A NOTCH1 

variant was identified as a significant stallion fertility locus in Hanoverian stallions and further 

9 candidate fertility loci with missing homozygous mutant genotypes were validated in a panel 

including 19 horse breeds. To our knowledge, this is the first study in horses using next 

generation sequencing data to uncover strong candidate factors for stallion fertility. 
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12.4 Publication 4 
Metzger J, Rau J, Conn LB, Lindgren G, Distl O: Synergism of four key regulators determines 

extremely small body size in horses. BMC Genomics, 2018;19(1):492, doi: 10.1186/s12864-

018-4877-5. 

Abstract 

Background: Miniature size in horses represents an extreme reduction of withers height that 

originated after domestication. In some breeds, it is a highly desired trait representing a breed- 

or subtype-specific feature. The genomic changes that emerged due to strong-targeted selection 

towards this distinct type remain unclear. Results: Comparisons of whole-genome sequencing 

data from two Miniature Shetland ponies and one standard-sized Shetland pony, performed to 

elucidate genetic determinants for miniature size, revealed four synergistic variants, limiting 

withers height to 34.25 in. (87 cm). Runs of homozygosity regions were detected spanning these 

four variants in both the Miniature Shetland ponies and the standard-sized Shetland pony. They 

were shown to be characteristic of the Shetland pony breed, resulting in a miniature type under 

specific genotypic combinations. These four genetic variants explained 72% of the size 

variation among Shetland ponies and related breeds. The length of the homozygous regions 

indicate that they arose over 1000 years ago. In addition, a copy number variant was identified 

in DIAPH3 harboring a loss exclusively in ponies and donkeys and thus representing a potential 

height-associated variant. Conclusion: This study reveals main drivers for miniature size in 

horses identified in whole genome data and thus provides relevant candidate genes for 

extremely short stature in mammals. 
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12.5 Publication 5  
Metzger J, Pfahler S, Distl O: Variant detection and runs of homozygosity in next generation 

sequencing data elucidate the genetic background of Lundehund syndrome. BMC Genomics. 

2016;17:535. 

Abstract 
Background: The Lundehund is a highly specialized breed characterized by a unique flexibility 

of the joints and polydactyly in all four limbs. The extremely small population size and high 

inbreeding has promoted a high frequency of diseased dogs affected by the Lundehund 

syndrome (LS), a severe gastro-enteropathic disease. Results: Comprehensive analysis of bead 

chip and whole-genome sequencing data for LS in the Lundehund resulted in a genome-wide 

association signal on CFA 34 and LS-specific runs of homozygosity (ROH) in this region. 

Filtering analysis for variants with predicted high or moderate effects revealed a missense 

mutation in LEPREL1 1.2 Mb proximal to the region of the genome-wide association, which 

was shown to be significantly associated with LS. LS-affected Lundehund harbored the mutant 

LEPREL1:g.139212C>G genotype A/A whereas all controls of other breeds showed the C/C 

wild type. In addition, ROH analysis for the Lundehund indicated a high enrichment of genes 

in potential signatures of selection affecting protein activation and immunoregulatory processes 

like NOD1 potentially involved in LS breed disposition. Conclusions: Sequencing results for 

Lundehund specific traits reveal a potential causative mutation for LS in the neuropeptide 

operating gene LEPREL1 and suggests it as a precursor of the inflammatory process. Analyses 

of ROH regions give an insight into the genetic background of characteristic traits in the 

Lundehund that remain to be elucidated in the future.
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12.6 Publication 6  
Metzger J, Distl O: A study of Shar-Pei dogs refutes association of the 'meatmouth' duplication 

near HAS2 with Familial Shar-Pei Fever. Animal Genetics. 2014;45(5):763-764. 

Abstract 
No abstract available.
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12.7 Publication 7  
Metzger J, Nolte A, Uhde AK, Hewicker-Trautwein M, Distl O: Whole genome sequencing 

identifies missense mutation in MTBP in Shar-Pei affected with Autoinflammatory Disease 

(SPAID). BMC Genomics. 2017;18(1):348. 

Abstract 

Background: Autoinflammatory diseases in dogs are characterized by complex disease 

processes with varying clinical signs. In Shar-Pei, signs of inflammation including fever and 

arthritis are known to be related with a breedspecific predisposition for Shar-Pei 

Autoinflammatory Disease (SPAID). Results: Clinical and histopathological examinations of 

two severely SPAID-affected Shar-Pei revealed signs of inflammation including fever, arthritis, 

and perivascular and diffuse dermatitis in both dogs. A multifocal accumulation of amyloid in 

different organs was found in one SPAID-affected case. Whole genome sequencing resulted in 

37 variants, which were homozygous mutant private mutations in SPAID-affected Shar-Pei. 

Nine SNVs with predicted damaging effects and three INDELs were further investigated in 102 

Shar-Pei affected with SPAID, 62 unaffected Shar-Pei and 162 controls from 11 different dog 

breeds. The results showed the missense variant MTBP:g.19383758G > A in MTBP to be 

highly associated with SPAID in Shar-Pei. In the region of this gene a large ROH (runs of 

homozygosity) region could be detected exclusively in the two investigated SPAID-affected 

Shar-Pei compared to control dog breeds. No further SPAID-associated variant with predicted 

high or moderate effects could be found in genes identified in ROH regions. This MTBP variant 

was predicted to affect the MDN2-binding protein domain and consequently promote 

proinflammatory reactions. In the investigated group of Shar-Pei older than six years all dogs 

with the mutant genotype A/A were SPAID-affected whereas SPAID-unaffected dogs harbored 

the homozygous wildtype (G/G). Shar-Pei with a heterozygous genotype (G/A) were shown to 

have a 2.13-fold higher risk for disease development, which gave evidence for an incomplete 

dominant mode of inheritance. Conclusions: The results of this study give strong evidence for 

a variant in MTBP related with proinflammatory processes via MTBP-MDM2 pathway. Thus, 

these results enable a reliable detection of SPAID in Shar-Pei dogs.
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12.8 Publication 8  
Metzger J, Gast AC, Schrimpf R, Rau J, Eikelberg D, Beineke A, Hellige M, Distl O: Whole-

genome sequencing reveals a potential causal mutation for dwarfism in the Miniature Shetland 

pony. Mammalian Genome. 2017;28(3-4):143-151. 

Abstract 

The Miniature Shetland pony represents a horse breed with an extremely small body size. 

Clinical examination of a dwarf Miniature Shetland pony revealed a lowered size at the withers, 

malformed skull and brachygnathia superior. Computed tomography (CT) showed a shortened 

maxilla and a cleft of the hard and soft palate which protruded into the nasal passage leading to 

breathing difficulties. Pathological examination conirmed these findings but did not reveal 

histopathological signs of premature ossification in limbs or cranial sutures. Whole-genome 

sequencing of this dwarf Miniature Shetland pony and comparative sequence analysis using 26 

reference equids from NCBI Sequence Read Archive revealed three probably damaging 

missense variants which could be exclusively found in the afected foal. Validation of these three 

missense mutations in 159 control horses from diferent horse breeds and five donkeys revealed 

only the aggrecan (ACAN)-associated g.94370258G>C variant as homozygous wild-type in all 

control samples. The dwarf Miniature Shetland pony had the homozygous mutant genotype 

C/C of the ACAN:g.94370258G>C variant and the normal parents were heterozygous G/C. An 

unafected full sib and 3/5 unaffected half-sibs were heterozygous G/C for the 

ACAN:g.94370258G>C variant. In summary, we could demonstrate a dwarf phenotype in a 

miniature pony breed perfectly associated with a missense mutation within the ACAN gene. 
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O, Metzger J: An epistatic effect of KRT25 on SP6 is involved in curly coat in horses. Scientific 

Reports. 2018;8:6374, doi: 10.1038/s41598-018-24865-3. 

Abstract 

Curly coat represents an extraordinary type of coat in horses, particularly seen in American 

Bashkir Curly Horses and Missouri Foxtrotters. In some horses with curly coat, a hypotrichosis 

of variable extent was observed, making the phenotype appear more complex. In our study, we 

aimed at investigating the genetic background of curly coat with and without hypotrichosis 

using high density bead chip genotype and next generation sequencing data. Genome-wide 

association analysis detected significant signals (p = 1.412 × 10−05–1.102 × 10−08) on horse 

chromosome 11 at 22–35 Mb. In this significantly associated region, six missense variants were 

filtered out from whole-genome sequencing data of three curly coated horses of which two 

variants within KRT25 and SP6 could explain all hair phenotypes. Horses heterozygous or 

homozygous only for KRT25 variant showed curly coat and hypotrichosis, whereas horses with 

SP6 variant only, exhibited curly coat without hypotrichosis. Horses with mutant alleles in both 

variants developed curly hair and hypotrichosis. Thus, mutant KRT25 allele is masking SP6 

allele effect, indicative for epistasis of KRT25 variant over SP6 variant. In summary, genetic 

variants in two different genes, KRT25 and SP6, are responsible for curly hair. All horses with 

KRT25 variant are additionally hypotrichotic due to the KRT25 epistatic effect on SP6. 
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by a keratin 27 variant was transmitted from Fleckvieh into German Angus. Animal Genetics. 

2018, doi: 10.1111/age.12669  

Abstract 
No abstract available. 


	1 List of abbreviations
	2 List of publications which are parts of this work
	3 Preamble
	4 Introduction
	5 Concepts and Objectives
	6 Results and Discussion
	6. 1 Characterisation of horse genomes under strong targeted selection using Next Generation Sequencing
	6.2 Analysis of dog genomes for breed specific selection signatures associated with disease traits
	6.3 Investigation of variants for specific phenotypes in whole genome sequencing data of domestic animals

	7 General Discussion
	8 Summary
	9 References
	10 Author contributions
	11 Acknowledgements
	12 Appendix
	12.2 Publication 2
	12.3 Publication 3
	12.4 Publication 4
	12.5 Publication 5
	12.6 Publication 6
	12.7 Publication 7
	12.8 Publication 8
	12.9 Publication 9
	12.10 Publication 10


