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Abstract

:

Bernese mountain dogs are a large dog breed formed in the early 1900s in Switzerland. While originally farm dogs that were used for pulling carts, guarding, and driving cattle, today they are considered multi-purpose companion and family dogs. The breed is predisposed to several complex diseases, such as histiocytic sarcoma, degenerative myelopathy, or hip dysplasia. Using whole-genome sequencing (WGS) data, we assessed the genomic architecture of 33 unrelated dogs from four countries: France, Sweden, Switzerland, and the United States. Analysis of runs of homozygosity (ROH) identified 12,643 ROH with an average length of 2.29 Mb and an average inbreeding coefficient of 0.395. Multidimensional scaling analysis of the genetic relatedness revealed limited clustering of European versus USA dogs, suggesting exchanges of breeding stock between continents. Furthermore, only two mtDNA haplotypes were detected in the 33 studied dogs, both of which are widespread throughout multiple dog breeds. WGS-based ROH analyses revealed several fixed or nearly fixed regions harboring discreet morphological trait-associated as well as disease-associated genetic variants. Several genes involved in the regulation of immune cells were found in the ROH shared by all dogs, which is notable in the context of the breed’s strong predisposition to hematopoietic cancers. High levels of inbreeding and relatedness, strongly exaggerated in the last 30 years, have likely led to the high prevalence of specific genetic disorders in this breed.
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1. Introduction


Bernese mountain dogs are a popular dog breed developed in the last hundred years using strong selection of long-haired tricolored all-purpose working farm dogs, as documented in the breed’s standard by the Fédération Cynologique Internationale [1]. According to available information from the respective national breeding clubs, the current population sizes in Europe are approximately 23,000 in France, 2700 in Sweden, and 8000 in Switzerland, and the popularity of the breed is stable or slightly decreasing based on the average number of registered dogs per year over the last five years (2018–2022 registrations in France: 3271, 3210, 3183, 3352, 2935; Sweden: 383, 393, 398, 347, 318; Switzerland: 305, 364, 282, 306, 247). In the United States, the popularity of the breed reportedly increased from 25th place in 2017 to 20th place in 2021 as ranked by the American Kennel Club (https://www.akc.org/most-popular-breeds/, accessed on 22 February 2023). Originally, these dogs were used for guarding farms, pulling carts, and driving cattle in the mountain regions of Switzerland. Due to their versatility, they are now globally known and appreciated as companion and family dogs but are also used for various dog sports and activities such as obedience, tracking, cart pulling, water rescue, or canis therapy. [2].



The breed is known to have a high prevalence of several complex diseases, such as histiocytic sarcoma (OMIA 000620-9615), degenerative myelopathy (OMIA 000263-9615), and hip dysplasia (OMIA 000473-9615), all of which pose significant concern to the dog owners and contribute to decreased quality of life and shorter lifespan for affected dogs [3,4,5,6,7]. A high incidence of hematopoietic cancers was also reported in Flat-coated retriever and Rottweiler [8]. High cancer-related mortality has been reported in Flat-coated retriever (54.3%), Bernese mountain dog (45.7%), and Rottweiler (45.3%), while the lowest frequency of death due to cancer was found in Shih-tzu (14.5%), German spitz (16.3%), and Dachshund (16.7%) [9,10]. Abadie et al. [11] performed an extensive genealogical study of more than 20,000 Bernese mountain dogs from France that showed a popular sire effect in the breed. Only 5.5% of males in the large multigenerational pedigree were used for reproduction at each generation, and less than 1% of sires produced about half of the next generation offspring in that group of French dogs [11].



The population history of emerging dog breeds together with the current management strategies in dog breeding is increasingly recognized as the cause of reduced genetic diversity, impaired health, and animal welfare issues [12]. In recent years, many dog breeds have been studied in regard to within-breed diversity using single nucleotide polymorphism (SNP)-based genotypes using arrays (e.g., German shorthaired pointers [13], Braque Français [14], Bullmastiff dogs [15], or Border collies [16]), and/or whole-genome sequencing (WGS) data (e.g., Standard poodles [17], Norwegian Lundehund dogs [18], or Leonbergers [19]). Most studies utilize analyses of runs of homozygosity to quantify the extent of genomic inbreeding, to explore breed-specific regions of variation, or to gain insights into the breed’s population history.



In this study, we aimed to analyze WGS data of 33 unrelated Bernese mountain dogs originating from France, Sweden, Switzerland, and the United States in order to assess the genetic diversity within the breed.




2. Materials and Methods


2.1. Samples


EDTA blood samples from 33 Bernese mountain dogs were collected for genomic DNA isolation from France (n = 7), Sweden (n =7), Switzerland (n = 7), and the United States (n = 12). All dogs were unrelated for at least three generations according to the available pedigree information, and all were reportedly healthy at time of sampling. All samples were collected according to local regulations by veterinarians with the owner’s consent in the course of the dogs’ medical care and submitted to local biobanks: Cani-DNA BRC at the University of Rennes in France [20], Swedish University of Agricultural Sciences in Sweden, the Vetsuisse Biobank at the University of Bern in Switzerland, and National Human Genome Research Institute in the United States.




2.2. Whole-Genome Sequence Data


Illumina paired-end 2 × 150 bp whole-genome sequencing of the 33 Bernese mountain dogs was performed after preparation of PCR-free libraries. Publicly available sequencing data previously generated through the international projects of the Dog10K Consortium [21] and the Dog Biomedical Variant Database Consortium [22] were also used for this study. Fastq-files were quality filtered with fastp v 0.19.5 [23] and aligned to the dog reference genome assembly UU_Cfam_GSD_1.0 (GCF_011100685.1) [24] using the bwa-mem2 v 2.2.0 algorithm [25]. Variant calling of single nucleotide variants (SNV) and small indels was performed following the best practices pipeline established for the Genome Analysis Toolkit v4 [26]. A total of 12,814,168 variants were called. The average coverage of the 33 genomes was 23.7× (ranging from 9.4× to 50.6×). The sequence data were deposited at the European Nucleotide Archive; accession numbers and further details are available in Supplementary Table S1. Additionally, variability of the mitochondrial genome was explored to determine the diversity in mtDNA haplotypes of the studied dogs using the nomenclature described by both Pereira et al. [27] and Duleba et al. [28]. The Integrative Genomics Viewer was used to visually inspect and confirm the detected variants [29].




2.3. Population Structure


Multidimensional scaling (MDS) was generated with PLINK v1.9 [30]. The initial dataset of 12,814,168 variants was filtered to determine high-quality (using the PASS filter and call rate >90%) biallelic SNVs on the 38 canine autosomes, leaving a set of 6,344,366 markers. These were further pruned for linkage disequilibrium (LD). The LD parameters included a window size of 1000 markers with step size of 100 and pairwise r2 threshold of 0.8. In total, 274,240 markers were left, and the dimension reduction based on raw Hamming distances as implemented in PLINK v1.9 was performed. The first three MDS components were extracted for visualizing genetic distances in the R environment v4.2.1 [31].




2.4. Runs of Homozygosity


PLINK v1.9 [30] was used for quality control pruning of the initial 12,814,168 variants called in all 33 dogs as well as the runs of homozygosity (ROH) analyses. Only high-quality (using the PASS filter and call rate >90%) biallelic SNVs on the 38 canine autosomes were retained for the ROH analyses, which constituted a set of 6,344,366 SNVs. LD pruning was not applied before ROH detection according to previously published guidelines [32].



Based on mean observed heterozygosity, number of samples, and number of markers, a minimum number of SNVs used to identify a ROH was calculated to be 72 in order to produce less than 5% of randomly generated ROH according to the previously described method [33]. Parameters for the number of heterozygous calls in a window (1, 3, 5) and minimum kb size of ROH (100, 300, 1000) were varied and evaluated in order to avoid falsely breaking a long ROH [34]. Finally, three heterozygous calls per window were allowed, and a minimum length of 300 kb was required. Other ROH parameters were kept at the default value as defined in PLINK v1.9 [30]. The inbreeding coefficient based on ROH (F_ROH) was calculated for each dog as the total length of all its ROH divided by the total length of the autosomal genome covered by SNV positions (herein 2,225,350,880 bp). R v4.2.1 [29] was used to visualize all results and to compute one-way analysis of variance used to check statistical significance of mean differences between countries.



A threshold of 90% was set for the detection of ROH islands, meaning genomic regions without a minimum size requirement that were called with consecutive homozygous SNVs in at least 90% of the dogs. Such areas may indicate regions under selection or resulting from population bottlenecks. However, the presence of ROH islands does not implicate an identical underlying haplotype [33]. Gene content in the detected regions was investigated based on NCBI Annotation Release 106 of the canine genome assembly (GCF_011100685.1). The list of genes was manually inspected to identify genes with a previously described association with a specific trait or disease, which could be relevant to historical selection during the breed’s establishment. Additionally, the Online Mendelian Inheritance in Animals (OMIA) database was searched for previously described variants potentially relevant for Bernese mountain dogs, including alleles associated with three health disorders and four morphological traits, and their frequency was evaluated in the studied population. The individual risk index for histiocytic sarcoma was calculated for each dog based on the risk alleles described previously [8]. Based on this study, the index has three possible categories (A, B, or C). The C result corresponds to the greatest risk of developing histiocytic sarcoma, according to the Antagene laboratory (www.antagene.com, accessed on 20 January 2023) [34].





3. Results


3.1. Population Structure


In total, 33 Bernese mountain dogs (13 males, 20 females) from four different countries were studied. The year of birth ranged from 1991 to 2019 (Supplementary Table S1). The MDS of pairwise genetic distances showed that the 21 European dogs clustered more closely to one another than to the 12 dogs from the USA (Figure 1), which were themselves more distributed than either of the other groups. There was evidence for regular import of breeding stock between the two continents, as about half of the USA dogs overlap the European group. The French and Swiss groups showed the largest overlap with each other, while the Swedish dogs formed a distinct cluster loosely separated from the other European dogs.




3.2. Runs of Homozygosity


ROH detection was performed on the dataset of 6,344,366 quality pruned SNVs. A total of 12,643 ROH were detected across all dogs, with a mean length of 2.29 Mb (ranging from 0.30 to 51.39 Mb). On average, 383 ROH were seen per individual with a range from 320 to 451. The total length of ROH across the genome per individual was 878.1 Mb, on average, and ranged from 704.7 to 1163.6 Mb (Supplementary Table S1). The average observed autosomal heterozygosity was 0.268.



The autosomal ROH-based average genomic inbreeding coefficient (F_ROH) was 0.395 with a minimum value of 0.317 and a maximum of 0.523 (Supplementary Table S1). F_ROH varied slightly between countries. The highest median (0.424) was observed in Swiss dogs while the highest mean (0.419) was found in French dogs. The average F_ROH of the dogs from Sweden and the United States was about 3% lower (Figure 2a). However, these differences were not statistically significant (p > 0.05). ROH were further divided into six groups based on their length: <1, 1–2, 2–4, 4–8, 8–10, and >10 Mb. The relative contribution of these six ROH size classes to the average F_ROH per country is indicated in Figure 2b.



Overall, most of the detected ROH (83.3%) were shorter than 4 Mb, and 4.2% were longer than 10 Mb (Figure 3a). The number of ROH per chromosome ranged from 96 on chromosome 35 to 680 on chromosome 1; the proportion of homozygous regions relative to chromosomal size was highest for chromosome 35 (12.5%) and lowest for chromosome 4 (2.3%). The fraction of dogs having a specific SNV inside a ROH varied across the genome, with regions on 11 chromosomes exceeding the 90% incidence cutoff for ROH islands (Figure 3b). All 38 autosomes are shown in detail in Supplementary Figure S1.




3.3. ROH Islands


Of the 6,344,366 SNVs in the pruned dataset, 6,340,396 (99.9%) were located in a ROH in at least one dog. Of those, 48,841 (0.8%) SNVs on 11 chromosomes exceeded the 90% threshold among the 33 dogs assayed (Figure 3b). These SNVs formed 56 ROH islands on 11 chromosomes, in which 712 genes were annotated (Supplementary Table S2). Fourteen of these genes have a phenotype association described in different species in OMIA database, and 80 genes are associated with human phenotypes in the Online Inheritance in Man (OMIM) database (Supplementary Table S2). Notably, one of the detected islands is on chromosome 10 between 7.77 and 8.62 Mb and harbors 11 genes, including MSRB3, which has been previously associated with ear type in dogs (OMIA 000319-9615) [35]. Another 344.7 kb region on chromosome 21 showed shared homozygosity in 90.91% (30/33) of the individuals. In this ROH, 10 out of 17 annotated genes were olfactory receptors. By comparing the regions with those reported by Gorssen et al. [33], six chromosomes harbored segments that overlap between their results and the current study (Supplementary Table S2). The ear type-associated region was found by both methods and could be used as an example of a positive control.



Five genome regions on chr1, chr2, chr6, and chr14 were identified for which 100% of the dogs shared overlapping ROH (Table 1). These ROH islands were investigated visually in more detail to determine if all individuals had the same underlying haplotype. This was the case for all five regions. However, the analysis revealed five dogs that had two heterozygous stretches (~100 kb and ~70 kb) within the chr1 island, breaking it in two smaller regions: 55,492,829–55,583,781 and 55,662,185–55,698,676. Several of the genes annotated in these fixed homozygous regions are involved in inflammation and the regulation of immune cells (CCR6, GPR31, SMPDL3B, THEMIS2) or in DNA damage repair (RPA2, PP1R8) [36].




3.4. Distribution of Known Trait-Associated Variants


The frequency of previously described variants that are associated with specific traits in Bernese mountain dogs was also investigated. The findings represent eight disease-related [6,8,37,38,39] and eight morphological trait-related variants [40,41,42,43] (Table 2). In addition, 74 SNVs reported by Hédan et al. [8] were used to determine the four risk haplotypes for histiocytic sarcoma on three chromosomes. As shown in Table 2, the alternative allele frequency at these variants varied from 0 to 100%. For example, the GFAP variant associated with Alexander disease, which is characterized by myelin loss and abnormal protein deposits, was not detected at all, and all studied dogs had a homozygous reference genotype. In contrast, all three genotypes were found for the variants in SOD1 and its modifier SP110, which are associated with degenerative myelopathy. All four risk haplotypes that have been described for development of histiocytic sarcoma in Bernese mountain dogs [8] were detected in the tested population with frequencies ranging from 62.1% to 72.7% (Table 2). The individual risk index was calculated for each dog, and its distribution in the 33 dogs (A = 0.21, B = 0.55, C = 0.24; Supplementary Table S1) was close to that described in the whole population reported by the Antagene laboratory (6700 tests: A = 0.26, B = 0.44, C = 0.30; [34]). Only the haplotype frequency of the chr11:41Mb locus differed significantly between European and USA dogs (European: 0.833 vs. USA: 0.542, p < 0.01), while the haplotype frequency at the other three loci was not significantly different (chr5: European and USA: 0.667; chr11:44Mb: European: 0.690 vs. USA: 0.458, p > 0.05; chr14: European: 0.547 vs. USA: 0.750, p > 0.05).



Variants associated with height, ear type, hair length, and coat color were also analyzed (Table 2). All but two of the dogs were homozygous for the T allele in the IGF1 gene that was previously associated with large breeds (body mass > 25 kg) [41]. Similarly, 32 of 33 dogs were homozygous for a 10 bp deletion in the 3′-untranslated region of MSRB3 reported previously in dogs with floppy ears [44]. All dogs were homozygous for the A allele in the FGF5 gene commonly associated with long hair in various breeds [42]. No dog carried any of the four other rare FGF5 long hair alleles described in Akita, Samoyed, Eurasier, and Afghan hound [43]. The distinct tricolor coat color of Bernese mountain dogs is considered to represent the ‘black back’ pattern caused by structural variants in two promoters of the ASIP gene [40]. All 33 Bernese mountain dogs in this study had two copies of the VP2-HCP3 extended haplotype, which has been described in dogs with the black back pattern [40].




3.5. Mitochondrial Diversity


Only two mitochondrial haplotypes were detected in the 33 sampled dogs, and both belong to the haplogroup A. Following the nomenclature standard based on the mtDNA D-loop region [25], seven dogs carried the A2 haplotype and 26 had the A22 haplotype. When considering the complete mtDNA standardized classification system [26], the seven dogs belonged to haplotype A1b2a1a1 and the 26 dogs to the A1b3b2 haplotype. The less frequent haplotype was present in individuals from all countries except Switzerland (Supplementary Table S3). In addition, two synonymous SNVs in the coding region of the mitogenome were detected: a variant in the ND5 gene (CM022001.1: m.4378A>G) appeared in three Swedish and one USA dog, and a variant in the ATP6 gene (CM022001.1: m.7802A>G) was observed in a single French dog.





4. Discussion


This study of Bernese mountain dogs from Europe and the United States demonstrated that breed genetic diversity is limited, as would be expected in a typical modern dog breed [10]. The observed average inbreeding coefficient of 0.395 detected herein is comparable to that reported in previous studies in Bernese mountain dogs, e.g., Dreger et al. reported an inbreeding coefficient of 0.350 using SNP genotyping data from ten dogs and 0.314 using WGS data from two dogs [45]; Bannasch et al. estimated an inbreeding coefficient of 0.317 based on SNP array data from 306 dogs [46]. The detected value is high, although not surprising in an inbred dog breed, and falls within the range reported in other breeds, such as Greater Swiss mountain dog (0.426), Boxer (0.395), or Dobermann (0.388) [46]. However, other common breeds show lower values, such as Labrador retriever (0.218) [46], German shorthaired pointer (0.173) [11], or Border collie (0.037) [14]. By comparison, Norwegian Lundehund is an example of an extremely inbred domestic breed predisposed to a multifactorial life-threatening Lundehund syndrome with a reported inbreeding coefficient as high as 0.87 [16,47].



In total, 12,643 ROH were detected across all dogs, with an average length of 2.29 Mb. Generally, shorter ROH are considered to be indicators of more distant relatedness, while longer segments are a result of more recent inbreeding [48]. Herein, more than 80% of ROH were shorter than 4 Mb, and only about 4% represented segments longer than 10 Mb. In contrast, in the Leonberger breed, it has been reported that ~54% of ROH are shorter than 4 MB and ~16% are longer than 10 Mb, suggesting both historical bottlenecks and frequent recent inbreeding practices [17]. It can therefore be assumed that the high relatedness in Bernese mountain dogs is likely a result of population founder effects and historical selection for particular traits but also a relatively recent increase in inbreeding due to overuse of popular sires. Such breeding practices have been documented to increase the likelihood of developing certain diseases, such as histiocytic sarcoma, and to decrease the average lifespan [9]. While not statistically significant, small differences were seen between dogs from the studied countries, potentially indicating different breeding practices (more recent and/or intensive inbreeding) in the Swiss and French breed clubs in comparison to the Swedish or USA populations. The MDS of genetic distances suggested regular exchange of dogs for different breeding programs between countries and continents, as was also documented before [9,49].



In a previous study, Gorssen et al. [33] reported 26 ROH islands on nine chromosomes in Bernese mountain dogs using medium-density 170 k SNP genotyping data of 34 dogs. Here, we detected 56 ROH islands on 11 chromosomes using WGS of 33 dogs. Even though different methods were utilized, we observed six chromosomes that harbor segments, which overlap between the two datasets. For example, the MSRB3 region on chromosome 10, which has been associated with body mass and ear type, was found in both studies, highlighting the value of public repositories of data that can serve as references for other researchers and the value of validation studies. These regions have likely been under selection by breeders and should be investigated further in future studies.



Selected variants that may play a role in Bernese mountain dog health were genotyped in the 33 purebred dogs with no report of clinical signs of disease at the time of sampling. Two autosomal recessive SOD1 alleles with incomplete penetrance have been reported in dogs affected by degenerative myelopathy, an adult-onset progressive neurological disease [6,37]. The first allele is common among breeds, while the second is rare and is, thus far, limited to Bernese mountain dogs. In our dataset, both alleles were present, with allele frequencies of 0.379 and 0.015, in accordance with previous reports [50]. Alexander disease is a rare progressive neurological disorder with young age of onset and was described previously in multiple breeds, including Bernese mountain dog. However, only one causal variant for an autosomal dominant allele has been found to date in Labrador retrievers [39]. That variant was absent in the 33 analyzed Bernese mountain dogs. This is perhaps not surprising, as the disease is rare in both humans and dogs, although there was a case report in a Bernese mountain dog [51]. The risk haplotype frequencies of the four loci identified in histiocytic sarcoma were intermediate to those observed in the affected and unaffected dogs of the original study by Hédan et al. [8], which is in agreement with the fact that the studied dogs are representative of the whole population and were reported unaffected at the time of sampling. Significant difference between the frequency of risk alleles on chr 11 were observed between the European and USA dogs, which is concordant with a previous publication by Shearin et al. [52].



In the context of strong breed predisposition to many hematopoietic cancers, especially histiocytic sarcomas, involving dendritic cells or macrophages, it could be suspected that Bernese mountain dogs present fixed homozygous regions related to immune dysregulation [8]. Five ROH islands homozygous in all 33 dogs were found harboring 32 annotated genes. Notably, CCR6 encodes a chemokine receptor that has been involved in inflammatory and infectious diseases and that is associated with several cancers through immune cell control [53], while SMPDL3B is involved in innate immunity and may be used as a prognostic biomarker in human cancers, such as myeloid leukemia and ductal carcinoma [54,55], and THEMIS2 is expressed in a variety of cancer types and cell lines and was recently found to have tumor-suppressive role in breast cancer [56].



The fixed alleles associated with long hair and coat color typical for the breed were not detected as ROH islands. Complex structural variation such as in the ASIP promoter poses a technical problem due to many erroneous heterozygous calls in such regions. Furthermore, due to the extensive selection in the breed’s history, fixed haplotypes may have become too small to detect using the selected parameters. This is the most likely explanation for the FGF5 locus in Bernese mountain dogs, in which the size of the shared homozygous region was only ~2.4 kb. The fact that two variants with influence on body mass and ear type (IGF1 and MSRB3) were not fixed in all studied Bernese mountain dogs, even though the breed is homogeneous in these morphological characteristics, supports the notion that additional variants, perhaps in other genes, remain to be found [57].



Two mtDNA haplotypes, A1b2a1a1 (A2) and A1b3b2 (A22), were detected in this study, which correspond to previous reports in Bernese mountain dogs [25,26,58,59]. The A haplogroup is the most frequent among dog breeds, and these specific haplotypes are widespread in a number of breeds; namely, haplotype A2 was detected in more than 20 diverse breeds such as Borzoi, Great Dane, or Shih Tzu, and haplotype A22 in at least 14 breeds including Irish wolfhound, Saint Bernard, or Tibetan terrier [25,26,58,59].




5. Conclusions


Whole-genome sequence data from 33 Bernese mountain dogs sampled from four countries demonstrated that within-breed diversity is low, likely due to artificial selection throughout the breed’s history, leading to high levels of inbreeding and relatedness in the current population. The detection of common ROH islands may facilitate further studies to clarify the functional impact of genes involved in these highly homozygous regions. Whole-genome analysis is efficient for the detection of breed-related variants and regions under selection and may be used for individual disease risk assessment and differential follow up of the animal’s health status. Such breed population genomic studies will enable breeders and kennel clubs to evaluate and set relevant rules for the monitoring and management of highly prevalent genetic disorders that severely affect the dog’s quality of life and diminish the breed’s average lifespan. Preserving the current genetic diversity level of Bernese mountain dog would be possible by increasing the overall number of sires in breeding programs while limiting the number of litters per sire/dam and avoiding repeated matings. In addition, genetic testing for known recessive diseases can be performed to help avoid carrier pairing. The use of HS risk test over almost 10 years showed that there is enough diversity for breeders to slowly select against cancer by favoring the dogs with index A. However, in light of the complexity of many disorders prevalent in this breed, outcrossing may be an effective breeding strategy for long-term genetic diversity improvement, which would contribute to population sustainability and health.
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Figure 1. MDS analysis of the 33 dogs from four countries based on the first (MDS1), second (MDS2), and third (MDS3) dimensions using the LD-pruned variants dataset. 
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Figure 2. Comparison of the genomic inbreeding coefficients (F_ROH) between Bernese mountain dogs from the four countries. (a) Box plots of the F_ROH distribution in the European countries and the United States showing the median (black lines) and mean (white crosses) values in each group. (b) Average F_ROH per country; different colors represent contribution of the ROH length classes. 
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Figure 3. Genome-wide ROH analysis of the Bernese mountain dogs. (a) Distribution of six different ROH length classes. (b) Incidence plot showing the proportion of the 33 individuals with a specific SNV in a particular ROH across the 38 canine autosomes; red dashed line indicates the 90% cutoff for determination of the ROH islands (in dark red). 
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Table 1. List of detected ROH islands with 100% incidence and their gene content.
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Chromosome

	
Region

	
Genes Annotated in the Region




	
Start

	
End






	
1

	
55,492,829

	
55,778,313

	
CCR6, GPR31, LOC484082, LOC111095971, TTLL2 *, LOC111095973 *, UNC93A *, LOC100855528 *, LOC102153253, LOC111090695 *, LOC111095985 *




	
2

	
71,838,359

	
71,946,097

	
SMPDL3B, RPA2, THEMIS2, LOC119870383, PPP1R8, LOC119870569




	
2

	
73,728,360

	
74,031,681

	
LDLRAP1, LOC119870404, MACO1, RHCE, TMEM50A, RSRP1, LOC478183, LOC478184, LOC119870544




	
6

	
5,429,019

	
5,573,855

	
CASTOR2, RCC1L, LOC100682844, LOC119872393




	
14

	
15,015,814

	
15,089,249

	
ZNF804B, LOC102153442








* These six genes were in an area of continuous heterozygous genotypes in five animals.
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Table 2. List of selected breed-relevant variants and their distribution in 33 Bernese mountain dogs.
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Trait/

Disorder

	
OMIA ID

	
Gene

	
Variant Region 1

	
AlternativeAllele/

Haplotype Frequency

	
Counts




	
Ref/Ref

	
Ref/Alt

	
Alt/Alt






	
Degenerative myelopathy

	
000263-9615

	
SOD1

	
chr31:g.27123057G>A

	
0.379

	
10

	
21

	
2




	

	

	
chr31:g.27118886A>T

	
0.015

	
32

	
1

	
0




	

	
SP110

	
chr25:g.42620442G>A

	
0.652

	
4

	
15

	
14




	

	

	
chr25:g.42623004C>T

	
0.636

	
5

	
14

	
14




	

	

	
chr25:g.42628769C>T

	
0.167

	
23

	
9

	
1




	

	

	
chr25:g.42631341G>A

	
0.167

	
23

	
9

	
1




	

	

	
chr25:g.42633078T>A

	
0.348

	
14

	
15

	
4




	
Alexander disease

	
001208-9615

	
GFAP

	
chr9:g.18459694G>A

	
0.000

	
33

	
0

	
0




	
Histiocytic sarcoma

	
000620-9615

	
risk haplotype

	
chr5:33Mb 2

	
0.667

	
5

	
12

	
16




	

	

	
risk haplotype

	
chr11:41Mb 3

	
0.727

	
2

	
14

	
17




	

	

	
risk haplotype

	
chr11:44Mb 4

	
0.621

	
4

	
17

	
12




	

	

	
risk haplotype

	
chr14:11Mb 5

	
0.621

	
3

	
19

	
11




	
Height

	
002524-9615

	
IGF1

	
chr15:g.41511739T>C

	
0.030

	
31

	
2

	
0




	
Ear type

	
000319-9615

	
MSRB3

	
chr10:g.8395407delTTTATTTTAT

	
0.970

	
1

	
0

	
32




	
Hair length

	
000439-9615

	
FGF5

	
chr32:g.35475211G>A

	
0.000

	
33

	
0

	
0




	

	

	
chr32:g.35475230_35475231dup

	
0.000

	
33

	
0

	
0




	

	

	
chr32:g.35475218_35475233del

	
0.000

	
33

	
0

	
0




	

	

	
chr32:g.35486609A>T

	
0.000

	
33

	
0

	
0




	

	

	
chr32:g.35494497C>A

	
1.000

	
0

	
0

	
33




	
Coat color

	
000601-9615

	
ASIP

	
chr24:g.[23863804_23863988del;

23865233_23865267A [4];

23891659_23891781delins

[MT319115.1:424_674]

	
1.000

	
0

	
0

	
33








1 All positions refer to the dog reference genome assembly UU_Cfam_GSD_1.0. 2 The haplotype was determined by the genotypes of the following SNVs: 33855429, 33993463, 34005879, 34012145, 34028329, 34043717, 34076942, 34083675, 34087262, 34087720, 34100829, 34103314, 34109473, 34120114, 34421555, 34425934, 34428714, 34433959, 34434313, 34436053, 34440306, 34440578, 34442862, 34448188, 34449394, 34455245, 34529929.3 The haplotype was determined by the genotypes of the following SNVs: 41258181, 41275129, 41275213, 41277330, 41280608, 41290542, 41298930, 41306401, 41310312, 41313739, 41317800, 41329384, 41330760, 41332109, 41366494. 4 The haplotype was determined by the genotypes of the following SNVs: 43510563, 43519952, 43537944, 43565114, 43939450, 44316022, 44342776, 44343823, 44344884, 44366118, 44371942, 44374045, 44380626, 44395661, 44397515, 44609562, 44611627, 44612055. 5 The haplotype was determined by the genotypes of the following SNVs: 10887016, 10889217, 10891570, 10893694, 10895560, 10898604, 10906919, 10932956, 10936449, 10943176, 10949045, 10958187, 10960590, 10974467.
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