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Abstract

Advances in DNA sequencing and other technologies have greatly facil-
itated the identification of genetic risk factors for inherited diseases in
dogs. We review recent technological developments based on selected ex-
amples from canine disease genetics. The identification of disease-causing
variants in dogs with monogenic diseases may become a widely employed
diagnostic approach in clinical veterinary medicine in the not-too-distant
future. Diseases with complex modes of inheritance continue to pose chal-
lenges to researchers but have also become much more tangible than in the
past. In addition to strategies for identifying genetic risk factors, we provide
some thoughts on the interpretation of sequence variants that are largely
inspired by developments in human clinical genetics.
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1. INTRODUCTION

Dogs provide an unparalleled model for human diseases that has garnered significant research
interest. They share their environment intimately with people, including exposures to pesticides
and toxins, water supply, and foods. They also receive veterinary care very similar to that of humans
as far as both diagnostics and treatment modalities (1). Gene therapy, cancer treatment clinical
trials, and studies of aging and behavior are just a few areas in which the canine model has been
and will be used to advance human and veterinary medicine (2-8). Many examples of disease gene
discoveries in dogs preceded the identification of homologous disease gene variants in human
patients (9-15).

2. DOG POPULATION STRUCTURE

The many parallels between medical genetics applied to human patients and domestic animals
are one of the reasons that domestic animals in general, and dogs in particular, are increasingly
recognized as valuable models for biomedical research. Dogs are particularly attractive for forward
genetic studies given their specific population structures (16).

2.1. Purebred Dogs

In the past 200 years, approximately 300-400 dog breeds have been formed from a limited num-
ber of founder animals (1, 17). Purebred dogs have been maintained in strictly closed populations
for ~10-100 generations, requiring a considerable amount of inbreeding and resulting in a very
special genetic makeup. Collectively, purebred dogs retain an amount of genetic variation compa-
rable to that in humans, with several genetic variants per kilobase of genomic DNA on average.
However, due to inbreeding, many purebred dogs also have long runs of homozygosity that may
constitute a significant proportion of their genomes. Selection and breeding for breed-specific
phenotypes have led to genetic fixation at a small number of loci in purebred dogs, but the vast
majority of their genomes are still as variable and heterozygous as that of an average human (18).
Nonetheless, breed foundation represented a severe genetic bottleneck and was based on very few
founder chromosomes, resulting in relatively low haplotype diversity. Given the relatively short
time span of fewer than 100 generations since breed foundation, intrabreed linkage disequilibrium
(LD) is much longer than in average human populations and can still extend for more than 1 Mb
in modern purebred dogs (16).

Closed populations with significant inbreeding promote the expression of simple and complex
recessive diseases. If a new recessive disease arises within one breed, all affected dogs very often
trace back to one founder animal and carry the same causal variant. The low level of heterogeneity
within breeds greatly facilitates the identification of disease-causing variants. The long LD on the
one hand helps to identify disease loci but on the other hand severely limits the ability for precise
fine mapping. However, analyses using purebred animals need to consider confounding effects of
artificial selection and genetic drift, which can manifest as false positive disease associations.

2.2. Random-Bred Dogs

Fewer attempts to identify disease-causing variants in random-bred dogs have been reported
in the literature compared to the wealth of published studies on purebred dogs. Random-bred
dogs have very heterogeneous population structures. As their pedigrees normally are undocu-
mented, researchers must be aware of the breadth of possibilities. Although often not expected,
random-bred dogs can be equally or more strongly inbred than purebred dogs. Brother-sister or
parent—offspring matings are not uncommon. On the other hand, many random-bred dogs are
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not closely inbred and will then more closely resemble the population structures of non-isolated
human populations. Interest in mixed breeds or hybrid breeds (crosses between two purebreds)
has increased recently. We distinguish these from random-bred dogs by the presence of a pedi-
gree, which indicates the breeds and ancestry of the relatives. In the F1 generation, these animals
should be highly heterozygous, depending on the relationship of the parent breeds. In one study,
the Australian labradoodle showed low levels of inbreeding compared to the parent breeds; how-
ever, strong selection for traits from the poodle was also apparent (19). Mixed-breed dogs are not
accepted or documented by kennel clubs, so their pedigrees are largely unknown; however, this
appears to have led to significantly greater genetic diversity on average (20).

3. EXPERIMENTAL STRATEGIES TO IDENTIFY DISEASE GENES
3.1. Functional Candidate Genes

Many inherited diseases present with highly specific phenotypes that enable the generation of
hypotheses regarding possible underlying genes. The selection of appropriate functional candidate
genes is facilitated by increasing knowledge from studies in other species, including humans, and
the increasingly sophisticated diagnostic approaches available in veterinary clinics and pathology.

As an example, in German hunting terriers with an autosomal recessively inherited exercise-
induced myopathy, an acylcarnitine profile screening in blood showed increased tetradecenoyl-
carnitine (C14:1) levels. This suggested a deficiency in acyl-CoA dehydrogenase very long chain
(ACADVL). Subsequent genetic analysis confirmed that the myopathic dogs carried an ACADVL
nonsense variant in homozygous state (21).

A precise and accurate characterization of the phenotype is key to the functional candidate
gene approach. This approach relies on expert knowledge of published genotype—phenotype
correlations and the molecular etiology of inherited diseases, including biochemistry and patho-
physiology. Although the choice of a single or a clearly delimited group of functional candidate
genes is relatively easy for some highly characteristic phenotypes, it may be very challenging for
others. A notorious example are neurodegenerative diseases that often result from general defects
in cellular metabolism. Neurons often do not divide, are unable to regenerate, and are conse-
quently particularly sensitive to metabolic disturbances. Therefore, many genetic defects that
affect basic cellular functions result in neurological phenotypes, as neurons are usually the first
cell type to die from a general defect.

Due to advances in DNA sequencing, the functional candidate gene approach has become
feasible even in situations involving a fairly large number of candidate genes. For example, there
are at least 37 known candidate genes for epidermolysis bullosa (22). Analysis of these 37 genes
in whole-genome sequencing (WGS) data helped to identify a frameshift variant in COL7A1 as a
cause for recessive dystrophic epidermolysis bullosa in basset hounds (23).

Finally, however, the hypothesis-driven functional candidate gene approach is bound to fail if
an inherited disease is caused by a variant in an orphan gene whose function has not been charac-
terized previously. There are still thousands of genes in the mammalian genome with partially or
completely unknown functions. Other instances in which the functional candidate gene approach
will not work include variants leading to neomorphic alleles (24) or diseases due to newly inserted
active retrogenes (25, 26).

3.2. Hypothesis-Free Holistic Approaches

Hypothesis-free approaches for disease gene identification rely on statistical methods and have
proven immensely powerful in the last decades. Their main advantage is that they do not require
any mechanistic knowledge about disease etiology. For successful disease gene mapping, it is
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sufficient to classify dogs as affected (cases) or nonaffected (controls). However, these methods
typically require more than one affected dog and the collection of samples from cohorts ranging
from two to thousands of dogs (Figure 1).

We first describe the most important positional approaches to mapping disease genes in the
dog genome. We then briefly summarize sequence-based approaches that aim to directly identify
disease-causing variants without prior mapping steps.

3.2.1. Genome-wide association studies. Genome-wide association studies (GWAS) are the
method of choice when relatively many cases and control samples are available (16, 27, 28)
(Table 1). Most inherited diseases in dogs are due to relatively young deleterious alleles seg-
regating primarily within single breeds. Ideally, GWAS require unrelated cases and controls, with
the provision that the cases nonetheless trace back to an unknown common ancestor. The ide-
alistic scenario with unrelated cases and controls is rarely or never met in canine disease gene
mapping studies. With the advent of better statistical methods for the correction of confounders,
such as cryptic relationships between the samples, use of related dogs has become standard in
GWAS. Avoiding the use of first-degree relatives in the study design is still recommended, but
more distantly related dogs are commonly used in canine GWAS. The required >50,000 marker
genotypes per dog can be obtained easily using either commercially available single-nucleotide
variant (SNV) microarrays or sequenced-based approaches.

Table 1 Empirically determined sample number requirements for genome-wide association
studies in dogs for traits with high penetrance (modified from 16)

Mode of inheritance Minimum number of cases and controls
Monogenic recessive (Mendelian) 10 + 10
Monogenic dominant (Mendelian) 20+ 20
Complex (>fivefold increased risk) >100 + >100
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Successful GWAS have the potential to map disease genes to relatively small critical intervals.
Mapping resolution depends mostly on the age of the disease-causing allele but also on the number
and representative distribution of the available samples. For young deleterious alleles that arose
in the past 50 years, the mapping resolution may be limited to several megabases. For diseases for
which the underlying mutation event happened several hundred or even thousands of years ago,
numerous recombination events and the resulting breakdown of LD enable a much more precise
mapping to a few hundred or even tens of kilobases. For disease alleles shared between several
breeds, the mapping resolution can be improved significantly if cases and controls from several
breeds can be included in an across-breed GWAS (16). However, this requires careful matching
of cases and controls and/or special attention to the confounding effect of the stratification on the
observed p-values.

Importantly, GWAS relies upon segregation of the disease status within the population or
breed. When accessing whether a disease phenotype segregates within a single population (e.g.,
breed), it is important to consider penetrance: If disease predisposition is fixed within a breed,
but penetrance is incomplete, only modifying loci will be detected by intrabreed GWAS. For
some traits that are fixed within breeds, across-breed mapping approaches have successfully identi-
fied the causative variants. These are most successful when there are many breeds with and without
the trait of interest. This approach relies on the alleles being identical by descent (IBD) across
breeds. Examples of successful across-breed mapping approaches include body size, morphology,
coat color, and tail type (25, 29-35).

3.2.2. Linkage mapping. Linkage mapping is the method of choice if samples from complete
families are available. This is particularly relevant for rare monogenic diseases, for which often
only a single litter with affected dogs may be available. The favorable family structure of dogs,
with relatively large litters that may comprise anywhere between 1 and ~12 puppies, is well-
suited for linkage analysis. Linkage analysis does not require the high marker density of a GWAS.
However, as the formerly used microsatellite markers have been largely replaced by SNVs due
to their robust and cost-efficient genotyping, modern linkage analyses in dogs are typically done
with the same microarray- or sequence-based SNVs as GWAS (36).

Linkage analyses in small families require that samples from both parents and at least two off-
spring are available. With single families and small numbers of samples, it is often not possible to
reach logarithm of the odds (LOD)-scores of >3, the generally accepted significance threshold
to confirm linkage to a given locus. However, single families are often sufficient to reach LOD-
scores of <—2, which allow reliable exclusion of parts of the genome. The mapping resolution of
linkage analyses is typically in the range of several or even tens of megabases. Nonetheless, if
50 Mb of the dog genome shows positive or ambiguous LOD-scores, while the remaining
>2,300 Mb or 98% of the genome can be safely excluded, a major step toward successful disease
gene identification has been accomplished.

3.2.3. Autozygosity/homozygosity mapping. Dogs with a recessively inherited disease are
very often inbred to a founder animal. This means that they inherited the disease-causing allele
together with adjacent haplotype segments IBD. The resulting homozygosity can be efficiently ex-
ploited to map disease genes (37). Homozygosity mapping is a simple and powerful fine-mapping
method to delimit a critical interval. This method can be applied to as few as two affected dogs and
does not require samples from unaffected controls. The combination of homozygosity mapping
with linkage analysis and/or GWAS has become a standard approach to map the disease-causing
genes for monogenic autosomal recessive traits in dogs.

3.2.4. Haplotype analyses for fine mapping. The identification of shared IBD haplotype
segments for fine-mapping purposes is not limited to homozygosity mapping in monogenic

www.annualreviews.org o Genetic Risk Factors for Canine Disease

Identical by descent
(IBD): identical
haplotypes inherited
through the maternal
and paternal lines and
resulting in long runs
of homozygosity after
inbreeding events

Logarithm of the
odds (LOD): measure
for the significance of
results in linkage
analyses (commonly
accepted thresholds:
LOD < -2 — linkage
excluded; —2 <

LOD <3 —
ambiguous result;
LOD = 3 — linkage
established)

187



Annu. Rev. Anim. Biosci. 2023.11:183-205. Downloaded from www.annualreviews.org
Access provided by University of Bern - Institut Fuer Ethnologie on 02/20/23. See copyright for approved use.

188

autosomal recessive diseases. Phasing of genotype data and the separation of the two individual
haplotypes also allow searches for shared haplotypes in cases affected by diseases with dominant
or even complex modes of inheritance (38, 39). During the mapping of the gene for ectodermal
dysplasia in hairless dogs, the identification of a shared haplotype between 140 dogs of 3 different
breeds delimited the critical interval to only 102 kb (39).

3.2.5. Direct methods for integrated disease gene and causative variant identification.
Advances in WGS have enabled approaches that directly aim to identify causal variants, obviating
the strict need for a dedicated disease gene identification step. Today, causative variants for rare
monogenic diseases can be identified directly by searching for private variants in the genome of an
affected dog, contrasted against a few hundred or a few thousand control genomes from genetically
diverse control dogs (40). Data sets with hundreds of canine genomes are publicly available (35,41).

Causal variants for dominant pathogenic alleles that have arisen from de novo mutation events
can be identified quickly via WGS of the affected offspring and both unaffected parents, the
so-called trio-sequencing approach. Extrapolating from humans and cattle, one might expect
approximately 100 de novo mutation events per trio of dogs, of which on average only one
will represent a protein-changing variant (42—44). Successful causal variant identification by trio
sequencing in dogs has been reported (15).

4. EXPERIMENTAL APPROACHES FOR VARIANT IDENTIFICATION
4.1. Reference Genome Versus Reference-Free Variant Detection/Annotation

Sequencing reads and genotypes are relatively meaningless without contextualization. The ref-
erence genome provides this information through two essential components: the assembly and
ancillary data sets, called annotation. The dog reference genome is accessed graphically or
can be downloaded from various sources, among the most popular being the National Center
for Biotechnology Information (NCBI) Genome Data Viewer, Ensembl, and the University of
California, Santa Cruz (UCSC) Genome Browser (45).

The assembly contains the DNA sequence of a single animal. Although tools and techniques
involved in producing an assembly have evolved rapidly in the past decade, the fundamental
steps remain the same. The reference genome is constructed from long DNA sequences, which
are assembled into contiguous overlapping reads called contigs. Even modern assembly software
struggles to incorporate reads from centromeres, telomeres, and other areas of the genome that
are enriched for long stretches of highly repetitive sequences. To bridge these gaps, contigs are
placed and oriented into scaffolds. In high-quality assemblies, the scaffolds often span the length
of chromosomes. The reference’s remaining DNA content is represented as unplaced scaffolds
and contigs. In the context of mapping diseases and traits, the latter are usually ignored. Tra-
ditionally, the DNA sequence of a diploid assembly is represented as a consensus haplotype. As
such, the true haplotypes of chromosome pairs are lost, and wastefully, half of the genome infor-
mation is ignored. To address this, the production of haplotype-resolved assemblies will become
increasingly more common (46).

For years, the assembly of a female boxer, called Tasha, served as the dog research commu-
nity’s genome (47). However, third-generation sequencing technologies along with scaffolding
techniques, such as optical mapping and definition of DNA interactions through Hi-C, have rev-
olutionized production of genome assemblies. To date, chromosome-level assemblies have been
produced from a variety of breed dogs, including the boxer Tasha (48), basenji (49), German shep-
herd (50, 51), Great Dane (52), and Labrador retriever (L. Eory, W. Zhang, J. Aguilar, M. Jackson,
D.D. Ozdemir, et al., manuscript in preparation). Wild canids, in the form of dingoes and wolf, are
also represented by chromosome-length reference assemblies (53, 54). The NCBI compared five
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of the dog assemblies to highlight their strengths and weaknesses (55). Ultimately, the appropriate
choice of assembly depends on the experimental goals.

Annotation provides context to the assembly’s DNA by specifying regions or motifs of inter-
est. These are assigned physical coordinates, specified in base-pair positions, on a chromosome
or scaffold. Unlike the assembly, annotation is produced from a multitude of samples, molecular
sources including DNA, RNA, and proteins. To reflect differential biology, annotation data can
be derived from different tissues/cell types and disease states. The most commonly accessed an-
notations are gene and transcript models, produced by sequence analysis pipelines maintained by
NCBI’s RefSeq and Ensembl. Other annotation, to name but a few, includes coding and noncoding
genes (56), variant calls (41), short-read RNA sequencing (51), various epigenetic marks (57-60),
multispecies conservation (61), transcriptional start sites, and isoform sequencing (62). Given the
current paucity in functional annotation of dog assemblies’ noncoding features, the reporting of
disease-causing variants has probably been biased toward protein-changing coding variants. The
identification of noncoding functional variants remains challenging despite some recent advances
(32, 63-66). It is expected that canine genetics will closely follow human standards with respect to
the identification of noncoding disease variants (67).

The dog reference genome is the foundation for resequencing-based disease variant discovery.
First, short reads produced by WGS/whole exome sequencing are mapped against the assembly
to assign reads’ physical coordinates. During variant calling, physical coordinates are assigned to
genetic variants. The assembly is also used to polarize genetic variants so that alleles are assigned
reference and alternate allele subtypes; this helps highlight base changes of potential interest.
Finally, variant calls typically are coded to highlight overlap or proximity to genes, transcripts,
allele frequencies, and possibly other genome annotations.

In aggregate, dogs are genetically diverse. Therefore, the process of disease variant discovery
using short reads presents challenges regardless of the genome reference chosen for mapping. As
alluded to above, less than 50% of a dog’s diploid DNA content is represented in a 2.4-Gb hap-
loid reference assembly. If all the DNA content present among all dogs is considered (e.g., the dog
pangenome), then the DNA content represented within a single assembly is even less complete.
In practice, the incompleteness of an assembly results in unmapped reads and thus undermines
disease variant discovery. Moreover, the assembly itself introduces bias because it favors calling
genetic variants from reads that map to it. As an alternative to linear reference assemblies, there is
growing interest in producing variant-aware graph genomes (68), which incorporate the genetic
variation and sequence uncertainty from the dog pangenome (Figure 2). Aside from increasing the
overall mappable portion of eukaryote genomes by tens to hundreds of megabases, the use of graph
genomes promises to enhance variant-calling sensitivity and accuracy, particularly for structural
variants (SVs) (69-71). Another promising feature of graph genomes is the ability to tailor variant
calling toward the genetic variation relevant to certain breeds or subpopulations of interest (72).
The production of multiple high-quality canid assemblies will serve as a good start toward pro-
ducing graph genomes. However, to fully leverage graph genomes, the dog research community
must invest in efforts that catalog SVs from discovery approaches based on long-read sequencing.

4.2. Variant Categories

SNVs and small indel variants are the most common types of variants in the genome. Large-scale
genome-sequencing efforts have identified close to 100 million of these variants in the canine
genome (35, 41). However, the less common SVs, which we define here as changes involving
more than ~20 nucleotides, still comprise the majority of variable nucleotides in the genome.
The distinction between small variants and SVs is important, as current methodologies differ in
their sensitivity and specificity to detect different classes of sequence variants (73, 74). Although
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Figure 2

Structural variants (SVs). () Different SV types are indicated schematically. The insertion of intronless
retrogenes is more common in dogs than in other mammalian species (145). (5) Schematic representations of
a conventional linear reference genome assembly and a variant-aware graph assembly. (/) Current mapping
and variant-calling workflows using linear reference assemblies have a low sensitivity to detect SV,
especially insertions that do not align to the reference. This may easily lead to false genotyping calls. The
graph-aligned genotype calling gives the correct genotype for known variants contained in a variant-aware
graph reference genome.

earlier research, due to technological limitations, may have been biased toward the identification
of small pathogenic variants, it is now clear that all types of variants must be considered in canine
disease genetics.

Dogs have a sizeable population of active long interspersed nuclear element (LINE)-1 in-
sertions (52). Both short interspersed nucleotide element (SINE) and LINE-1 insertions are a
common cause of inherited diseases in dogs (75-84). Retrogene insertions represent one partic-
ular class of structural sequence variation that has occurred several times in dogs (85) and that
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may be relevant for diseases, for example, as in chondrodysplasia and chondrodystrophy (25, 26).
Purely positional approaches to map a critical interval for a disease locus work perfectly fine in the
case of retrogene insertions. However, researchers must be aware that if the disease is caused by a
retrogene insertion, the annotated genes in a critical interval may be unrelated to the studied dis-
ease. In this case, the disease-causing variant also does not necessarily affect the coding sequence
of one of the annotated genes.

4.3. Sanger Sequencing

The traditional approach to variant identification consists of an initial PCR amplification of the
region of interest, followed by the direct Sanger sequencing of the PCR products. This standard
approach is widely available to many laboratories and can be completed within one to two weeks
without the need for complex bioinformatics and a high-performance computing infrastructure.
Today, Sanger sequencing is used only for very small target regions that do not exceed a few
kilobases in size. A typical application might involve a highly specific disease phenotype with a
single functional candidate gene. In this case, PCR primers for the amplification of ~300-600-bp
products harboring individual exons and their immediately flanking intronic sequences will be
designed. Sanger sequencing of the resulting amplicons has good sensitivity to detect SNVs
and small indels present in either a homozygous or heterozygous state (86, 87). However, the
sensitivity to detect SVs is low. Especially if an SV is present in a heterozygous state, there is a
high risk that the PCR will amplify only the reference allele but not the alternate allele, resulting
in a false-negative variant call and an incorrectly determined genotype.

4.4. Targeted Next-Generation Sequencing

This approach involves the enrichment of larger target regions (up to several megabases in
size) followed by next-generation sequencing. Target regions may consist of either functionally
related genes (gene panels) or the complete exome. These approaches have become very pop-
ular in human (diagnostic) genetics but have not been readily adopted in canine genetics. This
is largely because the reagents required for the enrichment (highly multiplexed PCR primers
or single-stranded probes for hybridization-based enrichment) are quite expensive and become
economically attractive only if fairly large batches of samples can be processed simultaneously.

Variation in GC content may lead to biases in the representation of enriched libraries and
consequently to uneven sequence coverage of the targeted regions. Whereas human exome
enrichment reagents have gone through several rounds of optimization to ensure comparable rep-
resentation of all targeted sequences, the available dog exome enrichment reagents have not yet
reached the same quality level, reflecting the much smaller market volume. However, unlike for
most other domestic animal species, canine exome enrichment reagents are commercially avail-
able and represent useful tools, e.g., when high sequence coverage to detect somatic variation is
required (88). The use of canine exome sequencing to detect germline variants for Mendelian dis-
eases has also been reported occasionally, e.g., for the discovery of a LAMP3 variant in dogs with
fatal neonatal interstitial lung disease (89).

Analyzing gene panel or exome sequencing data requires basic bioinformatic skills and mod-
erately powerful computer hardware. However, the requirements (and costs) for data analysis and
storage are substantially lower than for WGS.

4.5. Whole-Genome Sequencing

WGS using the Illumina short-read platform has become the method of choice for identify-
ing sequence variants for most canine disease studies during the last years. It works best when
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high-quality genomic DNA is available and a PCR-free library with 350-550-bp insert size can
be prepared. The generation of PCR-free libraries minimizes GC biases and helps to achieve even
sequence coverage across the genome. For reliable detection of germline sequence variants, WGS
is typically performed at 20-30x coverage, which corresponds to the collection of approximately
180-270 million read pairs of 2 x 150 bp from the dog to be sequenced.

The raw sequence data are then mapped and aligned to a reference genome assembly, and
variants with respect to the reference are called (90). The variant calling process must be done
separately for small variants and SVs. Sensitivity and specificity for small variants are excellent
with current software tools. Calling of SVs from Illumina short-read data is much less reliable, and
sensitivity and specificity are currently insufficient to fully rely on automated SV-calling pipelines.
The problems in SV calling are due mostly to three reasons: () The short read lengths preclude
the unambiguous mapping of reads from repetitive regions, which is required to make full use
of the read-pair information and to exploit the information from split-read mappings. () Gaps in
imperfect reference genome assemblies often prompt false-positive SV calls. (¢) And finally, inser-
tion variants lead to sequence reads that cannot be correctly aligned to the reference genome.
Because insertions often represent repetitive sequences (e.g., retroposons such as SINEs and
LINEs), they are rarely accurately called by the currently available software tools. Genome-wide
automated bioinformatic calling of SVs is possible, but, as mentioned above, many false-negative
and false-positive SV calls have to be expected. Visual inspection of short-read alignments in the
Integrative Genomics Viewer (IGV) browser has a very good sensitivity and specificity to detect
SVs (91, 92). However, this approach is extremely time consuming and therefore limited to inter-
vals of a few megabases at most. According to our experience, a trained researcher cannot visually
analyze more than 1 Mb during an 8-h working day.

Ilumina WGS is based on a highly standardized workflow that is relatively simple in the lab-
oratory (and identical to human WGS). The costs of producing the raw data range from $500
to $800 for a single dog genome as of May 2022. The main challenge of WGS lies in the data
analysis, which requires a very powerful high-performance computing infrastructure and suffi-
cient storage capacities. Although thousands of dog WGS data sets are publicly available, only
very few laboratories have sufficient I'T resources to effectively work with such massive data vol-
umes. Hopefully, additional public resources will be developed to facilitate the democratization
of large-scale WGS analyses for the entire dog community. The availability of variant data from
hundreds of thousands of human genomes and exomes in the gnomAD browser significantly ad-
vanced human disease genetics (93; https://gnomad.broadinstitute.org). A comparable canine
gnomAD resource could be envisioned for the near future.

Further developments in sequencing technology are expected to lead to major improvements.
Third-generation, single-molecule, long-read technologies such Pacific Biosciences and Oxford
Nanopore sequencing enable de novo assemblies and reference-independent variant calling.
These technologies also allow the accurate calling of SVs (94). Although they are still too expen-
sive for routine use, these or other new technologies may eventually replace Illumina short-read
sequencing.

5. MONOGENIC VERSUS COMPLEX DISEASES
5.1. Monogenic Diseases

As of May 2022, the OMIA (Online Mendelian Inheritance in Animals) database lists 324 canine
diseases with at least one known causal variant (https://www.omia.org; 95, 96). The vast major-
ity are fully penetrant monogenic diseases with unambiguous genotype—phenotype correlation.
Monogenic diseases allow the distinction of two phenotypic categories, cases and controls, and
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the unequivocal prediction of the underlying genotypes at the disease-causing variant for at least
the cases or the controls (depending on the mode of inheritance). This greatly facilitates the iden-
tification of causal variants, especially if the causal variant belongs to one of the more challenging
categories, such as noncoding regulatory variants.

A single dog with a discordant genotype—phenotype correlation is sufficient to exclude a can-
didate variant as disease causing (or to reject the hypothesis of a fully penetrant monogenic mode
of inheritance). This represents a major difference in the genetic analyses of monogenic versus
complex diseases.

5.2. Complex Diseases that Represent a Group of Monogenic
Diseases (Heterogeneity)

Recent research has unveiled allelic and locus heterogeneity for some inherited diseases, even
within single breeds. Heterogeneity is of course well known and widespread in human genetics.
However, in purebred dogs, with their closed populations and significant inbreeding, it is rela-
tively uncommon. Canine researchers must consider the possibility that a clinically homogeneous
phenotype shared between two or more dogs may in fact represent a group of genetically different
problems (Figure 3).

This is further illustrated with two examples. In the Leonberger breed, polyneuropathy
resulting in denervation and secondary muscle atrophy, particularly of the pelvic limbs, was
recognized almost 20 years ago (97). The mode of inheritance appeared to be complex (98). A

Figure 3

Locus heterogeneity in progressive retinal atrophy (PRA). (#) In the Miniature Schnauzer breed, several
genetically distinct PRA forms exist. () Fundus image showing a healthy retina with well-defined blood
vessels. (c) Advanced disease in a dog affected with XLPRA2 due to a variant in RPGR showing degeneration
of the blood vessels, a pale optic disc, and increased reflection from the tapetum lucidum, indicating thinning
of the retina (105, 106). (d) Advanced disease in a dog with PRAppT| due to a variant in PPT1/HIVEP3 (106,
107). The retinal findings in both diseases at all stages of the disease are identical. Photos in panels 4 and ¢
were provided courtesy of Dr. Gus Aguirre, and the photo in panel d was provided by Dr. Julien Charron.
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series of molecular genetic investigations then demonstrated that Leonberger polyneuropathy is
a heterogeneous group of diseases with at least three pathogenic variants in ARHGEF10, G7A9,
and CNTNAPI (99-101). Some cases of polyneuropathy in Leonbergers cannot be explained by
any of these variants, suggesting that further pathogenic variants segregate in the population. The
elucidation of causative variants in Leonberger polyneuropathy helped to better define the clinical
variability, and differences in the genotype—phenotype correlations with, e.g., slightly different
(but overlapping) ranges for the age of onset and the specific anatomical distribution of the nerve
defects have now become clear (100). As soon as the causative variant for a subset of heterogeneous
cases is known, it becomes easier to search for the remaining unknown disease-causing variants,
as genotyping for known causative variants enables a rational stratification of the case cohort.

The second example involves early-onset ataxia in Belgian shepherd dogs. Here, an initial com-
pilation of six related litters with affected puppies suggested a monogenic autosomal-recessive
disease. However, separate linkage analyses for each of the litters pointed to different chro-
mosomes. So far, four disease-causing variants leading to identical or at least similar clinical
phenotypes have been identified in KCN710, ATP1B2, YARS2, and SELENOP (77,102-104). Sim-
ilar to the first example, additional unknown disease-causing variants may exist, as the four known
variants still do not explain all known cases of Belgian shepherd dogs with early-onset ataxia (104).
These examples underscore the value of precise and accurate phenotyping. The genetic analysis
of inherited diseases is facilitated greatly if heterogeneous groups of cohorts can be assigned to
more specific homogeneous subphenotypes based on consistent phenotypic criteria.

5.3. Truly Complex Diseases

Complex diseases, also known as polygenic diseases, result from the confluence of multiple alleles
located throughout the carrier’s genome. The collective effects of these alleles determine disease
risk, onset, and penetrance. Unlike those of fully penetrant monogenic diseases, the occurrence
and severity of polygenic diseases are often influenced by extrinsic factors such as environment
(nutrition, climate, chemical/biological exposure) and lifestyle (exercise, food intake). Exclud-
ing infectious diseases and injuries, the majority of human societies’ health burden is caused
by complex diseases. Among the most common are cardiovascular disease, stroke, diabetes, and
depressive/anxiety disorders (108). Dogs are equally burdened by complex diseases. In the United
Kingdom, obesity, periodontal disease, osteoarthritis, incontinence, and dermatitis ranked among
the most common diagnoses made by first-opinion practices (109).

Like those for monogenic diseases, the odds ratios for particular complex diseases differ sub-
stantially from breed to breed, and often disease risk is associated with morphology. For example,
the prevalence of extrahepatic portosystemic shunts (ePSS), a congenital condition that occurs
when aberrant vasculature bypasses the liver, is highest among toy and small breeds (110). Among
breeds with the highest disease risk is the Yorkshire terrier (z = 483, odds ratio = 58.7, confidence
interval = 42.9-80.2). A case-control GWAS of Yorkshire terriers, as well as other small breeds,
failed to generate a significant association for ePSS, though a suggestive association was reported
111).

ePSS are found almost exclusively in toy or small breeds of dogs. Conversely, canine hip dys-
plasia (CHD) is a disease of medium- to giant-sized dogs (112, 113). In affected dogs, the hip joint
becomes painfully arthritic, leading to loss of mobility. Various screening methods, particularly
palpitation and radiographs, are routinely deployed to aide selection of breeding stock. Numer-
ous studies have leveraged screening data to identify genetic associations of CHD. Analysis of
1,179 United Kingdom-based Labrador retrievers yielded associations related to the cranial ac-
etabular edge but not other joint laxity phenotypes, including the popular Norberg angle (114).
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In a combined approach using Norberg angle phenotypes from 69 breeds (z = 921), a genetic as-
sociation within proximity to the gene CTBP2 was identified. Interestingly, the effect of the locus
appeared relevant to golden and Labrador retrievers but absent from German shepherd dogs (an-
other susceptible breed) (111). Among British-, Finnish-, and Swedish-based German shepherd
dogs, CHD was studied within single geography-restricted populations as well as by meta-analysis.
Although five associations were identified, including those within proximity to genes MEDI3 and
PLEKHA7 (115), none of the associated loci overlapped between single populations (116). Further
discordance among genetic association studies is documented (114-122). Discrepancies between
association studies have led to the view that CHD is strongly influenced by the genomic architec-
tures of affected populations, though surely other confounding variables, such as CHD screening
methodology, age, neuter status, and obesity, could be at play. Of note, Mikkola et al.’s (119) multi-
breed case-control study of more than 1,600 dogs with normal and extreme hip scores replicated
association of markers described previously, bringing the validated number of CHD loci to 10.
We posit that some breeds are in fact defined by multiple deleterious alleles. The most obvious
of these are bulldog- and pug-type breeds, whose reduced face length results in a pronounced
overbite, a rounded cranium, and hypertelorism. This iconic skull shape is known as brachycephaly
(“short-headed”) and appears morphologically analogous to certain types of human craniofacial
anomalies. Mounting evidence suggests that the genetic underpinnings of brachycephaly may act
pleiotropically. Brachycephalic carriers of a DVL2 deletion have reduced protein expression and
bear stunted, corkscrew-shaped tails caused by hemivertebrae. Thoracic hemivertebrae also occur
ata lower frequency, suggesting incomplete penetrance of the mutant DVL2 allele (14, 123). Given
their unusual skull morphology, brachycephalic breeds are at risk of developing secondary condi-
tions, including corneal ulceration (124) and the devastating respiratory condition brachycephalic
obstructive airway syndrome (125). The severity of canine brachycephaly is influenced by skeletal
size, as evidenced by toy breeds such as pugs, Pekingese, and Boston terriers that exhibit the most
extreme forms of brachycephaly (32, 126). Among candidate loci suspected of contributing to ex-
treme brachycephaly is a missense variant in BMP3, encoding a member of the TGFp superfamily
of signaling ligands (126). To help parse the effects of skull size and face length, quantitative
trait mapping was conducted using geometric morphometrics phenotypes and genotypes from
372 dogs of pedigree, mixed, and random-bred backgrounds. This analysis revealed a LINE-1
retrotransposon insertion that segregates with reduction in facial skeleton length. The LINE-1
insertion disrupts SMOC2 splicing and gene expression (32). Notably, the implication of SMOC?2
in human craniofacial anomalies was subsequently supported by findings using mice (32, 127) and
begs further reexamination of human data from patients with reported SMOC?2 variants (128).
Our final example of complex genetics is behavior. Though not a disease, there is an unmet
need to address the heritable component of behaviors that disqualify working dogs from service
(129-132), prevent pet rehoming (133), or emerge with aging/cognitive decline (8). Like in CHD
and skull morphology, success in this area will require rigorous, individualized phenotyping and
dense genotyping to capture rare alleles. Given the heterogeneity of dog behaviors, the anticipated
small effect sizes of alleles, and the need to control for environmental interactions, study designs
require very large cohort sizes and may benefit from the inclusion of random-bred dogs (134).

6. HOW TO PROVE THE CAUSALITY FOR CANDIDATE VARIANTS

Similar to the situation in other species, proof of causality for a candidate variant is often difficult to
obtain in dogs. Great care must be taken to correctly interpret the strength of data supporting the
causality of a given variant. The extensive LD within dog breeds can challenge the identification
of the causal variant because there will be many variants within a critical interval in very strong
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Table 2 Complementary lines of evidence for the causality of a variant

Type of data

Examples

Association data

Population data (association, absence, or extremely low frequency of the alternate allele in
control cohorts, 1 breed versus multiple breeds)
Co-segregation in families

Computational predictions Type of variant (loss of function, missense, predicted regulatory, other)

Evolutionary conservation
3D structural modeling of altered proteins or RNAs
Expression data (tissue, cell type, developmental stage)

Functional validation

In vitro (e.g., biochemically demonstrated loss of enzyme activity, cell culture assays)
In vivo (e.g., genetically engineered mice, other model organisms)
Experimental expression data (RINA, protein, chromatin changes)

Other types of evidence

Demonstration of de novo mutation event

Specificity of the phenotype (e.g., neurodegenerative disease versus a specific inborn error of
metabolism with documented enzyme deficiency)

>2 independent variants in the same gene leading to the same phenotype

or even perfect association. Due to the extensive LD, association data in dogs must be analyzed
with special caution. The existing scientific literature also must be appropriately cited. It cannot
be emphasized enough that association does not necessarily equal causation.

Table 2 provides an overview of experimental and computational approaches that can be ac-
cumulated to support or possibly even prove the causality of candidate variants. In most studies,
several lines of evidence are combined, which may help to strengthen the argumentation.

6.1. Constraints When Working with Dogs

Because the vast majority of dogs used in genetics studies are pets, one limitation is the difficulty
of sample collection for many tissues. If the condition is lethal, owners may be willing to allow
sample collection, but delays collecting tissue or lack of a priori knowledge about what to target
can still be limiting for full functional evaluation. DNA samples, on the other hand, are readily
available in the form of buccal swabs or blood or semen samples. In developed countries, dogs are
increasingly medically insured, which can provide epidemiological data on disease that cross vet-
erinary practices. In addition, multiple hospital ownership with electronic medical databases can
now be used for genetic studies (135; https://www.rvc.ac.uk/VetCOMPASS). These are nor-
mally limited to one country but nonetheless provide a means of ascertaining health across a large
range of samples. Differences between countries regarding the rules governing canine research
may further limit sample collection from privately owned dogs. The beagle is the predominant
purpose-bred laboratory dog used for canine research around the world (136).

6.2. Functional Experiments in Canine Cells

Perhaps the most difficult challenge of advancing canine genetics research is demonstrating causal-
ity through functional experimentation. The challenge begins by prioritizing which variants to
test experimentally. This process is often aided by positional overlap with annotation based on
functional genomics data and/or evolutionary constraint (see Section 4.1). Generally, functional
experiments aim to contrast tissues or cells, such as before and after disease onset or by comparing
the biological activity in the presence versus absence of a putatively causal variant. Such experi-
mentation inevitably requires biological material that is nearly impossible to source from healthy
dogs or additional cases for ethical and logistical reasons. Even when sourcing biological mate-
rial is possible, the decision of which tissues or cell types to source is typically unclear for many
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diseases. Although mice and other species can serve as surrogate sources for biomaterial, these
experiments are biased toward testing simple coding variants. Moreover, they cannot replicate
species-specific genomic landscapes (e.g., chromatin conformation, epigenetics) and the complex
interactions a putative causal variant might exert on its local genomic landscape.

Cell lines derived from dogs offer the possibility of testing genetic function conspecifically.
However, the availability of primary and immortalized canine cell lines for research purposes is
extremely limited, consisting of mostly select adult primary cells and immortalized cancer lines.
Embryonic and fetus-derived material are lacking. A search of a popular distributor’s canine cell
products returned approximately 21 lines (8 tissues sources, 10 neoplastic). In contrast, human
cell products exceeded 1,800 cell lines, including nearly 60 primary cell products derived from 20
tissue sources.

To overcome the limitations of sourcing control, diseased, and embryonic-like biomaterial
from dogs, we view routine production of induced pluripotent stem cells (iPSCs) from healthy
and diseased dogs as an essential, unmet need of the research community. Given their ability to
self-renew indefinitely and their intrinsic potential to differentiate into any cell type, iPSCs are
often discussed in the context of personalized and regenerative medicine. Production of iPSCs in-
volves reprogramming embryonic or adult primary cell lines. Reprogramming typically involves
delivery and overexpression of Yamanaka factors (OCT4, SOX2, KLF4, MYC) as well as other genes
and specialized culture medium containing cocktails of growth factors and inhibitors, to reverse
the epigenetic imprinting of terminal differentiated cells that are transfected (137).

In humans and mice, iPSCs can be produced efficiently from a variety of embryonic and adult
cell types. Although numerous studies describe production of canine iPSCs (138-140), production
of bona fide iPSCs from dogs remains challenging due to low reprogramming efficiency and the
inability of cell lines to retain pluripotency over subsequent passages (141). Dogs are not unique
in this regard; research investments to improve production animal reprogramming will inevitably
unlock clues that will enable routine iPSC production from dog biomaterial. The therapeutic
promise of iPSCs remains elusive even in humans, but iPSCs’ ability to cryopreserve rare patient
genomes and biology, potential to produce various terminal cell types, and amenability to gene
editing will elevate canine genetics and disease research, as they have done for human basic and
translational research.

6.3. American College of Medical Genetics/Association
for Molecular Pathology Criteria

The American College of Medical Genetics (ACMG) and the Association for Molecular Pathology
(AMP) defined a transparent set of criteria that greatly help to classify the strength of support-
ing evidence for the causality of genetic variants in human patients. The ACMG/AMP consensus
recommendations also include specific terminology to differentiate five functional classes of vari-
ants: pathogenic, likely pathogenic, uncertain significance, likely benign, and benign (142). These
classifications are now increasingly integrated in databases of clinically relevant human variants
(https://www.ncbi.nlm.nih.gov/clinvar/).

The ACMG/AMP criteria and the human functional classification can be applied with minor
adaptations to dogs and other domestic animals (87). This should facilitate better standardization
and comparability among future dog disease studies.

6.4. Genetic Proof for Causality

The pedigree structures in purebred animals sometimes provide extremely valuable constellations
that allow direct comparison of ancestral (healthy) haplotypes with their derived pathogenic
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Figure 4

Obtaining genetic proof for the causality of a pathogenic variant. This hypothetical pedigree exemplifies a
fully penetrant monogenic autosomal recessive disease in purebred dogs. The causal mutation event
happened on the black chromosome/haplotype of the animal at the top right corner of the pedigree. The
resulting pathogenic allele was transmitted to the founder animal and is indicated by a red asterisk on this
black chromosome. Haplotypes indicated in gray represent wild-type chromosomes. The litter with affected
puppies on the bottom left is inbred to the founder animal. The affected animals are homozygous for the
pathogenic allele and the disease-associated haplotype. The litter on the bottom right is inbred to the sire of
the founder animal. Two offspring received the black haplotype in its ancestral state from the sire (arrows).
They also received the black haplotype with the pathogenic allele through their maternal line. Thus, the
haplotypes in these two animals are identical by descent with the exception of the causal variant. Identifying
unaffected dogs with such a genetic makeup provides extremely strong support for the causality of the
heterozygous variant.

counterparts. These situations arise when an animal is inbred to an ancestor of the founder. In
this case, the disease-associated haplotype could be transmitted IBD from the ancestor to the
descendant, resulting in a long run of homozygosity. However, this long run of homozygosity
may be interrupted by heterozygous positions that were generated by de novo mutation events
anywhere in the inbreeding loop. The identification of just one single de novo mutation event in
a previously mapped critical interval can provide definitive proof for the causality of the variant
with the heterozygous genotype. This method was first described during the identification of the
causal variant for the callipyge phenotype in sheep (143).

In the case of recessive diseases, it is therefore worthwhile to pay special attention to unaffected
dogs that carry a disease-associated marker haplotype in a homozygous state (Figure 4). Such dogs
are most likely inbred to an ancestor of the founder and offer the possibility to obtain genetic proof
for causality, as has been reported in the case of a VLDLR variant in Eurasier dogs with cerebellar

hypoplasia (144).
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