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Abstract
Recent advances in canine genomics are changing the landscape of veterinary biology, and by
default, veterinary medicine. No longer are clinicians locked into traditional methods of diagnoses
and therapy. Rather major advances in canine genetics and genomics from the past five years are
now changing the way the veterinarian of the 21st century practices medicine.

First, the availability of a dense genome map gives canine genetics a much needed foothold in
comparative medicine, allowing advances made in human and mouse genetics to be applied to
companion animals. Second, the recently released 7.5x whole genome sequence of the dog is
facilitating the identification of hereditary disease genes. Finally, development of genetic tools for
rapid screening of families and populations at risk for inherited disease means that the cost of
identifying and testing for disease loci will significantly decrease in coming years.

Out of these advances will come major changes in companion animal diagnostics and therapy.
Clinicians will be able to offer their clients genetic testing and counseling for a myriad of
disorders. Such advances are certain to generate healthier and more long lived dogs, improving
quality of life for owner and pet alike. The clinician of the 21st century, therefore, faces incredible
opportunities as well as challenges in the management of genetic disease. In this review we
summarize recent findings in canine genomics and discuss their application to the study of canine
cardiac health.
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Introduction
Veterinary cardiologists have appreciated the importance of genetics in the development of
cardiac diseases since the early 1970s 1–5. Although the true prevalence of heart disease in
dogs is unknown, two independent studies completed 30 years apart suggest that
approximately 11% of canine patients presenting for evaluation at large veterinary hospitals
have cardiac disease 6,7. Many of the most common congenital and adult onset
cardiovascular diseases are familial, in at least some breeds (Table 1), including
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myxomatous valve disease in the Cavalier King Charles Spaniel 8 and Dachshunds 9 and
dilated cardiomyopathy in the Doberman Pinscher, Great Dane and Portuguese Water
Dog 10–12. In many other cases, a subset of breeds have been suggested to have an elevated
relative risk compared to the general canine population indicating a familial nature of the
disease though genetic studies are required to confirm this (Figure 1).

Canine genetics and genomics is in the midst of an information explosion 13,14. Recent
studies have brought advances in understanding the genetics of breed development 15 and
the availability of ever higher resolution maps 16–21. These have led to the mapping of
disease loci for a variety of diseases including metabolic disorders 22,23, blindness 24–28,
cancer 29,30 neurologic disorders 31,32, hip dysplasia 33 epilepsy 34, as well as several
morphologic traits 35,36. In addition, the advancement of a framework for how to study
complex canine traits 37 has led to deepening of our knowledge about the organization of the
canine genome 38,39 and how it relates to morphological variation between breeds.

Given these advances, what has slowed progress in understanding the molecular nature of
familial canine cardiovascular disease? In part, the lack of tools for studying what are
arguably some of the most complex diseases in companion animal medicine has been
problematic. For simple Mendelian traits, mapping studies have moved forward with great
success. Cardiac diseases, however, are typically more complex and may involve multiple
genes, age dependent penetrance, and contributions from environmental factors. The
frequent late onset of disease is particularly problematic as individuals often reproduce
before the disease is manifest. While progress has certainly been made in some areas, as
reviewed below, the field of canine cardiac genetics, in general, has struggled to keep pace
with the rest of the canine genetics community. We believe this is about to change.

In this review we discuss, first, how to utilize information from pedigrees to understand
issues related to mode of inheritance. This sets the stage for future genetic evaluation. We
next discuss both candidate gene and linkage-based approaches for mapping cardiac
diseases. We summarize recent advances related to the canine genome sequence and
understanding genome organization. Finally, we conclude with a brief discussion of
genomic tools under development that will influence the way canine cardiac genetic studies
are performed, highlighting the roles of the owner, clinician, and research scientist in
conducting a successful inherited disease study.

Mode of Inheritance
The identification of mode of inheritance for a familial disease is an important first step for
any genetic study (Figure 2). This may best be determined by performing outcross
breedings, but such matings are costly and may be unpopular as they require intentional
breeding of carrier and/or affected animals. In many cases, careful evaluation of pedigree
information and clinical records can provide the needed information to correctly assess
mode of inheritance.

The most common inheritance patterns reported in the dog are autosomal dominant,
autosomal recessive and X- linked recessive 40,41. Autosomal dominant traits are classically
defined by the presence of an essentially equal number of affected males and females. Every
affected individual will typically have one carrier parent, and all dogs with one copy of the
mutant allele can manifest the disease, however if the variant allele is not fully penetrant the
number of affected offspring will fall below the theoretical 50%. Modifier genes can also
affect allele penetrance by working to either enhance or suppress the function of the mutant
allele. Also, exposure to particular environmental factors can alter the appearance of the
disease. Carriers will transmit the mutant allele, and the potential to develop the disease, to
50% of their offspring.
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Autosomal recessive traits require two copies of a mutant allele in order for the trait to
appear in the dog. The mating of carriers, each of which has one variant allele would
typically produce a 3:1 ratio of unaffected to affected dogs. This, as discussed above,
assumes the disease allele is fully penetrant. A juvenile form of familial dilated
cardiomyopathy in the Portuguese Water Dog has been reported to be consistent with an
autosomal recessive mode of inheritance12.

X-linked traits are almost always recessive and may be defined by the presence of only
affected males. Carrier females have a 50:50 chance of passing the trait on to male offspring
while there is no male to male (father to son) inheritance. Affected females are typically
rare, but can result from a cross between an affected male and a female carrier who passes
on her mutant allele. When considering X-linked traits the frequency of such affected
females will depend wholly on the allele frequency of the deleterious allele in the general
population. Adult onset familial dilated cardiomyopathy in the Great Dane appears to be an
X- linked recessive trait 42.

As always, manifestation of any disease may be complicated by age dependent penetrance.
This is certainly the case with dilated cardiomyopathy or myxomatous valve disease, where
the disease usually appears in older dogs making the mode of inheritance more difficult to
trace.

In many cases, the defect or disease cannot be explained by a single gene mutation with a
Mendelian mode of inheritance. Such diseases are often caused by the interplay of multiple
genes and are referred to as polygenic. Extensive breeding studies performed on a family of
poodles segregating Patent ductus arteriosus suggest that, at least in this breed, it is inherited
as a polygenic defect1,4. Molecular studies have suggested that multiple genes contribute to
the development of myxomatous valve disease in the Cavalier King Charles Spaniels and
Dachshunds 8,9 and the conotruncal heart defect in the Keeshond dog 43.

In order to ascertain the mode of inheritance, a complex segregation analysis (CSA) is often
done. CSA tests the hypothesis that a locus inherited in a Mendelian fashion substantially
contributes to the risk of a disease. It can provide information about the likely mode of
inheritance and penetrance of underlying susceptibility genes. These analyses can also
identify subsets of families whose disease is most likely due to mutations in inherited
susceptibility genes. CSA can not determine the number of susceptibility loci, nor can it
provide information about the location of loci. Instead, it provides an estimate of the overall
frequency of mutant alleles with a specific set of characteristics. This type of data can be
extremely useful for developing statistical models that are, in turn, used for linkage analysis,
as discussed below.

Candidate Gene Approaches
To find a disease gene, many scientists initially use a “candidate gene” approach. Genes are
selected for detailed examination based on 1) molecular information from a similar disease
in a unique species such as human or mouse; 2) the prevalence of the candidate gene in a
tissue of interest (myocardium, valve, etc); or 3) the specific function of the gene (i.e.
involved in channel regulation, etc). For instance, causative mutations have been observed in
six different genes for human arrhythmogenic right ventricular cardiomyopathy
(ARVC) 44,45. The canine homology of each of these six genes is therefore a candidate for
molecular analysis in the Boxer dog with ARVC. Each gene is, or has been, evaluated by
direct DNA sequencing of exons, introns, and promoters to hopefully identify mutations that
would affect transcription or translation of the resultant protein. Northern blot analysis or
expression arrays can be used to ascertain differences in gene expression between affected
and unaffected dogs. Southern blots can be used to identify large genomic rearrangements.
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Finally, in situ antibody staining can determine if the encoded protein localizes correctly and
is stable. In all likelihood only one or two genes will be causative for a given disease within
a single breed. But when all affected breeds are considered, many candidates originally
identified from studies in humans could result in some form of related canine disease.

This candidate gene approach has been used to evaluate several genes for familial dilated
cardiomyopathy in the Doberman Pinscher 46. However, the initial results have all been
negative. Evaluation of the desmin and delta sarcoglycan did not support a role for these
genes in this disease 47,48. In addition, the promoter and coding regions of the
phospholamban gene and coding region of the actin gene have been excluded by comparison
of direct sequencing results in affected and unaffected dogs 49,50. However as more human
disease variants are identified, the candidate gene approach will become increasingly fruitful
for companion animal geneticists. Currently, a primary disadvantage of this approach is that
a significant amount of time and resources can be spent chasing what are frequently negative
results. Therefore, we advocate using candidate gene studies as the first approach only when
there are a small number of genes of large effect that have been found to cause the same or a
similar disease in another species. Additionally, the candidate gene approach may be a
reasonable starting point when the collection of extended families for linkage analysis has
proven difficult. One example of such is X-linked dilated cardiomyopathy in the Great
Dane. This is an adult onset disease that is rarely diagnosed early. By the time the proband is
identified, properly phenotyped and samples collected, the previous generations have likely
passed away.

Mapping Disease Causing Loci
In the absence of obvious candidate genes or successful candidate gene studies, investigators
use linkage-based approaches to find loci of interest. Linkage analysis involves tracking
alleles of markers through multiple generations in a set of families to determine if there are
regions of the genome co-inherited in affected versus unaffected dogs. This approach
requires well-characterized, multi-generation families with high quality phenotypes. Larger
number of families and families with the greatest number of affected individuals offer the
best opportunity for finding evidence of true linkage.

Generally, 300–500 markers spanning the genome at a 5–10 centimorgan (cM) density are
used for an initial genome wide scan 19,20,51. Genetic markers are places in the genome
where there is variation, or polymorphism, between alleles. Millions of markers have been
identified for most mammalian genomes. The most informative markers to use are those that
are highly polymorphic and tend to have a large number of alleles in the population. After
the genotyping is completed, the data set is checked for errors and examples of non-
paternity/maternity 52–54. The latter is often anxiety provoking to veterinary clients, who
worry that events occurring several generations prior to the current one will be discovered
and thus devalue their pedigrees. Scientists typically include a statement of informed
consent that assures clients that identification of any such event is highly unlikely, and
furthermore if found would not be disclosed. In a linkage study, each individual marker as
well as set of adjacent markers are evaluated using several statistical methods to consider the
likelihood that the marker is linked or co-segregates with the disease in question 55–59.

Data can be analyzed in a variety of ways, using both parametric (model-driven) or non-
parametric (parameter free) approaches. The Lod score method is used to assign confidence
levels to the hypothesis that linkage exists between genetic markers at known locations and
a putative disease locus. This analysis will also provide a maximum likelihood estimate of
the recombination fraction (theta) between each marker and the putative gene. This in turn
provides an estimate of the distance between the marker and the disease locus 55–57.
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In the case of parametric analysis, a marker that has a Lod score of > 3.3 is considered
“linked” to the disease locus 58 and indicates odds of greater then 1000:1 that the disease
locus has been correctly positioned. In the case of non-parametric analysis, no assumptions
are made about the methods of disease inheritance; only that affected individuals carry a
germline change that unaffected individuals do not. If excess sharing of a particular allele or
set of alleles from adjacent markers is observed among affecteds, as indicated by a
significant p-value, then the region surrounding the marker(s) is investigated further.

By way of example, genetic linkage analysis has been used to study familial tricuspid
dysplasia in the Labrador Retriever 60. Investigators identified three purebred Labrador
Retriever kindreds that were enriched for tricuspid valve dysplasia and carried out a 15cM
genome scan. They found linkage on canine chromosome 9 (CFA9) with a statistically
significant maximum multipoint Lod score of 3.33. Two markers define a region of about
4.3 cM in which the disease gene is presumed to lie. Interestingly, to find the disease locus
the investigators had to assume that reduced penetrance was associated with the variant
allele. The linkage was only detected when investigators assumed that about 70% of dogs
carrying the mutation would go on to get the disease at some point in their life.

By comparison, use of the same technique in the Keeshond with conotruncal defect revealed
linkage to three different canine chromosomes 43. This suggests a polygenic mode of
inheritance 43,61. The next steps for these investigators will be challenging as they do yet
know how the three loci interact with one another.

Once a marker is found to be linked to a disease locus, additional markers are genotyped
and, if possible, additional samples are tested in order to verify the initial findings. If the
chromosome region associated with the disease is large, more families will be needed to
identify critical recombinants that reduce the region of linkage. In the case the Andelfinger
et al. study, the original region of linkage was nearly 11cM in size. Identification of dogs in
which a meiotic recombination event had occurred on the chromosome carrying the
mutation reduced the region to a much more manageable 4.3 cM 60.

In this “fine mapping” stage, researchers often turn to population studies to look for a
haplotype or pattern of alleles on one chromosome that is shared by affected but not
unaffected individuals. If the findings of the initial linkage analysis are validated, and the
chromosomal region is modest in size, obvious candidate genes are tested. For example, in
the case of the Labrador Retriever with triscuspid dysplasia, the region of interest on
chromosome nine could be evaluated for genes involved in valvular development. If such
genes are found, the germline sequence of exons associated with each gene should be
compared between affected and unaffected dogs in the hope of finding a disease causing
mutation. Additionally, expression studies would be appropriate to determine if any given
candidate gene is present in the appropriate tissues and if so, is expression altered in animals
with the disease. If a change in gene sequence is identified that segregates faithfully with the
disease, the variant can be typed in dogs from both the breed in question as well other breeds
to determine the population frequency of the mutant allele. Such information is often of
enormous use to the practicing vet, who can use the data to estimate the likelihood that any
dog of an “at risk” breed will eventually get the disease in question.

Using Molecular Information for Genetic Screening and Therapeutic
Development

Once a disease locus has been identified, the information can be used in two ways. First,
breeders are often anxious to obtain access to genetic tests that will allow them to improve
their breeding programs. Tests based on linkage results alone are less desirable then those
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based on an identified variant. Rare recombination events occurring between the critical
marker and disease variant itself are always possible and can distort findings.

The development of a gene-based test is therefore optimal. Gene-based tests directly screen
for mutations in the disease gene. Such tests are most economical when only one variant in
the gene segregates with the disease. More often, however, multiple mutations can occur in a
single gene, especially when several breeds have the disease. Then, the entire gene must be
screened in every dog undergoing the test.

Genetic testing is available for a host of canine diseases, including several associated with
blindness, metabolic defects, cancer, narcolepsy, and urinary dysfunction. Breeders and
veterinarians need to be cautious, however, about how such information is used. In breeds
with small gene pools derived from limited numbers of founders, or breeds that have
experienced population bottlenecks, strict screening and removal programs can be
detrimental to the breed, as other recessive diseases will appear when the gene pool is
reduced. For instance, the Irish wolfhound is a fairly small breed with less than 1000 new
puppies registered by the AKC each year. Contributing to its’ small gene pool is the fact that
the breed suffered a severe bottleneck in the mid 1800’s, such that Irish Wolfhound were
considered by many to be extinct. The breed is at high risk for dilated cardiomyopathy, with
the disorder possibly affecting as much as one-third of the population
(www.iwclubofamerica.com) 62. Once the disease gene is identified, a strict screening and
removal policy that would restrict dogs carrying even one disease allele from producing
registered dogs would likely destabilize the gene pool, resulting in many new recessive
disorders “popping-up” in the breed. For recessive disorders in particular, the ideal breeding
program allows carriers to remain in the gene pool, but limits their matings to primarily non-
carriers, thus diluting the deleterious alleles out of the population slowly.

While the above information is most useful to the breeder, the research scientist is often
more interested in what information the disease gene reveals in terms of mechanism of
disease. The identification of the hypocretin 2 receptor as an important component of sleep
biology 63 by Emmanuel Mignot and colleagues offers a clear example. Linkage analysis
and eventual cloning of the disease gene using pedigrees of Doberman pinschers affected
with narcolepsy 31 led to significant advances in understanding the biology of sleep, and
development of new programs in neuroscience focused on the molecular biology of sleep.
As genes for canine heart disease are found, similar success stories will likely emerge.

Canine Genome Maps and the Canine Genome Sequence
Many advances in canine genomics over the past two years can be traced to the recent
release of a high quality draft sequence of the dog genome, produced from a female
Boxer 64. The sequence assembly validated much of what was already hypothesized from
comparative genome map studies. The genome is approximately 2.4 billion bases and is
comprised of approximately 250 conserved segments when compared to the human
genome 16,17,21,65–67. The assembled sequence is estimated to cover 98% of the dog genome
with the majority of genes containing no sequence gaps. On average, two segments of
continuous sequence cover each of the dog’s 38 chromosomes. The current gene count is
listed as ~19,000 with about 75% representing 1-1-1 orthologs between dog, human and
mouse. The full genome sequence can be accessed through: http://www.genome.ucsc.edu;
http://www.ncbi.nih.gov; http://www.ensembl.org.

In addition to the Boxer sequence, a low density (1.5x) sequence of the Standard Poodle is
also available 68. These resources, together with one million sequence reads completed on
each of nine dogs representing all of the AKC breed groups have resulted in the generation
of more then 2 million single nucleotide polymorphisms (SNPs). SNPs are bi-allelic markers
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that can be easily automated for use in linkage studies, and have thus recently come into
great favor. A SNP occurs about once every 1000 bases in dogs. The public databases
currently contain information on about 2.1 million canine SNPs. A subset of these is
currently being verified for development of a canine specific “SNP chip” that, once released,
will be used for whole genome association studies in dogs. Such studies make use of
populations of affected dogs that are not themselves closely related, but because they are of
the same breed likely share a common ancestral mutation for any given disease. Comparison
of allele frequencies for adjacent SNPs between affected cases and unaffected controls is
another useful way to localize disease loci. Such studies, when they encompass markers
spanning all chromosomes, are referred to as whole genome association studies.

Linkage Disequilibrium Facilitates Disease Gene Mapping
With the availability of a full coverage genome sequence, investigators have been able to
improve the way they design mapping studies in the dog. Integral in these changes have
been studies of the extent of linkage disequilibrium (LD) in the dog 64,69–71. LD refers to the
nonrandom association of two or more usually adjacent loci that segregate together through
several generations (Figure 3). LD thus is a measure of the distance that separates two
markers or loci before they can be considered independent. The most informative studies
have been those of Sutter et al., 71 and Lindblad-Toh et al. 64, the latter performed as part of
the dog genome sequencing effort.

In an initial series of studies, Sutter and colleagues examined the extent of LD in five breeds
with distinct breed histories; the Akita, Golden Retriever, Labrador Retriever, Bernese
Mountain Dog and Pekingese. The average length of LD in these five breeds is
approximately 2 Mb. This is 40–100 times further than LD typically extends in the human
genome. Thus while a typical whole genome association study in humans requires about
500,000 SNPs72, the increased level of LD in the dog means that only about 10–30,000
markers would be required for a comparable study. For diseases found in both humans and
dogs, such as many cardiac diseases, it will thus be far easier to do the initial mapping study
in dogs instead of humans, a fact not overlooked by those applying for funding to do such
studies.

These investigators also found that the extent of LD varied over a near ten-fold range
between breed of dog (0.4–3.2 Mb) 71. Thus, selection of a particular breed for a mapping
study over other available breeds could dramatically reduce the work load and expense
associated with the study, and judicious selection of breeds for studies of shared disorders
becomes very important. Finally, this study demonstrated that haplotypes or blocks of alleles
are frequently shared between dog breeds, a result that was not surprising given the recent
evolution of the dog from the wolf 73,74. This means that a single map and a single SNP chip
will be useful for mapping studies in any breed of dog. These results were corroborated and
greatly extended in a much larger study by Lindblad-Toh et al., using 10 breeds and nearly
1300 SNPs 64. Indeed, their data predicts that as little as 10,000 informative SNPs will be
needed for most whole genome association studies in the dog.

Canine Breed Clusters Facilitate Mapping Efforts
Given the information above, one important way to improve power for mapping studies,
especially once a locus is known and researchers are trying to reduce the region of linkage,
is to combine data across breeds. To determine the ancestral relationship between breeds,
Parker et al. have analyzed data from 96 microsatellite markers genotyped on five unrelated
dogs from each of 85 breeds. They then performed an unsupervised clustering analysis using
the computer program structure 15. The 85 breeds were ordered into four clusters, generating
a new canine classification system for dog breeds based on similar patterns of alleles,
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presumably from a shared ancestral pool 15. For instance, Cluster 1 comprised dogs of Asian
and African origin. Cluster 2 included largely mastiff type dogs with big, boxy heads and
large, sturdy bodies. The 3rd and 4th clusters split a group of herding dogs and sight hounds
away from the general population of modern hunting dogs including terriers, hounds and
gun dogs. Studies are underway to expand this research, with the goal of including all AKC
recognized breeds.

The Parker clusters 15, together with the findings of Sutter et al., and Lindblad-Toh et al.
offered the first look at relationships between breeds, and in doing so suggest study designs
for trait mapping 64,71. The latter two studies both demonstrate high haplotype sharing
between breeds and low haplotype diversity within breeds. Thus, disease alleles will be most
easily identified by comparison of haplotypes that are identical by descent (IBD) in affected
individuals from two or more breeds localizing to the same Parker cluster, as they likely
share a common ancestral mutation. Data from additional breeds can then be used for fine
resolution mapping to reduce the region of linkage.

In the example provided (Figure 4) the four color graph shows the population distribution of
genomic patterns in 414 dogs representing 85 breeds 15. Each vertical line represents a
single dog. Each line is divided into four colored segments that correspond to one of four
breed clusters. The length of the colored segment relates to the proportion of the genome
that matches the indicated cluster. In this specific example, nine breeds demonstrating an
increased incidence of dilated cardiomyopathy, arguably one of the most common adult
onset cardiovascular diseases in the dog, are shown. In this case we observe that several of
the most commonly reported affected breeds, including the Doberman Pinscher, English
Cocker Spaniel and Great Dane fall into Cluster 4. We can reasonably hypothesize that one
ancestral mutation is responsible for this particular disease in these breeds. Of note, genetic
studies such as these will be successful only if they are supported by strong clinical studies
that precisely define disease presentation, detail appropriate methods of diagnosis, and track
response to treatment. Indeed, such clinical studies may suggest that only a subset of
affected breeds within a cluster should be considered together. In that case, separate genome
scans would be set up for the different groups of breeds with the hope that all susceptibility
loci would eventually be identified.

Conclusions
Canine cardiac diseases are common, complex, and devastating to owners. They are often
silent killers, leaving owners and breeders wondering what could have been done to prevent
the loss of their treasured pet. The advances of the past three years by the canine genomics
community offer hope to dog owners and breeders alike, as the tools and resources are now
available to understand the genetic susceptibility for many cardiac diseases.

Key to the success of such endeavors will be the partnership between the owner,
veterinarian, and research scientist. Every genetic study must start with a sampling of
individuals affected with the disease under scrutiny. In order to achieve success, owners
must be willing to provide accurate medical histories for their dogs as well as blood and,
where appropriate, tissue samples. Even with unlimited samples, a genetic study is only as
good as the pathology and clinical data that it is built upon. Veterinarians must be willing to
abstract important information from owners regarding disease presentation, family history,
and past treatment responses, and to encourage the completion of tests needed to provide
unambiguous diagnosis. Finally, the geneticist must communicate clearly what samples and
information are required in order for the study to take place and should facilitate the
collection of both by sharing experimental plans and information with clinicians and owners
alike.
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The genome community has met many of the goals it set for itself 15 years ago when the
canine genome project began 75. What remains now is for owners and veterinarians to join
with motivated researchers to embrace new paradigms in canine genetic health. New ways
of diagnosing disease based on molecular tests, genetic testing and counseling, and
development of breeding strategies that optimize health over conformation are all topics of
deep discussion in the dog world today. The veterinarian of the 21st century must be
sufficiently well informed to not only take part in, but to lead, this debate.
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Glossary of Terms

allele One copy of a genetic sequence, haplotype, or locus that has more
than one form. This can refer to a marker, a gene, or a single base-
pair

allele frequency The proportion of a sample of chromosomes that carries a particular
allele

centimorgan A unit of genetic distance based on recombination frequency. One
centimorgan is equal to a 1% chance that a marker at one genetic
locus will be separated from a marker at a second locus due to
crossing over in a single generation. In dogs, one centimorgan is
equivalent, on average, to 800 kilobases

complex
segregation
analysis (CSA)

A test to establish mode of inheritance and penetrance of a disease-
associated allele by examining the segregation of the allele through
generations of affected and unaffected individuals

conserved
segments

A region of the genome containing two or more contiguous,
homologous genes in at least two separate species

deleterious allele A genetic sequence that is disease-associated

direct sequencing Sequencing a gene or region of interest directly from affected
individuals in order to look for variations from wild-type

expression arrays An array of gene specific DNA sequences, usually affixed to a chip,
that can be probed with RNA extracted from specific tissues in order
to identify the genes that are expressed in that tissue

haplotype “Haploid genotype”, marker alleles that are aligned along a single
chromosome

identical by
descent

Two or more individuals having the same pattern of alleles across a
region of the chromosome because the alleles were inherited from a
common ancestor

linkage The proximity of two or more markers on a chromosome; the closer
the markers, the lower the probability that they will be separated
during meiosis and hence the greater the probability that they will be
inherited together and therefore linked
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linkage
disequilibrium

Alleles at different markers occur together more often than can be
accounted for by chance. This usually indicates that the two markers
are physically close on a piece of DNA. The extent of linkage
disequilibrium (distance between correlated markers) varies by
breed and is increased by forces that reduce effective population size

Lod score Logarithm of the ratio of the odds, a Lod of 3.0 means that such a
result is obtained only one time per 1000 by chance

markers A portion of DNA correlated to a specific chromosomal location.
Polymorphic markers can be used to trace the inheritance of a
chromosome through generations of families

mutation Any change in the reference DNA sequence. Such changes may be,
but are not necessarily, deleterious

Northern blot A method for determining the amount and size of transcribed RNA
in a cell. Total mRNA is extracted from tissue and then separated by
gel electrophoresis and transferred to a membrane. Individual reads
specific to a gene of interest are identified by the adhesion of a
complementary piece of DNA used as a probe. Northern blot
analysis can identify alternate splicing events as well as overall gene
expression levels and patterns

ortholog A gene found in at least two different species that evolved from a
common ancestral gene by speciation. Normally, orthologs retain
the same function

penetrance The probability of a gene or genetic trait being expressed.
“Complete” penetrance means that every individual that carries the
gene that causes a trait will express that trait. “Incomplete”
penetrance means the genetic trait is expressed in only part of the
population carrying the gene

polygenic Genetic disorder resulting from the combined action of alleles of
more than one gene (e.g. most heart disease, diabetes, and some
cancers)

polymorphic Having more than one allel

population
bottleneck

An extreme reduction in population size, retained for multiple
generations, which in turn leads to a reduction in genetic variation

recombination The process by which progeny derive a combination of genes
different from that of either parent. This occurs through cross-over
events that take place during meiosis

recombination
fraction

The fraction of chromosomes examined, in a linkage study, in which
a recombination event took place between the two loci of interest

sequence (DNA or
genomic)

The relative order of base pairs

single nucleotide
polymorphism
(SNP)

Variation that occurs when a single nucleotide (A, T, C, or G) in the
genome sequence is altered - sometimes referred to as a point
mutation

Southern blot Genomic DNA is fragmented, separated by gel electrophoresis and
transferred to membrane filters for detection of specific base
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sequences by labeled complementary probes. Used to identify
deletions, insertions or other changes that create or destroy
restriction enzyme sites

susceptibility
locus (loci)

Location on a chromosome that is linked to, or associated with,
disease susceptibility
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Figure 1.
Association of canine heart disorders and breeds. Increased incidence of disease was
assigned according to the Canine Inherited Disorders database, the Cambridge Inherited
Diseases in Dogs database and The Textbook of Canine and Feline Cardiology. The breeds
and diseases reported are based on observation at veterinary hospitals and publications in
veterinary and medical journals. We fully acknowledge the limitations of such data and
present this chart as a starting point for further investigation into the breed specific incidence
of disease. The authors strongly encourage input from other researchers to supplement this
data.
1. Reported by Canine Inherited Disorders database 78 (http://www.upei.ca/~cidd/intro.htm).
2. Reported by Cambridge Inherited Diseases in Dogs database41 (http://www.upei.ca/~cidd/
intro.htm).
3. Reported by Buchanan et al. in The Textbook of Canine and Feline Cardiology7.
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Figure 2.
Flow chart for designing a mapping study. The flow chart shows the basic steps for
designing a mapping study using either families or cases and controls. Affected individuals
are designated by the blue ice pack on the head. The unaffected individuals have no head
gear. Arrows indicate order of tasks. Alleles at each hypothetical locus are represented by
uppercase and lowercase versions of the same letter.
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Figure 3.
Extensive linkage disequilibrium maintains the association between marker and mutation
over multiple generations. A) A mutation (*) arises on an ancestral chromosome carrying
markers 1, 2, and 3. B) Generations of recombination disrupt the haplotype across the
chromosome. On chromosomes where the mutation (*) remains, markers in close proximity
(2) also remain unchanged. C) Modern chromosomes retain the mutation and the markers
within the span of linkage disequilibrium (LD).
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Figure 4.
Genomic classification of nine dog breeds displaying an increased incidence of
cardiomyopathy. The four color graph shows the population distribution of genomic patterns
in 414 dogs representing 85 breeds 15. Each vertical line represents a single dog. Each line is
divided into four colored segments corresponding to a different breed cluster. The length of
the colored segment is relative to the proportion of the genome that matches the indicated
cluster. Nine breeds that show an increased incidence of cardiomyopathy are outlined in
bold and names and pictures are given below the graph. Increased incidence of disease was
assigned according to the Canine Inherited Disorders database and the Cambridge Inherited
Diseases in Dogs database41,78.
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