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The sequencing of the human genome and genomes of several model organisms has
revolutionized the ability of researchers and clinicians to study the genetic basis of disease,
relationships between genes and phenotypes, and the molecular basis of normal development
and physiology. This information has led to better diagnosis of traits and diseases, improved
treatment for patients, an ability to conduct genetic testing for many inherited diseases, and
novel drug development. The benefits of the genomics revolution have been extended to
companion animals. Most unique is the enormous variation among breeds, which is typified
in dogs as the result of human-driven selective breeding. In addition to the selected positive
traits, breeds often are susceptible to certain diseases, in part as a result of inbreeding.
Considerable progress has been made in identifying mutations that cause simple Mendelian
traits and diseases in domestic animals, but dissecting the molecular basis of complex or
polygenic traits and diseases is a challenge to those involved in genetic mapping of animals.

A draft 7.6X sequence of the genome of Boxer dogs was developed through funding provided
by the National Institute of Health; this project was completed in 2005 at the Broad Institute
of the Massachusetts Institute of Technology and Harvard University. A map of 500,000 SNPs
was developed as part of the National Institute of Health–funded project by comparing
sequences between the 1.5X sequence for a single Poodle that had been placed in the public
domain and 100,000 random sequences of 12 other dog breeds. Because the dog genome is
approximately 2.4 gigabases, this yielded a SNP every 10 kb across the genome for LD–based
mapping. A SNP is a variation in a single nucleotide sequence. At a single nucleotide locus, a
dog could have 1 of 3 genotypes (homozygous for either alternate nucleotide or heterozygous).
Sometimes a mutation results in a polymorphism that affects the encoding of an amino acid,
which results in a protein abnormality that affects function of the protein or gene expression
when the polymorphism is in a regulatory region.

The breed structure of dogs places them in the unique position of serving as a bridging organism
between the phenotypic complexity in humans and ease of genetic manipulation in laboratory
mice. Furthermore, there is high interest in canine health. Most modern dog breeds were
developed within the past 300 years. Modern purebred dogs represent a limited genetic pool,
with disease predispositions derived from 1 (or a small number) of recent mutations. Modern
dog breeds offer all the advantages of geographically isolated human populations but with a
higher degree of isolation and narrower bottlenecks that make them amenable to LD or
association mapping.1 Sequencing the dog genome and surveying SNPs within and among
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breeds has revealed that their haplotype (the joint genotype of groups of physically linked
genetic loci) structure makes them ideal for mapping complex or polygenic traits at both a
coarse (within a breed) and fine (among breeds) level.1 This strategy enables identification of
the smallest haplotype associated with a trait among 2 or more breeds, thus narrowing the
search interval for candidate genes. This approach is called LD mapping. The objective of the
information reported here was to encourage clinicians and geneticists to make optimum use of
animals admitted to teaching hospitals for association studies of simple and complex traits.

Genetic Tools
The tools for genome-wide screening are currently available to enable investigators to pursue
the identification of genes that underlie Mendelian or complex traits and diseases in dogs and,
to a lesser extent, other companion animals (Figure 1). Once the most likely mode of inheritance
is identified, a power analysis can be used to indicate whether a sufficient number of dogs are
available or can be acquired to proceed with a mapping experiment. Currently, genome-wide
microsatellite screening sets (minimal screening sets) are the cheapest method to screen the
entire dog genome for loci underlying these diseases, but such analysis will not enable
sufficiently fine localization to identify suitable candidate genes.2 Fine mapping to narrow or
refine these loci based on SNP genotyping and focused on particular chromosomesa or locus-
by-locusb methods can then be peformed.3 The canine SNP array we currently use in our DNA
bank at Cornell c is a 5-μm, 100-format, perfect-match only probe designed with 20 probes/
SNP that can detect a total of 127,132 SNPs. The array also contains 26,625 SNPs that have
been defined as the gold-standard set comprising the loci on the first version of the SNP
chip.d Other methods to obtain SNP genotypes are available. In addition to the use of genomic
DNA sequence variation associated with a phenotype to discover a contributing mutation,
investigators can also examine the transcribed gene profile in the tissue of interest. The second-
generation canine genome microarraye used at our facility for gene expression profiling (ie,
messenger RNA profiling) in dogs incorporates oligonucleotides and expressed sequence tags
to comprehensively represent the dog transcriptome. The array contains > 42,800 Canis
familiaris probe sets to monitor gene expression for > 18,000 Canis familiaris mRNA- or
expressed sequence tag–based transcripts and > 20,000 nonredundant predicted genes. For all
gene discovery methods, adequate and appropriate control materials are essential for the
experimental study design.

The aforementioned genomic tools can be used to investigate the molecular genetic basis of
disease resistance and susceptibility in animals without pedigrees. Linkage mapping is based
on the assumption that segregation of alleles for disease genes is random and independent (or
in equilibrium), and any recombinations can be detected in known pedigrees that usually span
at least 3 generations. However, it is not always possible to acquire complete phenotype
information with accompanying DNA on full 3-generation pedigrees that are ideal for linkage
mapping. The closer 2 genes or markers are to each another, the less likely that there will be
recombination between them. Association or LD mapping relies on historical recombinations.
Recombinations over many generations break up the region surrounding the causative or
contributing mutation; thus, a small group of linked genes and genetic markers segregate
together or in a nonrandom (disequilibrium) manner. At this stage, localization of the

aApplied Biosystems Inc. SNPLex or molecular inversion probe technology. Available at:
products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=600763. Accessed October 1st, 2008.
bApplied Biosystems Inc. ABI TaqMan. Available at:
products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=601279. Accessed October 1st, 2008.
cVersion 2 canine SNP array. Affymetrix. Available at: www.affymetrix.com. Accessed October 1st, 2008.
dBroad Institue. Canine array FAQ. Available at: www.broad.mit.edu/mammals/dog/caninearrayfaq.html. Accessed October 1st, 2008.
eCanine Genome 2.0 Microarray. Affymetrix GeneChip. Available at: www.affymetrix.com/products/arrays/specific/canine_2.affx.
Accessed October 1st, 2008.
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chromosomal interval may be refined to the point that immediate screening of candidate genes
for mutations can be initiated for a Mendelian trait or disease. Exclusion of candidate genes in
the associated interval may be pursued. However, after linkage mapping for complex and some
Mendelian traits, fine mapping will need to be conducted before candidate genes can be selected
(Figure 1). This can be accomplished by associating phenotypes and SNP genotypes of
unrelated, affected animals through use of appropriate control animals.

Association mapping can also be conducted on the entire genome without prior linkage
mapping. There is increasing evidence that careful selection of animals used in the evaluation
can yield fine mapping results within a breed that are comparable to results obtained by use of
multiple breeds.4-6 Sophisticated genetic models can also be used to combine information from
pedigrees and unrelated animals. After a mutation in a candidate gene is identified,
investigators may need a tissue source to measure gene expression with mRNA to confirm that
mutations are functional (Figure 1). Finally, a gene likely to contribute to the phenotype, as
determined on the basis of comparative mapping in another species or its known biologic
aspects e.g an extracellular matrix encoding gene for a musculoskeletal disease, can be screened
for mutations.

Ready access and timely acquisition of sufficient numbers of control and affected animals for
the traits of interest are important practical barriers that prevent investigators from being able
to fully use dogs in genetic studies. Furthermore, accurate phenotypic ascertainment is essential
for all genetic mapping studies (ie, a diagnosis must be accurate). This reduces or eliminates
heterogeneity when very similar phenotypes are assumed to be indicators of the same disease
process or phenocopies that have the same phenotype but representing different underlying
loci. As complex traits become better understood, a phenotype initially perceived as
representing an entire disease process can be dissected into distinct subtypes in different
populations. Ideally, phenotyping animals for a disease should be conducted by veterinarians
with specific expertise in medical diagnostic testing. The genetic archive at the Cornell
University Hospital for Animals is an example of a DNA repository that could be developed
by a veterinary medical facility. Because dogs represent a unique opportunity for evaluating
many inherited diseases in humans, and canine genomics resources are similar to those for
human genetic research, dogs are the focus of the information reported here. However, the
archive at our facility stores DNA and phenotypes on all animal species admitted to the teaching
hospital.

Canine Patient Base
Only DNA of purebred dogs is collected to reduce and refine the total number of case and
control acquisitions, which reduces handling and tracking costs. In addition, purebred dogs are
better suited for LD-based mapping because the longer LD attributable to inbreeding minimizes
the number of markers needed for initial screening, and a related breed can be used for fine
mapping to reduce the candidate genes in the chromosomal interval. Furthermore, genetic
heterogeneity should be lower in purebred dogs because most modern purebred dogs were
developed from a few base breeds. In addition, > 1 inherited disease or trait will often segregate
within any given breed, so dogs affected with a condition in 1 evaluation could be used as
control animals in the evaluation of another inherited disease or condition.

Public Relations
It is essential to earn the trust, goodwill, and enthusiasm of dog owners when attempting to
obtain blood samples for DNA isolation and information about their dogs. At our facility, we
developed an informational website (www.vet.cornell.edu/research/dnabank) to explain the
rationale for DNA archiving and provide a list of the diseases for which DNA is stored. We
also created a dedicated e-mail address for use in educating owners and to enable us to answer
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their questions and receive information from them subsequent to their pets' visits to our hospital.
Owners of pedigreed dogs are provided a pamphlet that describes the DNA archiving system
and are requested permission to obtain a blood sample from their pet.

Phenotyping and Selection of Control Animals
Accurate phenotypes are critical for genetic evaluations and decisions regarding the
composition of a DNA bank. During the initial appointment, when diagnostic tests performed
indicate a presumptive diagnosis of a disease of interest for the DNA archive, the owner is
asked to sign a consent form to include a DNA sample in the archive. Diagnostic test results
for that animal for the visit in question are checked by use of an on-line medical record system
or hard copy of the medical record. The diagnostic results are confirmed as being consistent
with the final diagnosis by interpretation of clinical pathology results, radiology reports, and
other test results. An important characteristic of the DNA archive at our facility is that all
diagnoses are made by board-certified specialists or residents in training under the supervision
of the board-certified specialists; thus, phenotype ascertainment is as accurate as possible. A
common vocabulary (clinical and pathologic criteria) used for diagnostic screening of the
diseases of interest was developed by each specialty service. All samples submitted from
external sources (ie, other veterinary medical teaching hospitals) must fit the defined criteria,
and diagnostic tests performed at other venues are reevaluated by the board-certified specialists
at our facility before final inclusion in the archive.

Prospectively sampled control dogs are phenotyped by use of diagnostic tests identical to those
used for dogs with the specific diseases. A second group of older dogs (ie, > 6 or 7 years old)
are used as control animals to study diseases for which they were screened and had proven
negative results. The final group of control dogs for diseases with rare alleles is chosen at
random from among dogs of the same breed that have been included in the database. In this
situation, more control than affected dogs will be genotyped to account for any false negative
results in the control group.

Blood Collection, DNA Purification, and Storage of DNA
Blood samples are collected by venipuncture into tubes that contain sodium EDTA. Standard
operating procedures are in accordance with guidelines for collecting a blood volume on the
basis of the body weight of each animal; therefore, volume of blood samples ranges from 0.2
to 30 mL. The DNA is extracted by use of a DNA purification kit.f The DNA obtained by use
of this protocol is not degraded, as determined by evaluation with gel electrophoresis, and can
be used successfully in PCR assays and restriction enzyme digestions. It also has been
successfully used for microarray analysis. Typically, size of the DNA is 100 kb, with a range
of 50 to 200 kb. Before a DNA sample is stored, the concentration is estimated (on the basis
of the absorbance at 260 nm on a spectrophotometer). The number of micrograms of DNA in
each tube is recorded in the database, which maintains a current total of the number of
micrograms available for each animal. Quality of the DNA is assessed by use of a value of ≥
1.80 for the ratio of the absorbance at 260 nm to the absorbance at 280 nm. To ensure adequate
amounts of DNA are available for future analysis, the goal for storage concentration is a
minimum of 200 ng/μL. Stocks of DNA are stored at −20° in freezers used only for this purpose;
these freezers have an emergency backup power supply.

fGentra Puregene blood kit, by Qiagen. Available at:
www.qiagen.com/Products/GenomicDnaStabilizationPurification/GentraPuregeneBloodKit.aspx. Accessed October 1st, 2008.
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Data Management
At our facility, signalment, DNA information, and disease characterization for each animal
resides in a server database designed and developed by a programmer-analyst in the
information technology group at our veterinary medical college who worked closely with
administrators of the DNA bank. It is updated and searched through a custom Web application
by use of active server pages. Users can access the program through a Web browser.
Administrators of the DNA bank log patients and samples into the database and record
demographic information (which may be automatically downloaded from our veterinary
medical teaching hospital database) and sample information (such as date of collection, source,
and diagnoses). The DNA technician records additional information relating to DNA
collection, including sample amount and storage location in the freezers. A search function
enables researchers to find samples by diagnosis, breed, sex, and age. Currently, the search
function is restricted to internal users (ie, those at our university) and their collaborators. An
interface to the database through an access data project also enables administrators of the DNA
bank to submit queries and to download data from any of the data fields.

Status of Mapping of Inherited Traits in Dogs
It is currently estimated that there are 400 to 500 discrete genetic traits (most of which
correspond to disease phenotypes) recognized in dogs. In a report in 2004,7 334 genetically
transmitted diseases in purebred dogs were listed, and diseases in each of 148 purebred dogs
were identified. In 2007,8 an on-line database of inherited disorders and other single-locus
traits in farm and companion animals (ie, Online Mendelian Inheritance in Animals) listed 461
genetic traits in dogs. The responsible mutations for 58 mostly single-locus diseases have been
identified in dogs by the use of candidate genes and classical mapping strategies. The high
relevance of diseases in dogs to diseases in humans, coupled with the intrinsic importance of
dogs to humans as companions with a shared environment, makes a compelling argument for
improving resources that facilitate research into the genetic basis of diseases, physiology, and
anatomy of dogs. However, dogs are also highly suitable for use in the analysis of complex
disease traits.

Several investigators recently reported9-19 successful mapping or identification of a causative
gene for genetic traits in dogs that ranged from eye diseases to coat color. Other reports20-37

indicate at least 18 genetic diseases in dogs have been used in the investigation of gene therapy.
Investigators have successfully mapped the chromosomal regions (ie, QTLs) that contain genes
that contribute to complex traits.38-44 The challenge is to uncover genes or quantitative trait
nucleotides within each QTL that influence the trait or disease process. It has been
reported45 that polymorphisms in the insulin-like growth factor-1 gene are responsible for a
major proportion of the variation in size of Portuguese Water Dogs and size differences among
breeds. Investigators in that study used the principal of mapping the locus of a complex trait
in a single breed and refining the locus region by mapping among breeds.

Power Analysis
Power to map disease alleles by association will primarily be a function of mode of disease
transmission, number of case and control animals, allele frequency, relative risk conferred by
the allele, allelic interaction, and LD between the disease and marker allele. We have simulated
Mendelian diseases with varying degrees of penetrance and multigenic inheritance in which a
locus accounts for a 2- to 5-fold increase in the odds of developing a disease and in which we
also varied the amount of total genetic variation in the trait. We identified 2 typical results from
those simulations (Figure 2). For our simulations, power was plotted on the y-axis as a function
of the number of case animals (and an equal number of control animals), assuming a Mendelian
recessive disease with 80% penetrance and a critical threshold of P < 0.0001. With an LD
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between the disease and marker allele of r2 = 0.8 that should be attainable with a dense SNP
screen within a breed, the power to map the disease approached 99% for approximately 20
case animals and was approximately 60% when there were 10 case animals. Even in genomic
scans in which marker coverage was not as complete or when considering LD mapping among
multiple breeds with r2 = 0.5, power to map these diseases will be high. In practice, investigators
mapped hyperparathyroidism, an autosomal dominant trait, by the use of 30 affected and 40
unaffected Keeshonds and identified the causal mutation.g

Similarly, we performed a simulation with a similar graph for a multigenic trait in which a
locus accounts for a 2-fold increase in the odds of developing a disease at a threshold of P <
0.001 (Figure 2). Power to map this locus was high and increased to approximately 99% for a
5-fold increase at P < 0.0001.The number of affected and unaffected animals required to
achieve adequate power for Mendelian and complex diseases is still a matter of debate. Use of
a simple model of an allele that increases risk of disease by a multiplicative factor of 2 or 5
and genotyping with the same SNP density revealed that the power to detect a locus with a
sample size of 100 affected and 100 unaffected dogs was estimated at 50% and 97%,
respectively,1 when genotyping at approximately 15,000 evenly spaced SNPs. The frequency
of a disease in a breed and its relevance to veterinarians, dog owners, breed clubs, and funding
agencies will ultimately determine the diseases or traits that are mapped. In addition, it will be
preferable to implement an LD-based fine mapping approach when there are sufficient dogs
of other breeds with the same disease.

Statistical Expertise and Genotyping Accuracy
The necessity for collaboration between experimental, genetic, and statistical experts and
clinical faculty in designing and analyzing mapping experiments is another important issue to
consider. Analysis of whole-genome SNP data requires high quality-control procedures at all
stages of data collection. Particularly pressing are issues of DNA quality, handling of missing
SNP genotypes, and identification of SNPs with consistent genotyping problems among
samples. A mixture of existing and novel methods can be used to address these problems,
including comparison of genotypes obtained on different platforms and high thresholds for
inclusion of dogs in an evaluation (eg, at least 80% to 90% of genotypes must have been
unambiguously determined by at least 2 algorithms). For dogs with extended pedigrees,
standard evaluations of Mendelian inheritance should be used to identify potential genotyping
errors. Developing algorithms sufficiently robust to evaluate cryptic population structure is an
important investment.

Sharing of Resources
Applications for collaborative projects that involve the use of DNA from the archive at our
veterinary medical teaching hospital are encouraged under the condition that genotypes (and
eventually associated phenotypes) will be made available in a Web-based database and
sufficient DNA will be provided to Cornell University for archiving for future use. Requests
related to complex disease mapping will be given highest priority. Additionally, genotypes and
phenotype information derived from archived DNA samples will be made available to
geneticists and statisticians after publication of the data. These genotypes can then be used as
control materials for other studies when the animals were screened for diseases of interest.
Development of a universal control sample to serve > 1 investigator is a worthy goal. Making
the genotypes accumulated on animals in a DNA archive available to all investigators is a
critical element in reducing expenses associated with genotyping.

gGoldstein R. Department of Clinical Sciences, Cornell University, Ithaca, NY: Personal communication, 2007
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Conclusions
The DNA archives developed at veterinary medical teaching hospitals will be important
resources for mapping disease loci and identifying underlying genes. The most important
feature of a DNA archive is accurate identification or exclusion of the disease or diseases of
each animal. Such archives will be complementary resources to tissue banksh already available
to researchers studying the genetic basis of disease in animals and can make a unique
contribution to investigators conducting association studies in animals.
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Figure 1.
Flow diagram illustrating possible paths from a phenotype for an inherited trait or disease to
discovery of a gene or genes underlying the condition and the main features of the process.
*Mendelian traits - for diseases attributable to an autosomal recessive trait, 20 to 30 affected
animals and 20 to 30 unaffected animals are needed. For diseases attributable to a dominant
trait, 30 to 40 affected animals and 30 to 40 unaffected animals are needed. †Complex traits -
at extreme distributions for unrelated animals, 100 affected animals and 100 unaffected animals
are needed. For pedigrees, 200 to 400 (or more) animals are empirically needed. ‡For this step,
20 to 30 affected animals and 20 to 30 unaffected animals for each breed are needed. §An
alternative is to analyze genome-wide expression (by use of microarrays) and consider each
expression level as a QTL.
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Figure 2.
Graphs of power analysis as a function of sample size for the detection of disease loci for a
Mendelian recessive trait (A) or a multigenic trait (B). The analyses were conducted for r2

values of 0.5 (dotted lines), 0.65 (dashed lines) and 0.8 (dotted and dashed lines); the r2 value
is a measure of LD. For each analysis, the number of case and control animals was equal.
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