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Mapping DNA structural variation in dogs
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Ohio 43205, USA; 2Department of Veterinary Biosciences, The Ohio State University, Columbus, Ohio 43210, USA;
3Department of Pediatrics, The Ohio State University College of Medicine, Columbus, Ohio 43210, USA

DNA structural variation (SV) comprises a major portion of genetic diversity, but its biological impact is unclear. We
propose that the genetic history and extraordinary phenotypic variation of dogs make them an ideal mammal in which to
study the effects of SV on biology and disease. The hundreds of existing dog breeds were created by selection of extreme
morphological and behavioral traits. And along with those traits, each breed carries increased risk for different diseases.
We used array CGH to create the first map of DNA copy number variation (CNV) or SV in dogs. The extent of this
variation, and some of the gene classes affected, are similar to those of mice and humans. Most canine CNVs affect genes,
including disease and candidate disease genes, and are thus likely to be functional. We identified many CNVs that may be
breed or breed class specific. Cluster analysis of CNV regions showed that dog breeds tend to group according to breed
classes. Our combined findings suggest many CNVs are (1) in linkage disequilibrium with flanking sequence, and (2)
associated with breed-specific traits. We discuss how a catalog of structural variation in dogs will accelerate the iden-
tification of the genetic basis of canine traits and diseases, beginning with the use of whole genome association and
candidate-CNV/gene approaches.

[Supplemental material is available online at www.genome.org.]

Recent findings revealed that DNA structural variation (SV) is

common in normal rodents (Graubert et al. 2007; Guryev et al.

2008) and primates (Iafrate et al. 2004; Sebat et al. 2007; Lee et al.

2008; for review, see Freeman et al. 2006). The term SV and its

subset of copy number variation (CNV), refer to alterations from 1

kb to multi-Mb. The development of high-resolution array com-

parative genome hybridization (aCGH) allowed the genome-wide

discovery of submicroscopic copy number changes (Ishkanian

et al. 2004). More recently, other approaches have allowed other

types of SV (e.g., inversions) and polymorphisms to be surveyed.

For example, high-density single nucleotide polymorphism (SNP)

platforms can allow detection of subsets of SNPs and SVs (Conrad

et al. 2006; McCarroll et al. 2006). Most recently, paired end

approaches have evolved to yield massive numbers of new SVs at

ultra-high resolution (although requiring significant cost and ef-

fort) (Tuzun et al. 2005; Korbel et al. 2007).

Many human CNVs appear to be old because they are in

linkage disequilibrium with nearby genetic markers (Hinds et al.

2006). Others are recent or recurrent. Notably, CNVs are enriched

in regions that are rearrangement hotspots, such as those rich in

segmental duplications (or ‘‘low copy repeats’’) (Sharp et al. 2005).

In humans, more than 5000 CNVs have been identified in normal

individuals, and at least several hundred are common in the

population (Redon et al. 2006; Korbel et al. 2007; Wong et al. 2007;

Kidd et al. 2008). Most known CNVs span genes and appear likely

to affect genetic networks. Thus, while SNPs and point mutations

are more frequent, CNVs seem more likely to have an impact on

phenotype. CNVs can have various effects, including changes in

gene expression levels, disruption of gene dosage, unmasking of

recessive alleles or regulatory polymorphisms, and loss of regula-

tory elements (for reviews, see Lupski and Stankiewicz 2005;

Reymond et al. 2007).

Disease relevance of DNA copy number alteration was already

appreciated from recurrent deletions of tumor suppressors (e.g.,

TP53 and RB1) and amplifications of oncogenes (e.g., MYC and

EGFR) in cancer. However, since the recent discovery of CNV in

germline DNA, several affected genes were shown to be associated

with disease: CCL3L1 with HIV/AIDS, FCGR3 with glomerulone-

phritis, DEFB2 with Crohn’s, C4A/C4B with lupus, and PRSS1 with

pancreatitis (Gonzalez et al. 2005; Aitman et al. 2006; Fellermann

et al. 2006; Le Marechal et al. 2006; Fanciulli et al. 2007; Yang et al.

2007). CNV also provides material and mechanism for creating

new genes. CNV thus accounts for a great deal of the genetic

variation in animals and humans. For example, it was recently

shown that the CNV landscape in flies is under natural selection

(Emerson et al. 2008). Little is known about CNV in mammalian

evolution, as only Euarchontoglires—the clade of primates and

rodents—has been surveyed for CNV.

Dogs have extraordinary advantages as animal models

(Lindblad-Toh et al. 2005): (1) they are numerous, (2) they share

many diseases that are similar to those of humans, (3) they have

a greater than fivefold reduced lifespan compared to humans, (4)

they often have a high level of health care, and (5) live in an en-

vironment that is very similar to that of their owners. Humans are

more closely related to mice than dogs (divergence times of 80

million years ago [Mya] and 90 Mya, respectively). However, dogs

share ;650 Mb of ancestral sequence that is absent in mice, and

the sequence divergence rate of dogs is half that of mice (Lindblad-

Toh et al. 2005). This suggests that a subset of human biology is

more similar to that of dogs versus mice. But the main advantage

of canine models is their evolutionary history. Largely based on

20 yr of studying dog and pigeon breeding, Darwin (1859) began

On the Origin of Species by saying that variation under domestication

is the best clue to understanding evolution. He believed that

selection is the most important aspect of evolution, and that it

is exaggerated in domestication. In many cases, it also offers

documentation of parental breeds (or subspecies), of the selection
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process, and of the phenotypic changes observed. Dogs coevolved

with humans for >15,000 yr (Leonard et al. 2002; Savolainen et al.

2002). However, most of the ;350 dog breeds were created by

selection of extreme behavioral and morphological traits over the

last 150 yr. This presumably isolated many single ‘‘founder’’

mutations, and thus reduced disease heterogeneity. That is con-

sistent with the fact that most breeds are predisposed to a few

diseases. Importantly, breeds can be clustered into breed classes

that share genetic markers due to common descent. Breeds are

thus isolated populations likely to share disease mutations with

other members of the same breed class, but flanked by genetically

informative sequence (i.e., due to meiotic recombination in each

breed). In other words, while broad mapping is accelerated using

single breeds, fine mapping can be done in related breeds. This

power has begun to be applied with success (Candille et al. 2007;

Parker et al. 2007; Sutter et al. 2007). The unique genetic history of

dogs thus makes them an ideal mammal in which to study the

biology of CNV. Here we report the use of high resolution oligo-

nucleotide (oligo) aCGH to map common CNVs in pedigreed dogs

(commonly referred to as ‘‘purebred’’). We discuss the value of fur-

ther cataloguing large amounts of such variation, some of which is

likely to underlie breed-specific biology and disease predisposition.

Results

aCGH of a canine lymphoma cell line

Array CGH was performed on a 385,000 spot oligo array (i.e., mean

spacing of 4675 bp; NimbleGen Systems Inc.; see Methods for

details of the array platform and the genome assembly used). We

began our study by conducting aCGH on the well-characterized

OSW T-cell lymphoma cell line from an Airedale Terrier (Kisseberth

et al. 2007; Supplemental Table S1). The aCGH reference DNA for

this hybridization—and for all others reported here—was from

a pedigreed Boxer. Notably, OSW was previously analyzed on a low

resolution BAC array, and several copy number alterations were

validated (Kisseberth et al. 2007). Each spot of such BAC arrays is

comprised of many fragments 0.5–2 kb in size, but our spots cor-

respond to single unique-sequence oligos. We thus consider these

two platforms to cross-validate each other (as essentially different

methodologies). This comparison also confirmed the mapping of

the arrayed oligos. (In depth analysis and discussion of the exten-

sive copy number alteration present in this single lymphoma cell

line are outside the scope of this work, and will be included in

a second publication.) Figure 1 compares the linearized whole ge-

nome karyogram of OSW to that of a normal dog (Rottweiler), and

shows a close up of all of chr 11. There is very strong correlation

between the published low resolution BAC aCGH results and our

largest alterations. This is most apparent for the copy number gain

of nearly all of chr 13 and the one copy loss of almost all of chr

22 (cf. Fig. 1 in this study with Fig. 3 of Kisseberth et al. 2007).

Kisseberth et al. (2007) additionally confirmed the DNA copy

number changes of four genes within alterations detected in both

studies (P16, MYC, RB1, PTEN). Beyond validating our methods, we

also identified alterations previously implicated in canine lym-

phoma, such as the whole chromosome amplification of chr 13

(containing MYC) and loss of chr 11 and regions of chr 22 (con-

taining RB1) and chr 26 (containing PTEN) (Hahn et al. 1994;

Thomas et al. 2003; Modiano et al. 2007). The copy number alter-

ation of some of those regions/genes, and others, are known to be

associated with human lymphoma (e.g., P16 loss and MYC gain).

Finally, we also identified novel candidate cancer genes (e.g., see

SLITRK1 below). Our results thus support the notion that canine

and human lymphoma are genetically related and suggest new

candidate genes to consider in the human condition.

aCGH of pedigreed dogs

Genotyping of polymorphic canine loci has confirmed that most

breeds cluster into breed classes (Parker et al. 2004, 2007). To

survey CNV in normal pedigreed dogs, we assayed nine dogs that

represent four main breed classes—Asian/ancient, Mastiff, Herd-

ing, and Hunting (Table 1A; Parker et al. 2004). As the reference

DNA for all the aCGH assays, we used an unrelated pedigreed

Boxer. We identified 155 CNVs—in 60 CNV regions (CNVrs)—at

high confidence (Fig. 2; Table 1B; Supplemental Table S2). We also

detected many more candidate CNVs with reduced confidence.

Figure 1. Whole-genome DNA copy number quantification of the OSW
dog lymphoma cell line by aCGH. DNA was cohybridized with a reference
pedigreed Boxer (in two colors) to an oligo array with <5 kb mean
spacing. Copy number is shown as log2 ratios, with gains above the
midline and losses below. The top panel shows the linearized whole-
genome copy number of a normal Rottweiler and the middle panel that
of OSW. (There is no Y chromosome data, and the last segment before the
X is the unmapped genome assembly.) Note the complete or nearly
complete gain of chr 13 and losses of chr 22 and chr 32. The bottom
panel shows all of OSW chr 11, with seven large single-copy losses and
one small two-copy loss. The P16 tumor suppressor gene lies within the
two-copy loss region.

Table 1A. Number of CNVs detected in individual dogs

Dog sample Breed class Dog breed

No.
of

CNVs

115097 Mastiff Boxer 11
115102 Mastiff Bulldog 19
115110 Mastiff Rottweiller 15
116468 Hunting Basset Hound 18
115190 Hunting German Shorthaired Pointer 14
115109 Herding Collie 19
115208 Herding Shetland Sheepdog 17
116475 Ancient Akita 26
116706 Ancient Akita 16
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The results of genome-wide cluster analysis of aCGH signal suggest

there may be many CNVs that are true, but which are undetected

or detected at lower confidence (see below). Those are likely be

further resolved by higher resolution oligo arrays that are now

available. We found CNVs that may be common within breed

classes (Figs. 2, 3). Some other CNVs could have preceded the di-

vergence of dog breed classes and others may have occurred in-

dependently in different breeds.

Figure 2. Copy number variants (CNVs) in the four main classes of dog breeds. DNA from nine pedigreed dogs was cohybridized with a reference
pedigreed Boxer. The first panel shows a change in all dogs but the Boxer. As the reference is another Boxer, we presume the CNV is a gain in Boxers. The
second panel has a gain CNV specific to the two Akitas. The next two show CNVs shared by herding and hunting, and herding and mastif breeds. The last
shows a CNV present in a single herding dog, a Collie.

Table 1B. Comparison of dog CNV to that reported in other mammals

Species

Total
no. of
CNVs

Mean no. of
CNVs per
individual

No. of
CNVrs

No. of
deletions,

no. of
amplifications

Amplification
avg.

(mean)

Deletion
avg.

(mean) References

Dog (n = 9) 155 17.2 (385 k oligo aCGH) 60 82, 73 323,147 297,377 This study
Mouse (n = 21) 80 22 (385 k oligo aCGH) 271.5 kba Graubert et al. 2007
Rat (n = 10, 5 M

oligob; n = 3,
375 k)

643 63 (5 M exon-specific oligob);
11 (385 k oligo aCGH)

5.2 kb (5 M exon-specific
oligob); 256 kb (375 k
oligo aCGH)a

Guryev et al. 2008

Macaque (n = 9) 123 14 (385k oligo aCGH) 102 kba Lee et al. 2008
Human (n = 270) 1447 70 (BAC aCGH);

24 (SNP array)
341 kb (BAC aCGH);

206 kb (SNP array)a
Redon et al. 2006

aAverage CNV size, amplifications and deletions combined.
b5 M exon-specific, non-CGH oligo array.

Chen et al.
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Dog phylogeny

We did not expect to find strong evidence of breed relationships

in our CNV analysis. Rather, we presumed that such a signal

would be obscured by CNVs that are more recent or recurrent.

Surprisingly, our results suggest that a significant proportion of

CNVs in modern dogs can be used to dissect evolutionary rela-

tionships. Figure 3A shows unbiased clustering of aCGH signal

intensities of all probes variant in any dog. We find a trend that

breeds partially cluster according to breed classes. Although this

finding will have to be confirmed with more dogs, it seems un-

likely that the observed pattern could be generated randomly.

Moreover, the only pair of samples from the same breed not only

group together, but also have the shortest branch lengths. That

suggests a good portion of the identified variation has been

transmitted from the founders of each class. Encouraged by those

results, we tested the clustering of all genome-wide probe signals

(vs. only the CNV regions as above). In Figure 3B we show the

hierarchical clustering of all probes, except those on the sex

chromosomes. The result shows two cluster pairs with very short

branch lengths and one pair with longer branches (the remainder

diverge individually, with increasing branch lengths). Notably, the

two pairs with the shortest branches correspond to true clusters—

the two unrelated Akitas and the two Herding class breeds. (The

third pair crosses breed classes and is presumably false.) We re-

iterate that this clustering is based not only on the called CNV

regions but on all probes on the array. The infinitesimal signal

from the 60 CNVrs alone should not be detectable in the signal

noise of the whole genome. The observed pattern thus hints that

there may be a great deal of real CNV signal that we could not call

reliably (mainly involving <50-kb CNVs and regions of low probe

density). This suggests that many of our moderate confidence

CNVs could be true.

Annotation and validation of CNVs

At least 56 genes overlap with our high confidence CNV regions

(Supplemental Table S2), and only 16/60 CNVrs do not span an-

notated genes. However, the dog genome annotation is incom-

plete and it is likely that more genes are affected. In Supplemental

Table S3 we show the Gene Ontology (GO) categories that are

overrepresented in dog CNVs (and highlight those that are also

in excess in humans and mice). As in humans and mice, there

is overrepresentation of olfactory receptors and immunity-

related genes (and others) in dogs. We

also find CNV in several genes known to

be involved in human disease, most

notably cancer. Some genes suggest

intriguing biology as well as patho-

physiological relevance, such as the sig-

naling proteins NOTCH2 and MAGI2.

The latter finding is curious because

MAGI2 CNV is strongly associated with

human epilepsy (Marshall et al. 2008),

and our CNV was discovered in the

German Shorthaired Pointer, which

carries a high risk for epilepsy (Slater

2007). As most of the identified CNVs

span genes, we predict some of them

underlie diverse breed-specific traits and

disease predisposition.

Even before we initiated validation,

several criteria suggested our high con-

fidence CNVs are true. (1) The Boxer has the fewest CNVs; this was

expected because the aCGH reference is a Boxer. (2) The highest

cluster similarity (see above) was seen in the only case where two

dogs of one breed were tested—unrelated Akitas. (3) The cluster

analysis of CNVrs tends to group breeds within their breed classes.

Moreover, as we mentioned above, previous BAC aCGH and FISH

analysis of the OSW cell line validated many of the large regions

of copy number alteration and several specific affected genes

(Kisseberth et al. 2007). We confirmed eight of the copy number

changes we discovered in our aCGH survey (Table 2). Six of six

variants selected for disease interest and tested by Southern blot-

ting were validated (Fig. 4). Those were mostly chosen for rele-

vance to cancer and neurology: CTNNA3, ATBF1, CYP4A38,

CBD103, NOTCH2, and EWSR1. We equilibrated the dog samples

with VEGFA, which should always be two copies (mice with copy

gain or loss are not viable; Carmeliet et al. 1996; Miquerol et al.

2000). All six CNVs were validated for copy number gain or loss

(breakpoint locations were not determined). Two other variants

were confirmed by PCR, and one of those (Fig. 5) was resolved at

sequence resolution.

Structural variation suggestive of biological roles

A major interest in undertaking CNV discovery in dogs relates to

the possibility that some of these are functional variants involved

in breed-specific biology or disease predisposition. We found

a candidate Rottweiler-specific microduplication in CSMD1, a pu-

tative tumor suppressor in humans. CUB and Sushi Multiple Do-

mains 1 (CSMD1) was cloned as a candidate for the human 8p23.2

region that is frequently deleted in various epithelial tumors

(Muscheck et al. 2000). This is potentially interesting because

Rottweilers are at increased risk for cancer, most notably osteo-

sarcoma. Deletion and reduced expression of CSMD1 are associ-

ated with poor prognosis in prostate and squamous cell cancers

(Scholnick et al. 1996; Henshall et al. 2003; Paris et al. 2004). Both

somatic point mutations and allele loss of CSMD1 are associated

with cancer (Toomes et al. 2003; Richter et al. 2005; Farrell et al.

2008). We found a microduplication within CSMD1 in 14 of 22

Rottweilers (64%), but not in any of 29 non-Rottweilers (including

11 dogs in the broadly defined Mastiff breed class) (Wilcox and

Walkowicz 1995). Further screening is necessary to confirm this

CNV is truly Rottweiler-specific.

Figure 3. Cluster analysis. (A) Unbiased clustering of all high confidence probes altered in any of the
CNV-discovery panel of dogs. Probe signals were clustered using hierarchical clustering (centroid linkage
and the Pearson correlation as the distance, dChip 2005; Li and Wong 2001). CNV signal partially
clusters dogs according to their breed class. Dog breeds are color-coded by breed class: Asian/ancient in
red, Mastiff in blue, herding in black, and hunting in green. (Shet. Sheepdog) Shetland Sheepdog; (GS
Pointer) German Shorthaired Pointer. (B) Clustering analysis of all aCGH probes for each dog. Hierar-
chical clustering was conducted with Genesis software (Sturn et al. 2002). All probe signals were used,
except those from the X and Y chromosomes. Two of the groupings presumed to be true clusters show
the shortest branch lengths: Collie and Shetland Sheepdog are both members of the Herding breed
class; the two most similar dogs analyzed are two unrelated Akitas. The third pair is presumed to be
a false clustering.
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Figure 5 shows validation and characterization of the CSMD1

CNV identified by aCGH in the Rottweiler. We PCR-amplified

through the breakpoint and sequenced it. The variant is a tandem

duplication of 273 kb within the third intron of CSMD1. The dog

sequence clearly maps to the same intron of the human CSMD1.

Notably, the human gene is enriched for CNVs in the same third

intron, as well as in the first. Analysis of the duplicated region

shows that it contains several highly conserved elements. For ex-

ample, we computationally confirmed the mapping of eight ele-

ments that are highly conserved in mammals—having PhastCons

LOD scores > 50 (four are $98) (Siepel et al. 2005). We analyzed

the region for PreMod regulatory modules of transcription factor

binding sites that are evolutionarily conserved (Ferretti et al.

2007). Five of the eight PhastCons regions are also PreMod ele-

ments, suggesting they regulate gene expression. We found no

concrete evidence of exons, genes, or miRNAs in the CNV region.

Given CSMD1 may be a tumor suppressor, it is interesting that one

of the PreMod elements has two possible p53 binding sites (Pre-

Mod hg17_mod108320). We did not find published support for

that element, but a true p53 binding site lies 326 kb upstream of

human CSMD1 (Wei et al. 2006).

We find CNV in beta defensin 103 (CBD103, ortholog of

human DEFB103) is very common (Fig. 4). This is interesting be-

cause it has clear implications on immunity, feeding behavior, and

coat color (see Discussion). Moreover, there is an odd genetic/

epigenetic phenomenon related to that same locus and biology.

Thus it will be important to molecularly define this CNV region. In

Supplemental Figure S1 we show that the CNV is likely to be

complex, and that the region may have sequence characteristics

that make it difficult to characterize.

The OSW lymphoma cell line was previously known to have

a single site where both copies of a genome region were lost

(Kisseberth et al. 2007). Notably, that deleted segment contains

the tumor suppressor CDKN2A (also known as p16). Our aCGH

analysis of OSW confirmed that result and identified one addi-

tional two-copy loss. That second two-copy loss region (confirmed

by PCR analysis, data not shown; see Supplemental Methods) is

small and results in the deletion of the entire SLITRK1 gene, and

otherwise only affects three candidate pseudogenes (Table 2).

SLITRK1 is a transmembrane receptor enriched in the brain. It has

homology with the growth-promoting secreted protein Slit in its

extracellular domain and to the Trk neurotrophin receptor in its

intracellular domain. Mutations in SLITRK1 are associated with

psychiatric disorders, most notably Tourette’s syndrome (Abelson

et al. 2005). However, it was recently reported that the six mem-

bers of the SLITRK gene family are expressed in hematopoietic

stem cells (and are speculated to be involved in malignant

hematopoiesis) (Milde et al. 2007). The two-copy loss of SLITRK1

in OSWraises the possibility that it is a tumor suppressor. We could

Figure 4. Validation of CNVs of biological interest. CNV was quantita-
tively tested by Southern blotting. The dogs included are the aCGH dis-
covery set and reference, plus one Rottweiler and one Golden Retriever
(asterisks). All samples were equilibrated with a known two-copy gene
(VEGFA) and compared to the aCGH reference dog (in yellow). The bands
corresponding to the survey dog in which a CNV was discovered are
boxed—red for discovery gain, pink for intermediate gain, and blue for
loss. The CNVs are labeled according to the gene of interest (other genes
spanning the same variant are provided in Table 2). The size of HindIII
fragments detected are provided in base pairs. Note that EWSR1 CNV gain
is also present in the Golden Retriever, which was not one of the dogs in
the discovery set.

Table 2. Validated copy number changes detected by aCGH

CNV region no.

Genome coordinates
(May 2005 [canFam2]),

first-last affected
oligonucleotide probes

Genes spanned
(orthologous human

names are used
except where noted) Validation

6 chr4:21155648–21187124 CTNNA3 Southern, this study
10 chr5:81161684–81466355 ATBF1 Southern, this study
29 chr15:16599771–16662800 Canine CYP4A37, CYP4A38

(potential co-orthologs of
human CYP4A11)

Southern, this study

31 chr16:59089027–59358324 CSMD1 (validated by
PCR/sequencing, Fig. 5)

PCR/sequencing, this study

32 chr16:61902802-62514014 Canine CBD103 (human
DEFB103A), SPAG11, DEFB106A

Southern, this study

35 chr17:59759625–59875975 PHGDH, HMGCS2, REG4, NOTCH2 Southern, this study
47 chr27:28719603–29192466 SLC7A3, FABP5, SLC7A3, EWSR1 Southern, this study
(OSW cell line) chr22:39012594–39692506 SLITRK1 (validated by PCR,

data not shown)
PCR, this study

(OSW cell line) chr11:43700551–44423973 IFNW1, IFNA1, KLHL9, AK126643,
IFNA21, IFNA5, IFNE1, MTAP,
CDKN2A (p16), CDKN2B

BAC aCGH, FISH, Kisseberth et al. 2007

(OSW cell line) chr13:27951414–28255651 MYC BAC aCGH, FISH, Kisseberth et al. 2007
(OSW cell line) Chr 22 one copy loss RB1 BAC aCGH, FISH, Kisseberth et al. 2007
(OSW cell line) chr26:40802695–40996583 PAPSS2, ATAD1, AF504647, PTEN BAC aCGH, FISH, Kisseberth et al. 2007

Chen et al.
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not find published evidence of such a role in human cancer, but

single cases of somatic mutations of SLITRK4 and SLITRK6 were

recently reported in colorectal cancer (Wood et al. 2007).

Discussion
We have generated the first map of CNV in normal dogs. The

number of CNVs we observe per animal (Table 1A,B) is very similar

to the number found in mice using the murine-equivalent Nim-

bleGen array (Graubert et al. 2007). As mice are now known to

have equal or greater levels of CNV than humans, this suggests the

extent of dog CNV is also comparable (She et al. 2008). Although

mouse and dog NimbleGen oligo CGH arrays have similar reso-

lution to that of human tiling BAC arrays, ;50 kb (Ishkanian et al.

2004; Graubert et al. 2007), the latter detect far more CNVs (Table

1B). One reason for this is improved hybridization with the

spotted 0.5–2 kb BAC probes (BAC-derived PCR fragment pools). A

second reason for this effect is that only unique sequence is

spotted in the oligo array (Sharp et al. 2007). This selectively

omits—or reduces probe density in—CNV-enriched regions, such

as segmental duplications and diverse repetitive sequences (Sharp

et al. 2005). The increased density and improved probe design of

the next generation platforms, including oligo CGH arrays, will

improve this situation. It will also be important to develop a map

of segmental duplications in dogs.

There is urgency to understand the contribution of CNV

to natural variation and disease predisposition. However the

phenotypic and genetic heterogeneity

of humans makes this difficult. Dogs are

especially well suited for this work: (1)

they are monitored for health, as well

as for breed-specific morphological and

behavioral phenotypes (i.e., breed stan-

dards); (2) they have a huge range of

genetic heterogeneity from intrabreed,

to intrabreed class, to interbreed class;

(3) they can be genetically crossed; and

(4) they age much faster than humans. It

seems likely that some CNVs are asso-

ciated with breed standards and/or

susceptibility to breed-specific disease.

Notably, there are ;75 million dogs in

the United States alone. It is possible

that some of the countless breeders and

numerous breed clubs will join re-

searchers to determine whether breed-

specific CNVs segregate with traits or

disease. For example, we validated one

CNV that was only detected in Rott-

weilers. The CNV is present in the

majority of Rottweilers and affects sev-

eral highly conserved elements in an

intron of CSMD1—a candidate tumor

suppressor in humans. Those conserved

elements are likely to be involved in

gene expression, but there is no way to

predict a positive or negative effect. It

will be interesting to test whether

that CNV is associated with Rottweiler-

specific traits, such as high risk of oste-

osarcoma.

Another CNV of interest affects the

beta defensin gene CBD103. Candille et al. (2007) recently showed

that CBD103 is the long-sought-after Dominant Black (‘‘K’’) locus

in dogs. The coat color of most mammals is largely determined by

the ligand-receptor pair Agouti (Ag) and Melanocortin receptor 1

(MC1R). In addition, Dogs have the K locus. The top dominant

allele KBlack—found in 38 dog breeds—is the product of a 3-bp

deletion that removes glycine 23 (‘‘CBD103DG23’’). CBD103

affects coat color by binding to MC1R, and CBD103DG23 has two

effects—increased affinity for receptor and increased extracellular

levels. In addition, CBD103 binds to MC4R, which regulates

feeding behavior. Thus transgenic mice overexpressing CBD103

are not only black, but also significantly smaller than littermates.

We find that CBD103 has common copy number variation in

multiple breeds (Fig. 4; Supplemental Fig. S1). As the physiological

mechanism of CBD103DG23 is increased MC1R binding, it is

likely that CNV of CBD103 also has phenotypic consequences.

This could affect coat color, feeding behavior/metabolic regula-

tion, and immunity. Surprisingly, the K locus also has a brindle

allele that results in a pattern of whorled stripes alternating yellow

and black coat color (Kerns et al. 2007). It was proposed that dog

brindling is caused by clonal skin cell lineages being genetically

KBlack or kyellow (Kerns et al. 2007). In this scenario, a stochastic event

could set a KBlack or kyellow state in each clone, and that could be

maintained epigenetically in dividing/migrating keratinocytes. The

CNV observed at the K locus hints at mechanisms to explain kbrindle,

including a combined structural genetic/epigenetic effect (Wilson

et al. 2006).

Figure 5. Molecular definition of a Rottweiler-specific CNV. A 273-kb CNV on chr 16 was detected by
aCGH only in the Rottweiler of the discovery set. (A) (Left) A schematic of the PCR assay used for
validation. Each forward/reverse primer combination was used to test for tandem duplication of the
aCGH CNV. (Right) The two internal primers generated a <2-kb fragment in the original Rottweiler, but
not the nine other dogs. The breakpoint was determined to single nucleotide resolution by sequencing
this amplicon. This confirms a head to tail orientation of the duplication. All samples are from unrelated
members of pedigreed dogs (left to right): no template control, Boxer, Bulldog, Collie, Rottweiler 1,
Golden Retriever, German Shorthair, Shetland Sheepdog, Basset Hound, Akita 1, Akita 2. (B) A second
panel of 20 Rottweilers and 20 non-Rottweiler dogs shows the CNV is common in Rottweilers, but
absent in the other breeds tested (see Methods). (C) The entire dog CNV unambiguously lies within
intron 3 of CSMD1. Human CSMD1 is shown with the dog CNV mapped (blue bar) and compared to
previously reported human CNVs (losses in red, gain in green, gain or loss in gray). The CNV spans
several conserved elements, including four with PhastCons LOD values $98 (compare to the two
flanking exons, with LOD = 93 and 31).
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The phylogeny of dogs is critical for the selection of breeds to

be used in genetic studies. Parker et al. (2004) genotyped 96

microsatellite loci in 414 pedigreed dogs from 85 breeds. The

phylogenetic tree of that data only resolved three high confidence

branches—wolf, ancient/Asian dogs, and all other dogs. However,

they ascertained genetic relationships to different degrees of

confidence (very high to low) using Bayesian model-based clus-

tering (Parker et al. 2004, 2007). Those studies suggested it might

be difficult to solve the phylogeny of dogs due to the admixture of

breeds. For example, the first genetic grouping of breeds was

consistent with the historical designation of a single Mastiff

class that includes subclasses of Mastiffs, Draft/Cattle dogs, and

Bulldogs (Parker et al. 2004). More recently, it was proposed that

Mastiffs and Bulldogs (including many terriers) group together

and Draft/Cattle dogs (including mountain dogs) form another

group (Parker et al. 2007). Our clustering findings hint that higher

density CNV information may yield a phylogenetic tree of dog

breeds. One-base-pair to 10-kb insertion/deletion polymorphisms

(indels) are increasingly appreciated because they establish iden-

tity by descent with high confidence (Mills et al. 2006). Notably,

small indels are being developed as genetic markers to study nat-

ural populations of dogs and wolves (Vali et al. 2008). The clus-

tering pattern of CNVs suggests that the variation segregating with

breed classes was present in the founder dogs of a breed class. As

was shown for humans (Hinds et al. 2006) such CNVs should be in

linkage disequilibrium with flanking sequence and would be de-

tectable by tag SNPs. It will be important to be able to detect CNV

haplotypes with the canine SNP platforms being developed for

whole genome association. However, it should be noted that this

is done with ;27,000 SNPs in dogs (vs. $500,000 in humans)

because they have an approximately sevenfold extension of link-

age disequilibrium (Sutter et al. 2004). This means that current

SNP platforms cannot be used to discover novel CNV. We propose

the next step is to define the common CNVs, say larger than ;10

kb, in the most popular breeds. This can already be done with

second-generation platforms, such as the NimbleGen HD2 aCGH

array with a greater than fivefold increased probe density (2.1

million elements on one slide) and improved oligo sequence de-

sign compared to that used here.

The availability of a catalog of CNV information will addi-

tionally enable the use of a candidate gene approach. For example,

the Collie eye anomaly was recently mapped to an ;4-centimorgan

(cM) region, then fine mapped to ;100 kb (spanning four genes)

in four related breeds (Parker et al. 2007). The causative mutation

was found to be a 7.8-kb intronic deletion. In the future, such

studies could be vastly accelerated by high resolution CNV data.

There are ;400 identified canine diseases, and specific breeds are

predisposed to a small number of conditions. That will make it

straightforward to test suggestive breed-specific CNVs for partic-

ular disease associations. As was demonstrated in rats, is it also

feasible to integrate genome-wide information on Quantitative

Trait Loci, breed-specific CNV, and gene expression in order to

identify candidate genes (Guryev et al. 2008). Another use of CNV

information is in comparative genetics. For example, human ge-

netic linkage data could implicate a genomic interval that has

a suggestive CNV in a breed at high risk for a related disorder. Fi-

nally, diverse scientists will be drawn to dog models when they

learn there is natural gain/loss variation in their gene of interest.

Dogs are not simply animal models, but also dear companions to

humans. One example of the significance of this is that 1 million

dogs are treated for cancer annually in the United States. Thus,

genetic advancements will also lead to translational research and

improved canine health. In summary, this study shows how fur-

ther canine CNV discovery can (1) impact the rapidly growing use

of dog models, (2) uncover and answer basic genetic mechanisms,

and (3) address dog and human diseases.

Methods

aCGH platform
We quantified DNA copy number by hybridization to the Nim-
bleGen Systems Inc. canFam2 WG CGH oligo array platform
(http://www.nimblegen.com), designed from the NCBI canine
genome build of May 2005 (Lindblad-Toh et al. 2005). The array
has 385,000 probes on a single slide, resulting in a median probe
spacing of 4675 bp. Confident DNA CNV detection requires that
alterations be covered by ;10 oligos; thus, it has a resolution of
;50 kb, similar to existing human tiling resolution BAC arrays
(Ishkanian et al. 2004). Important for an oligo array, (1) it uses 50–
75mers with generally similar melting temperatures (but see Sharp
et al. 2007), and (2) it uses 2 mg of DNA without requiring com-
plexity reduction or amplification (which generate incomplete
sampling and signal noise, respectively). The probes are evenly
distributed throughout the unique sequence of the genome. The
methods for CGH on equivalent platforms for other species, and
their analysis, are thoroughly validated and standardized (Graubert
et al. 2007).

Source of genome sequence assembly and annotation

We used the May 2005 dog (Canis familiaris) whole genome
shotgun (WGS) assembly v2.0 sequenced and assembled by the
Broad Institute of MIT/Harvard and Agencourt Bioscience (Lindblad-
Toh et al. 2005). The assembly is based on 7.5-fold shotgun cov-
erage and has outstanding continuity. The gene annotation was
largely taken from the University of California Santa Cruz (UCSC)
Genome Browser (http://genome.ucsc.edu). Much of the annota-
tion was validated by manual BLAST analysis.

Source of dog DNA samples

Blood for the aCGH survey (discovery set) was collected from
pedigreed dogs of volunteer contributors, under informed con-
sent: two Boxers (one used as the reference for all other dogs),
Rottweiler, Basset Hound, German Shorthaired Pointer, Collie,
Shetland Sheepdog, and two Akitas. All of those dogs have Regis-
tration Certificates for their breed from the American Kennel Club
(i.e., they are considered pedigreed or ‘‘purebred’’). Breed classes
are given in Table 1A, according to Parker et al. (2004) (see also
Parker et al. 2007). The OSW (Airedale Terrier) lymphoma cell line
was provided by W.C. Kisseberth (The Ohio State University Col-
lege of Veterinary Medicine). The 20 Rottweiler and 20 non-
Rottweiler DNAs (Fig. 4) were provided by C.A. London (The
Ohio State University College of Veterinary Medicine). The 20
non-Rottweilers included the following dogs: Labrador Retriever
(three), Golden Retriever (three), Shih Tzu (two), Chow Chow,
Siberian Husky, Bloodhound, Pug, Collie, Fox Terrier, Dalmatian,
Yorkshire Terrier, Springer Spaniel/Australian Shepherd, German
Shepherd/Siberian Husky, Samoyed/Golden Retriever, and Poodle/
Cocker Spaniel.

aCGH processing and analysis

Hybridization of genomic DNA to NimbleGen canFam2 WG CGH
arrays (whole genome tiling of isothermal 50–75mer oligos at 4.7
kb median spacing) was performed by NimbleGen Systems, Inc.
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(Graubert et al. 2007). aCGH was used to detect DNA copy num-
ber. Each sample was cohybridized with the same reference DNA
(taken from one normal pedigreed Boxer), one labeled with Cy3
dye and the other with Cy5. Slides were scanned and copy number
was quantified from the dye fluorescence ratios. NimbleGen con-
ducted the initial data processing, from normalization to signal
calling and quantification. The high confidence calls are made
according to the same criteria as used by Graubert et al. (2007).
NimbleGen has an information package that describes the tech-
nology and provides measures of reproducibility, accuracy, sensi-
tivity, and specificity (http://www.nimblegen.com/products/lit/
nimblegen_grant_kit.pdf). Briefly, the normalize.qspline method
from the Bioconductor package in R is used. To flag segments that
deviate significantly from the baseline, a circular binary segmen-
tation method is used (Olshen et al. 2004). We used a secondary
manual method to identify false positives generated by the circular
binary segmentation method and to identify other CNVs not
found (i.e., false negatives). Candidate CNVs are identified by
finding 11-probe segments with a log2 ratio greater than 60.45. We
removed presumptive false positives caused by single outlier
probes. We conducted further analysis and visualization with Sig-
nalMap software (NimbleGen). For cluster analysis of CNVrs (Fig.
3A), all of the individual probe values within CNVrs were grouped
by hierarchical clustering using centroid linkage and the Pearson
correlation as the distance with dChip 2005 software (Li and Wong
2001). For genome-wide clustering (Fig. 3B), hierarchical clustering
of all aCGH probes in the discovery dog panel was conducted with
the Genesis software (Sturn et al. 2002). All individual probe sig-
nals were used except those on the X and Y chromosomes.

Molecular genetics

Polymerase chain reaction (PCR), DNA sequencing

PCR methods were essentially as described by the Taq polymerase
manufacturer (JumpStart REDTaq, Sigma), optimizing conditions
for each use. PCR primers are provided in the Supplemental
Methods. PCR products were purified and directly sequenced (ABI
3130xl, The Research Institute at Nationwide Children’s Hospital
DNA Sequencing Core Facility).

Southern blotting

The standard methods used here have been described in precise
detail (Chung et al. 2005). Probes were designed to (1) target
unique sequence in HindIII fragments that did not overlap pre-
dicted breakpoints (most of which should result in a single
Southern band), (2) generate fragments of different sizes to allow
multiplex hybridizations, and (3) have similar melting temper-
atures, to result in comparable signal in multiplex format. Probes
were generated by PCR (primers given in Supplemental Methods),
confirmed by agarose electrophoresis, purified, and random primed-
labeled with 32P. The same HindIII-digested DNA membrane was
hybridized twice, in 3- and 4-plex hybridizations, and washed at
high stringency. Signal was quantified by PhosphorImaging
(Storm, GE Healthcare Life Sciences).

DNA samples

DNA was purified from blood using QIAamp DNA Blood Maxi Kit
(Qiagen) and quantified by spectrophotometry. All DNA samples
used for array hybridization were analyzed by spectrophotometry
and agarose gel electrophoresis.
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