Downloaded from genome.cshlip.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

ENOME
ESEARCH

The genomic architecture of segmental duplications and
associated copy number variants in dogs

Thomas J. Nicholas, Ze Cheng, Mario Ventura, et al.

Genome Res. published online January 7, 2009
Access the most recent version at doi:10.1101/gr.084715.108

P<P  Published online January 7, 2009 in advance of the print journal.

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

Advance online articles have been peer reviewed and accepted for publication but have not yet
appeared in the paper journal (edited, typeset versions may be posted when available prior to final
publication). Advance online articles are citable and establish publication priority; they are indexed
by PubMed from initial publication. Citations to Advance online articles must include the digital
object identifier (DOIs) and date of initial publication.

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Copyright © 2009 by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.084715.108
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.084715.108&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.084715.108.full.pdf
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Resource
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Structural variation is an important and abundant source of genetic and phenotypic variation. Here we describe the first
systematic and genome-wide analysis of segmental duplications and associated copy number variants (CNVs) in the
modern domesticated dog, Canis familiaris, which exhibits considerable morphological, physiological, and behavioral
variation. Through computational analyses of the publicly available canine reference sequence, we estimate that seg-
mental duplications comprise ~4.21% of the canine genome. Segmental duplications overlap 841 genes and are signifi-
cantly enriched for specific biological functions such as immunity and defense and KRAB box transcription factors. We
designed high-density tiling arrays spanning all predicted segmental duplications and performed aCGH in a panel of 17
breeds and a gray wolf. In total, we identified 3583 CNVs, ~68% of which were found in two or more samples that map to
678 unique regions. CNVs span 429 genes that are involved in a wide variety of biological processes such as olfaction,
immunity, and gene regulation. Our results provide insight into mechanisms of canine genome evolution and generate
a valuable resource for future evolutionary and phenotypic studies.

[Supplemental material is available online at www.genome.org. All aCGH data from this study have been submitted to

Gene Expression Omnibus (GEO) (http:/ / www.ncbi.nlm.nih.gov/geo/) under accession no. GSE13266.]

The unique evolutionary history of domesticated dogs (Canis
familiaris), including strong artificial selection, population bot-
tlenecks, and inbreeding, has resulted in over 400 genetically
distinct breeds that make them well suited for addressing funda-
mental questions in population genetics, evolution, and the
genetic architecture of phenotypic variation. In particular, domes-
ticated dogs have engendered considerable interest because, since
their domestication over 14,000 yr ago (Vila et al. 1997; Leonard
et al. 2002; Savolainen et al. 2002), they have become one of the
most phenotypically diverse mammalian species with an in-
credible assortment of shapes, sizes, and temperaments (Neff and
Rine 2006). Beyond curiosity in outward appearances, canine ge-
netics is also relevant to human health, as dogs are afflicted with
over 350 inherited diseases (Patterson et al. 1988), many of which
are similar to human diseases.

A number of enabling resources for canine genomics have
recently become available including the development of an in-
tegrated canine linkage-radiation hybrid map (Mellersh et al.
2000), a 7.5X high-quality reference genome sequence (Lindblad-
Toh et al. 2005), the construction of a dense map of over 2.5
million single nucleotide polymorphisms (SNPs) identified in
a diverse panel of breeds (Lindblad-Toh et al. 2005), and the de-
velopment of SNP genotyping arrays (Karlsson et al. 2007). These
resources have provided important foundations for delimiting
patterns of population structure among breeds (Irion et al. 2003;
Parker et al. 2004; Karlsson et al. 2007; Quignon et al. 2007), in-
ferring targets of artificial selection (Pollinger et al. 2005), and
mapping traits such as Collie eye anomaly (Parker et al. 2007),
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body size (Sutter et al. 2007), and muscle mass (Mosher et al.
2007).

In contrast to SNPs and microsatellites, structural variation
has received considerably less attention in dogs. Changes in DNA
content are a significant source of genetic and phenotypic varia-
tion between individuals (Emanuel and Shaikh 2001; Bailey and
Eichler 2006; Feuk et al. 2006; Beckmann et al. 2007; Conrad and
Antonarakis 2007; Sebat 2007). Segmental duplications, in partic-
ular, are substrates of genome innovation, genomic rearrange-
ments, and hotspots of CNV formation (Sharp et al. 2005; Graubert
et al. 2007; She et al. 2008). Although segmental duplications and
CNVs have been extensively studied in other organisms (Bailey
etal. 2001, 2002, 2004; Iafrate et al. 2004; Tuzun et al. 2004; Cheng
et al. 2005; Sharp et al. 2005; Tuzun et al. 2005; Conrad et al. 2006;
Goidts et al. 2006; McCarroll et al. 2006; Perry et al. 2006, 2008;
Redon et al. 2006; Graubert et al. 2007; Guryev et al. 2008; She et al.
2008), to date no such analyses have been performed in dogs. Re-
cent studies demonstrate the potential contribution of CNVs to
specific canine morphological phenotypes, such as dorsal hair ridge
in Rhodesian and Thai Ridgebacks (Salmon Hillbertz et al. 2007).
Thus, a more comprehensive understanding of the full spectrum of
canine genomic variation is important for unraveling the genetic
basis of variation in morphological, physiological, behavioral, and
disease phenotypes segregating within and between breeds (Neff
and Rine 2006).

Here we describe the first genome-wide and systematic
analysis of segmental duplications and their associated CNVs in
dogs. We find that similar to other mammalian genomes, recent
segmental duplications comprise an appreciable fraction of the
canine genome. Using high-density aCGH experiments specifi-
cally designed to interrogate putative segmental duplications, we
identified 3583 CNVs in a panel of 17 genetically and phenotyp-
ically diverse breeds and a gray wolf.

19:000-000 © 2009 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/09; www.genome.org
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Results and Discussion

Genome-wide identification and organization of segmental
duplications

We applied two well-established computational approaches,
whole-genome shotgun sequence detection (WSSD) (Bailey et al.
2002) and whole-genome assembly comparison (WGAC) (Bailey
et al. 2001), to the publicly available canine genome sequence
assembly (CanFam2.0) to detect putative segmental duplications.
Briefly, WGAC identifies paralogous sequences =1 kb in length
with =90% sequence identity, and WSSD identifies genomic
regions that exhibit significant depth of coverage by aligning
whole-genome shotgun sequencing reads to the reference genome
sequence (see Methods). Using these computational algorithms,
we predict 9137 segmental duplications, spanning ~106.6 Mb of
DNA sequence (Fig. 1; Supplemental Table 1). The average size of
predicted segmental duplications is ~11.7 kb (sd = 24.9 kb). We
estimate that recent segmental duplications comprise ~4.21% of
the canine reference genome, which is consistent with similar
observations in human and mouse (Bailey et al. 2001, 2002, 2004;
She et al. 2008). As expected, the “uncharacterized chromosome”

(chrUn), which consists of sequence that cannot be uniquely
mapped to the genome, contains the majority of predicted du-
plication bases (65%).

Furthermore, similar to humans and mice, there is a greater
proportion of intrachromosomal versus interchromosomal dup-
lications, with ~60% of predicted duplications being intra-
chromosomal. Pericentromeric regions represent 3.4% of genomic
sequence, but show an enrichment of threefold for duplications
(P-value <0.001) and contain 10.3% of all duplicated bases. Simi-
larly, subtelomeric regions show an enrichment of 2.3-fold
(P-value <0.001) and contain 7.9% of duplicated bases.

A total of 841 genes were located in predicted segmental
duplications. In order to test the hypothesis that particular gene
classes are over-represented in duplicated regions, we assigned
PANTHER Molecular Function terms to all genes that overlapped
duplications. Statistically significant enrichment was observed for
seven categories (Supplemental Table 2). Consistent with similar
analyses of duplications in other organisms (Bailey et al. 2002,
2004; Tuzun et al. 2004; Sharp et al. 2005), we observe significant
enrichment in genes that participate in defense/immunity,
receptors, and signaling (Supplemental Table 2). Interestingly,
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Figure 1. The genomic architecture of canine segmental duplications and CNVs. Black lines represent all 38 canine autosomes, the X chromosome, and
the uncharacterized chromosome (Un). Duplicated bases predicted by WGAC and WSSD are plotted as orange and blue rectangles below and above,
respectively, each chromosome. Over 80% of chrUn contains duplicated bases. Of the autosomes, chromosomes 9, 16, and 26 possess the highest
percentages of duplicated bases (over 4% of each chromosome), while chromosomes 12, 30, and 33 show the least amount of duplicated bases (<0.35%
of each chromosome). Unique CNV regions (see text) are denoted by red rectangles.
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KRAB box transcription factors also were enriched significantly
among our set of predicted duplications (Supplemental Table 2),
which has not been observed previously in duplications from
additional species. KRAB box transcriptional factors are a part of
a large gene family that is believed to bind to DNA and exhibit
transcriptional repression (Urrutia 2003). While the precise phe-
notypes that KRAB box transcription factors contribute to are
largely unknown, recent work has shown that a particular KRAB
box transcription factor influences mouse embryonic morpho-
logical development (Garcia-Garcia et al. 2008). No additional
classes of transcription factors showed enrichment.

FISH characterization of predicted segmental duplication

We experimentally validated a subset of the duplicated regions by
fluorescent in situ hybridization (FISH). A total of 42 large-insert
dog BAC clones corresponding to WGAC and WSSD duplicated
regions (>20 kb in length) were used as probes and hybridized
against a fibroblast C. familiaris cell line (Supplemental Table 3).
We observed multiple signals either by examination of interphase
or metaphase FISH for 20/42 of the probes, including 14 intra-
chromosomal, five interchromosomal, and a single probe that
mapped to multiple centromeric regions. Only one of the in-
terchromosomal probes showed more than three distinct signals,
while the majority (10/14) of intrachromosomal duplication sig-
nals were clustered. Similar to the mouse genome (She et al. 2008),
these data suggest that tandem intrachromosomal duplications
predominate in the dog genome (Fig. 2). The basis for the
remaining 22 BAC probes consistent with single copy sequence
is unknown. We note, however, that the breed origin for the
C. familiaris cell line used in the FISH experiments is not known,
and structural polymorphism as well as limitations of BAC-FISH to
detect duplications <40 kb (especially in the case of tandem
duplications) may account for differences between the computa-
tional predictions and experimental data.

CNVs and segmental duplications

We designed a custom high-density tiling array covering all
regions with significant WGAC or WSSD support to identify
CNVs. Note, this includes both the 106.6 Mb of sequence pre-
dicted to be segmental duplications (both WGAC and WSSD
support) as well as an additional 16.4 Mb of sequence with either
WGAC or WSSD support. Obviously, our study design will not
detect CNVs located outside of these regions, but we focused on
them for two reasons. First, previous studies have demonstrated

Figure 2. Validation of duplicons by FISH analysis. (A) Example of an interchromosomal duplication
detected with clone CH82-381N09. (B,C) Two representative examples of tandom intrachromosomal
duplication detected with clones CH82-381N09 and CH82-331L01, respectively.

that segmental duplications are enriched four- to 20-fold for CNVs
(Tafrate et al. 2004; Sebat et al. 2004; Sharp et al. 2005; Tuzun et al.
2005; Perry et al. 2006; Graubert et al. 2007; Guryev et al. 2008;
She et al. 2008). Second, by restricting our aCGH experiments to
regions most likely to harbor CNVs we were able to dramatically
increase probe density (average probe spacing of 200 bp), resulting
in a more exhaustive discovery of smaller CNVs as well as in-
creasing the robustness of individual CNV calls.

The remaining probes were placed in 5-kb flanking regions
and putative single copy control regions with a mean spacing of 1
kb and 350 bp, respectively. Thus, in total, over 137 Mb of se-
quence was studied and 19 aCGH experiments were performed,
each using a common reference sample derived from a female
boxer. Specifically, hybridizations were performed on 17 diverse
breeds (see Methods), a gray wolf, and a self-self hybridization.

We used a previously described hidden Markov model
method to identify changes in log, signal intensity corresponding
to gains and losses in copy number (Rueda and Diaz-Uriarte 2007).
Using conservative criteria (see Methods), 3583 CNVs were iden-
tified (1578 gains and 2005 losses) that map to 678 distinct regions
(Fig. 3; Supplemental Table 4). CNVs comprise 24 Mb of poly-
morphic sequence and ~20% of the predicted segmental dupli-
cations exhibit CNVs (Fig. 1). Interestingly, ~50% of CNVs exhibit
both WGAC and WSSD support.

The average number of CNVs per breed was 199, ranging
from 118 (German Shorthaired Pointer) to 298 (Basenji), and
~68% of CNVs were found in two or more individuals (Table 1). In
contrast, only one CNV was called in the self-self hybridization
and no CNVs were called in the single copy control regions (Fig.
3). We also identified CNVs using an additional algorithm and
found good overlap (Supplemental Note 1). Thus, these observa-
tions suggest that the false discovery rate (FDR) among the set of
predicted CNVs is low (~3%), although technical issues such as
sequence divergence of individual dogs relative to the reference
genome sequence or heterogeneity in DNA quality among sam-
ples makes it difficult to precisely quantify the FDR.

In general, the number of CNVs identified in each sample is
consistent with previous estimates (where available) of breed-
specific founding and effective population sizes (Calboli et al.
2008) and levels of polymorphism based on 27,000 SNPs (Karlsson
et al. 2007). Of interest, 169 CNVs were identified in the Boxer
(Tasha), whose DNA was selected for the dog genome project
(Lindblad-Toh et al. 2005) based on its relatively low level of ge-
netic diversity. The somewhat lower level of polymorphism in this
boxer, however, does not necessarily imply genetic homogeneity
within boxers or other breeds (Parker
et al. 2004; Sutter and Ostrander 2004;
Wayne and Ostrander 2007). Indeed,
a number of recent data sets and analyses
suggest considerable genetic diversity
exists within breeds (Quignon et al. 2007;
Bjornerfeldt et al. 2008), which is con-
sistent with our observation of segregat-
ing CNVs among boxers.

qPCR analysis of two CNV regions

Quantitative PCR (qQPCR) was performed
using Tagman probes and primers on all
dogs used in the aCGH experiments to
further validate CNV regions and in-
dividual calls (see Methods). Probes were

Genome Research 3
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Nicholas et al.

Losses

Gains

Gains &
Losses

T ®
o ® o = > =

<
a »u ¢ o =

Similarly complex CNV regions have
been described (Redon et al. 2006; Perry
etal. 2008; She et al. 2008), primarily in
studies focusing on segmental duplica-
tions (Goidts et al. 2006). A particularly
interesting pattern was observed for 20
CNV regions where alternating gains
and losses occurred within individual
dogs. An example of one such region
spanning over 400 kb on chromosome
17 is shown in Figure 5. In this region
we observed dogs that have gains or
losses across the whole region, both
gains and losses, and no copy number
change relative to the reference se-
quence (Fig. 5). The precise mechanistic
basis for such complex CNV patterns is
unclear, and may be attributable to
nonallelic homologous recombination
or less-understood mechanisms such as
the recently proposed replication-based
fork stalling and template switching

2 g = 6 O model (Lee et al. 2007).

Figure 3. Heatmap representation of CNVs. Each row represents one of the 678 unique CNV regions and

columns correspond to dogs. For each CNV region, boxes are colored as black, magenta, and green,
depending on whether the individual showed no copy number variation, a loss, or a gain, respectively.
CNV regions that show both a loss and a gain within an individual dog (see text) are colored yellow.
Horizontal white lines separate CNV calls from single copy control regions, and CNVs that exhibit only
losses, gains, or both gains and losses. Within each class, CNV regions are sorted from low to high fre-
quency and from left to right dogs are sorted by decreasing number of CNVs. Dog breeds are abbreviated
as follows: Baseniji (BAS), Shetland Sheepdog (SHS), German Shepherd (GSH), Siberian Husky (SBH), Wolf
(WLF), Labrador Retriever (LBR), Doberman Pinscher (DOB), Standard Poodle (STP), Belgian Shepherd
Tervuren (BST), West Highland White Terrier (WST), Yorkshire Terrier (YRK), Boxer (Tasha) (TSH), Afghan
Hound (AFH), Golden Retriever (GLR), Rottweiler (ROT), Pug (PUG), Whippet (WHP), German Short Haired

Pointer (GSP), and Self-Self hybridization (SLF).

targeted to two regions that show homology with the human
GCKR and PHYH genes. As shown in Figure 4, qPCR identified 16
and 15 individuals with copy number differences relative to the
reference sample for GCKR and PHYH, respectively. Assuming the
qPCR results represent the true copy number status of individual
dogs, a total of two false positives occurred in the aCGH data (zero
for GCKR and two for PHYH). Thus, the qPCR data confirms the
designation of GCKR and PHYH as CNV regions, and suggests a low
FDR of actual calls within such regions (2/31 = 6.5%). The qPCR
data also confirm the conservativeness of thresholds for calling
CNVs in the aCGH data, as 11 individuals were identified with
copy number changes in qPCR but not in the aCGH data (false
negative rate ~30%).

Fine-scale architectural complexity of CNVs

Correctly delineating CNV boundaries is important for both un-
derstanding the molecular mechanisms governing CNV formation
and correlating copy number changes with phenotypic variation
(Perry etal. 2008). The high probe density of our tiling arrays allowed
us to investigate patterns of breakpoint variation across individuals.
Of the 460 distinct CNV regions where a gain or loss was observed in
two or more samples, 235 exhibited relatively simple architectures
with consistent patterns of breakpoints across individuals.

The remaining 225 CNV regions (~50%) showed fine-scale
architectural complexity in the form of substantial interindividual
variation in breakpoints or spatial heterogeneity in copy number.

Gene content of CNV regions

CNVs overlap 429 genes (Supplemental
Table 5), 318 of which span the com-
plete coding region. The set of copy
number variable genes possess a wide
spectrum of PANTHER molecular func-
tions (Supplemental Tables 2,5), and
provides a rich resource for testing hy-
potheses on the genetic basis of phe-
notypic variation within and among
breeds. For example, in humans, copy number variation of cyto-
chrome P450 genes, such as CYP2D6, contributes to interindividual
variation in drug metabolism phenotypes (Daly 2004; Ledesma and
Agundez 2005; Ouahchi etal. 2006). Similar to humans, adverse drug
responses have been described in dogs, which often show marked
variation in prevalence between breeds (Hickford et al. 2001; Mealey
etal. 2001, 2003; Nelson et al. 2003; Neff et al. 2004; Trepanier 2004).
Several CYP genes overlap CNVs, perhaps the most interesting of
which is CYP3A12, the canine ortholog to human CYP3A4, which is
the most abundant hepatic and intestinal cytochrome P450 isoform
and is involved in metabolizing a substantial fraction of all drugs
(Schuetz 2004). Specifically, nine dogs (Afghan Hound, Doberman
Pinscher, German Shepherd, Labrador Retriever, Rottweiler, West
Highland White Terrier, Yorkshire Terrier, Boxer, and Wolf) show
partial loss of CYP3A12, and of these, adverse drug responses have
been described in Doberman Pinschers (sulfonamide hypersensi-
tivity) (Trepanier 2004), Labrador Retrievers (carprofen-induced he-
patic toxicity) (Hickford et al. 2001), and Boxers (acepromazine
sensitivity, although this result is controversial) (Wagner et al. 2003).
Obviously, these observations, while interesting, require additional
study to better delimit the relationship between CYP3A12 copy
number and variation in drug metabolism phenotypes.

CNVs that span potential genes influencing disease suscep-
tibility were also identified. For instance, the glucokinase regula-
tory protein gene (GCKR) is located in a complex CNV region (Fig.
5). Recent genome-wide association studies in humans have found
that GCKR variation increases susceptibility to type 2 diabetes
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Table 1. Summary of CNVs identified in each sample
Number of CNVs
Average Size

Breed Total ChrUn Unique Gain Loss (kb) Genes
Afghan Hound 154 77 2 71 83 23.2 89
Baseniji 298 106 22 103 195 34.7 216
Belgian Shepherd Tervuren 185 41 10 109 76 36.5 130
Doberman Pinscher 220 61 2 102 118 38.8 138
German Shepherd 284 88 7 122 162 42.8 192
German Shorthaired Pointer 118 56 7 84 34 249 78
Golden Retriever 145 32 4 76 69 29.5 920
Labrador Retriever 249 112 27 97 152 24.9 131
Pug 131 91 43 75 56 31.8 38
Rottweiler 132 53 1 34 98 39.6 69
Shetland Sheepdog 259 76 10 70 189 36.3 182
Siberian Husky 277 95 16 128 149 34.2 171
Standard Poodle 219 72 21 106 113 37.1 147
Boxer (Tasha) 169 74 9 78 91 34.0 84
West Highland White Terrier 191 57 4 107 84 38.8 142
Whippet 125 84 6 86 39 24.7 68
Wolf 251 62 19 92 159 37.2 144
Yorkshire Terrier 175 45 7 38 137 39.6 121
Self 1 0 1 0 1 9.0 0
Averages 199 71 12 88 111 33.8 124

(Saxena et al. 2007). In our panel of dogs, there is a suggestive
pattern of GCKR copy number status and risk of developing di-
abetes mellitus that warrants further study, with breeds considered
at high risk preferentially showing deletions for varying parts of
GCKR (Supplemental Table 6).

Conclusions

In summary, we have described the first genome-wide analysis of
segmental duplications and associated CNVs in the modern do-

mesticated dog. We found extensive copy number variation in
segmental duplications across 17 phenotypically diverse breeds
that affect 429 genes. Our study provides the foundation for
correlating structural variation with phenotypic variation observed
within and between breeds, which we suspect will be an important
complement to SNP centric genome-wide association studies
(Karlsson etal. 2007; Mosher etal. 2007; Parker et al. 2007; Quignon
et al. 2007; Salmon Hillbertz et al. 2007; Sutter et al. 2007). How-
ever, in order to perform more principled phenotypic studies
with structural variation, it will be necessary to better delimit the
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Figure 4. gPCR of GCKR and PHYH regions. Each plot shows the relative copy number in comparison to the reference (y-axis) for each breed (x-axis).
The reference sample was the same Boxer that was used as the reference in the aCGH experiments. Note that because the GCKR and PHYH regions are
located in segmental duplications, a gain or loss is not expected to yield a relative copy change of 2 and 0.5, respectively. For example, if the reference
sample contains three copies, a gain in the test sample would result in an expected relative copy number of 1.33. Vertical bars delimit 95% confidence
intervals based on six independent replicates. False positives (CNVs predicted in the aCGH data but not confirmed by qPCR) are colored in red. Breed

abbreviations are described in Figure 3.
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Figure 5. Example of a complex CNV region. Distribution of log, probe intensities across a 400-kb region of chromosome 17 that shows substantial
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as no copy number variation, gains, and losses, respectively. The gene structure of GCKR is shown, with black lines and red boxes corresponding to introns
and exons, respectively. For clarity, additional RefSeq genes are not shown. Regions with significant WGAC or WSSD scores are indicated by gray

rectangles. Breeds are abbreviated as described in Figure 3.

population genetic characteristics of CNVs including a broader
sampling of breeds, extending CNV identification and character-
ization to regions of the genome outside of segmental duplications,
assessing allele frequency distributions in unrelated individuals
within breeds, and determining levels of linkage disequilibrium
between CNVs and SNPs. Ultimately, understanding how the full
spectrum of canine genomic variation influences phenotypic var-
iation will provide insight into the genetic architecture of pheno-
types and mechanisms of rapid short-term evolutionary change.

Methods

Computational analysis of segmental duplications

We downloaded CanFam2.0 genomic sequence data from the
UCSC Genome Browser (http://genome.ucsc.edu/) and whole-
genome shotgun sequence (WGS) reads were obtained through
NCBI (http://www.ncbi.nlm.nih.gov/). WGAC and WSSD were
performed as previously described (Bailey et al. 2001, 2002).
Briefly, WGAC identifies paralogous stretches of sequence by
fragmenting the genome into 400-kb fragments, which are
masked for repeats with RepeatMasker and removed. Global
alignments of these fragments are performed with alignments of

>90% sequence identity and >1 kb in length deemed as paralogs.
Masked regions are then reinserted and fragments are returned to
their genomic locations.

WSSD identifies genomic regions of significant depth of cov-
erage by aligning WGS reads to the reference genome sequence. We
initially conducted WSSD on a set of 13 training BACs (also obtained
from NCBI; AC090032.2, AC090890.3, AC091119.2, AC117937 4,
AC147678.5,AC147681.8, AC147784.3, AC090889.3, AC090972.5,
AC092249.3, AC147677.4, AC147680.4, AC147707.5). BACs were
masked for repeats and MegaBLAST alignments of these BACs were
performed against a database of WGS reads. We calculated duplica-
tion depth by counting the number of WGS reads aligning to 5-kb
sliding windows. In addition, we calculated nucleotide divergence
between the WGS reads and the BAC sequences for each 5-kb win-
dow. The distribution of alignment depth and divergence in this
training set allows empirical thresholds to be determined. Consis-
tent with previous studies (Bailey et al. 2002, 2004; Cheng et al.
2005; She et al. 2008), we define significant alignment depth and
divergence scores as those that are greater than three standard
deviations from the mean. After training, we masked the entire ca-
nine reference genome for common repeats with <10% divergence
and performed MegaBLAST alignments of the WGS reads to the
reference genome. Following previous studies (She et al. 2008), we
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defined segmental duplications based on the union of significant
WGAC hits with <94% sequence identity and WSSD results (see
Supplemental Table 1).

Bioinformatics analysis of segmental duplications

We investigated the genomic distribution of segmental duplica-
tions by testing the hypothesis that pericentromeric and sub-
telomeric regions were enriched for duplications (Bailey et al.
2001). Since the pericentromeric and subtelomeric regions are not
well annotated, we defined pericentromeric and subtelomeric
regions as 2 Mb from the most centromeric base and 2 Mb from
the end(s) of chromosomes, respectively. Since all dog chromo-
somes are acrocentric, with the exception of the X chromosome,
this results in a 2-Mb pericentromeric region at one end of the
chromosome and a 2-Mb subtelomeric region at the other end of
the chromosome. In the case of the X chromosome, the pericen-
tromeric region was defined as two 1-Mb regions that flank the
centromeric region and two 1-Mb subtelomeric ends on both ends
of the chromosome. No sequence from chrUn was included. All
predicted duplicated bases that overlap these regions were totaled
and chi-square tests were used to test the null hypothesis of no
enrichment as previously described (Bailey et al. 2001).

We obtained a catalog of all canine peptides from Ensembl
(ftp://ftp.ensembl.org/pub/current_fasta/canis_familiaris/pep/). This
yielded 25,546 peptides, 1078 of which overlap with predicted
segmental duplications, and correspond to 841 unique Ensembl
genes. PANTHER Molecular Function terms were assigned to all
peptides using the PANTHER Hidden Markov Model scoring tools
(http://www.pantherdb.org/downloads/). PANTHER Molecular Fun-
ction terms with less than five observations among the dupli-
cated genes were not analyzed further. Similar analyses were
performed on the 547 peptides (corresponding to 429 Ensembl
genes) that overlap with the 678 unique CNV regions. We tested the
hypothesis that the remaining PANTHER Molecular Function terms
were over-represented in segmental duplications and CNVs with the
hypergeometric distribution. Bonferroni corrections were used to
correct P-values for multiple hypothesis testing.

DNA samples

Breeds used in this study include an Afghan Hound, Basenji,
Belgian Shepherd (Tervuren), Boxer, Doberman Pinscher,
German Shepherd, German Shorthaired Pointer, Golden
Retriever, Labrador Retriever, Pug, Rottweiler, Shetland Sheep-
dog, Siberian Husky, Standard Poodle, West Highland White
Terrier, Whippet, and Yorkshire Terrier. In addition, genomic
DNA was obtained from Tasha, a boxer whose DNA was used in
the canine genome project, and also a gray wolf. Sample col-
lection was approved by the Animal Care and Use Committees
from Washington State University. We isolated genomic DNA
from whole blood samples using Qiagen’s QlAamp DNA Blood
Maxi Kit. All dogs were screened for correct AKC status. We
assessed DNA quality and purity by ODg260/250 and ODz60/230
readings and by digesting genomic DNA with a salt sensitive
restriction enzyme (NlallI).

FISH and image analysis

C. familiaris metaphase spreads were prepared from PHA-stimu-
lated peripheral lymphocytes of a normal donor of unknown
breed identity by standard procedures. DNA extraction from BACs
has already been reported. FISH experiments were performed es-
sentially as previously described (Ventura et al. 2003). Briefly, DNA
probes were directly labeled with Cy3-dUTP (Perkin-Elmer) by

nick-translation. Two hundred nanograms of labeled probe was
used for the FISH experiments. Hybridization was performed at
37°Cin 2X SSC, 50% (v/v) formamide, 10% (w/v) dextran sulfate,
and 3 mg of sonicated salmon sperm DNA in a volume of 10 pL.
Post-hybridization washing was at 60°C in 0.1x SSC (three times,
high stringency).

Digital images were obtained using a Leica DMRXA epi-
fluorescence microscope equipped with a cooled CCD camera
(Princeton Instruments). Cy3 (red) and DAPI (blue) fluorescence
signals, detected with specific filters, were recorded separately as
grayscale images. Pseudocoloring and merging of images were
performed using Adobe Photoshop software.

aCGH chip design and hybridizations

The production of the aCGH chip was carried out by NimbleGen
Systems, Inc. (www.NimbleGen.com), with final probe design and
locations being approved after individual inspection by eye. We
targeted probes to regions designated as segmental duplications
(significant WGAC and WSSD support; 106.6 Mb), as well as all
regions not formally designated as segmental duplications but
possessing significant WGAC or WSSD support (16.4 Mb). In total,
368,360 probes were placed into these regions (spanning 123 Mb)
with an average probe spacing of 200 bp. Each segmental dupli-
cation region was flanked with 5 kb of putative single copy se-
quence. In cases where the added flanks resulted in overlaps
between separate segmental duplications, the segmental duplica-
tions were merged together with new flanking regions added to
the merged segmental duplication. A total of 9278 probes were
placed in flanking regions (10.6 Mb) with a mean spacing of 1 kb.
Finally, we placed 8790 probes with a mean spacing of 350 bp into
single copy control regions (3.5 Mb). Single copy control regions
were defined as being at least 5 Mb away from any predicted seg-
mental duplications (with the exception of three control regions
on the X chromosome that were at least 2.5 Mb away from any
predicted segmental duplication). All genomic DNA samples were
sent to NimbleGen for the hybridizations to be performed. A fe-
male Boxer distinct from Tasha was used as a reference sample in
each hybridization.

aCGH data analysis and CNV calling

For each hybridization, normalized log, ratios were first averaged
across 2-kb windows. Due to the unique assembly of chrUn
sequences, each chrUn assembly contig was analyzed as if it were
an individual chromosome, and separately from the assembled
chromosomes. All averaged 2-kb windows were analyzed using the
R package RJaCGH (Rueda and Diaz-Uriarte 2007). We used the
self-self hybridization and control regions to define suitable
thresholds to apply to the RJaCGH calls in order to minimize false
positives. Specifically, we retained predicted CNVs if it had at least
five datapoints supporting it, thus limiting the minimum CNV
size to ~10 kb. The chrUn results were further filtered by requiring
the average log, value of the CNV to be >0.25 or <—0.25. We
merged overlapping CNV coordinates across hybridizations to
form unique CNV regions. All unique CNV regions on the X
chromosome that were only supported by male dogs were
removed to avoid potential complications, since the reference
sample was a female. We repeated the entire RJaCGH analyses for
a subset of the arrays to ensure consistency in calls. We assessed
breakpoint variation by analyzing each individual CNV in a de-
fined unique region and determining whether its length varied by
more than 5 kb from the entire CNV region length.

The false discovery rate (FDR) was estimated based on the
observation of a single false positive in the self-self hybridization,
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and thus a rough estimate of the FDR is the expected number of
false positives per array (1) times the number of total arrays (18)
divided by the total number of unique CNV regions (678),
resulting in an estimated FDR of 2.65%. Note that this calculation
is only approximate because it assumes that each false positive
results in a unique CNV region and does not take into account the
potential for varying false positive rates across arrays.

qPCR

We performed qPCR on all dogs from two CNV regions (GCKR and
PHYH). Specifically, Tagman probes and primers (Applied Bio-
systems) were designed for three regions; a single copy control
region (labeled with FAM dye) and two test regions (each labeled
with VIC dye). Primer and probe sequences are available upon
request. Assays were performed on an ABI 7900HT (Applied Bio-
systems) using 20-pL reactions containing 10 pL of Tagman
Universal PCR Master Mix, 250 nM of FAM probe, 900 nM of
forward and reverse primers for FAM probe, 250 nM of VIC probe,
900 nM of forward and reverse primers for VIC probe, and 30 ng of
genomic DNA. Amplification was done under the following con-
ditions: one cycle at 50°C for 2 min, one cycle at 95°C for 10 min,
40 cycles at 95°C for 15 sec, and 60°C for 1 min. Serial dilutions
were performed for each assay to estimate the PCR efficiency (E).
Using the ACr method, relative copy number was determined
with respect to the same reference Boxer sample used in the
aCGH experiments. Crvalues were adjusted for PCR effi-
ciency (E) as logy(ESy). The Cr-values then were normalized by
subtracting the VIC Cr-value from the FAM Cr-value (FAM Cr -
VIC Cyp). The relative copy number was determined as
2-(normalized CT for test strain—normalized CT for reference strain). In tOtal, six
independent replicates were performed for each individual. Sta-
tistical significance was determined by a one-sample t-test. Similar
results were obtained with a one-sample Wilcoxon test (data not
shown).

Data Release

All aCGH data has been submitted to the gene expression omnibus
(http://www.ncbi.nlm.nih.gov/geo/) under the accession number
GSE13266.
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