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Résumeé

Des 1859 Charles Darwin s'appuie dans son célebre ouvrage “On the Origin of Species
by means of natural selection” sur les variations des especes domestiquées pour développer son
explication du concept de la sélection naturelle. Lorsque I’Homme domestique une espece, il
sélectionne les individus les plus adaptés a ses besoins ou désirs. Ainsi chaque espece
domestiquée est une véritable expérience de manipulation de 1’évolution d’une espece. De ce
point de vue, I’espece canine (Canis lupus familiaris) domestiquée il y a environ 15.000 ans a
partir du loup gris (Canis lupus lupus) est la plus ancienne de ces expériences. L’espece “chien
domestique” est aujourd’hui composé de plus de 350 races qui sont autant d’isolats génétiques
issus d’une sélection artificielle drastique et de croisements consanguins pratiqués durant les
2~3 derniers siecles. L’espece canine représente par conséquent un modele pour étudier les
maladies génétiques ainsi que pour I’étude de I’évolution. En effet deux phases principales ont
rythmé I’évolution du chien : une premiere période dominée par la sélection naturelle au cours
de I’évolution des canidés et une seconde, récente avec la création de centaines de races par
une sélection artificielle intense appliquée par I’Homme.

J’ai réalisé mon travail de thése avec pour principaux objectifs 1) d’établir le catalogue
complet des geénes canins sous sélection positive dans le contexte phylogénétique de 10
mammiferes, afin de rechercher si I’impact de la sélection positive sur le génome canin est
différent d'autres mammiferes euthériens, et 2) d’identifier les régions de forte différenciation
allélique entre races canines qui vont constituer les locus candidats de la sélection artificielle
qui ont été influencés par la création des différentes races canines actuelles.

Ces deux parties de mon travail se sont déroulées dans le cadre de deux collaborations.
La premiere collaboration au niveau national avec I’équipe du Dr. Hugues Roest Crollius
(équipe DYOGEN ENS Paris) nous a permis d’analyser les événements de sélection naturelle
survenus dans la lignée canine en comparaison des événements de sélection naturelle survenus
dans les lignées des autres especes. Nous avons analysé la sélection positive en comparant les
séquences codantes de 10.730 genes en relation d'orthologie de type 1:1 (un seul gene
orthologue identifié dans chaque espece) entre le chien et neuf autres especes : (i) quatre
génomes de primates (Homme, ouistiti, macaque, orang-outan et chimpanzé); (ii) deux
génomes de rongeurs (souris et rat); (iii) et deux especes plus proches du chien (cheval et
vache). Le calcul du test statistique LRT nous a permis de définir les génes sous sélection
positive dans chacune des 10 especes et de constater que le chien présente plus de genes sous
sélection positive en commun avec les Laurasiatheria et les rongeurs qu’a I’attendu.

La réalisation du second objectif de ma these s’est inscrit dans le cadre du consortium
européen de génétique du chien LUPA (7¢éme programme cadre européen). Au sein de ce
consortium, nous avons collaboré avec I’équipe du Dr Matthew Webster (Université
d’Uppsala, Suede). Nous avons utilisé un indice dérivé du Fst sur les données de génotypage
de 170.000 marqueurs SNP de 456 chiens répartis en 30 races d’au moins 10 individus. Nous
avons déterminé le catalogue des régions de différenciation entre races de chien qui sont a la
fois candidates pour étre les cibles de la sélection artificielle et pour €tre responsables des
différences phénotypiques fixées entre races.

Ce projet ouvre les perspectives de pouvoir déterminer s’il existe des régions du génome
qui sont constamment affectées par les sélections naturelle et artificielle et d’aborder 1’espece
canine comme une simulation réduite, mais accélérée de la radiation des mammiferes.



Abstract

As early as 1859 Charles Darwin, in his famous "On the Origin of Species by Means of
Natural Selection", bases its explanation of the concept of natural selection on changes in
domesticated species. When Man domesticates a species, he takes possession of it, selects the
individuals which are the best adapted for his needs or desires. Thus, each domesticated
species is a genuine experience of manipulating the evolution of a species. In this respect, the
canine species (Canis lupus familiaris), domesticated about 15,000 years ago from the gray
wolf (Canis lupus lupus) is the oldest of these experiments. The "domestic dog" species is now
composed of more than 350 breeds which are all genetic isolates resulting from a drastic
artificial selection and inbreeding practices during the 2~3 past centuries. The canine species is
therefore a model to study genetic diseases as well as for the study of evolution. Indeed two
main phases have paced changes in the dog: a first period dominated by natural selection
during the evolution of canids and a second, with the recent creation of hundreds of breeds by
intense artificial selection applied by Man.

I did my PhD thesis with the main goals of 1) establishing the complete catalog of canine
genes under positive selection within the phylogenetic context of 10 mammals, to investigate
whether the impact of positive selection in the canine genome is different than in other
eutherian mammals, and 2) identifying regions of high allelic differentiation between breeds
that are candidate locus to be under artificial selection pressure at the origin of the creation of
dog breeds.

These two parts of my work took place within the framework of two collaborations. The
first collaboration - at the national level with the team of Dr. Hugues Roest Crollius (team
DYOGEN ENS Paris) - allowed us to analyze the events of natural selection that occurred in
the canine lineage in comparison to natural selection events occurring in the lineages of other
species. We analyzed positive selection by comparing the coding sequences of 10,730 genes in
1:1 orthology relationship (one orthologous gene identified in each species) between the dog
and nine other species: (i) four primate genomes (Human, marmoset, macaque, orangutan and
chimpanzee), (ii) the genomes of two rodents (mouse and rat) (iii) and two species closer to the
dog (horse and cow). The calculation of the LRT statistical test allowed us to identify the genes
under positive selection in each of these 10 species and to find that the dog has more genes
under positive selection in common with Laurasiatheria and rodents than expected.

The second part of my thesis took place in the framework of the european dog genetics
consortium LUPA (7th European Framework Programme). Within this consortium, we have
worked with the team of Dr. Matthew Webster ( Uppsala University, Sweden). We used an
index derived from the Fst index on the data from the genotyping of 170,000 SNPs in 456 dogs
distributed in 30 breeds of at least 10 individuals. We determined the catalog of regions of
differentiation between dog breeds. These regions are both candidates to be targets of artificial
selection and to be responsible for the fixed phenotypic differences between breeds.

The project call for determining whether there are regions of the genome that are
constantly affected by both natural and artificial selection and to consider the canine species as
a reduced but accelerated simulation of mammals radiation.
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» Set the number of dataset and of species

How many series of value do you plan to compute?
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On how many species do you compare each of yours genes?
0283040s
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MMCLR

=Diog
TCACCAGGAACATAGCACTACCTCTTGGAGAGTCTTTCGGAGCTCCTGGLTGLGGAAGL
CTGAAAGACGCAGCCACAGATGGGGTGT TGAGGGCAGAGGACCACGAGTGAGAGGTGLS
GTCGTCCAGCTGCTGCACCACAGCAGCCTGAGCAGCCAAGGLGCCTGCCGCCACCAGLY
ACCGATGAAGTAATACATGGGCGAGTGCAGGTTGCGLTTCTTGGLAATGGCGGCCACCE
CACCTCCAGGCACCGGLGLCCGLTCTOLT TEECAGCCAGCTCGAAGTGAGGGLTGLETL
=Human
TCACCAGGAGCATGTCAGCACCTCCTTGAGCGTCCTGCGLAGCTCCTGELTGTGGAAGL
CTTGAAGATGCAGCCGCACGTGGGGTGLTCEEEECAGAGGACGATGAGTGTCAGATGL!
ATTGTCCAGCTGCTGCAGCACCGCAGCCCGLGCCACCAGTGLACCGGLCTCCAGCAGGY
GLAGATGAAGCAGTACATGLGTGAGTGCAGGTTCCGLTTCTTGGLGATGGTGLGLCACCE
CACCTCCAGGCACCGGGCTCCTGTCTOGTTEECAGCCAGCCLCAGCTGEGEGEATGGETL
HMouse
TCACCAGGAGCACAGCAGCACCTCCTTGAGTGTCATGCGGAGCTCCTGGLTGLGGAMAL
CTTGAAGATGCAGCTGCAGGTGLGGTGLTGAGGGCAGAGGACGATGAGCAAGAGATGLS
CTTGAGGCAGAAGCCTTGGLGGATGGACCGCCGCCTTTTGTOGAGCTGGGECAATGLCCT
GLAGATGAAGTAATACATGGGCGAGTGLAGGTTGCGLTTTTTGGTGATGGCTATCACAS
CACATACAGGCACCAAGGCTCTGACTGGTTEETOECCAGTCCAAGGTGAGAGGTGLCAT
MHASZ

=Human
TCATACATCAAGCACCATGTCATATTGTTGTCCCTTCTTCCGCCTGCCACACTTATTGY
AATTAGAACTGTCTGTTTGLATTCTGAAAATGGCCTTTTAGACTCCTTATAAATGLTGY
CCCAGGGTAGGTTAGCCTTTTCACAGATTGLAAACATTTCCTTAAGTAGTCTGGATCT
TTTTTTCATTTTTCGGTGLTCCAAAAAGGCAAACAGGCTTTOGATGATGAGGTGTGATL
GCCAACAATATAAGCAGCTGTGATTCCAAGGAGGAGAGAGAC TCCAAAGAGTGTGGTTL
=Diog
TCATACATCGAGCACCATGTCATACTGTTGTCCCTTCTTCCTCCTGCCACACTTATTGH
AATGAGAACTGTCTGCTTGGATTCTGAGAATGGCTTTTTAGATTCCTTATAAATGGTGE
AGATATAAGTGGCTGATTTGTCCCTGCCCATGACTTCGCTAAAGATGTCCATCATAT AL
TCTTCACAGAT TOCAAMACATTTTCGTAAGTAGTCTGGATCTTCTTGATAGGCAGCGATL
GCTCCAAAAAGGCAAACAGGCTTTOGATGATGAGGTGTGATOCTAAAAAGGCACCATAL
CTGTGATTCCAAGGAGGAGAGACACTCCAAAAAGTGTGGTTCCAATTATTCTCAGGATC
=Mouse
TCATACATCAAGCACCATGTCATACTGTTGTCCCTTCTTCCGCCTGCCACACTTATTGY
GATGAGAACAGTCTGTTTGCATTCCGAAAATGGCTTTTTAGATTCCTTATAAATGGTGY
PCEAGGGTAGGTCAGEETTTTEAEAGATTGEAAAEATTTCCGTAAGTAGTE#GGGTEE1
CTTCTTCATTTTCCGGTGTTCCAAAAAGGCAAAGAGGCTTTOGATGATGAGATGCGAGL
GCCAACAATATAAGCAGCTGTGATTCCGAGGAGGAGAGACACTCCAAAAAGTGTAGTTL

VHSHE () U HBWH (H)+,# (2) W I0+BL-2# -3-) 4, , $-'/0-8$K 1820318 &'40.4$.
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Background

Abstract

Background: Among mammals for which there is a high sequence coverage, the whole genome
assembly of the dog is unique in that it predicts a low number of protein-coding genes, ~19,000,
compared to the over 20,000 reported for other mammalian species. Of particular interest are the
more than 400 of genes annotated in primates and rodent genomes, but missing in dog.

Results: Using over 14,000 orthologous genes between human, chimpanzee, mouse rat and dog,
we built multiple pairwise synteny maps to infer short orthologous intervals that were targeted for
characterizing the canine missing genes. Based on gene prediction and a functionality test using the
ratio of replacement to silent nucleotide substitution rates (dy/ds), we provide compelling
structural and functional evidence for the identification of 232 new protein-coding genes in the
canine genome and 69 gene losses, characterized as undetected gene or pseudogenes. Gene loss
phyletic pattern analysis using ten species from chicken to human allowed us to characterize 28
canine-specific gene losses that have functional orthologs continuously from chicken or marsupials
through human, and 10 genes that arose specifically in the evolutionary lineage leading to rodent
and primates.

Conclusion: This study demonstrates the central role of comparative genomics for refining gene
catalogs and exploring the evolutionary history of gene repertoires, particularly as applied for the
characterization of species-specific gene gains and losses.

genome-scale level predictions regarding

functional

Comparative genomics plays a key role in understanding
organism evolution, refining functional annotation and
identifying orthology relationships. By taking advantage
of whole-genome sequence assemblies with a high level of
coverage [1-4], one can seek to provide exhaustive and

sequence [5]. The general approach relies on the exploita-
tion of sequence similarities [6-8] phylogenetic data
[9,10], evolutionary models [11,12] and evidence regard-
ing conservation of gene order [13-15]. These often com-
plementary comparative approaches have been developed
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to estimate and improve the identification of functional
sequences for both newly sequenced species as well as ref-
erence species, such as human and mouse [16-18]. More-
over, multispecies genome scale comparisons allow to
refine protein-coding genes annotation [19-21] as well as
better understanding of the timing and the frequency of
duplication events for lineage-specific genes called in-par-
alogs [22,23].

Fine-scale comparative maps constructed using robust
orthologous sequences are key for allowing identification,
visualization and characterization of conserved segments
as well as collinearity of gene order between the species
[24,25]. Gene order between species is hot random and
this has been shown to correlate with, for example, co-
expressed and co-regulated genes suggesting a functional
significance [26]. Otherwise, gene order conservation
between species could also be exploited to identify relo-
cated protein-coding genes in non-syntenic chromosomal
regions [27], as well as potentially retrotransposed genes
given that the latter correspond mostly to pseudogenes
inserted in non-syntenic regions [10]. Consequently, as
part of the characterization of architecture of a genome,
analysis of gene order conservation between species can
be a strong indicator for both gene prediction [28] and
identification of gene loss [29].

In this study, we have analyzed the sequence assembly of
the domestic dog for which the annotation process iden-
tified less protein-coding genes than expected compared
to predictions from the primates and rodent genomes. We
focused on a set of 412 genes that are all annotated in four
closely related mammals; human, chimpanzee, mouse
and rat, but absent in the dog genome in the most recent
assembly of the dog (CanFam 2.0). We exploited the
property of gene adjacency conservation between related
species to target in-depth sequence alignments over a
short genomic interval. In addition, our approach
includes a functionality test that investigates the ratio of
amino acid replacement (nonsynonymous, dy) to silent
(synonymous, dg) substitution rates, which indicates
selective constraints acting on a given genomic regions
[10]. As mutations in genes causing amino acid replace-
ments with functional consequences are selected against
in contrast to mutations occurring in pseudogenes, we
took advantage of the distinctive patterns of d/dg ratios to
refine the identification of new gene predictions and gene
losses occurring in dog.

Using the above strategies we identified 232 canine genes
for which synteny conservation, cross-species sequence
analysis and the neutral rate of evolution based on dy/dg
results converged strongly to support their existence. In
addition, we identified 69 gene-loss candidates of which
predictions for which accumulating ORF-disrupting
mutations, and significant dy/d ratios support scenarios
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of 21 genes lost as pseudogenes in the canine species. To
further characterize gene losses, we inferred their phyletic
pattern in ten species from chicken to human over a
period of 310 million years. Therefore, we were able to
differentiate canine-specific losses from gene losses that
have occurred in others lineage or genes formed after the
evolutionary branchpoint leading to dog.

Results

Using all annotated genes from human, chimpanzee,
mouse, rat and dog (Ensembl v42) [30], we extracted 412
genes annotated as protein-coding in all species but dog.
These genes exhibit a '1:1:1:1:0" phyletic pattern, that is
indicative of the presence/absence of genes with a one-to-
one orthologous relationship among the five species. We
refer to these as 'missing genes' for purposes of this study.
We examined the structural features of the 412 missing
genes in the four mammalian reference sequences and
compared them to an independent and randomly selected
set of 400 genes. The mean length of the protein products
of the missing genes set was 722 amino acids (AA), which
is significantly smaller than the random set at 905 AA (t
test; P = 6.8e - 11). Similarly, the mean transcript size was
~50% smaller than observed in a random set (t test; P =
2.6e - 9). The mean number of exons in missing genes was
also smaller (5.8 vs 9.8; t test;P = 3.7e - 13) than the ran-
dom set and particularly single-exon genes were found to
be over represented by 15%. To ensure that single-exon
missing genes were functional and not processed pseudo-
genes, we analyzed each, using the human dataset, for
accumulated degenerative mutations (frameshifts and
premature stop codons) in their coding sequence and
found none. In addition, we identified sequence align-
ment between single-exon genes and ESTs (sequence sim-
ilarity > 96% for at least 150 bp) for 95% of them.

To test the underlying assumption that missing genes may
be implicated in particular biological pathways, we exam-
ined their functional annotation in the context of Gene
Ontology (GO) using the program GO Tree Machine [31].
Using the human sequence as a reference, the results dem-
onstrate that the missing gene set is enriched for genes
implicated in physiological pathways of immunity and
organism responses to pathogens (12 genes), olfaction
(16) and regulation of transcription (63). This classifica-
tion comprises functional pathways that play an impor-
tant role in the adaptation of organisms to their
environment. Interestingly, these biological functions are
often linked to large proteins families that are attractive
targets for lineage-specific functions and lineage-specific
loss and gain of genes [32].

Constructing synteny maps with 1:1 orthologs

We extracted pairwise sets of 14,997; 14,798; 14,667 and
14,065 one-to-one (1:1) orthologous protein-coding
genes (Ensembl v42) between human and dog (H-D),
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chimpanzee-dog (C-D), mouse-dog (M-D) and rat-dog
(R-D), respectively. Using those 1:1 orthologs as compar-
ative anchors, we built four fine-scale whole-genome pair-
wise synteny maps (Additional data file 1) with the
program AutoGRAPH, which we recently developed [13].
We identified 218, 229, 326 and 325 CSOs, i.e. chromo-
somal segments for which markers are in the same linear
order on the chromosome as noted across species [25],
between H-D, C-D, M-D and R-D respectively. The mean
distance between two consecutive genes was ~180 kb. In
all synteny maps, CSOs cover almost the entire genome
while breakpoint regions, areas delimitating CSOs, cover
only ~5% of a genome and may contain single-gene seg-
ment or very short synteny blocks [33] (Additional data
file 2).

(1) Pairwise synteny map construction

Q)% , 5 ,-.10123425)678-40149 ; 99" < 4O#+™ "

In each pairwise synteny map, we localized the missing
gene orthologs on the reference sequence (Figure 1). Of
the 412 missing genes, the vast majority (mean of 92.3%;
range 92 to 94%) mapped within CSOs with only 7.7%
mapping within breakpoints. In all reference species the
missing genes spanned all chromosomes, although their
distribution varied greatly, i.e. one to 44 per human
(HSA) chromosome in the case of the human-dog synteny
map.

Targeting genomic intervals

We used multiple pairwise synteny maps described above
to identify short, targeted, orthologous genomic intervals.
On each reference genome, these intervals are delimited
by the closest flanking 1:1 orthologs on either side of each

SN umw ol
gt (* &
S0 DTNt
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(2) 1:0 gene localization 6.
13 SWMU.
3) 1:1 ﬂanking genes S DtSPTkGlﬁllﬂﬂlw -
SR BTN
SR RPN &
RN DGR G
SR DS o =

» Ortholog Interval

(4) Pairwise synteny maps
integration

w

Consensus Ortholog Interval : COIL

Figure 1

Consensus Ortholog Interval identification. The figure illustrates the 4-step method to infer targeted interval for gene
prediction. (1) is the first step that build the pairwise synteny map (here a schematic Human-dog syntenic map) using 1:1
orthologs that are connected through colored lines. (2) 1.0 gene ('missing gene' in the dog) is positioned on the reference spe-
cies of the synteny map. (3) indicates the identification of flanking 1:1 orthologs used to define an orthologous interval on the
canine chromosome as indicated by red arrows. (4) is the last step that integrates the four orthologous intervals using all pair-
wise synteny maps (Chimpanzee-dog; Mouse-dog and Rat-dog) to define a Consensus Ortholog Interval (COIL) as shown on
the right of the figure.
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missing gene that in turn define orthologous intervals on
the canine genome as shown in Figure 1. The use of mul-
tiple pairwise maps enabled us to identify the shortest
consensus interval on the canine genome to search for
genes, that we refer to as Consensus Ortholog Intervals
(COlLs) (Figure 1). From the 412 missing genes, we
delimited 383 COILs (92.9%) having a mean size of 347
kb (Additional data file 3). For a set of 17 COILs (4.1%)
localized in common breakpoint regions (i.e. overlapping
between at least two species) [24,34] and for 12 missing
genes, no COIL could be determined because of the
absence of a consensus interval.

Targeted gene prediction

Within each canine COIL, we used the GeneWise program
[6] to splice and align the protein sequence of each refer-
ence species in order to most accurately predict the struc-
ture of the dog gene. We retained gene predictions

Q)% , 5 ,-.10123425)678-40149 ; 99" < 4O#+™ "

produced by at least two reference species protein tem-
plates. This produced 231 gene structure predictions with
amino acid identity > 40% (Figure 2). Fifty-three genes
were predicted using only rodent protein sequence as tem-
plates, thus illustrating the complementary contribution
of multispecies analysis. We post-processed GeneWise
results to detect potential gene features and found the
presence of a coding start site for 53.1% of the gene pre-
dictions. In addition, amongst the 231 predicted genes,
75% of the predictions with multi-exonic structure exhibit
at least a canonical splice site (GT/AG).

To address the question whether COIL delimitation is too
restrictive for gene prediction, we aligned the human tran-
script sequences corresponding to the 383 missing genes
for which we defined a COIL, against the assembly of the
canine genome sequence (CanFam 2.0) with the Exoner-
ate program [35]. We repeated the analysis with chimpan-

412 putative missing genes

383 missing genes with COILs determined

GENE PREDICTION | l l UNDETECTED & PSEUDOGENES
predicted via similarity model : 231 |<-e23] 152 - s NO prediction : 152
predicted via HMM model : +36 |« - |+— 36 <« l -36

116
re-located gene prediction : 41 | |[— ] < | -1
v v
268 115=———————Pp  Total no prediction : 115
sequence w/
gap content >10% : 12
. pseudogenes gp | ™ 34
46 =—| (2) Total putative artifacts : 46
undetected genes : 37
overlap with Ensembl : -36 [ predictions w/ low identity : 11
pseudogenes gp 11 ™ : 21
v v
(1) Total new gene predictions : 232 |g— 232 69 =——p| (3) Total gene losses : 69

Figure 2

Flowchart of the computational analysis. The left pipeline indicates all steps in the computational analysis of gene predic-
tions and the right pipeline shows a detailed account of the process of undetected genes and pseudogenes. Gray boxes summa-
rize the three main categories (1) new gene predictions, (2) putative artifacts, * indicates pseudogenes identified with low
confidence (group 1), and (3) gene losses, (**) indicates pseudogenes identified with accumulated mutations (group Il) and

higher dN/dS support. See text for details.
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zee, mouse and rat transcript sequences. We considered
the best five matching sequences to relax the limitations
of conventional best-match methods [29]. Then, we
defined a concordance between the COIL approach and
the whole-genome sequence analysis, when matching
sequences from the Exonerate-based analysis for at least
two species were totally embedded in COILs. Based on
this criterion, concordance was obtained for 342 (89.2%)
genes. Of the 41 instances with no agreement between the
expected syntenic location and the whole-genome
sequence analysis, 36 showed weak match (identity <
20%) within the canine genome assembly suggesting
unspecific alignment while five showed a significant
match, from at least two species suggesting that these
genes may have acquired a new location in the dog. Of the
latter five instances, we identified only one gene predic-
tion (PLA2G4C) with conservative criteria indicating a
relocated gene in a non-syntenic genomic area.

In this study, we applied Genewise program with a
sequence similarity-based method that explicitly models
the conservation of gene structure and a high degree of
conservation. As such model is known to show a marked
decrease in performance for less similar genes [36], we fur-
ther investigate the undetected subset of genes using a
probabilistic pair hidden Markov model (HMM) that
show a weaker dependence on percent identity and per-
forms better to pick out distant homologs. The Genewise
HMM based analysis allowed to predict 36 additional
genes (Figure 2). Both prediction sets were merged into a
single set (n = 268) for further analysis.

Sequence alignments were next generated between gene
predictions and canine transcript sequences (Unigene
april 08 [37]). We identified significant alignment
(sequence similarity > 96% for at least 150 bp) in 53% of
cases with an average of 7.5 ESTs/mRNA per gene predic-
tion (range 1-99). Using Interproscan, [38] protein
motifs were found from InterPro database for 80.5% of
the gene predictions, providing additional evidence for
dog gene identification.

As a further validation step, the construction of canine
predicted protein three-dimensional models was investi-
gated based on the homologous structure of the human
ortholog or paralog (>40% identity), which was used as a
template. For the subset of genes for which the 3D struc-
ture is solved (n = 21), canine-human comparative mod-
elling was determined using the SWISS-MODEL server
[39]. In 16 instances of canine-human comparative mod-
elling, the mean identity obtained between sequences was
70%. Homology-based 3D model for each canine predic-
tion was validated using the Verify 3D graphs [40] (data
not shown) that distinguish between homology models
of higher and lower accuracy.

Q)% , 5 ,-.10123425)678-40149 ; 99" < 4O#+™ "

To test for possible overlap between gene predictions
obtained in this study and all canine genes annotated in
Ensembl (v42), we performed sequence alignment
between these two sets of predictions. A total of 232
(88%) predicted genes did not overlap any Ensembl
annotated protein-coding genes. Therefore, these were
classified as "definite" gene identifications together with
the delineation of new orthologous relationships with the
four reference species (Additional data file 4). The remain-
ing 36 gene predictions overlapped an annotated gene
(protein identity > 80%) indicating that these gene predic-
tions correspond to sequences already defined as genes,
but with undetected or spurious orthologous relation-
ships (Figure 2). [41].

Gene prediction assessment from dN/dS analysis

To assess the validity of gene predictions through the
strength and direction of selective constraints, we used a
functionality test that uses the ratio of replacement to
silent nucleotide substitution rates (dy/dg). The ratio dy/
ds, where dy is the number of non-synonymous nucle-
otide substitution per non-synonymous site and dg the
number of synonymous nucleotide substitution per syn-
onymous site, is used as a proxy for the evolutionary con-
straints that occur on nucleotide substitution [42]. The
calculation of the dy/dgratio requires the comparison to a
homologous reference sequence. First, we constructed a
benchmark set of true orthologous genes using all 1:1
orthologous genes between human and dog (n = 14,994)
to obtain a representative dy/dg value. From this bench-
mark set, we calculated the median dy/dg ratio of 0.15
using all dy/dg values extracted from the pairwise align-
ments of transcripts (Figure 3). To assess the 232 gene pre-
dictions identified in this study with the functionality test,
we determined dy/dg ratio for each of the gene predictions
in comparison to their human functional orthologous
gene from pairwise transcripts alignments. We calculated
a median dy/ds of 0.19, a value highly similar to the
benchmark set (0.15). To further assess the dy/dscompar-
ison, dy/dg values were analyzed through their distribu-
tions (as log dy/ds) between benchmark and predicted
genes sets (Figure 4) and we did not detect statistically sig-
nificant differences (Mann-Whitney test; P = 0.16). There-
fore dy/dg similar distributions are indicative of similar
high selective constraints and little or no positive selec-
tion on both benchmark and predicted genes sets, suggest-
ing the functional properties of the canine gene
predictions products involved are conserved.

To analyze the evolutionary rate of the new canine pre-
dicted gene sequences in a phylogenetic context we used
the 232 mouse genes in addition to human genes and dog
predicted genes to assess the levels of selective constraint
of each lineage in comparison to the rest of the tree. In this
way, differences or similarity in selective constraints can
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Figure 3

D\/ds cumulative frequency distribution of refer-
ences, gene predictions and pseudogene predictions
sets. Benchmark, predicted genes, pseudogenes (with one
mutation) and pseudogenes (with accumulated mutations)
sets exhibit a median dy/dg of 0.15, 0.18, 0.22, 0.47, respec-
tively, compared to their human functional orthologues.
While the dy/d; distribution of pseudogenes with accumu-
lated mutations sets is clearly shifted upwards to the theoret-
ical value of 0.57 (average between 1.0 for no selection and
0.15 for selection from the benchmark set), the pseudogene
set with one mutation is not significantly shifted suggesting
this set may contains spurious pseudogene prediction. Pre-
dicted and benchmark gene sets have a similar dy/ds cumula-
tive frequency distribution indicating comparable selective
constraints level.

be predicted on all lineages within the phylogeny. For
each of the 232 genes, we inferred the dy and dg values and
calculated the dy/dg ratio. The median dy/ds for the dog
lineage was found between human and mouse (Table 1),
a result in agreement to these determined for 13,816
human, mouse and dog genes with 1:1:1 orthologs [2]
with similar differences found across the three lineages.

Pseudogene predictions

Off the 412 missing genes, a subset of 55 predictions con-
taining ORF-disrupting mutations lead to pseudogene
identification. Among pseudogenes, we determined if
protein sequences have different numbers of in-frame
stop codons and/or frameshift disruptions. Using such
gquantitative measures, two mutation levels were appar-
ent. A set of inactivated genes (n = 21) was predicted with
accumulated mutations (mean = 4.2; range 2-11) and a
second set (n = 34) was predicted with one mutation (Fig-
ure 3). To normalize the mutation rate by taking into

Q)% , 5 ,-.10123425)678-40149 ; 99" < 4O#+™ "

account the coding sequence length, we expect proteins of
similar lengths to now have similar numbers of stop-
codons or a frameshift. We therefore examined the ratio of
accumulation of ORF-disrupting mutations per 100 AA in
both groups of pseudogenes. A mutation rate of 0.28 was
determined for the group of pseudogenes with one muta-
tion and a significant higher rate of 1.21 (Mann-Whitney
test; P = 8.052¢ - 7) was found for the set of pseudogenes
with accumulated mutations.

Although transcribed pseudogenes have been experimen-
tally identified [43], a significant part of pseudogenes are
thought to be transcriptionally silent in comparison to
protein-coding genes. We thus searched for sequence
alignment with canine transcript sequences (Unigene
april 08 [37]) to assess the transcription activity of the
pseudogene predictions with two and more mutations.
We obtained alignment for 14%, a result in agreement
with a recent report [44] showing that 19% of pseudo-
genes are the sources of novel RNA transcripts. These data
indicate that the predicted pseudogenes are mostly unde-
tected as expressed sequences in comparison to gene pre-
dictions with intact ORF (53%) and therefore significantly
correspond to untranscribed pseudogenes [44].

Detecting nonfunctionality from dN/dS analysis

To assess independently of the presence of stop codons or
frame-shifts, the validity of pseudogene predictions, we
used the functionality test that uses the dy/dg ratio. Assum-
ing a constant mutation rate, the dy/ds ratio between dog
pseudogenes, for which a loss of function occurred, and
their human functional orthologs should theoretically
relax towards 0.57 (as the average of 1.0 in the absence of
selection and 0.15 for negative selection as we calculated
from the benchmark set) [10]. Thus, we calculated dy/dg
ratio for each of the candidate pseudogene predictions in
comparison to their human functional orthologous gene
from pairwise transcripts pair alignments. For the pseudo-
gene set with accumulated mutations, we calculated a
median dy/ds of 0.50 indicating a considerable relaxation
of selective constraints of the canine pseudogenes in com-
parison to their human functional orthologous (Figure 3
and Table 1). Furthermore, the dy/ds distributions
obtained were shifted upwards in comparison to the
benchmark set (Figure 4), which is significant to a Mann-
Whitney test (P = 5.17e - 6), indicating relaxation of evo-
lutionary constraints on the predicted pseudogenes. For
the pseudogene set with one mutation, the median dy/dg
of 0.18 was observed, suggesting no detectable differences
in selective constraints between predicted pseudogenes
from the canine sequence and their human functional
counterparts. In addition, we analyzed whether the dy/dg
ratio has an independent value before and after the stop
codon among the predicted pseudogenes. In 26/28
instances, no significant differences were detected when
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D\/ds distributions of benchmark and test sets. A. The d\/ds distribution (as log dy/ds) of the test set (new predicted
genes) is represented in purple and benchmark set (human-dog 1:1 orthologous) is represented in blue. Test set exhibits a dy/
dg distribution similar to the benchmark set (Mann-Whitney; P = 0.16) suggesting comparable selective constraints for both
sets. B. In contrast the dy/d distribution of the pseudogene (with accumulated mutations) set (red) is significantly shifted
upwards (Mann-Whitney; P = 5.17e - 6) in comparison to the benchmark set, indicating relaxation of selective constraints on

the predicted pseudogenes.

comparing dy/dg ratio for the two parts of each gene. In
two cases, the dy/ds value before the stop was indicative of
strong selective constraints (<0.1), in comparison to the
value detected after the stop (>0.9), which suggest that the
biological function may have been preserved.

We next searched to determine if the canine predicted
pseudogenes showed any deviations from the expected
rate of evolution using a phylogenetic context that
includes human and mouse gene sequences. Such varia-
tion in rate may reflect relaxation of constraints in the dog
lineage. The deviation between dog predicted pseudo-
genes with multiple mutations and the human and mouse

lineages differs clearly (dy/ds = 0.41 for dog, 0.19 for
mouse and 0.26 for human; Kruskal-Wallis test: P = 1.04e
- 2) while no significant deviation (P = 0.36) was observed
for the set of pseudogenes with one mutation (Table 2).
We therefore retained the 21 pseudogene predictions with
both the higher d\/dg value as characterized by pairwise
and phylogenetic approaches and high mutation rate as
gene loss candidates.

Gene loss identification

In addition to pseudogene identification, 11 gene predic-
tions could not be detected with sufficient protein identity
(average = 21.7%), both in the targeted genomic region

Table 1: Median and mean dS and dN/dS values of pseudogenes, predicted genes and reference set of human-canine orthologues

value Pseudogenes with one mutation Pseudogenes with several mutations Predicted genes Benchmark set 1:1 dog-human
orthologs

dS median 0.45 0.44 0.39 0.39

dS mean 0.48 0.46 0.40 0.38

dN/dS median  0.18 0.50 0.19 0.15

dN/dS mean  0.28 0.50 0.26 0.20
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Table 2: Evolutionary constraints (dS and dN/dS) for 1:1:1 orthologs among human, mouse and dog

dN/dS median Predicted genes

Pseudogenes with several mutations

Pseudogenes with one mutation

Human 0.21 0.26 0.19
Dog 0.17 041 0.16
Mouse 0.15 0.19 0.13

(COIL) and in the whole canine sequence. For these pre-
dictions with no readily identifiable counterparts in dog,
we searched for sequence alignment with canine
expressed sequences (Unigene april 08) to address the
underlying assumption that genes are not transcribed
when placed in the context of highly degraded sequence.
We identified sequence alignment in only three cases.
These results showed that the gene predictions with poor
sequence similarity were largely undetected as expressed
sequences in comparison to gene predictions with intact
ORF.

For the last subset of 49 canine genes that remained unde-
tected in this study, we address the possibility that gene
predictions could have been prevented because of a gap in
the canine sequence assembly. We searched for gap con-
tent in the COILs that lack canine orthologous genes. For
12 COlLs, the gap content was found to account for >10%
of the total size of the COIL, seven-fold more than a ran-
dom expectation set (n = 1000, gap = 1.32%) and manual
inspection of sequence content resulted in identifying
multiple sequence gaps. The 12 missing genes in those
short targeted regions were therefore not retained in fur-
ther analysis. Based on these results, a total of 37 undetec-
ted genes was considered and merged with the 11 gene
predictions that could not be detected with sufficient pro-
tein identity and the 21 pseudogenes into a single set (n =
69) of gene loss candidates for further analyses (Figure 2
and Additional data file 5).

Evolutionary scenarios of the canine gene losses

Do we detect losses of genes that occur specifically in the
dog or do such losses occur in other mammalian lineages
as well? If so, do such losses correspond to the time the
dog branch diverged from the Euarchontoglires (rodent/
primate) lineage? One way to analyze these possibilities is
to determine their phyletic pattern using ten species from
chicken to human and to define the amount of time
between gene origin and present. The timing of genes ori-
gin was defined by searching for 1:1 orthologs between
human and nine species. In addition to human, chimp,
mouse and rat genome sequence assemblies, we used scaf-
fold assemblies of elephant, tenrec and armadillo from
the Afrotheria and Xenarthra superorder and two non-pla-
cental genome assemblies of opossum and platypus. We

also included the chicken sequence to infer gene origins
that occurred as long as 310 million years ago (MYA) (Fig-
ure 5).

Orthologous genes were detected between human and all
species (except dog) for 11 genes. Therefore, they have an
origin that occurred before the separation of the mam-
mals and birds lineages and have been functional for 310
million years (My). In addition, 17 genes were identified
in all species of the opossum/platypus, elephant-tenrec-
armadillo and Euarchontoglires branches, a period of 170
My, 17 in all species of the elephant-tenrec-armadillo and
Euarchontoglires branches (100 My), and 10 in Euar-
chontoglires only (87 My) (Figure 5) [45].

Overall, 28 canine gene losses could be characterized as
being functional in other species for more than 170 My

gene origin :
prior to prior to priorto  prior to
mouse/rat elephant  opossum chicken
Mya > 87 > 100 >140 > 310
chicken 310
opossum 170
(or platypus)
elephant 100
(or tenrec/
armadillo)
dog 95
rat 87
mouse 87
chimp 9
human o
n=10 17 17 11

Figure 5

Gene origin timing. Timing of gene origin is assessed by
determining the one-to-one orthologs between human and
nine species listed on the left side of the figure. The species
belong to Euarchontoglire (Primates and rodents), Xenarthra
(Armadillo), Afrotheria (elephant and tenrec), Marsupial and
Monotreme (opossum and platypus). Time of species diver-
gence from the lineage leading to human is shown in MYA
(million years ago). Filled squares represent the presence of
the ortholog in the species. Numbers at the bottom of the
figure denote the number of genes that display the presence/
absence pattern across species.
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and 10 genes were not detected before 87 My and there-
fore specifically arose in rodent and primate lineages. For
these genes, postulating that they arose through duplica-
tion events of a parental gene, we searched for paralogs
among all human genes. For seven genes (ZNF426,
WFDC12, ZIK1, HLA-SX-alpha, PNMAS5, PNMAS3,
ZNF251) we identified at least one paralog (sequence
identity >30%) in the close vicinity of the parental gene
(mean of 71 kb; range: 16—128 kb).

We further used the Ensembl reconciliation tree method
[46] for checking possible duplication events specific of
the primates and rodents lineages. Indeed, assuming that
all homologous genes are known, the reconciliation of the
gene tree with the species tree allows to distinguish dupli-
cation from speciation events and therefore orthologous
from paralogous genes. Five genes (ZNF426, ZIK1, HLA-
SX-alpha, PNMA5, PNMAS3) have in-paralogs in the refer-
ence species suggesting a pattern of duplication event
(Additional data file 6).

These results suggest that tandem duplication events have
occurred and lead to specific in-paralogs in the branch
leading to human species. Another contribution of this
analysis is that it permits identification of 10 losses that
occur in several lineages indicating multiple and inde-
pendent gene loss events [47].

Functional characteristics of gene losses

For the 28 canine-specific gene losses that have been func-
tional for more than 170 My, we determined the func-
tional annotation of the human genes using WebGestalt,
a Web-based gene set analysis toolkit [48]. The classifica-
tion using the GOTree sub-module includes seven genes
that belong to the biological process of response to stim-
ulus with PROZ, a vitamin K-dependent protein Z precur-
sor involved in blood coagulation pathway and
SERPINA10 a protein Z-dependant protease inhibitor that
regulates factor Xa involved in blood coagulation. Moreo-
ver, it includes five genes involved in response to stimulus
pathways that play a role in sensory function such as
UGT2A which encodes an enzyme with transferase activity
that may catalyze inactivation and facilitate elimination
of odorants, OR1Q1, OR1B1, ORN1 which arethree olfac-
tory receptors, and Noggin, a secreted polypeptide
encoded by the NOG gene that appears to have pleio-
tropic effect, both early in development as well as in sen-
sory perception of sound. Other genes of interest belong
to families with at least six members such as TBX22 a tran-
scription factor involved in the regulation of various
aspects of embryonic development, in particular cell type
specification and regulation of morphogenetic move-
ments [49], and MS4A3 which is a subset of the super-
family of tetraspan transmembrane protein encoding
genes. Several genes were classified with function
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involved in DNA repair, apoptosis and tumor formation
such as BOK which encodes a Bcl-2 related protein and
PDE1B which may play a role in apoptosis. To address the
question of which tissue might be significantly affected by
gene loss, we determined a gene-expression profile charac-
terization per tissue based on the occurrence frequency of
the ESTs profiles of human genes corresponding to the
gene lost set using the tissue expression profile sub-mod-
ule of WebGestalt. Testis-expressed gene expression pro-
files showed a significant over or under representation
and, to a lesser extent, expression profiles related to pla-
centa and kidney tissues did as well (Additional data file
7).

Discussion

This study describes a multispecies comparative genomics
approach that provides a methodology for improving
genes prediction and detecting putative gene losses. When
coupled to a strategy of phyletic pattern analysis, the
approach allows differentiation of species-specific gene
loss from multiple independent gene loss. Here, focusing
on genes that were not detected in the whole-genome
assembly of the dog but annotated in four rodents and
primates species, we identified 232 new gene and we pre-
dicted 69 canine gene loss candidates of which 21 are
identified as pseudogenes,

Targeted gene prediction: strengths and limitations

A basic application of gene order-based approaches is the
capacity to detect short conserved genomic context based
on robust orthologous gene pair annotation. Therefore,
results are limited by the source of gene annotation. In
this study, we used the Ensembl annotation because of its
good gene prediction coverage of the four species used as
reference genomes. Since annotation of mammalian
genome is a continuous process, our gene order-based
approach may be improved over the course of time.

The use of short orthologous genomic intervals filtering
has been well documented [28]. First, it reduces the cost
of detecting false-positives as it filters out paralogs, with
the exception of those caused by tandem gene duplica-
tion, and alignments to processed pseudogenes. Second, it
allows a balance between sequence alignment sensitivity
versus accuracy [50]. Alternatively, for more divergent
sequences, alignment criteria may be relaxed in short pre-
defined space where the background noise is significantly
reduced compared to a genome scale search.

In our analysis, predictions may not provide an exhaustive
list of gene predictions as inaccuracies may be generated
by sequence artifacts that typically exist in draft sequence
assemblies. Another issue related to prediction accuracy is
the unexpected and unknown level of highly divergence at
the nucleotide level. While scenarios of functional
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sequences with different evolutionary rate in different spe-
cies exist [51], we postulated that using protein coding
genes with a comparable evolutionary rate amongst four
reference species reduces the possibility that a gene
evolves independently in the dog species.

Computational prediction of gene loss

A corollary to targeted gene prediction is that the absence
of prediction strongly predicts gene relocation to a differ-
ent region or chromosome or a gene loss event. Gene
losses arise through retrotransposition or segmental or
tandem duplications events followed by inactivation of
one copy, or by degenerative mutations. We used a com-
putational analysis to identify genes lost as pseudogenes
based on various detrimental sequence mutations such as
in-frame stop codons and frameshifts causing or resulting
from loss of function. In this study, pseudogenes were
separated in two groups, with the group of pseudogenes
with one mutation (showing a low mutation rate) and the
second group with an elevated mutation rate (>4 muta-
tions, on average). Pseudogene predictions with one
mutation could be overstated due to sequence artifacts
that exist in the assembly. Indeed, stop codons and
frameshifts are accommodated by algorithm like GeneW-
ise. Other programs specifically designed for aligning
pseudogenes such as GeneMapper [52] may be useful for
addressing this problem. Another hypothesis is that pseu-
dogene predictions have existed as pseudogenes (i.e. inac-
tivated) for different amounts of time in the carnivore
lineage. The formation of pseudogenes present in the
canine genome could have been initiated by different or
multiple events rather than have resulted from a continu-
ous process over the course of time. Pseudogene character-
ization through the ratio of silent to replacement
nucleotide substitution rates (dN/dS) may be a good indi-
cator of changes in selective constraint that tend to be
recent [53]. It is clear from our analysis that the dN/dS
approach is useful to assess the evolutionary constraints
that occur on nucleotide substitution. However, infer-
ences of selection need to be treated with extreme caution.

Functional impact of gene loss

We identified 28 gene losses that have been functional for
more than 170 million years, a time period that extends
from platypus to human (Figure 5). Losses of gene in a
given species can be considered an adaptive event that
may confer selective advantages to an organism [54]. Sim-
ilarly to neutral losses, adaptive losses occurring ~95 MYA
(for lineage leading to canid) are expected to leave
genomic signatures with ORF-disrupting sequence muta-
tions accumulation due to sequence degeneration. Here,
the losses identified are based on ORF-disrupting
sequence mutations, absence of EST validation and
absence of significant similarity at the protein level.
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Although highly speculative, one hypothesis is that spe-
cies-specific gene loss may confer a selective advantage in
dog. Among the gene losses we identified were PROZ, a
vitamin K-dependent protein Z precursor gene involved in
response to stimulus that plays a role in blood coagula-
tion. Mammalian blood coagulation is initiated and regu-
lated by a complex network of interactions involved in
normal hemostasis. Interestingly, Lindberg et al. describes
a decrease of the expression of heme and globin related
genes that correlate with the tameness trait in silver foxes
suggesting that differences in behavior have a genetic basis
[55]. A second hypothesis, is that gene loss may be a direct
reflection of the loss of redundancy, where functionally
overlapping genes cover for the loss of function as for
genes involved in sensory functions [56,57].

Conclusion

Among mammals, one-to-one orthologous correspond-
ence can be defined for a large part of gene repertoires.
Complex homologous relationships such as one-to-zero
and many-to-many ones remain to be deciphered within
gene families, for genes with divergent sequence as well as
for species-specific genes that have emerged or have been
lost through evolution. The combination of multispecies
comparative genomics with in-depth gene prediction,
accurate consideration of phylogenetic relationship, and
timing of gene origin events can predict both gene struc-
ture and gene losses in newly sequenced genomes. This, in
turn, enhances the integrity of reference genomes. The end
result is a higher quality product for all sequenced
genomes, regardless of the depth of sequence. We aim to
see this approach applied to many other model organ-
isms, thus enhancing the utility of the new sequencing
resources throughout the comparative genomics commu-
nity.

Methods

Gene datasets

Biomart [58] version 0.5 (Ensembl v.42) was used to col-
lect orthologous protein-coding genes from the five
genomes of interest: human (NCBI 36), chimp (Chimp
2.1), mouse (NCBI m36), rat (RGSC 3.4) and dog (Can-
Fam 2.0). Ensembl Gene Id, orthologous relationships,
locations in base pair for each species were downloaded
and deposited into a MySQL database (v.4.1.12). The set
of 412 protein-coding genes not annotated on the dog
genome assembly with a 1:1:1:1:0
Human:Chimp:Mouse:Rat:Dog match was then extracted
from the MySQL database.

Synteny maps

We used the program AutoGRAPH [13] to construct pair-
wise synteny maps between reference genomes and tested
genome. AutoGRAPH has been designed to construct syn-
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teny maps using genomic coordinates of ortholog pairs.
The program transposes genomic coordinates into
sequence of ordinal numbers and positions genes on an
ordinal scale in relation to others on their respective chro-
mosomes. Conserved segments ordered (CSO) can then
be identified with respect to the ranking order. We only
considered CSO containing a minimum of three genes.
AutoGRAPH inferred the collinearity rate within CSO cor-
responding to the longest increasing gene order sequence
between the two species divided by the total number of
orthologs. We discarded CSO that had a collinearity rate
less than 0.5. All synteny maps (n = 88) built in this work
are presented in Additional data file 1 and can be down-
loaded.

Gene structure prediction

The GeneWise program [6] (wise2-2-0) was used with
default parameters to align each reference protein on the
dog COIL forward and reverse strands (option -both)
sequence. Predictions were post processed to pick up the
highest genewise prediction, to compute sequence iden-
tity/similarity against reference proteins and to analyze
splice sites conservation. Only predictions exhibiting at
least 40% identity with reference proteins were retained.
GeneWise was also used with the Hidden Markov model
that uses HMM profiles generated with the HMMER pack-
age [59]. HMM-based prediction considers exons, introns
and UTR regions as different states of gene structure that
occupy subsequences of a sequence. A gene structure can
be considered as an ordered set of state/sub-sequence
pairs. A HMM-based prediction is considered as a pre-
dicted gene structure if probability of generating a gene
structure is maximal over all possible states. Dynamic pro-
gramming method for finding an optimal parse, or the
best sequence of states has [10] been computed with the
HMMER package.

Homology searches

Reference transcript sequences were collated from
Ensembl (v.42) and aligned against the canine sequence
assembly (CanFam2) with the program Exonerate v1.2
[35]. Exonerate includes various models for aligning
splice sites, combining speed and accuracy. We used the
est2genome model, with a minimum perfect match of 18
bases to trigger alignments (dnawordlen 18). For each ref-
erence transcript, we retained the best five matching
sequences.

Canine proteins inferred from the gene predictions were
aligned against all canine transcripts with Exonerate using
the coding2coding model. Canine predicted proteins
were aligned on canine dbEST (est.fa 05/19/07 from
UCSC) and UNIGENE (April 2008) using Exonerate with
the protein2genome model.
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The protein three-dimensional structure was available for
21 human genes. The sequences were retrieved via the
Protein Data Bank. The amino sequences for the corre-
sponding canine predictions were obtained from the
genewise program prediction. Canine-human compara-
tive modelling was determined using the SWISS-MODEL
server [39]. Amino acid sequences are aligned between the
primary structure of the human and the canine sequence.
The three-dimensional model is constructed through the
process implemented in the SWISS-MODEL server.

DN/dS analysis

DN/dS analyses were conducted using the maximume-like-
lihood-based CODEML program (model = 0; PAML pack-
age) [60]. Sequence alignments of the whole coding
region of the human orthologous sequence with canine
prediction were realized with clustalW program. Ds values
were calculated from pairwise alignments using all tran-
scripts. To filter for possible inconsistencies among
orthologous trancripts, we selected the transcript with the
smallest phylogenetic distance using the smallest dS. For
each dataset, we calculated a threshold on dS which two
fold the median dS; all dS larger than this threshold were
not used for the dN/dS calculation. DN/dS values of the
benchmark set were extracted from Ensembl. DN/dS ratio
in the phylogenetics context were calculated using
CODEML program using the branch model set as model
=1 and run mode = 0. Sequence alignments of the whole
coding region of the human, mouse and canine predic-
tion orthologous sequence were realized with clustalw
program

Gene Ontology annotation

The Gene Ontology Tree Machine (GOTM) and WebGe-
stalt programs [31,48] were used to retrieve GO term asso-
ciated with ensembl gene ID. A hypergeometric test
computes the statistical significance of overrepresenta-
tions of GO term compared to a reference complete list of
genes. Only GO terms that were significantly over-repre-
sented (P < 1.0e - 3) were considered.

Determining gene origin

For each of the 69 candidate gene losses, one-to-one
orthologous gene was searched between human and nine
species using the complete collection of orthologous pro-
tein-coding genes (Ensembl). Genome sequence assem-
blies were used for human, chimp, mouse, rat,
monodelphis, platypus and chicken and scaffold assem-
blies for elephant, tenrec and armadillo. Timing of gene
origin was inferred by determining the longest serie of
one-to-one orthologs between the human and each of the
nine species.
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P value calculation

We used the R package (R Development Core Team 2006.
R: A language and environment for statistical computing.
http://www.R-project.org) to test the statistical signifi-
cance in comparing distinct distributions at each step of
the method (Mann-Whitney, Kruskal-Wallis and Stu-
dent's test).

Abbreviations
ESTs: Expressed Sequence Tag; dbEST: database of EST;
ORF: Open Reading Frame.
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Human-dog synteny map: Example of human chromosome 5. An
example of the synteny map built between human chromosome 5 and the
dog genome.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-62-S1.pdf]

Additional file 2

Synteny maps characteristics. The data indicates the main characteris-
tics of the synteny maps.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-62-S2.pdf]

Additional file 3

Characterization of Consensus Orthologous IntervalLs (COILS) con-
taining missing genes. These data file lists the characteristics of the Con-
sensus Orthologous Intervals.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-62-S3.pdf]

Additional file 4

List of the 232 new predicted canine genes. This table lists the 232 new
gene predictions using the human gene identifiers from Ensembl.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-62-S4.pdf]
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Additional file 5

List of the 69 candidate gene losses. This table lists the gene losses using
the human gene identifiers from Ensembl.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-62-S5.pdf]

Additional file 6

Gene/species tree reconcilation. These data provide the gene/species tree
reconcilation that show the possible duplication events specific of the pri-
mates and rodents lineages.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
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Additional file 7

Gene-expression profile characterization per tissue with significant
over and under representation. The data provided show gene-expression
profile characterization per tissue.
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[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-62-S7.pdf]

Acknowledgements

We are grateful to Roderic Guigo and to the reviewers for providing useful
suggestions and helpful comments. We thank the OUEST-genopole bioin-
formatics plate-form for technical help and assistance. We acknowledge for
support the Centre National de la Recherche Scientifique (JT, AV, CA, FG
and CH) and the Conseil Régional de Bretagne for supporting TD with a
fellowship and the Intramural Program of the National Institutes of Health
(EAQ).

References

1.  Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal
P, Agarwala R, Ainscough R, Alexandersson M, An P, et al.: Initial
sequencing and comparative analysis of the mouse genome.
Nature 2002, 420(6915):520-562.

2. Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB,
Kamal M, Clamp M, Chang JL, Kulbokas EJ 3rd, Zody MC, et al.
Genome sequence, comparative analysis and haplotype
structure of the domestic dog. Nature 2005,
438(7069):803-819.

3. Lander ES, Linton LM, Birren B, Nushbaum C, Zody MC, Baldwin J,
Devon K, Dewar K, Doyle M, FitzHugh W, et al.: Initial sequencing
and analysis of the human genome. Nature 2001,
409(6822):860-921.

4. Gibbs RA, Weinstock GM, Metzker ML, Muzny DM, Sodergren EJ,
Scherer S, Scott G, Steffen D, Worley KC, Burch PE, et al.. Genome
sequence of the Brown Norway rat yields insights into mam-
malian evolution. Nature 2004, 428(6982):493-521.

5. Brent MR: Steady progress and recent breakthroughs in the
accuracy of automated genome annotation. Nat Rev Genet
2008, 9(1):62-73.

6. Birney E, Clamp M, Durbin R: GeneWise and Genomewise.
Genome Res 2004, 14(5):988-995.

7. Korf |, Flicek P, Duan D, Brent MR: Integrating genomic homol-
ogy into gene structure prediction. Bioinformatics 2001,
17(Suppl 1):5140-148.

8. Parra G, Agarwal P, Abril JF, Wiehe T, Fickett JW, Guigo R: Com-
parative gene prediction in human and mouse. Genome Res
2003, 13(1):108-117.

9.  Dufayard JF, Duret L, Penel S, Gouy M, Rechenmann F, Perriere G:
Tree pattern matching in phylogenetic trees: automatic

=7>219"10719:
-. /08§71 283" (4 (38+4/4 (8. 13. (, &,6



06T (O, TSI

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

search for orthologs or paralogs in homologous gene
sequence databases. Bioinformatics 2005, 21(11):2596-2603.
Goodstadt L, Ponting CP: Phylogenetic reconstruction of
orthology, paralogy, and conserved synteny for dog and
human. PLoS Comput Biol 2006, 2(9):e133.

Lunter G, Ponting CP, Hein J. Genome-wide identification of
human functional DNA using a neutral indel model. PLoS
Comput Biol 2006, 2(1):e5.

Pollard KS, Salama SR, Lambert N, Lambot MA, Coppens S, Pedersen
JS, Katzman S, King B, Onodera C, Siepel A, et al..: An RNA gene
expressed during cortical development evolved rapidly in
humans. Nature 2006, 443(7108):167-172.

Derrien T, Andre C, Galibert F, Hitte C: AutoGRAPH: an inter-
active web server for automating and visualizing compara-
tive genome maps. Bioinformatics 2007, 23(4):498-499.

Peng Q, Pevzner PA, Tesler G: The fragile breakage versus ran-
dom breakage models of chromosome evolution. PLoS Com-
put Biol 2006, 2(2):e14.

Tesler G: GRIMM: genome rearrangements web server. Bioin-
formatics 2002, 18(3):492-493.

Clamp M, Fry B, Kamal M, Xie X, Cuff ], Lin MF, Kellis M, Lindblad-
Toh K, Lander ES: Distinguishing protein-coding and noncod-
ing genes in the human genome. Proc Natl Acad Sci USA 2007,
104(49):19428-19433.

Guigo R, Dermitzakis ET, Agarwal P, Ponting CP, Parra G, Reymond
A, Abril JF, Keibler E, Lyle R, Ucla C, et al.. Comparison of mouse
and human genomes followed by experimental verification
yields an estimated 1,019 additional genes. Proc Natl Acad Sci
USA 2003, 100(3):1140-1145.

Siepel A, Diekhans M, Brejova B, Langton L, Stevens M, Comstock CL,
Davis C, Ewing B, Oommen S, Lau C, et al.. Targeted discovery of
novel human exons by comparative genomics. Genome Res
2007, 17(12):1763-1773.

Clark AG, Eisen MB, Smith DR, Bergman CM, Oliver B, Markow TA,
Kaufman TC, Kellis M, Gelbart W, lyer VN, et al.. Evolution of
genes and genomes on the Drosophila phylogeny. Nature
2007, 450(7167):203-218.

Heger A, Ponting CP: Evolutionary rate analyses of orthologs
and paralogs from 12 Drosophila genomes. Genome Res 2007,
17(12):1837-1849.

Lin MF, Carlson JW, Crosby MA, Matthews BB, Yu C, Park S, Wan
KH, Schroeder AJ, Gramates LS, St Pierre SE, et al.: Revisiting the
protein-coding gene catalog of Drosophila melanogaster
using 12 fly genomes. Genome Res 2007, 17(12):1823-1836.
Berglund AC, Sjolund E, Ostlund G, Sonnhammer EL: InParanoid 6:
eukaryotic ortholog clusters with inparalogs. Nucleic Acids Res
2008:D263-266.

Sonnhammer EL, Koonin EV: Orthology, paralogy and proposed
classification for paralog subtypes. Trends Genet 2002,
18(12):619-620.

Murphy Wi, Larkin DM, Everts-van der Wind A, Bourque G, Tesler
G, Auwvil L, Beever JE, Chowdhary BP, Galibert F, Gatzke L, et al.
Dynamics of mammalian chromosome evolution inferred
from multispecies comparative maps. Science 2005,
309(5734):613-617.

O'Brien SJ, Menotti-Raymond M, Murphy W, Nash WG, Wienberg J,
Stanyon R, Copeland NG, Jenkins NA, Womack JE, Marshall Graves
JA: The promise of comparative genomics in mammals. Sci-
ence 1999, 286(5439):458-462.

Hurst LD, Pal C, Lercher Ml The evolutionary dynamics of
eukaryotic gene order. Nat Rev Genet 2004, 5(4):299-310.
Bhutkar A, Russo SM, Smith TF, Gelbart WM: Genome-scale anal-
ysis of positionally relocated genes. Genome Res 2007,
17(12):1880-1887.

Stanke M, Diekhans M, Baertsch R, Haussler D: Using native and
syntenically mapped cDNA alignments to improve de novo
gene finding. Bioinformatics 2008, 24(5):637-644.

van Baren MJ, Brent MR: Iterative gene prediction and pseudo-
gene removal improves genome annotation. Genome Res
2006, 16(5):678-685.

Flicek P, Aken BL, Beal K, Ballester B, Caccamo M, Chen Y, Clarke L,
Coates G, Cunningham F, Cutts T, et al.. Ensembl 2008. Nucleic
Acids Res 2008:D707-714.

Zhang B, Schmoyer D, Kirov S, Snoddy ). GOTree Machine
(GOTM): a web-based platform for interpreting sets of inter-

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.
42.

43.

44,

45,

46.

47.

48.

49.
50.

51.

52.
53.

54.

55.

56.

Q)% , 5 ,-.10123425)678-40149 ; 99" < 4O#+™ "

esting genes using Gene Ontology hierarchies. BMC Bioinfor-
matics 2004, 5:16.

Goodstadt L, Heger A, Webber C, Ponting CP: An analysis of the
gene complement of a marsupial, Monodelphis domestica:
evolution of lineage-specific genes and giant chromosomes.
Genome Res 2007, 17(7):969-981.

Pevzner P, Tesler G: Genome rearrangements in mammalian
evolution: lessons from human and mouse genomes. Genome
Res 2003, 13(1):37-45.

Alekseyev MA, Pevzner PA: Are there rearrangement hotspots
in the human genome? PLoS Comput Biol 2007, 3(11):e209.
Slater GS, Birney E: Automated generation of heuristics for bio-
logical sequence comparison. BMC Bioinformatics 2005, 6:31.
Meyer IM, Durbin R: Gene structure conservation aids similar-
ity based gene prediction. Nucleic Acids Res 2004, 32(2):776-783.
Wheeler DL, Church DM, Federhen S, Lash AE, Madden TL, Pontius
JU, Schuler GD, Schriml LM, Sequeira E, Tatusova TA, et al.: Data-
base resources of the National Center for Biotechnology.
Nucleic Acids Res 2003, 31(1):28-33.

Mulder N, Apweiler R: InterPro and InterProScan: tools for
protein sequence classification and comparison. Methods Mol
Biol 2007, 396:59-70.

Arnold K, Bordoli L, Kopp J, Schwede T: The SWISS-MODEL
workspace: a web-based environment for protein structure
homology modelling. Bioinformatics 2006, 22(2):195-201.

Luthy R, Bowie JU, Eisenberg D: Assessment of protein models
with three-dimensional profiles. Nature 1992, 356(6364):83-85.
Yu P, Ma D, Xu M: Nested genes in the human genome. Genom-
ics 2005, 86(4):414-422.

Torrents D, Suyama M, Zdobnov E, Bork P: A genome-wide sur-
vey of human pseudogenes. Genome Res 2003,
13(12):2559-2567.

Yao A, Charlab R, Li P: Systematic identification of pseudo-
genes through whole genome expression evidence profiling.
Nucleic Acids Res 2006, 34(16):4477-4485.

Zheng D, Frankish A, Baertsch R, Kapranov P, Reymond A, Choo SW,
Lu Y, Denoeud F, Antonarakis SE, Snyder M, et al.: Pseudogenes in
the ENCODE regions: consensus annotation, analysis of
transcription, and evolution. Genome Res 2007, 17(6):839-851.
Hallstrom BM, Janke A: Resolution among major placental
mammal interordinal relationships with genome data imply
that speciation influenced their earliest radiations. BMC Evol
Biol 2008, 8:162.

Page RD, Charleston MA: From gene to organismal phylogeny:
reconciled trees and the gene tree/species tree problem. Mol
Phylogenet Evol 1997, 7(2):231-240.

Krylov DM, Wolf YI, Rogozin 1B, Koonin EV: Gene loss, protein
sequence divergence, gene dispensability, expression level,
and interactivity are correlated in eukaryotic evolution.
Genome Res 2003, 13(10):2229-2235.

Zhang B, Kirov S, Snoddy I: WebGestalt: an integrated system
for exploring gene sets in various biological contexts. Nucleic
Acids Res 2005:W741-748.

Tada M, Smith JC: T-targets: clues to understanding the func-
tions of T-box proteins. Dev Growth Differ 2001, 43(1):1-11.
Curwen V, Eyras E, Andrews TD, Clarke L, Mongin E, Searle SM,
Clamp M: The Ensembl automatic gene annotation system.
Genome Res 2004, 14(5):942-950.

Bird CP, Stranger BE, Liu M, Thomas DJ, Ingle CE, Beazley C, Miller
W, Hurles ME, Dermitzakis ET: Fast-evolving noncoding
sequences in the human genome. Genome Biol 2007, 8(6):R118.
Chatterji S, Pachter L: Reference based annotation with Gen-
eMapper. Genome Biol 2006, 7(4):R29.

Rocha EP, Smith M, Hurst LD, Holden MT, Cooper JE, Smith NH, Feil
E)l Comparisons of dN/dS are time dependent for closely
related bacterial genomes. ] Theor Biol 2006, 239(2):226-235.
Zhu J, Sanborn JZ, Diekhans M, Lowe CB, Pringle TH, Haussler D:
Comparative Genomics Search for Losses of Long-Estab-
lished Genes on the Human Lineage. PLoS Comput Biol 2007,
3(12):e247.

Lindberg J, Bjornerfeldt S, Bakken M, Vila C, Jazin E, Saetre P: Selec-
tion for tameness modulates the expression of heme related
genes in silver foxes. Behav Brain Funct 2007, 3:18.

Ihmels J, Collins SR, Schuldiner M, Krogan NJ, Weissman JS: Backup
without redundancy: genetic interactions reveal the cost of
duplicate gene loss. Mol Syst Biol 2007, 3:86.

=7>219?10§!9:
- /088" 1) 283" (U5 (3+4/8 (3. 13. (,&,6



06T (O, TSI

57.

58.

59.

60.

Hughes T, Liberles DA: The pattern of evolution of smaller-
scale gene duplicates in mammalian genomes is more con-
sistent with neo- than subfunctionalisation. J Mol Evol 2007,
65(5):574-588.

Kasprzyk A, Keefe D, Smedley D, London D, Spooner W, Melsopp C,
Hammond M, Rocca-Serra P, Cox T, Birney E: EnsMart: a generic
system for fast and flexible access to biological data. Genome
Res 2004, 14(1):160-169.

Eddy SR, Mitchison G, Durbin R: Maximum discrimination hid-
den Markov models of sequence consensus. J Comput Biol 1995,
2(1):9-23.

Yang Z: PAML: a program package for phylogenetic analysis
by maximum likelihood. Comput Appl Biosci 1997, 13(5):555-556.

Q)% , 5 ,-.10123425)678-40149 ; 99" < 4O#+™ "

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"'BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

=7>219:10719:
-./08$71) 283" (45(s+4/4("$. 13. (,&,6



OPEN 8 ACCESS Freely available online

PLOS

|dentification of Genomic Regions Associated with
Phenotypic Variation between Dog Breeds using

Selection Mapping

Amaury Vaysse®-, Abhirami Ratnakumar?-, Thomas Derrien?, Erik Axelsson?, Gerli Rosengren Pielberg?,
Snaevar Sigurdsson®, Tove Fall?, Eija H. Seppéla®, Mark S. T. Hansen®, Cindy T. Lawley®, Elinor K.
Karlsson®”, The LUPA Consortium, Danika Bannasch®, Carles Vila®, Hannes Lohi®, Francis Galibert?,
Merete Fredholm?®, Jens Haggstrom'®, Ake Hedhammar'?, Catherine André?, Kerstin Lindblad-Toh?3,

Christophe Hitte®, Matthew T. Webster?*

1Institut de Génétique et Développement de Rennes, CNRS-UMR6061, Université de Rennes 1, Rennes, France, 2 Science for Life Laboratory, Department of Medical
Biochemistry and Microbiology, Uppsala University, Uppsala, Sweden, 3 Broad Institute of Harvard and Massachusetts Institute of Technology, Cambridge, Massachusetts,
United States of America, 4 Department of Medical Epidemiology and Biostatistics, Karolinska Institute, Stockholm, Sweden, 5 Department of Veterinary Biosciences,
Research Programs Unit, Molecular Medicine, University of Helsinki and Folkhdlsan Research Center, Helsinki, Finland, 6 Illumina, San Diego, California, United States of
America, 7FAS Center for Systems Biology, Harvard University, Cambridge, Massachusetts, United States of America, 8 Department of Population Health and
Reproduction, School of Veterinary Medicine, University of California Davis, Davis, California, United States of America, 9 Department of Integrative Ecology, Dofiana
Biological Station (CSIC), Seville, Spain, 10 Faculty of Life Sciences, Division of Genetics and Bioinformatics, Department of Basic Animal and Veterinary Sciences, University
of Copenhagen, Frederiksberg, Denmark, 11 Department of Clinical Sciences, Swedish University of Agricultural Sciences, Uppsala, Sweden

Abstract

The extraordinary phenotypic diversity of dog breeds has been sculpted by a unique population history accompanied by
selection for novel and desirable traits. Here we perform a comprehensive analysis using multiple test statistics to identify
regions under selection in 509 dogs from 46 diverse breeds using a newly developed high-density genotyping array
consisting of - 170,000 evenly spaced SNPs. We first identify 44 genomic regions exhibiting extreme differentiation across
multiple breeds. Genetic variation in these regions correlates with variation in several phenotypic traits that vary between
breeds, and we identify novel associations with both morphological and behavioral traits. We next scan the genome for
signatures of selective sweeps in single breeds, characterized by long regions of reduced heterozygosity and fixation of
extended haplotypes. These scans identify hundreds of regions, including 22 blocks of homozygosity longer than one
megabase in certain breeds. Candidate selection loci are strongly enriched for developmental genes. We chose one highly
differentiated region, associated with body size and ear morphology, and characterized it using high-throughput
sequencing to provide a list of variants that may directly affect these traits. This study provides a catalogue of genomic
regions showing extreme reduction in genetic variation or population differentiation in dogs, including many linked to
phenotypic variation. The many blocks of reduced haplotype diversity observed across the genome in dog breeds are the
result of both selection and genetic drift, but extended blocks of homozygosity on a megabase scale appear to be best
explained by selection. Further elucidation of the variants under selection will help to uncover the genetic basis of complex
traits and disease.
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Introduction

There are more than 400 breeds of domestic dog, which exhibit
characteristic variation in morphology, physiology and behavior.
This astonishing phenotypic diversity has been molded by two
main phases of evolution: 1) the initial domestication from wolves
more than 15,000 years ago, where dogs became adapted to life in
closer proximity to humans and 2) the formation of distinct breeds

@ PLoS Genetics | www.plosgenetics.org

in the last few hundred years, where humans chose small groups of
dogs from the gene pool and strongly selected for novel and
desirable traits [1,2]. A by-product of these processes has been that
many dog breeds suffer from a high incidence of inherited
disorders [3,4].

Its unique population history makes the dog an ideal model
organism for mapping the genetic basis of phenotypic traits due
to extensive linkage disequilibrium (LD) and a reduction in
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Author Summary

There are hundreds of dog breeds that exhibit massive
differences in appearance and behavior sculpted by tightly
controlled selective breeding. This large-scale natural
experiment has provided an ideal resource that geneticists
can use to search for genetic variants that control these
differences. With this goal, we developed a high-density
array that surveys variable sites at more than 170,000
positions in the dog genome and used it to analyze genetic
variation in 46 breeds. We identify 44 chromosomal regions
that are extremely variable between breeds and are likely to
control many of the traits that vary between them,
including curly tails and sociality. Many other regions also
bear the signature of strong artificial selection. We
characterize one such region, known to associate with
body size and ear type, in detail using “next-generation”
sequencing technology to identify candidate mutations
that may control these traits. Our results suggest that
artificial selection has targeted genes involved in develop-
ment and metabolism and that it may have increased the
incidence of disease in dog breeds. Knowledge of these
regions will be of great importance for uncovering the
genetic basis of variation between dog breeds and for
finding mutations that cause disease.

haplotype diversity due to genetic drift in isolated populations [3-
5]. Another major advantage of the canine model is that much of
the variation in morphological characteristics in dogs appears to
be governed by a relatively small number of genetic variants with
large effect [6]. This is likely because novel variants with large
effects are preserved by artificial selection. This is in strong
contrast to humans where morphological variation in traits such
as height appears to be controlled by hundreds of loci with small
effects, which have proven extremely difficult to catalogue [7].
Identifying the targets of artificial selection in dog breeds is
therefore an extremely promising approach for identifying
genetic variants involved in phenotypic variation, which could
greatly facilitate the identification of similar variants and novel
molecular pathways in humans.

Several loci have now been identified that control variation in
morphological traits between dog breeds. In some cases, variation
in a trait occurs within a breed, and long blocks of LD can be used
to identify the locus responsible using genome wide association
studies (GWAS). Using this approach loci involved in traits
including size (IGF1) [8], coat type (RSPO2, FGF5, KRT71) [9]
and coat color (MITF, CBD103) [10,11] were identified in single
breeds, and it was shown that variation in these loci is also
correlated with phenotypic variation between breeds. An alterna-
tive approach, when a particular trait is shared by several breeds,
is to perform across-breed GWAS. In general, levels of LD decay
much faster between breeds, and this reduces the power to detect
association [11]. However, selection acts to fix long haplotypes
bearing the causative variant, thus increasing levels of LD between
breeds in regions under selection. Jones et al. [12] used a sparse
marker set and across-breed GWAS to identify correlations with a
number of morphological traits, such as size, height, and shape of
ears, snout and limbs, which was further refined by Boyko et al. [6]
using 80 dog breeds and , 61,000 SNPs. Across-breed GWAS
have also been used to identify an FGF4 retrogene associated with
chondrodysplasic breeds [13] and the THBS2 locus associated
with brachycephalic breeds [14].

Genomic regions with a high degree of genetic differentiation
between breeds are also indicative of selection. A large proportion
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of SNPs with high Fst between dog breeds are found in loci
associated with phenotypic traits such as size, ear morphology and
coat color [6]. Akey et al. [15] scanned patterns of variation in 10
dog breeds and , 21,000 SNPs using a 1 Mb sliding windows to
identify larger regions with elevated Fst in particular breeds. This
scan identified many regions likely to be under selection in one or
more of the breeds in their dataset. Notably, a highly differentiated
interval in Shar-Pei on chromosome 13 contains the HAS2 gene
and is likely associated with the wrinkled skin phenotype of this
breed [15,16].

Although a large number of loci under selection have now
been identified, the genetic basis of much of the phenotypic
variation in dog breeds and particularly behavioral traits remains
unexplained. One drawback of previous studies is the use of SNP
arrays with relatively low coverage of the genome. With the
development of a new high-density array it is now possible to
examine the dog genome at much higher resolution, allowing a
comprehensive characterization of regions under selection.
Genetic variants under selection in dogs can be loosely divided
into two categories: 1) those that control variation in common
traits such as size and ear carriage, which segregate across many
breeds [6,8] and 2) those that encode rare traits that present in
one or a few breeds, such as brachycephaly, chondrodysplasia
and skin wrinkling [13,14,16].

Here we implement a variety of approaches to identify both these
types of loci. In cases where a common trait has been identified, it is
possible to search for genotype-phenotype correlations. We attempt
to identify both behavioral and morphological traits that vary
between breeds using across-breed GWAS. We also use Fs statistics
to identify additional SNPs that have high variability in frequency
between breeds. These methods identify known loci and indicate
new regions that may be involved in common trait variation.

The action of selection can potentially be identified by
examining patterns of variation in individual breeds in order to
detect the characteristic signature of selective sweeps. This
signature is characterized by the presence of long haplotypes, a
skew in allele frequency, reduced heterozygosity, and elevated
population differentiation. A large number of statistical
methods have been developed to detect sweeps based on these
different patterns [17-22]. The formation of dog breeds
occurred during an extremely brief evolutionary time, and
likely involved rapid fixation of haplotypes under strong
artificial selection. Under this scenario, simulations suggest
that statistics based on Fst and differences in heterozygosity are
likely to be most powerful. [23]. Furthermore, dog breeds are
known to be characterized by extensive LD and limited
haplotype diversity, including long blocks of homozygosity,
which reflect the action of population bottlenecks and selective
breeding. This suggests that tests based on allele frequency
spectrum and haplotype length will be of limited applicability,
as many genomic regions are essentially devoid of genetic
variation. We therefore base our approach to identify selective
sweeps on pairwise comparisons of both Fst and heterozygosity
between breeds.

The presence of long blocks of homozygosity in the dog genome
[1,11] is likely to reflect the action of both selection and genetic
drift. We therefore conduct extensive coalescent simulations in
order to distinguish between these processes. These simulations
incorporate a realistic model of dog population history under
neutrality to provide null distributions to compare with the real
data. We also conduct a comprehensive characterization of SNP
variation in a 3 Mb region encompassing several loci with extreme
population differentiation that are associated with at least two
morphological traits.
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Results

High-density canine array design and evaluation

Our first goal was to develop a high-density, high-accuracy
mapping array with uniform SNP coverage across the whole
genome. Since the SNP map from the canine genome project,
although containing - 2.8 million SNPs at fairly even coverage,
still contained gaps, we first performed targeted resequencing
within 1,555 regions that lie within intervals - 40 kb containing no
known SNPs in unique sequence. We performed Roche Nimble-
Gen array capture to enrich these regions followed by sequencing
using the lllumina Genome Analyzer on 4 pools containing
multiple samples of a single dog breed (Irish Wolfhounds, West
Highland White Terrier, Belgian Shepherds and Shar-Pei) and
one pool of wolf samples. In total, we discovered 4,353 additional
high-quality SNPs using this method. We selected SNPs from this
improved map to form the “CanineHD” array panel. We
generated an initial panel of 174,943 SNPs that were included
on the array of which 173,622 (99.2%) give reliable data. These
loci are distributed with a mean spacing of 13 kb and only 21 gaps
larger than 200 kb. Loci with unreliable SNP calls, potentially due
to copy number polymorphism, were not included in the analysis.
In total, 172,115 are validated for SNP genotyping and 1,547 are
used only for probe intensity analyses. This is a significant
improvement compared with the largest previously existing array,
which has 49,663 well performing SNPs, with a mean spacing of
47 kb and 1,688 gaps larger than 200 kb. Figure S1 shows the
distribution of SNPs in 100 kb windows across the genome. The
improvement in coverage is particularly striking on the X
chromosome, where . 75% of 100 kb windows contain no SNPs
on the previous array, but , 5% of windows do not contain SNPs
on the CanineHD array.

Of all the SNPs on the array, 0.9% are novel SNPs discovered
by the targeted resequencing experiment. The remaining SNPs
have been previously described: 65.1% of them were present in a
comparison of the boxer reference genome with a previously
sequenced poodle, 21.7% were present in alignments of low
coverage sequencing reads from various dog breeds to the boxer
reference genome, 25.4% were present within the boxer reference
and 1.2% were present in alignments of wolf and/or coyote
sequencings with the reference boxer genome. There is therefore a
bias in the way that SNPs were ascertained: all of them were
identified in a comparison involving the boxer reference assembly.
However this has not had a great impact on the number of SNPs
polymorphic in different breeds (see below). The array was initially
evaluated using 450 samples from 26 breeds termed the
“Gentrain” dataset. Within this dataset, average call rates were
99.8% and reproducibility and Mendelian consistency were both
-99.9%. A subset of 24 samples generated by whole genome
amplification (WGA) of 12 blood and 12 cheek swab samples
produced slightly lower call rates (blood-WGA 99.3%; buccal-
WGA 98.9%). Probe intensities from the array can also be used to
analyze copy number polymorphisms, although this is not
evaluated here.

Dataset construction

To perform a broader analysis of canine breed relationships and
selective sweeps, we constructed a larger dataset consisting of
unrelated samples from the Gentrain dataset, and unrelated
control dogs genotyped for disease gene mapping studies from
multiple breeds as part of the LUPA consortium. This dataset,
which we refer to here as the “full LUPA genotype dataset”
consists of 509 dogs from 46 diverse breeds and 15 wolves,
genotyped on the CanineHD array. These include 156 dogs from
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13 breeds derived from LUPA control dogs and 353 dogs from 33
breeds from the Gentrain dataset (See Table S1 for full details). A
subset of this dataset, referred to here as the “reduced LUPA
genotype dataset” is made up of all the samples in the 30 breeds
(plus wolf) with more than 10 samples in the full dataset (471
samples in total).

Table 1 shows patterns of polymorphism in the reduced LUPA
genotype dataset. In total, 157,393 SNPs on the array were
polymorphic (90% of SNPs on the array). A mean of 119,615
SNPs (69%) were polymorphic within a single dog breed. Hence
although there is a bias in the way that SNPs were ascertained,
there is a substantial amount of variation within all breeds
surveyed. On average 39 SNPs were polymorphic only in one
breed, although this figure shows large variation between breeds.
A subset of 1,471 SNPs were variable in wolves but not within any
dog breed. However, most of these SNPs were originally
discovered by comparisons of sequences from different dog breeds,
which suggests that they are also variable between (but not within)
dog breeds.

Evolutionary relationships between dog breeds

We used the CanineHD array to investigate breed relationships
by constructing a neighbor-joining tree [24] of raw genetic
distances in the full LUPA genotype dataset (Figure 1). Three main
features are obvious: 1) Dogs from the same breed almost
invariably cluster together. This reflects the notion that modern
breeds are essentially closed gene pools that originated via
population bottlenecks. 2) Little structure is obvious in the internal
branches that distinguish breeds. This is consistent with the
suggestion that all modern dog breeds arose from a common
population within a short period of time and that only a very small
proportion of genetic variation divides dog breeds into subgroups.
3) The internal branches leading to boxer and wolf are longer than
those leading to other breeds. The long boxer branch can be
explained by the fact that a large proportion of the SNPs were
assayed by comparing boxer with other breeds, which implies that
the dataset is enriched for SNPs that differ between boxer and
other breeds. The longer wolf branch probably reflects more
distant relatedness.

Some breeds show a tendency to group together in the tree,
such as breeds of retrievers, spaniels, setters, and terriers.
However, the length of the internal branches leading to these
clusters is only a small fraction of the average total length of
branches in these clusters, which indicates that genetic variation in
dogs is much more severely affected by breed creating bottlenecks
than it is by historical origins of various breeds, although detailed
analysis of these data has power to reveal their historical origins
[25]. The most obvious clustering of breeds is exhibited by two
wolf hybrids: Sarloos and Czechoslovakian wolf dog, which exhibit
a closer relationship to the wolf than other breeds as predicted by
their known origin [26]. The German shepherd also clusters with
this group, although this is likely to be a result of its close
relationship with the Czechoslovakian wolf dog, rather than with
wolf. The tree is consistent with previous studies and supports the
accuracy and reliability of the array. Although the long boxer
branch likely reflects SNP ascertainment bias on the array, the tree
reflects extensive polymorphism both within and between breeds.
This suggests the SNP ascertainment scheme is not problematic
and that the array is well suited for both within and across breed
gene mapping.

We performed coalescent simulations modeling the ascertain-
ment bias, sample size, and inferred recombination rate in the true
dataset (see Materials and Methods) in order to predict the
expected patterns of genetic diversity that we expect to observe
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within and between breeds in the absence of selection. The
bottleneck population sizes at breed creation used in the
simulations are presented in Table S2. The decay of LD in the
simulated data closely matches the real decay in LD (Figure S2).

Across-breed GWAS: morphological traits

To identify genetic variation associated with common traits that
vary among breeds, we performed across-breed GWAS using the
full LUPA genotype dataset. A list of traits and their variation
between breeds is in Table S3. Each sample was given a value
corresponding to the standardized breed phenotype for the trait
under study. We performed quantitative association studies for size
and personality traits whereas other traits were binary coded. For
each GWAS, we assayed genome-wide significance by permuting
the phenotype of each breed, assigning each dog of the same breed
with identical phenotype values. The true significance of genotype-
phenotype correlation at each SNP was compared with the
maximum permuted value of all SNPs across the array in order to
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Table 1. Levels of genetic variation in breeds with 10 or more samples.

Breed Abbreviation No. Samples Seg. sites Private seg. sites
Belgian Tervuren BeT 12 115,154 0
Beagle Bgl 10 115,254 16
Bernese Mountain Dog BMD 12 106,152 15
Border Collie BoC 16 127,491 7
Border Terrier BoT 25 108,344 15
Brittany Spaniel BrS 12 130,115 11
Cocker Spaniel CoS 14 126,118 19
Dachshund Dac 12 131,372 5
Doberman Pinscher Dob 25 112,627 19
English Bulldog EBD 13 111,720 19
Elkhound Elk 12 127,066 82
English Setter ESt 12 121,196 24
Eurasian Eur 12 120,360 6
Finnish Spitz FSp 12 109,510 20
Gordon Setter GoS 25 134,615 12
Golden Retriever Gry 11 112,144 10
Greyhound GRe 14 128,907 45
German Shepherd GSh 12 108,614 11
Greenland Sledge Dog GSI 12 102,899 19
Irish Wolfhound Ir'w 11 92,718 61
Jack Russell Terrier JRT 12 137,837 12
Labrador Retriever LRe 14 129,951 23
Newfoundland NFd 25 127,503 13
Nova Scotia Duck Tolling Retriever NSD 23 118,387 36
Rottweiler Rtw 12 107,022 15
Schipperke Sci 25 126,530 21
Shar-Pei ShP 11 124,828 93
Standard Poodle StP 12 132,289 123
Yorkshire Terrier TYo 12 129,768 388
Weimaraner Wei 26 111,958 21
Wolf WIf 15 118,256 1,471
Total 471 157,393
doi:10.1371/journal.pgen.1002316.t001

estimate genome-wide significance (see Materials and Methods).
This permutation procedure corrects for the extreme population
substructure present in dog breeds.

Using this method we were able to replicate several known
associations. We first performed a GWAS comparing 4 breeds with
furnishings (a coat type with moustache and eyebrows [9])
compared to 42 without them. Genome-wide significant associa-
tions were observed at 3 SNPs distributed located between 10.42 -
11.68 Mb on chromosome 13. The most strongly associated SNP is
at 11,678,731 (Pgenome » 0.001), 44 kb from the causative SNP
previously identified in RSPO2 [9]. We next scanned the genome
for associations with size, using weight in kilograms as a proxy (data
taken from [8]; see Table S3). The most strongly associated SNP
was located on chromosome 15 at 44,242,609 (Pgenome = 0.004),
which is within the IGF1 gene, previously implicated in size
variation [8]. Genome-wide significant associations (Pgenome » 0.05)
were observed at 7 SNPs within an interval between 44.23 - 44.44
Mb. In addition, we observed an association within a previously
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Figure 1. Neighbor-joining tree constructed from raw genetic distances representing relationships between samples. More than
170,000 SNPs were genotyped in 46 diverse dog breeds plus wolves using the CanineHD array. The boxer branches are longer, which likely represents
the influence of ascertainment bias, as the SNPs were discovered from sequence alignments involving the boxer reference sequence.

doi:10.1371/journal.pgen.1002316.9001

defined region on chr10 (11,169,956 bp; Pgenome = 0.036). The SNP
at chr10:11,169,956 is about 500kb upstream of HMGAZ2, which
has been established to be associated with body size variation in
other species [27-29].

The frequency of the SNP (chrl5:44,242,609) most strongly
associated to size shows a steady decline according to the size of
the breed. However, the differences in allele frequency at the SNP
chr10:11,169,956 are more striking, as one allele appears at very
low frequencies in all breeds apart from a number of very small
breeds (Yorkshire Terrier, Border Terrier, Jack Russell Terrier,
Schipperke), where it is at or close to fixation (Figure S3). Hence,
there appears to be relatively continuous variation in frequency in
a variant affecting IGF1 between breeds, whereas a variant
upstream of HMGAZ2 appears to have been fixed in a subset of

@ PLoS Genetics | www.plosgenetics.org

small breeds but shows little variation in allele frequencies in other
breeds.

Dog breeds show extreme variation in ear morphology ranging
from pricked ears to low hanging dropped ears. We performed a
GWAS using 12 breeds with pricked ears and 15 breeds with
dropped ears. Within an interval between 10.27 - 11.79 Mb, 23
SNPs had genome-wide significant associations (Pgenome » 0.05;
Figure 2). The most strongly associated SNP was chrl0:
11,072,007 (Pgenome » 0.001), which lies between the HGMA2
and MSRB3 genes. This region has been associated with ear type
and body size in previous studies [6,12]. Using the CanineHD
array, we are able to type SNPs at a much higher density in the
associated region. There is also large variation between dog breeds
in degree of tail curl. We classified breeds in our dataset into 11
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Figure 2. Identification of variants with large differences in allele frequencies between breeds that are associated with phenotypic
variation. The top panel shows the variation in pairwise fixation index (see text for definition) at SNPs across the genome on the CanineHD array.
The bottom panel shows GWAS for three traits (curly tail, drop ear, and sociality) with signals that correspond to SNPs with high population

differentiation. P-values from breed permutations are also shown.
doi:10.1371/journal.pgen.1002316.g002

with curly tails and 7 with straight tails and performed a GWAS.
Six SNPs on chromosome 1 were most significantly associated
within an interval 96.26 - 96.96 Mb (Pgenome » 0.05; Figure 2),
which are downstream of RCL1 and upstream of JAK2 (Figure
S4). This region has not been previously associated with tail curl.

Across-breed GWAS: behavioral traits

We performed GWAS to search for variants that affect breed
differences in behavior. We first performed a GWAS by
comparing 18 bold and 19 non-bold breeds using phenotypic
definitions from ref. [12]. Highly significant associations were
found at two SNPs on chromosome 10, 11,440,860 (Pgenome »
0.001) and 10,804,969 (Pgenome=0.006), in the same region
associated with both drop ear and size. Variation within this
region is therefore associated with at least two morphological and
one behavioral trait, which may be correlated. The region
contains several genes including WIF1, HMGA2, GNS, and
MSRB3 (see Figure S5). However, the most significant associations
for each trait appear to occur in different places. The SNPs most
associated with drop ear and size occur 98 kb apart between the
MSRB3 and HMGA2 genes, with the drop ear association closer
to MSRB3, whereas the top boldness association occurs within an
intron of HMGA2, 271 kb 39 of the size association. There is
however a strong correlation between the bold and non-bold
breed classifications and the drop ear and size classifications. All
prick eared and small dogs were classified as bold in the dataset,
whereas all drop eared dogs were classified as non-bold, with the
exception of Bernese Mountain Dog (see Table S3).

Breed averages for five personality traits measured objectively
under controlled conditions were obtained from the Swedish
Kennel Club. The traits are defined as sociability, curiosity,
playfulness, chase-proneness and aggressiveness [30] and have
been shown to be consistent among multiple tests of the same dog
[31]. We performed quantitative GWAS using the breed-average
trait values presented in Table S3. We observed significant
associations at a number of SNPs for the trait sociability, which
measures a dog’s attitude toward unknown people (Figure 2). No
SNPs reached genome-wide significance, but a large number of
SNPs on the X chromosome also showed strong association. In
order to accurately measure genome-wide significance in the sex
chromosomes compared to autosomes we removed male dogs
from the analysis. This analysis identified 10 SNPs with genome-
wide significant associations (Pgenome » 0.05) in the interval 106.03-
106.61 Mb on the X chromosome (see Figure S6). This region was
also identified in a previous study [6] to be highly differentiated
between breeds and correlated with body size and skull shape.

Single-SNP Fqr statistics identify SNPs under selection in
multiple breeds

Across breed GWAS is a powerful approach for identifying
genotype-phenotype relationship for traits shared among breeds.
The variants identified by this approach, by definition, have large
variation in allele frequencies between breeds. However, there
may be many more such SNPs that have been subjected to similar
selective pressures for common traits between breeds where the
trait is not identified. In order to find such loci, we identified SNPs
that exhibit high levels of differentiation between dog breeds using

@ PLoS Genetics | www.plosgenetics.org

the Fsr statistics calculated for the - 173,000 SNPs in the reduced
LUPA genotype dataset.

A total of 240 SNPs have a Fst - 0.55 and overall minor allele
frequency - 0.15 in the reduced dataset containing breeds with at
least 10 samples. These cut offs are identical to those used by
Boyko et al. [6] and are chosen for comparison. In the simulated
data, no SNPs pass this cut off (p,0.0001; x? test). We then
generated a list of highly differentiated regions, by merging all
SNPs in this list within 500kb of each other into single regions,
resulting in 44 regions containing between 1 and 94 SNPs with
elevated Fst. Regions with two or more SNPs are presented in
Table 2 and the complete list is presented in Table S4. Figure 2
presents a value for each SNP (used for illustration purposes only)
that we term “‘pairwise fixation index”” to highlight differences in
allele frequencies between breeds. This is defined as pg, where p is
the number of breeds where allele A is fixed or close to fixation
(frequency . 0.95) and q is the number of breeds where allele B is
fixed or close to fixation (frequency - 0.95). In total 53,944 out of
154,034 variable SNPs have a pq value - 0, indicating that they
are fixed for different alleles in at least 2 breeds. The regions of
high Fst correspond strongly to loci where trait associations have
been reported. In particular, 8 of the 9 regions comprised of more
than 3 high-Fst SNPs overlap known trait-associated regions, and
it is likely that most or all of the remaining regions with high Fst
show a correlation with an as yet undefined trait. Three of these
regions were not previously reported in a study based on a less
dense array [6] including a region on chromosome 7 (27.99 -
28.15 Mb) containing five highly differentiated SNPs that
encompasses the DMD gene. The locations of all regions are
marked in Figure 3, which presents a comprehensive map of
regions that are likely to contain major loci influencing phenotypic
variation between dog breeds.

Three regions longer than 1Mb are identified by this measure,
likely signifying regions under strong selection in many breeds.
These consist of a 2.6 Mb region on chromosome X that
associates with body size, skull shape and sociability, a 2.0 Mb
region on chromosome 10 that associates with drop ear, size and
boldness and a 2.1 Mb region on chromosome X associated with
limb and tail length (see also [6]). Other loci identified include
three loci involved in coat type (RSPO2, FGF5, KRT71) [9]. In
particular the RSPO2 gene associated with furnishings is found
within an extended 0.6 Mb region. The MITF and ASIP (Agouti)
genes known to be involved in coat color in dogs [11] are also
identified. The region on chromosome 1 identified here as
associated with curly tail and previously associated with snout
ratio [6] is associated with 4 SNPs with high Fst across 50 kb.
Other genes of note identified are LCORL, known to associate
with human height [27,29], KITLG, associated with coat color in
other species [32] and several genes with key developmental roles,
such as sonic hedgehog (SHH) involved in patterning in the early
embryo, msh homeobox 1 (MSX1), involved in embyrogenesis
and bone morphogenic protein 1 (BMP1) involved in bone
development.

Genome-wide scans for signatures of selective sweeps in
single breeds

Rare selective sweeps corresponding to regions of the genome
under selection in only one or a small number of breeds in our
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dataset cannot be detected by across-breed GWAS due to lack of
power. They also have a weak effect on Fst values at single SNPs
across all breeds compared to regions under selection in many
breeds. In order to identify such rare sweeps, we scanned patterns
of variation in the reduced LUPA genotype dataset to identify
extended regions where haplotypes had become fixed in one or
more breeds, leading to a local reduction in genetic variation and
increase in population differentiation. We analyzed 150 kb sliding
windows, overlapping by 25 kb in each breed compared with
other breeds using two statistics. The first statistic, S;, is calculated
by summing regional deviations in levels of relative heterozygosity
across the genome between two breeds compared to the genomic
average and summing across all pairwise comparisons. Relative
heterozygosity is defined as the number of SNPs segregating in a
genomic window in one breed divided by the number of SNPs
segregating in that window in two breeds under comparison.
Hence, regions with low S; in a breed contain few segregating
SNPs compared to other breeds. The second statistic, d;, was
implemented by Akey et al. [15], and is based on pairwise Fst
values normalized for a given breed relative to the genome-wide
average, summed across all pairwise combinations involving the
given breed. Regions of high d; in a particular breed exhibit a large
difference in allele frequencies compared with other breeds.

We first identified windows with S; or d; values in an extreme 1%
tail of their respective distributions (the bottom 1% for S; and top
1% for d;). Overlapping windows were then collapsed into larger
regions (see Materials and Methods). These regions represent a
map of blocks of reduced heterozygosity or elevated population
differentiation in each breed. We repeated our analysis of d; and S;
on the simulated data (see above). For both statistics, the average
length of regions identified was similar in real versus simulated
datasets. However, there was a strong excess of regions - 250 kb
in the real compared with simulated datasets, which likely reflects

@ PLoS Genetics | www.plosgenetics.org

Table 2. Description of regions with at least two nearby SNPs with high Fs7 (- 0.55) and high minor allele frequency ( - 15%).
no. chr start (bp) end (bp) no. SNPs length (kb)  max Fsr association candidate genes

1 X 104,640,567 107,235,825 96 2,595 0.75 sociality*, size, skull shape

2 10 9,836,009 11,792,711 33 1,957 081 drop ear, size, boldness* WIF1, HMGA2, MSRB3
3 X 85,365,233 87,444,776 29 2,080 0.58 limb/tail length

4 13 11,095,120 11,678,731 10 584 0.73 furnishings RSPO2

5 15 44,216,576 44,267,011 6 50 0.68 size IGF1

6 24 26,270,399 26,370,499 5 100 0.70 coat color ASIP

7 X 27,990,332 28,152,042 5 162 0.63 * DMD

8 20 24,841,077 24,889,547 4 48 0.63 coat color MITF

9 1 96,286,007 96,335,577 4 50 0.58 snout ratio, curly tail* RCL1

10 25 3,603,872 4,065,978 3 462 0.63 * FOX01, BRD2

11 20 20,449,477 20,539,359 3 90 0.62 * KLF15, ZXDC, UROC1, TXNRD3
12 13 10,210,459 10,225,305 3 15 0.59 * OXR1

1% X 120,769,286 121,212,627 2 443 0.70 * MAGEA, THEM185A
14 31 14,888,449 14,944,938 2 56 0.61 * NRIP1

il 3 68,103,223 68,260,652 2 157 0.60 * CPEB2

16 10 5,221,427 5,440,236 2 219 0.60 size* CDK4

17 3 93,933,450 93,944,095 2 11 0.60 size LCORL

18 15 32,638,117 32,853,840 2 216 0.57 KITLG

19 16 3,198,732 3,212,612 2 14 0.56 * PKD1L1

Associations (or regions with no suggested association) marked with an asterisk are novel to this study. Others are summarized in [6].
doi:10.1371/journal.pgen.1002316.t002

regions influenced by selection. In order to distinguish regions
generated by genetic drift compared with those generated by
selective sweeps we first estimated a marginal p-value for each
block, equal to the proportion of simulated blocks with longer
lengths in the same breed. We then adjusted these p-values using a
5% False Discovery Rate (FDR; see Materials and Methods and
ref. [33]). In total 524 high confidence putative sweeps (an average
of 17 per breed) were identified using the S; statistic, with a mean
size of 475 kb. However, none of the regions identified by the d;
statistic remained significant after FDR correction. Figure S7
shows the distribution of significant S; regions in the dog genome.

Full lists of regions identified by the S; and d; analyses including
the marginal and FDR corrected p-values are presented in Table
S5 and summary statistics of these regions are presented in Table
S6. These regions are also available as a UCSC annotation dataset
(see Materials and Methods for URLs). The UCSC browser offers
a graphical display of S; and d; regions as well as d; values for all
SNPs analyzed [34]. Table S7 shows the overlap between these
regions and those identified in previous studies (refs. [6] and [15]).

Long regions of reduced heterozygosity are identified by
the §; statistic

The §; test identifies blocks of the genome where one breed has
little or no variation consistent with fixation of a long haplotype by
a selective sweep. On average, only 19.9% of SNPs have
segregating variants in these regions in the breed where they are
identified compared with the genome average of 74.5%. Among
the 524 putative sweeps are several loci already implicated in
breed-defining characters. Notably, a 590 kb region of low §;
overlapping the FGF4 retrogene on chromosome 18 associated
with chondrodysplasia in Dachshunds. A 1.4 Mb region of low §;
overlapping the HAS2 gene implicated in skin wrinkling [16] is
observed in Shar-Pei. Regions in the vicinity of the RSPO2 locus
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Figure 3. Map of regions with extreme differentiation between dog breeds as identified by single-SNP Fs. All regions with at least one
SNP with Fsr - 0.55 and minor allele frequency - 15% are shown. Numbers correspond to the regions in Table 2, which contain at least two nearby

SNPs that pass these thresholds.
doi:10.1371/journal.pgen.1002316.g003

implicated with furnishings are observed in 2 breeds, which both
have furnishings (Yorkshire Terrier and Standard Poodle).
However, many variants implicated in phenotypic variation
between breeds are not strongly associated with regions of reduced
Si. No putative sweeps overlapping the IGF1 locus are identified in
small breeds using this statistic. This is likely to be because there
appears to be continuous variation in allele frequency at this locus
between breeds rather than complete fixation of certain haplotypes
in several breeds (see Figure S3).

Table 3 shows the top 20 longest regions of significantly reduced
Si. It should be noted that two pairs of putative sweep regions
occur at contiguous locations in the same breed (no. 2 and 12 in
Beagle and no. 5 and 6 in Irish Wolfhound), which could
potentially represent single selective sweeps. The longest region we
identified is 3.1 Mb long (chr22: 5.3-8.4 Mb) in beagles. This
region overlaps 3 other putative sweeps within the top 20 in other
breeds (Gordon Setter, Rottweiler, and Newfoundland) whereas
no other regions in the top 20 are overlapping. As this and other
regions with strongest evidence for sweeps are long and contain
many genes, it is not possible to identify the locus under selection
in a single sweep. However, it is interesting to note that they
contain genes associated with disease in humans and dogs
including epilepsy (KCNQ5), cancer (NPM1, FGR), and autoim-
mune disease (IL6). A long sweep on chromosome 30 in Golden
retrievers spans the RYR1 gene, involved in the skeletal muscle
calcium release channel and implicated in canine malignant
hyperthermia by linkage analysis [35]. We also identified a
number of genes involved in spermatogenesis and fertilization

(SPAGL1, FNDC3A, CLGN) which is a category often enriched in
genes under positive selection in other species [36].

In cases where multiple breeds are affected by selection acting
on the same variant, it may be possible to narrow an interval
containing the causative mutation by identifying a core region of
identity by state (IBS) between all breeds where haplotypes are
shared, most likely reflecting common ancestry. We searched our
dataset for regions with significant drops in §; that overlapped
between different breeds. We then identified the maximal region
where the same haplotype was fixed in all breeds identified. For
many significant long regions we were able to identify shorter
regions of IBS. The regions shared by 3 or more breeds are shown
in Table 4 and a full list is in Table S5. As a validation of this
method, we identified a 187 kb region where an identical
haplotype is fixed among the 3 breeds with furnishings where
we identified a sweep spanning the previously defined causative
indel (region 14). Hence this method is able to identify interval
containing the causative mutation in shared region of identity by
descent.

The inferred selective sweep shared by the most breeds in this
analysis was a 485 kb haplotype on chromosome 22 (5.4-5.9 Mb)
shared by 8 breeds (Beagle, Border Terrier, English Bulldog,
Gordon Setter, Irish Wolfhound, Newfoundland, Rottweiler,
Weimaraner). This region contains 2 genes: FNDC3A, fibronectin
type 1l domain containing 3A [37], which is involved in
spermatogenesis and also expressed in odontoblasts indicating a
role in odontogenesis, and CYSLTR2 cysteinyl leukotriene
receptor 2, a member of the superfamily of G protein-coupled

@ PLoS Genetics | www.plosgenetics.org 10

Table 3. Description of longest regions with significant drop in S;.

no. breed chr start end length no. genes overlaps

1 Bgl 22 5,286,218 8,423,791 3,137,574 27 Si (1,11,13,17) d; (1,8,9)
2 EBD 26 8,813,638 11,587,844 2,774,207 70 d; (7,14)

3 ESt 25 27,590,228 30,101,489 2,511,262 29

4 ShP 13 3,036,181 5,264,386 2,228,206 24 d; (312)

5 I'w 2 21,323,001 23,188,692 1,865,692 18

6 I'w 2 19,483,009 21,068,544 1,585,536 20

7 Bgl 14 39,147,833 40,601,429 1,453,597 22

8 GRe 30 3,901,787 5,329,451 1,427,665 12

9 ShP 13 23,047,599 24,433,840 1,386,242 6

10 Gry 25 7,271,327 8,636,861 1,365,535 10

11 GoS 22 4,904,331 6,215,828 1,311,498 14 Si (1,11,13,17) d; (1,8,9)
12 EBD 26 12,121,983 13,432,228 1,310,246 24

13 Rtw 22 4,654,448 5,937,680 1,283,233 18 Si (1,11,13,17) d; (1,8,9)
14 Gry 19 4,473,961 5,756,046 1,282,086 10

15 BMD 2 75,308,805 76,571,807 1,263,003 35

16 Bgl 12 37,413,405 38,655,096 1,241,692 13

17 NFd 22 4,752,012 5,980,115 1,228,104 17 Si (1,11,13,17) d; (1,8,9)
18 Rtw 13 50,613,526 51,755,732 1,142,207 16

19 Dob 20 39,397,583 40,517,365 1,119,783 34

20 GRe 8 5,436,616 6,533,588 1,096,973 42

doi:10.1371/journal.pgen.1002316.t003
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receptors. A 402 kb haplotype on chromosome 37 (3.5-3.8 Mb) is
shared among 7 breeds (Bernese Mountain Dog, Beagle, Border
Terrier, Doberman, Elkhound, Finnish Spitz, Golden Retriever).
This haplotype contains 7 genes including the MSTN (myostatin)
gene. This gene is associated with double muscling in cattle [38]
and in a similar phenotype observed in whippets [39]. It is

Table 4. Description of regions with identical fixed haplotypes across multiple breeds.

no. chr. start end length no. breeds no. genes candidate genes
1 22 5,466,185 5,950,731 484,547 8 2 FNDC3A,CYSLTR2
2 37 3,453,815 3,830,321 376,507 7 6 MSTN

3 X 101,638,881 101,992,724 353,844 5] 1 UBE2I

4 6 26,881,144 27,285,067 403,924 4 7 CRYM,ZP2

5 1 7,427,961 7,811,190 383,230 4 2 ZNF407

6 23 5,694,045 5,971,463 277,419 4 4 HSP90AAL

7 21 4,828,296 5,034,632 206,337 4 1 CNTN5S

8 17 3,190,961 3,672,468 481,508 3 4 TMEM18

9 19 5,046,934 5,463,342 416,409 3 7 UCP1

10 2 80,709,265 81,050,769 341,505 3 2 EIF4G3

11 37 14,809,394 15,087,734 278,341 3 6 NBEAL1

12 X 112,830,694 113,040,282 209,589 3 3 ATP11C

15 11 49,319,964 49,523,469 203,506 3 1 LINGO2

14 13 11,509,194 11,695,899 186,706 3 1 RSPO2

15 12 36,463,722 36,557,249 93,528 3 0 B3GAT2

16 8 24,377,123 24,415,610 38,488 3 0 CCT6P1
doi:10.1371/journal.pgen.1002316.t004

therefore plausible that this region has been a target of selection in
multiple dog breeds in order to modify muscle mass. A 354 kb
haplotype on chromosome X is fixed in 5 breeds (101.6-
102.0 Mb) and contains only one gene: UBE2I, an ubiquitin-
conjugating enzyme. This enzyme has been shown to interact with
MITF, involved in coat color, and is suggested to be a key

@ PLoS Genetics | www.plosgenetics.org

Table 5. Description of the longest regions with elevated d.

no. breed chr start end length no. of genes overlaps

1 ShP 22 4,828,721 6,233,045 1,404,325 15 d; (1,8,9) Si (1,11,13,17)
2 JRT 10 10,265,925 11,644,756 1,378,832 10 d; (2,4,10,18)

3 Elk 13 3,778,724 5,152,585 1,373,862 12 di (312) S; (4)

4 TYo 10 10,265,925 11,559,700 1,293,776 8 d; (2,4,10,18)

5 EBD 9 4,125,282 5418477 1,293,196 22

6 BoC 22 15,982,263 17,193,960 1,211,698 2

7 EBD 26 10,491,787 11,629,631 1,137,845 29 d; (7,14) S; (2)

8 FSp 22 4,300,860 5,397,353 1,096,494 19 di (1,89) S; (1,11,13,17)
9 NFd 22 4,300,860 5,361,506 1,060,647 18 d; (1,89) S; (1,11,13,17)
10 Elk 10 10,707,193 11,644,756 937,564 7 d; (24,10,18)

11 LRe 13 40,738,270 41,665,437 927,168 36

12 Bgl 13 3,266,021 4,176,521 910,501 13 di (312) S (4)

13 TYo 3 40,471,308 41,367,554 896,247 11

14 TYo 26 10,744,458 11,629,631 885,174 23 d (7,14) S (2)

15 ESt 19 46,765,322 47,637,012 871,691 5

16 ShP 3 3,069,417 3,922,440 853,024 4

17 TYo 24 25,532,482 26,370,499 838,018 20

18 BrS 10 10,832,919 11,644,756 811,838 5 d; (24,10,18)

19 BoT 19 10,239,039 11,031,247 792,209 &

20 Ir'w 37 3,170,534 3,960,864 790,331 12

doi:10.1371/journal.pgen.1002316.t005
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regulator of melanocyte differentiation [40] although it also has a
number of other features.

Regions of elevated population differentiation are
identified by the d; statistic

There are many extremely differentiated regions although none
of them passed the 5% FDR correction for length (see Table S5 for
full list). Variation in S; and d; statistics in the 10 longest regions
identified by the §; test is presented in Figure S8. This comparison
of the d; and §; tests reveals that the increases in d; often occur
within a more restricted region of a large block of fixed haplotype
from the S; tests, indicating that they represent regions where an
otherwise rare ancestral sub-haplotype has been fixed in a certain
breed. It therefore appears that many regions detected by d; and S;
tests are complementary. Among the top 20 longest putative
sweeps identified by the d; statistic (Table 5) are 3 overlapping
sweeps that also overlap the common sweep containing FNDC3A
and CYSLTR?2 identified by the S; test. We also identify putative
sweeps in 4 breeds overlapping the region associated with drop
ear, size and boldness among the top 20 d; sweeps. Two putative
sweeps in this list overlap a region on chromosome 13 (3.3-
5.2 Mb), which is also identified by the S; test. One gene of note in
this region is VPS13B, which may have an important role in
development and is associated with Cohen syndrome, which has
an effect on development of many parts of the body [41]. The
second longest putative sweep identified by S; on chromosome 26
is also identified in two of the top 20 longest d; regions.

XP-EHH

We performed an additional validation of our results using a
third statistic, XP-EHH, which identifies regions where a long
haplotype has reached fixation, or is close to fixation in one breed
compared with other breeds [18]. We calculated the mean XP-
EHH for all of the regions identified by the S; and d; tests. For the
regions constructed from the top 1% of d; (6404 regions) and S;
(7618 regions) statistics, mean XP-EHH was -0.94 and -1.13
respectively across all breeds compared with a genome average of
zero. This difference is consistent across all 30 breeds and is highly
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significant (binomial test: P, 102°%). This confirms that regions
identified by the S; and d; tests are associated with unusually long
haplotypes at or near fixation in the breeds under selection
compared with other breeds.

Functional categories

We analyzed genes closest to all singleton SNPs with high Fst
for enrichment in gene ontology (GO) categories. The six most
significantly overrepresented GO categories were all involved in
development. 11 of the 22 genes were found in the ‘“‘developmen-
tal processes category” (P=0.00036) and tissue, system, organ,
anatomical structure and multicellular organismal development
were all significantly overrepresented (P, 0.0007). These highly
differentiated SNPs therefore highlight a number of regions
involved in development that are likely to have been modified by
artificial selection and contribute to the high diversity of dog
breeds.

We next analyzed gene content of all of the regions constructed
from the top 1% of d; and S; distributions that pass the marginal p-
value ,0.05 for each breed. We only considered regions
containing a single gene, in order to enrich the analysis for true
targets of selection, although this list is still expected to contain
false positives. There were 119 d; regions and 272 S; regions
containing one gene only (29 genes shared). We performed GO
analysis using human genes with 1:1 human-dog orthologous
relationship. As longer genes are over-represented within long
genomic segments containing only one gene, we compared these
candidate selection genes to a background dataset with similar
length (see Materials and Methods). A total of 40 GO categories
were significantly enriched in the S; analysis and 6 in the d; analysis
(Table 6). Developmental processes, central nervous system, organ
development and pigmentation pathways are significantly en-
riched in S; regions whereas cell communication and signal
transduction are the most represented in d; regions. These
differences in enriched GO categories could potentially reflect
differences in the form of selection detected by the two statistics.

A large number of genes detected by the S; analysis are
significantly over-represented in several GO categories, which may
reflect pleiotropic effects. A total of 23 of the genes belong to at
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Table 6. Enriched GO categories with 5 or more genes in S; and d; candidate selection regions.

GO ID GO category no. genes enrichment adjusted p-value
S;regions

G0:0032501 multicellular organismal process 40 13 0.034
G0:0048869 cellular developmental process 22 15 0.032
G0:0030154 cell differentiation 21 16 0.021
G0:0048468 cell development 14 17 0.029
G0:0051239 regulation of multicellular organismal process 12 19 0.021
G0:0007186 G-protein coupled receptor protein signaling pathway 10 21 0.018
G0:0007507 heart development 6 29 0.016
G0:0030097 hemopoiesis 5 29 0.025
G0:0048534 hemopoietic or lymphoid organ development 5 27 0.033
G0:0048514 blood vessel morphogenesis 5 2.7 0.033
d;regions

G0:0007154 cell communication 16 15 0.028
G0:0007165 signal transduction 15 16 0.027
G0:0007166 cell surface receptor linked signal transduction 8 2 0.04
doi:10.1371/journal.pgen.1002316.t006
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least 10 enriched GO categories. As an example, one candidate
selection gene the thyroid stimulating hormone receptor (TSHR) is
involved in 25 enriched GO categories, including central nervous
system and regulation of nucleotide biosynthetic process. This
gene is suggested to have an essential role in photoperiod control
of reproduction in vertebrates, in organ development and in
metabolic regulation and has been recently been implicated as an
important domestication gene in chicken [42].

The two larger biological processes over-represented by d;
regions are ‘cell communication’ and ‘signal transduction’, which
are represented by 16 and 15 genes, respectively. A region on
chromosome 3 with strong statistical support contains the gene for
insulin-like growth factor receptorl (IGF1R), also detected by S;
statistics. This is a strong candidate gene in relation to selection for
growth, a phenotype that has been strongly selected in dog.
Another example is ANGPT1, which plays roles in vascular
development and angiogenesis and contributes to blood vessel
maturation and stability. This gene has been identified in a set of
positively-selected genes in human Tibetan populations for which
selection may have occurred to allow for more efficient oxygen
utilization [43]. The presence of TSHR and ANGPT1 in enriched
GO categories may suggest that these pathways are commonly
involved in recent adaptation.

Fine-scale analysis of a region associated with multiple
traits

The region containing the most highly differentiated SNPs
identified by the single-SNP Fst analysis is 9.8 — 11.8 Mb on
chromosome 10. Variation in this region was also found to
correlate with multiple traits: drop ear, size and boldness. As
boldness shows a strong correlation with the other traits, we
focused on analyzing the contribution of variants in this region to
drop ear and size. We first analyzed the variation in allele
frequencies of the SNPs most associated with size and drop ear
across breeds scored for these traits. Size was measured as the
breed average in kg, and drop ear was scored on a scale of 1-5
(Figure 4A). The SNP most associated with ear type (chrl0:
11,072,007) showed correlation with this trait, but little association
with size. Allele frequencies display continuous variation between
breeds. In contrast, the minor allele at the SNP most associated
with size (chr10: 11,169,956) was not present in most breeds, but
close to fixation in a subset of small breeds (Chihuahua, Yorkshire
Terrier, Border Terrier, Schipperke, Jack Russell Terrier). All of
these breeds were also fixed for the prick ear allele at the ear type
SNP. Based on this analysis, we hypothesize that combinations of
two alleles at these two SNP loci result in three main haplotypes
affecting ear type and body size segregate among dogs (Figure 4B).
The small size-pricked ear combination is present in the small
(non-chondrodysplasic) breeds mentioned. All other breeds
genotyped possess the large-prick or large size-drop ear haplotype,
and the small size-drop ear combination is not observed in our
dataset.

In order to identify variants potentially responsible for these
traits, we comprehensively characterized variation in a genomic
segment encompassing this region (chr10: 9.5 Mb - 12.5 Mb)
using Roche NimbleGen hybrid capture and sequencing using an
Illumina Genome Analyzer. We choose 3 breeds with the dropped
ear phenotype (Lagotto Romagnolo, Leonberger, and Bernese
Mountain Dog) and 3 with the pricked ear phenotype (Chinese
Crested, Schipperke, and Finnish Spitz). Two of the pricked ear
breeds are small, with breed average , 6 kg: Chinese Crested and
Schipperke. We sequenced each breed independently, using a pool
of 5 dogs from each breed. On average 8 million reads per pool
were produced, of which 48% mapped to the 3 Mb region on
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chr10. In total, 61% of this region was mapped by at least one
read. In the 68% of the region defined as non-repetitive, reads
mapped to 98% of bases, at an average coverage depth of 114x. By
comparison with the reference sequence, we identified fixed
differences and polymorphic sites within each breed. Differences in
the pattern of polymorphism between dropped and pricked eared
dogs are clearly apparent, and drop eared breeds exhibit a lower
level of variation on average compared with prick eared dogs,
which is mainly restricted toa , 2 Mb region between 9.5 Mb and
11.5 Mb (Figure 5).

We next identified SNPs in this region that were completely
fixed for different alleles in dropped and pricked eared breeds.
These SNPs are distributed unevenly across the region, and a peak
in the number of such fixed SNPs occurs around 11.3-11.5 Mb. In
total 287 SNPs or small indels were completely fixed for different
alleles in the drop ear compared with pricked ear breeds. Twenty-
five of these SNPs reside in regions that show evidence for
sequence conservation and are therefore candidates for being the
causative mutation (Table S8). Of the 6 breeds, only Chinese
Crested was completely fixed for the small size allele at chrl10:
11,169,956 in our dataset. We therefore identified SNPs fixed for
different alleles in Chinese Crested compared with all other breeds
except Schipperke (this breed was excluded because it is small but
was not completely fixed for the size-associated SNP from the
GWAS). In total 297 SNPs or small indels were completely fixed
for different alleles in these two groups. Of these, 17 were in
conserved regions and are therefore candidates for affecting size
(Table S9).

Discussion

Here we present a comprehensive catalogue of genomic regions
that are candidates for being affected by artificial selection in dogs
using the densest panel of SNPs to date. We focus on two main
types of variant: 1) common variants that affect variation in a trait
in many breeds and 2) rare variants that have undergone selective
sweeps in one or a few breeds. For the first category, we identify
loci where variation correlates with morphological traits such as
body size and tail curl, and behavioral traits such as sociability and
boldness. We also identify several loci with evidence for a high
degree of population differentiation between breeds, for which the
connection with phenotypic traits in dogs is hot known, but that
are known to associate with traits such as pigmentation and body
size. To identify loci in the second category, we searched for
regions with reduced heterozygosity and high population differ-
entiation, characteristic of selective sweeps. This analysis identified
loci known to be associated with breed-defining characteristics
such as chondrodysplasia, skin wrinkling, and furnishings. In
addition, we identify several extended regions with reduced
heterozygosity - 1 Mb consistent with recent selective sweeps in
one or more breeds, including striking examples such as a region
containing the FNDC3A and CYSLTR2 genes, and a region
containing the MSTN (myostatin) gene that both bear the signal of
selection in multiple breeds.

The candidate selection loci we identified are strongly enriched
for genes involved in developmental and metabolic processes. In
general, the GO terms we find to be significantly enriched are
different from analyses of selection in natural populations, in
which genes commonly targeted by positive selection include those
involved in immunity and defense, olfaction and responses to
external stimuli [36]. These results are consistent with the idea that
artificial selection in domestic animals target different functional
categories than natural selection. This result contrasts with that of
Akey et al. [15] who found genes involved in immunity and
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Figure 4. Variation in allele frequencies of the SNPs with the strongest association to drop ear (chr10:11,072,007) and body size
(chr10:11,169,956). A) The frequency of these two SNPs in each breed is plotted against the classification of each breed according to body size and
drop ear phenotype. The first SNP shows continuous variation in frequency between breeds, and correlates with drop ear class (1 = pricked ear, 5 =
dropped ear). At the second SNP, one allele has very high frequency in some small breeds, but very low frequency in all other breeds. A set of small
breeds with high minor allele frequency at this SNP are marked. B) The allele frequencies at these SNPs are consistent with the presence of three

haplotypes, associated with different combinations of these traits.
doi:10.1371/journal.pgen.1002316.g004

defense to be overrepresented among their candidate selection
regions.

Artificial selection on dog breeds coincided with breed creation
bottlenecks leading to genetically distinct breeds fixed for novel
traits [1,3,4]. Hence a large proportion of phenotypic and genetic
variation is apportioned between but not within breeds. It is
notable that 35% of polymorphic SNPs we analyzed are fixed or
almost fixed for alternative alleles in two or more breeds. This is in
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sharp contrast to the differences between human populations,
where only 78 near-fixed differences, that are all strong candidates
for being under selection, were observed between four populations
among 15 million SNPs identified using whole-genome resequen-
cing [44]. The strong influence of genetic drift on genetic variation
in dog breeds has also led to random fixation of long haplotypes
and it is estimated that on average ,25% of the genome lies
within a homozygous block . 100kb in an average breed. This
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Figure 5. Patterns of polymorphism in a 3 Mb region where variation is associated with drop ear, body size, and boldness
phenotypes. The top panel describes variation compared to the reference sequence in pools of 3 drop ear (Lagotto, Lag; Leonberger, Leo; Bernese
Mountain Dog; BMD) and 3 pricked ear breeds (Schipperke, Sch; Finnish Spitz, FSp; Chinese Crested, CCr). Blue lines represent homozygous (fixed)
differences from the reference sequence and red lines represent SNPs that are polymorphic in the breed pool. The positions of GWAS associations for
drop ear (E) body size (S) and boldness (B) are shown. The positions of genes are also displayed (vertical bars correspond to exons). The second panel
displays the levels of relative heterozygosity in all drop ear breeds compared with all prick ear breeds in 100 kb windows. The third panel shows the

@ PLoS Genetics | www.plosgenetics.org 15 October 2011 | Volume 7 | Issue 10 | e1002316



Selection Mapping in Dogs

number of SNPs that are fixed for different alleles in drop and prick ear breeds. Green segments represent SNPs fixed for the reference allele in drop
ear breeds, and black segments represent SNPs fixed for the reference allele in pricked ear breeds.

doi:10.1371/journal.pgen.1002316.9g005

suggests that functional genetic variation has also been affected by
genetic drift. This background of fixation of haplotypes by drift
makes it extremely difficult to distinguish the signal of a selective
sweep from background variation, and they may often be
indistinguishable.

We performed coalescent modeling using realistic estimates of
recombination and demographic parameters in order to compare
the length distributions of genomic segments identified by our
analyses with those expected under neutrality. These simulations
are by necessity an approximation of the actual evolutionary and
demographic forces that shaped patterns of genetic variation in
dog breeds. In particular, we do not model selection, which may
reduce effective population size. Secondly, we assume a simplified
demographic model, involving a single domestication bottleneck,
and simultaneous breed creation. The true history of dog evolution
is likely to be more complex than this, with some breeds showing
closer relatedness than others. Nevertheless, long segments
identified by the S; and d; that pass the 5% FDR cut off are
strong candidates for selective sweeps, and contain a number of
regions already associated with phenotypic traits.

Simulations indicate that large segments of reduced heterozy-
gosity and elevated Fst are expected under neutrality but longer
segments of reduced heterozygosity, particularly those longer than
1 Mb, are not expected to occur due to drift alone and hence are
more likely to reflect selection. In general we expect segments of
reduced heterozygosity to contain causative variants under
selection, however, in some cases we observe large blocks of
reduced heterozygosity that appear to be broken up into adjacent
regions separated by more variable regions. This pattern may
reflect heterogeneity in ancestral haplotypes, which makes it
difficult to pinpoint the focus of selection. Smaller blocks of
elevated d; often occur within extended regions of reduced
heterozygosity. These probably reflect the fixation of variants that
are otherwise rare in the dog population due to hitchhiking on the
selected haplotype. However, most variants that are fixed by
hitchhiking during a selective sweep are likely to be already
common in the population, and therefore will not have a big effect
on the d; value of a region. This leads to stochasticity in the d;
statistic, which may explain the fact that even the longest d;
segments still do not pass a 5% FDR. When even denser surveys of
SNP variation (e.g. from whole genome sequencing) are available,
a more promising approach could be to identify selective sweeps
using reductions in heterozygosity, and identify potential causative
variants within these sweeps by their elevated Fs (see e.g. [45]).

In addition to aiding in the dissection of the genetic components
of phenotypic variation in dog breeds, we anticipate that our fine-
scale map of genomic regions of extreme population differentiation
and fixation of extended haplotypes will find utility for
identification of disease causing variants. Firstly, regardless of
whether they are caused by selection or drift, regions with reduced
heterozygosity in a particular breed are problematic to interrogate
with GWAS and may harbor disease-causing variants that are not
tagged on a SNP array. Secondly, genetic variants responsible for
breed characteristics may have pleiotropic effects that increase
incidence of disease in that breed. Thirdly, disease-causing
mutations may have risen in frequency in regions under selection
by genetic hitchhiking on haplotypes bearing variants under
artificial selection. These considerations suggest that our candidate
selection regions warrant additional scrutiny in disease mapping
studies. An example of the second effect has recently been
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highlighted in the Shar Pei breed, where strong artificial selection
for genetic variants that likely affect expression of the HAS2 gene
is responsible for both the characteristic wrinkled skin of the breed
and an increased predisposition to periodic fever syndrome [16].

Our analysis of single-SNP Fst across breeds identified a
number of extended genomic regions of extreme population
differentiation between dog breeds, which harbor variants
responsible for commonly varying traits between dog breeds.
Genetic variation in some of these regions correlates with multiple
traits that vary between dog breeds, in some cases including both
morphological and behavioral differences. There are several
possible reasons for these multiple associations. One possibility is
that these regions harbor multiple variants that each has an effect
on different traits. Alternatively the associations could be the result
of single mutations with pleiotropic effects that affect multiple
traits. It is also possible that traits may correlate with each other
for other reasons. For example, there may have been coordinated
selection for more than one trait in a subset of breeds, or a subset
of breeds may share a trait simply by chance. We have
comprehensively surveyed genetic variation in a region of extreme
population differentiation on chromosome 10, where genetic
variation correlates with body size, drop ears and boldness. As
boldness shows strong correspondence with drop ears it is unclear
whether this trait is affected by an independent variant in this
region. A more detailed analyses of the allele frequencies of SNPs
associated with body size and drop ears is consistent with a
hypothesis that these traits are controlled by two linked SNPs,
which in combination produce three observed haplotypes
associated with distinct phenotypes. It is therefore possible that
additional regions of extreme population differentiation also
harbor multiple variants affecting different traits. Careful genetic
dissection of each region is necessary to identify all functional
variants and the traits they affect. As extensive LD is found in these
regions, it is difficult to determine how many functional variants
are present and their precise location. Such analysis would
therefore be aided by the use of multiple breeds or populations
with less extensive LD in order to narrow down the associated
intervals.

In its most extreme form, a selective sweep is characterized by
the rapid fixation of a new mutation under selection along with
linked genetic variants (a hard sweep). However, less extreme
selective episodes (soft sweeps), such as incomplete selective sweeps
or selection on standing variation may also be common [46,47]. It
has been argued that polygenic adaptation, where subtle changes
in allele frequencies occur at many loci, is the dominant form of
phenotypic evolution in natural populations [48]. This type of
evolution is likely when variation in a trait of interest is controlled
by a large number of loci with small effect, which is now known to
be the case with a number of highly heritable quantitative
metabolic and morphological traits in humans. A long-term
selection experiment in Drosophila melanogaster also uncovers
evidence for this kind of adaptation [49]. Artificial selection in
dogs appears to have caused genetic variants with much larger
phenotypic effects to segregate at high frequencies, resulting in the
simplification of the genetic architecture of phenotypic variation.
In some cases, breed-defining characteristics such as chondrodys-
plasia, skin wrinkling and brachycephaly are likely to result from
hard sweeps at breed creation. However, many variants with large
phenotypic effects appear to show continuous variation between
breeds that correlates with particular traits, including genetic
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variants that associate with body size in the IGF1 locus on
chromosome 15 and with drop ear on chromosome 10, suggesting
that selection by attenuation of allele frequencies is also common.
Hence, although hard sweeps are likely to be a more common
form of selection in domestic compared with wild species, it is
likely that more minor changes in allele frequencies across many
loci also contribute to phenotypic evolution.

The huge phenotypic diversity present in dogs raises the
question as to whether levels of functional genetic variation in the
ancestral dog population were elevated, adding to the raw material
that artificial selection could act on. Relatively higher levels of
replacement amino acid changes are found in dogs compared with
wolves, possibly indicating a relaxation of selective constraint
[50,51]. There are also a large number of loci in the dog genome
polymorphic for the active SINEC_Cf elements [52], which may
also contribute to functional genetic variation, although it is not
known whether functional variation due to these elements is
increased in dogs compared with wolves. It has also been suggested
(and disputed) that the dog genome has a high intrinsic mutation
rate [53,54]. There is also great interest in looking for
“domestication genes” by identifying loci under selection in
domestic species compared to wild ancestors. Investigation of these
processes that occurred in the ancestral dog population requires
detailed comparisons of patterns of genetic variation in dogs and
wolves. As the majority (- 98%) of SNPs on the CanineHD array
were discovered by comparisons of dog breeds, they are biased
against fixed differences between dogs and wolves and wolf-
specific SNPs. Additional SNP discovery in wolves is therefore
necessary to unravel the evolutionary processes involved in early
dog domestication. Whole genome resequencing of both dogs and
wolves will be important for a more detailed understanding of
these processes.

It is likely that artificial selection in dogs (and other domestic
animals) has led to the proliferation of mutations with large effects.
This has contributed to the success of the dog as a model for
genetic dissection of phenotypic traits. Such variants are likely to
be maladaptive in the wild, and may also increase susceptibility to
disease. Hence examining regions under selection in breeds may
aid in identification of genetic risk factors affecting susceptibility to
disease. Studying the extreme variation in forms produced by
artificial selection also gives us a window into studying the effects
of selection in natural populations, as first realized by Darwin [55].
Understanding the effects of selection on the genomes of domestic
animals should give us insight into understanding its effects on
nondomestic species, including our own.

Materials and Methods

Ethics statement
Blood samples were taken from dogs by trained veterinarians
according to relevant national and international guidelines.

SNP discovery

We scanned the existing list of 2.8 million high quality SNPs
and identified 1,555 regions - 40 kb (gaps) with no known SNPs in
non-repetitive DNA (588 of these are on chromosome X). Gaps
- 100 kb were divided into a series of shorter ones resulting in a set
of 2,375 genomic segments with no known SNPs of average length
50kb. We designed a Roche NimbleGen sequence capture array
containing probes matching on average 2.1 kb within each
segment, giving a total of 5 Mb. This array was used to enrich
pools of DNA from Belgian Shepherds, Irish Wolfhounds, West
Highland White Terrier, Shar-Pei and wolves. The samples were
then sequenced using an lllumina Genome Analyzer and aligned
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to the CanFam2 dog reference sequence using MAQ. We
identified 4,353 novel SNPs (973 on chromosome X). After
updating the canine SNP map with these variants the number of
gaps - 40 kb was reduced to 714 (392 on chrX).

Design of CanineHD array

We selected SNPs from initial list of 2.8 million augmented by
the resequencing to be included in the lllumina CanineHD array.
We selected SNPs by scanning the genome using non-overlapping
windows of length 11,500 bp (this length was calculated to return
the desired number of SNPs). Every SNP in each window was
scored and ranked according to a number of different criteria in
order to maximize quality, coverage of the genome and a number
of other factors according to a scoring criteria (Table S10). The
main criteria considered for each SNP were Illumina design score,
presence on a list of SNPs known to be informative for studies of
canid phylogeny and presence on lists of previous dog SNP arrays
(Affymetrix and Illumina). SNPs in repetitive DNA or those that
required two bead types on the Illumina array were disfavored.
We also included 13 Y chromosome specific SNPs presented in ref
[56]. The resultant list was analyzed to identify possible duplicates
or incompatibilities between primers. The problematic SNPs were
removed, and the final SNP list was edited manually to produce a
list of 200k bead types by removing SNPs with the smallest
distance to other SNPs.

Genotyping

Genotyping was performed by lllumina Inc., USA (Gentrain
dataset) and Centre National de Genotypage, France (LUPA
dataset). All data is available at: http://dogs.genouest.org/
SWEEP.dir/Supplemental.html.

GWAS

For each trait we performed a GWAS with plink (http://pngu.
mgh.harvard.edu/ , purcell/plink/), using a breed permutation
procedure to determine genome-wide significance implemented
using a perl script. Each sample within a breed was first assigned a
phenotype corresponding to the breed-specific value of a trait.
Traits were either coded as dichotomous or quantitative
depending on how they were measured (see below). An association
study was performed for each trait followed by a permutation
procedure, where the phenotypes of each breed were randomized,
always assigning an identical phenotype value to each sample
within the same breed. For each GWAS, 1000 permutations were
performed, and the real significance values at each SNP were
compared to the maximum permuted values across all SNPs in
order to calculate genomewide significance.

We used the full LUPA dataset of 46 breeds to perform breed
GWAS. The phenotypic values used are shown in Table S2.
Personality traits and size were considered as quantitative traits.
Other traits were considered dichotomous, and breeds were
divided as follows (breed abbreviations in Table 1):

Furnishing association. 4 breeds with furnishings (BoT,
IrW, StP, TYo) compared with all other breeds. Drop ear
association: drop ear breeds (Bgl, BMD, BrS, CKC, CoS, Dac,
Dal, ECS, ESS, ESt, GoS, LMu, NFd, ShP, Wei) compared with
pricked ear breeds (BeT, Chi, CWD, Elk, Eur, FSp, Gsh, GSlI,
Hus, Sam, Sar, Sci). Curly tail association: straight tail breed (BoT,
DaC, Dal, EBT, EBD, Gry, LRe) compared with curly tail breeds
(Elk, Eur, FSp, GSD, Mop, Sar, Sci, Scn, ShP, Hus, Sam, TYo).
Boldness association: bold breeds (ASh, BeT, BMD, BoC, BoT,
Box, Dal, Dob, Elk, GSh, Hus, JRT, Rtw, Sam, Sci, Scn, ShP,
TYo) compared with non-bold breeds (Bgl, BrS, Chi, CKC, Dac,
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EBD, ECS, ESS, ESt, FcR, GoS, Gry, GRe, I'W, LRe, NFd,
NSD, StP, Wei).

The rs numbers corresponding to SNPs mentioned in the text
are listed in Table S11.

Phasing and imputation

We phased the genotypes in the reduced dataset containing 471
dogs from breeds with 10 or more samples using fastPHASE [57]
version 1 with the default parameters. We analyzed each breed
and chromosome separately, dividing the X chromosome into the
pseudo-autosomal region (PAR) and nonrecombining portion.
Missing genotypes were imputed by the software, and we
subsequently removed all SNPs that were not polymorphic or
had less than a 100% call rate in all dog samples. In total, 19,176
invariant SNPs were removed: 14,309 on the autosomes and PAR,
and 1027 on the nonrecombining X chromosome. An additional
3,840 SNPs were removed due to poor call rate. This dataset was
used for subsequent selection scans and coalescent modeling
analyses.

Scans for selective sweeps using S; and d; statistics

The S; statistic is a measure of the proportion of SNPs that are
variable in a region in a particular breed relative to all other
breeds. We first divided the genome into 150 kb sliding windows,
overlapping by 25 kb. Each window contained on average 10
SNPs; windows with less than 5 SNPs were not retained in the
analysis. The same sliding window coordinates were used for the S;
and d; analyses. Given a pair of breeds i and j and a given genomic
window, we define relative heterozygosity as:

hi

hij~hiZhj

where h; is the number of polymorphic SNPs in breed i and h; is the
number of polymorphic SNPs in breed j in a given genomic
window.

S; for a given genomic window in breed i is then calculated as:

_ Xhi{E hy
sd hij

i
=i

where E[h;] is the expected value of h, calculated by comparing
all of the SNPs between breed i and j, and sd[h;] is the standard
deviation of all sliding windows. The §; statistic was calculated in
this manner for all predefined 150 kb sliding windows across the
genome, for all 30 breeds in the dataset. The §; statistic was
calculated separately for the autosomal regions (including PAR)
and the nonrecombining portion of the X chromosome, and was
calculated in exactly the same way outlined above for the
coalescent simulated data.

Using the same dataset, we calculated Fst for each pairwise
breed combination. To identify regions with elevated Fst
calculated the d; statistic for each SNP (Akey et al), which is a
standardized measure of pairwise Fst values involving breed i and
all other breeds:

h i

< F L P
di~

j=i sd FgT

where E[Fst'] and sd[Fst] represent respectively, the expected
value and the standard deviation of Fst between breed i and j
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computed from all SNPs. For each breed, d; values were calculated
for the 150 kb windows used for the S; analysis. We retained, for
each breed, windows with an average d; within the top 1% of all d;
values.

For each breed, we retained the top 1% of windows in each
breed based on both S; and d; statistics. Overlapping windows were
then combined to create a set of larger regions for each statistic.
We applied this method to both the real and simulated data (see
below) after which we compared the distribution of lengths. We
then computed a marginal p-value for each region as the
proportion of regions defined from the simulated dataset of the
same breed that were longer. Finally we corrected the p-values
using the Benjamini-Hochberg FDR method [33].

The UCSC graphical display of regions identified by the S; and
d; statistics as well as d; values for all SNPs from the CanineHD
array are available at the following URL:

http://dogs.genouest.org/ SWEEP.dir/Supplemental.html

Shared haplotype analysis

The aim of this analysis was to identify putative regions of
Identity By Descent (IBD) within haplotypes inferred to be
involved in selective sweeps in multiple breeds in order to narrow
down the boundaries of putative sweep regions. This is based on
the assumption that the selected variant was present on an
ancestral haplotype prior to breed creation and is shared by
multiple breeds. We first identified core regions that overlapped S;
sweeps (at the 5% FDR) and were completely homozygous in each
breed. Once these fixed regions were defined they were then
grouped into clusters of overlapping physical locations between
breeds. Where possible, we then identified the region of maximal
overlap between all homozygous regions in all of the breeds in a
cluster that had been fixed for identical haplotypes.

Cross-population extended haplotype homozygosity
(XP-EHH)

In order to calculate XP-EHH for SNPs in our dataset, we first
removed SNPs with a minor allele frequency , 5% in the entire
dataset. We calculated the EHH statistic between all SNP pairs
across all breeds in the whole dataset. We retained SNP pairs with
EHH between 0.03 and 0.05 for the XP-EHH analysis. We
calculated normalized log XP-EHH scores between these SNP
pairs from iHS scores as described by [18]. However, instead of
comparing iHS score between pairs of populations, we compared
iHS scores in a given breed and SNP pair to the average of iHS
scores in all other breeds. The normalization step was performed
for each chromosome in each breed separately. In order to
confirm the presence of extended haplotypes in putative sweep
regions, we averaged XP-EHH scores across these regions in each
breed compared to the genomewide average.

Coalescent simulations

We performed whole genome simulations under a realistic
demographic model, using variable regional recombination rates
as inferred from the original data. The simulation process
consisted of three main steps: (1) recombination rate inference,
(2) breed bottleneck modeling and (3) main simulations.

Recombination rate inference. We used interval in the
LDhat package [58] to estimate the total population scaled
recombination rate (r = 4Ner) of each dog chromosome, as well as
regional recombination rate variation across all chromosomes. For
each chromosome, we randomly chose 100 haplotypes from the
original data as input for interval. We split the input data into
consecutive blocks of 2000 SNPs, each overlapping the previous
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block by 200 SNPs. Recombination rate estimates from individual
blocks were then concatenated to get chromosome wide rate
estimates. Interval was provided a look up table downloaded
from http://www.stats.ox.ac.uk/ , mcvean/LDhat/instructions.html,
which assumes a population mutation rate of 0.01. The PAR was
analyzed separately from rest of the X-chromosome. To assess the
general performance of interval on dog data, we averaged the regional
rate estimates obtained here across 5 Mb windows to make it
compatible with a previously published, coarse, linkage map [59]. The
concordance between the population genetic map and the linkage
map is good (Axelsson et al, unpublished). To convert the population
scaled recombination rate estimated for the domesticated dog into
breed specific rates we first estimated the effective population size of
the domesticated dog (Negog Autosomes = 7752) by comparing the
autosomal part of the population genetic map generated here, with
that of the linkage map [59]. Then to take a potential bias in
reproductive success between males and females into account we used
the same approach to estimate the effective population size using only
the X-chromosome (Negoq x =9134).

Modeling breed bottlenecks. We built on previous dog
demographic modeling efforts in setting up a simple simulation
scheme to estimate the strength of bottlenecks at breed formation
for each breed in our dataset. Our model thus assumed an
effective population size of the ancient wolf population (Ney,s) of
22600 [60]. It furthermore assumed that dog domestication
occurred 5000 generations ago, accompanied by an instantaneous
decrease in population size to 5560Negy,y and that breed
formation took place 100 generations ago [60]. The mutation
rate was set to 1028 [1] and the generation time was assumed to
be 3 years. We then used MaCS [61] to simulate genome wide
replicas of our dataset according to the model described above,
for 59 breed bottle neck sizes, ranging from 0.001Neyq -
0.03Neyqf (this corresponds to an increment in bottle neck size of
0.0005Neyq; for every new simulation). We repeated these
simulations for each of the sample sizes represented in the original
data (ranging from 10 to 52 haplotypes), in total rendering 767
simulated datasets. All simulations were run using regional
recombination rates as inferred in the real data. We also
corrected simulated data for ascertainment bias in the original
data by providing MaCS with allele frequency distributions from
the original data. Next, we estimated LD decay, measured as r?
for markers separated up to a maximum of 500 kb, in the
original, as well as all simulated datasets. We subsequently used
least squares to fit LD decay curves of real and simulated datasets.
The best fitting simulation provided an estimation of bottleneck
size for each breed individually.

Main simulation. By implementing the estimated breed
bottleneck sizes in the model described above we were then able to
simulate a single complete dataset including all breeds in the
original dataset. As before, regional recombination rates were
inferred from the original data, and ascertainment bias in the
original data was corrected for in the simulated data. Finally, we
thinned the simulated dataset to match the marker density of the
real dataset (one marker every 13,046 bp). The PAR and X-
specific parts of the X-chromosome were simulated separately. For
the X-specific simulations we adjusted all population sizes
according to the difference between Negog autosomes @Nd Negog x-

Functional analysis of gene categories

We selected human orthologs with a 1:1 human-dog ortholo-
gous relationship to perform GO analyses. Biomart version 0.8
(Ensembl v.62) was used to collect orthologous human protein-
coding genes. WebGestalt [62], a web-based gene set analysis
toolkit, was used to retrieve GO terms associated with human
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ensembl gene stable IDs. A hypergeometric test computed the
statistical significance of over-representations of GO terms that
were compared to a background list of genes selected to control for
possible gene length bias as observed in the selected gene set. The
background set was composed of human genes selected using
biomart with 1:1 human-dog orthologous relationship, longer than
100 kb and with a mean size of 230 kb, similar to the tested set.
GO biological processes that were significantly over-represented
(p » 0.05) were considered.

Resequencing of a candidate selection region on
chromosome 10

We selected a 3 Mb region on chromosome 10 (9.5-12-5 Mb)
for resequencing in 6 breeds. We first prepared pools of DNA
containing 5 samples from each of the breeds (Chinese Crested,
Lagotto, Schipperke, Finnish Spitz, Leonberger and Bernese
Mountain Dog). We next performed sequence capture using a
Roche NimbleGen array containing probes designed to hybridize
to this region. This was followed by sequencing using the lllumina
Genome Analyzer. Reads were mapped to the dog genome
reference sequence using bwa (http://bio-bwa.sourceforge.net/)
followed by SNP calling using samtools (http://samtools.
sourceforge.net/). Mapping and SNP calling was done indepen-
dently for each breed and custom scripts were used to identify
SNPs with certain patterns of segregation. SNPs in conserved
elements were identified relative to those defined by the dog
genome analysis based on human-dog-mouse-rat alignments, and
on identification of phastcons elements within mammals based on
alignments of 44 vertebrates, converted from human to dog
coordinates by LiftOver (http://genome.ucsc.edu/).

Supporting Information

Figure S1 Coverage of HD array. Number of SNPs in 100 kb
windows across the genome contained in the Illumina CanineHD
array and the Affymetrix V2 Canine array on A) autosomes and B)
X chromosome. For autosomes, there is an average of 9 SNPs per
100 kb window on the HD array and only 5% of windows do not
contain SNPs, whereas the majority ( - 25%) of 100 kb windows do
not contain SNPs on the Affymetrix array. For the X
chromosome, -75% of windows do not contain SNPs on the
Affymetrix array, whereas , 5% of windows do not contain SNPs
on the HD array.

(PDF)

Figure S2 Decay of linkage disequilibrium in real versus
simulated data. Decay of linkage disequilibrium (LD decay) across
the autosomes of all breeds included in this study (solid lines)
compared with that of simulated datasets (circles). Wolf is included
as comparison. LD decay was calculated as r®> for markers
separated by at most 400kb and averaged across bins of 10kb.
Simulation were run in MaCS [61] with the following general
model; ancient Wolf Ne: 22600 [60], ancient domesticated dog
Ne: 5650 [60], dog domestication 5000 generations ago [60], dog
breed formation 100 generations ago [60], mutation rate: 16102°
per site per generation [1], generation time: 3 years. Each breed
was then assigned (1) a specific breed bottleneck size (determined
by simulation, see Table S1) from the following range: 0.001-0.03
X (ancient Wolf N¢) as well as (2) a sample size to match that of the
real dataset (10-52 haplotypes). Furthermore, recombination rates
were allowed to vary locally as inferred in real data using LDhat
[58]. We corrected for ascertainment bias by supplying MaCS
allele frequencies from the real dataset.

(PDF)
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Figure S3 Allele frequency of 3 SNPs strongly associated with
body size in the dataset across breeds plotted against body size.
Data on body size is presented in Table S3.

(PDF)

Figure S4 Signal of association with curly tail of chrl: 95-98
Mb. The y-axis shows the raw p-value and genes in the region are
shown below the graph.

(PDF)

Figure S5 Signal of association between drop ear, boldness and
size in the region chr10:9.5-12.5 Mb. The y-axis show the raw p-
value for each association, and genes in the region are display
beneath the graph.

(PDF)

Figure S6 Signal of association with sociability on chrX: 102-
110 Mb. The y-axis shows the raw p-value and genes in the region
are shown below the graph.

(PDF)

Figure S7 Map of extended segments in the dog genome of
significantly reduced S; that pass the 5% FDR cut-off. Each region
is color coded according to the breed in which the significant
reduction is observed. The breed codes are shown in Table 1.
(PDF)

Figure S8 Examples of S; and d; statistics in top 10 longest S;
regions. Variation in these statistics is shown independently in
genomic segments encompassing each region.

(PDF)

Table S1 Total samples in dataset.
(DOCX)

Table S2 Breed bottleneck sizes used in simulations.
(DOCX)

Table S3 Phenotypes used in across-breed GWAs.
(DOCX)
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Abstract There are over 350 genetically distinct breeds
of domestic dog that present considerable variation in
morphology, physiology, and disease susceptibility. The
genome sequence of the domestic dog was assembled and
released in 2005, providing an estimated 20,000 protein-
coding genes that are a great asset to the scientific com-
munity that uses the dog system as a genetic biomedical
model and for comparative and evolutionary studies.
Although the canine gene set had been predicted using a
combination of ab initio methods, homology studies, motif
analysis, and similarity-based programs, it still requires a
deep annotation of noncoding genes, alternative splicing,
pseudogenes, regulatory regions, and gain and loss events.
Such analyses could benefit from new sequencing tech-
nologies (RNA-Seq) to better exploit the advantages of the
canine genetic system in tracking disease genes. Here, we
review the catalog of canine protein-coding genes and the
search for missing genes, and we propose rationales for an
accurate identification of noncoding genes though next-
generation sequencing.

Introduction

The assembled sequence of the domestic dog (Canis
familiaris) genome and a catalog of over two million single
nucleotide polymorphisms (SNPs) were completed and
published in 2005 (Lindblad-Toh et al. 2005). This pro-
vided a useful resource for the scientific community and
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reinforced the position of the dog as an important model
organism for biomedical research of human diseases (Sutter
and Ostrander 2004; Galibert and André 2006). The genetic
structure of the domestic dog is particularly relevant to the
investigation of human diseases, with over 350 isolated dog
breeds. Each of these has a reduced genetic variation com-
pared with humans, which simplifies the mapping of simple
and complex diseases (Drogemuller et al. 2008; Parker et al.
2009; Abitbol et al. 2010; Beggs et al. 2010; Wilbe et al.
2010; Lequarré et al. 2011; Merveille et al. 2011; Seppala
et al. 2011). The scientific community has recognized this
potential and has developed molecular tools to successfully
investigate this powerful model of human diseases (Guyon
etal. 2003; Breen et al. 2004; Hitte et al. 2005; Lindblad-Toh
et al. 2005; Hitte et al. 2008). Indeed, inherited canine dis-
orders include monogenic and complex diseases that are
homologous to human diseases such as cardiovascular and
neurological diseases, inflammatory disorders, immune
system failures, metabolic defects, and numerous cancers
such as mammary tumors, melanoma, lymphoma (Lequarré
et al. 2011). All of these defects are frequently observed in
humans with symptoms, pathophysiology, and clinical
responses closely related to dog disorders. Substantial
efforts have been made to reannotate the canine protein-
coding gene set in recent years (Goodstadt and Ponting
2006; Derrien et al. 2007a; Derrien et al. 2009). However,
there is still a need for a complete annotation of the dog
protein-coding and non-protein-coding gene sets (nCRNAS)
to fully exploit the dog as a model for human and veterinary
medicine. As shown by the ENCODE sequencing consor-
tium (ENCODE Project Consortium et al. 2007), about half
of the mammalian genome is transcribed into RNA mole-
cules, most of which are not translated into proteins. In
addition, functional classification of sequence variations
identified by genome-wide association studies (GWAS)

1=
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Fig. 1 Dog breed diversity
helps to cure humans. The photo
of four dog breeds, meant to
represent canine diversity, is
superimposed on the famous
pictorial message sent on the
Pioneer 10 spacecraft. The
Pioneer plaque shows a man and
a woman, a hyperfine transition
of neutral hydrogen (circles top
left), the relative position of the
Sun with respect to the center of
the galaxy and 14 pulsars
(lines), the solar system (circles
bottom), and silhouette of the
spacecraft. It aimed to represent
how the human species portrays
itself and its place in the galaxy

shows that the vast majority of sequence variations are
located in noncoding regions (nCRNAs or regulatory regions
such as promoters or enhancers) (Hindorff et al. 2009;
Manolio et al. 2009).

This review describes the gene predictions of the dog
genome sequence, with a specific emphasis on missing
gene prediction. It also advocates for Next Generation
Sequencing (NGS) approaches to refine coding genes and
identify noncoding genes to provide a complete and
accurate gene set of the canine genome.

The domestic dog as a powerful genetic
and evolutionary model

Isolated and inbred human populations are often investi-
gated to understand the genetics background of rare dis-
eases that have specifically segregated in small geographic,
ethnic, or religious human isolates or families. As an
alternative genetic approach to rare and complex diseases,
the dog is a powerful spontaneous model with numerous
naturally occurring genetic diseases and with a population
structure that is split into breeds of diverse phenotypes
(Fig. 1). Over 350 dog breeds constitute as many genetic
isolates maintained by inbreeding, popular sire effects, and
repeated matings, aiming at the fixation of particular phe-
notypic or behavioral traits in each breed. Most canine
genetic diseases are breed-specific due to founder effects at
the creation of the breed (Parker et al. 2004). These
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features make it easier to map the causative genes than in a
heterogeneous human population (Sutter and Ostrander
2004; Galibert and André 2006). The domestic dog there-
fore represents a unique system to decipher phenotype/
genotype relationships by family-based genetic linkage
approaches and by GWAS within or across breed or by
searching for the smallest shared haplotypes associated
with fixed traits across breeds (Mosher et al. 2007; Parker
et al. 2007).

Besides being a powerful model for human diseases, the
dog also represents an important genetic resource for
identifying morphology and behavior traits that have been
stringently selected to conform to particular criteria in
different breeds (Jones et al. 2008). Indeed, intense selec-
tive breeding has created hundreds of dog breeds (Fig. 1).
This large-scale artificial selection has provided an ideal
resource that geneticists can use to search for the genetic
bases that control these differences (Akey et al. 2010;
Boyko et al. 2010; Vaysse et al. 2011). There are two main
categories of genetic variants under selection in dogs: first,
variants that control variations in common traits such as
size and ear carriage, which segregate across many breeds,
and second, variants that control rare traits that are present
in one or a few breeds, such skin wrinkling in Shar-Pei
(Akey et al. 2010; Olsson et al. 2011) or chondrodysplasia
in most short-legged breeds (Parker et al. 2009). In addi-
tion, much of the variation in traits related to canine
morphology appears to be governed by a small number of
genetic variants with large effect (Boyko et al. 2010).
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In contrast, morphological variations in human are likely
controlled by hundreds of loci with small effects, such as
height (Manolio et al. 2009). This is likely because new
variants with large effects in dog are rapidly fixed or pre-
served by artificial selection. The identification of targets
of artificial selection among dog breeds therefore allows
detection of the genetic variants which may be involved in
phenotypic variations (Akey et al. 2010; Vaysse et al.
2011).

Performing a single nucleotide polymorphism (SNP)
GWAS with DNA from a few individuals across breeds can
be used to identify and pinpoint the genetic variants that
contribute to traits shared by several breeds. This has been
well documented in several recent studies of body size,
coat type, and coat color as well as various morphological
traits such as height and the shape of the ears, snout, and
limbs (Cadieu et al. 2009; Bannasch et al. 2010; Boyko
et al. 2010). Genotyping data are also used to search for
regions of selective sweeps, characterized by long seg-
ments of reduced heterozygosity and indicative of selec-
tion. Selective sweeps can be associated with a specific
trait within a single breed or within a group of breeds that
share a trait (Akey et al. 2010; Boyko et al. 2010; Olsson
et al. 2011; Vaysse et al. 2011). Indeed, most dog breeds
were created within a few centuries or less and this likely
involved rapid fixation of genetic variants and haplotypes
under strong artificial selection.

Once a gene involved in a monogenic trait or a sus-
ceptibility gene has been discovered and validated in the
domestic dog system, it then becomes a good candidate to
explain the genetic background of similar diseases in
humans, provided there are accurate gene repertoires for
dog and human. To increase the impact of the canine
model, the precise and exhaustive mapping of coding and
noncoding genes, transcribed pseudogenes, regulatory
regions, alternative splicing, gain and loss events, and the
identification of lowly expressed genes must be achieved.

Canine genes prediction

Gene identification in eukaryotic genomic sequences is
difficult due to (1) the small amount of DNA (®2%), that
actually encodes proteins, (2) the complex identification of
all alternative spliced isoforms of a gene, and (3) the
appreciation of the non-protein-coding part of the genome.
Current gene annotation in dog also suffers from unse-
quenced GC-rich regions that are often located in
untranslated regions (UTR) and the 5' end of gene
sequences. In addition, gene identification is challenging in
dog because of the low number of expressed sequence tags
(EST) that have been produced. In comparison, there are
large human EST sequence libraries that have given us the

opportunity to identify the number of human genes and
examine the overall incidence and frequency of alternative
splicing in human genes. There are 20 times fewer ESTs
annotated in dbEST (Boguski et al. 1993) for the domestic
dog compared with human (as of November 2010). Due to
this lack of experimental evidence for gene annotation,
most of the 20,000 protein-coding genes of the canine
genome (Kirkness et al. 2003; Lindblad-Toh et al. 2005)
have been identified using ab initio predictions at the
genome-scale level and sequence similarities analyses
between species using various computational methods and
tools. The canine gene set prediction was based mainly on
the Ensembl genebuild pipeline (Flicek et al. 2011) and was
augmented by additional, evidence-based genes from the
Broad Institute annotation pipeline and from the phyloge-
netic orthology prediction pipeline (PhyOP) based on syn-
onymous rate estimates (Goodstadt and Ponting 2006).
These methods include gene prediction algorithms such as
Geneld (Blanco et al. 2007), Genescan (Tiwari et al. 1997),
and sequence homology searches based on local alignment
tools. The gene prediction algorithms use different types of
information, including gene-specific signals in the genomic
sequence such as start and stop codons, splice sites, codon
usage, and similarity to known genes and proteins in the
databases. Some programs such as Genewise and Genome-
Wise (Birney et al. 2004) combine the protein sequence
similarity analysis with ab initio gene-finding algorithms to
improve predictions.

Algorithms not based on sequence alignment, includ-
ing comparative genomics approaches, allow prediction
of genes on the basis of patterns across multiple gen-
omes. Indeed, gene order between species is not random
(Alekseyev and Pevzner 2007) due to the relatively slow
rate of evolutionary rearrangements. Gene order conser-
vation has also been shown to correlate with coexpressed
and coregulated genes, suggesting a functional signifi-
cance (Hurst et al. 2004) such as the functions of bidi-
rectional promoter (Semon and Duret 2006). On the
other hand, the conservation of gene order between
species is also used to identify protein-coding genes
relocated during evolution in nonsyntenic chromosomal
regions, as well as to localize retrotransposed genes and
pseudogenes inserted in nonsyntenic regions. By taking
advantage of whole-genome sequence assemblies, fine-
scale comparative maps are an essential tool to identify
conserved segments as well as colinearity of gene order
between species (Derrien et al. 2007b; Muffato et al.
2010). Gene-order-based studies in dog have refined the
protein-coding repertoire through multiple pairwise syn-
teny maps that identify short and targeted orthologous
genomic intervals (Fig. 2) (Derrien et al. 2009). The
intervals were delimited by one-to-one (1:1) orthologous
protein-coding genes. This allowed the identification of
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Fig. 2 Inferring missing gene localization through synteny maps: a
dog-human example. The figure illustrates the method by which to infer
atarget interval for gene prediction. In the method, the first step builds a
pairwise synteny map as exemplified by a schematic human-dog
syntenic map. The 1:1 orthologs are connected through lines. Dog

short consensus intervals on the canine genome in order
to focus on genes that had not been initially annotated
(i.e., not detected in the whole-genome assembly of the
dog but annotated in four rodents and primate species).
The use of short orthologous genomic intervals reduces
the cost of detecting false positives as it mostly filters
out paralogs and allows balancing toward sequence
alignment sensitivity versus accuracy. Alternatively, for
more divergent sequences, the alignment criteria may be
relaxed in a short predefined space where the background
noise is significantly reduced compared with a genome-
scale search. Focusing on those missing canine genes, we
used (Derrien et al. 2009) the Genewise program (Birney
et al. 2004), a sequence similarity-based method that
explicitly models the conservation of gene structure, a
high degree of conservation, and a probabilistic-pair
hidden-Markov model (HMM) that show a weaker
dependence on percent identity (Meyer and Durbin
2002). As a result, 232 new genes could be predicted
with the delineation of new orthologous relationships
with rodents, chimpanzee, and human species.

Selective constraints analysis to assess gene and gene
loss prediction

In addition to gene structural analysis, selective constraints
acting on protein-coding genes have been investigated
through the dy/ds index (Yang 1997; Yang and dos Reis
2011). This index measures the ratio of amino acid
replacement (nonsynonymous, dy) to silent substitution
(synonymous, ds) and provides a good proxy of selective
pressure acting on a given coding sequence. Overall,
mutations in genes causing amino acid replacements with
functional consequences are selected against in contrast to
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mutations occurring in nonfunctional pseudogenes. It is
now standard practice to use the distinctive patterns of
dn/ds ratios to refine genome annotation (Goodstadt and
Ponting 2006; Enard et al. 2010). In the study described
above, we predicted 232 new genes for which we have used
dn/ds ratios to assess those compared with their human
functional orthologous gene from pairwise transcripts
alignments (Derrien et al. 2009). We calculated a median
dn/ds of 0.19. This was very similar to the benchmark set
(composed of all 1:1 dog:human orthologs) value of 0.15,
which indicates similar selective constraints on both
benchmark and predicted genes sets and reinforces the
quality of the new predicted dog protein genes. We also
detected 55 new predictions containing open reading frame
(ORF)-disrupting mutations leading to pseudogene identi-
fication, of which 21 were predicted with accumulated
mutations (mean = 4.2; range = 2-11). Independent of the
presence of stop codons or frameshifts, we assessed the
validity and the selective constraints acting on the 21
pseudogene predictions by calculating the dy/ds ratio for
each of the candidate pseudogene predictions compared
with their human functional orthologous gene from pair-
wise transcript pair alignments. A median dy/ds value of
0.5 was determined for the predicted pseudogene set,
indicating a considerable relaxation of selective constraints
of the canine predicted pseudogenes in comparison to the
1:1 dog:human orthologs benchmark set (Mann-Whitney
test, p = 5.17e — 6). We also found that the canine pre-
dicted pseudogenes show deviations from the expected rate
of evolution using a phylogenetic context, including human
and mouse gene sequences (dn/ds = 0.41 for dog, 0.19 for
mouse, and 0.26 for human; Kruskal-Wallis test, p =
1.04e — 2). This set of 21 canine gene predictions with
higher dn/ds values, as characterized by pairwise and
phylogenetic approaches, and high mutation rate was
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classified as gene-loss candidates. An additional set of 48
undetected genes or genes detected with insufficient pro-
tein identity (average = 21.7%) was also considered dog
gene-loss candidates, leading to 69 lost genes in compari-
son to human, chimpanzee, mouse, and rat. Among the 69
predicted canine gene losses, we found 28 genes that have
been functional for over 170 million years, a time period
that extends from platypus to human. Functional annotation
of the human orthologous genes showed that they are
involved in the biological process of response to stimulus,
are transcription factors, and are involved in the regulation
of various aspects of embryonic development.

Deep sequence annotation of the domestic
dog genome

Part of the genetic basis that governs variations in mor-
phology, physiology, and disease susceptibility of the canine
breeds cannot be explained by mutations into protein-coding
sequences. This makes it difficult to analyze the genetic
bases for variations using the current annotation of the dog
genome. The identification of all processing of the primary
RNA transcripts into messenger RNAs (MRNAs) and non-
protein-coding RNAs (ncRNAS) is required to provide an
exhaustive annotation of canine genes. So far, ESTs are the
principal source used to annotate experiment-based canine
genes. However, at present, only 500,000 canine ESTs have
been described in dbEST (¥ 20 times fewer than in human).
As a result, the NCBI Reference Sequence (RefSeq) con-
tains only 1,208 entries (“NM” entries for the RefSeq
curated nucleotide sequence record for mature mRNA) for
the canine genome. This registry is a manually curated
sequence database of nonredundant, extensively cross-
linked, and deeply annotated nucleic acid and protein
records. In comparison, 34,102 RefSeq “NM” entries are
available for the human genome. On the other hand, entire
transcriptome analyses through NGS produce the through-
put required for deep RNA sequencing (RNA-Seq), which
provides discovery and quantification of the entire RNA
repertoire (Denoeud et al. 2008; Cloonan et al. 2009). RNA-
Seq technologies therefore help to track the many novel
RNA species that carry biological function. In addition, the
whole-gene structures can also be discovered using NGS-
based technologies for the gene 5' ends using 5" RACE-Seq
(ENCODE Project Consortium et al. 2011), CAGE (Kodzius
et al. 2006), and Paired-End diTags (Ng et al. 2005) to aid in
defining the 5' gene boundaries. RNA-Seq helps to charac-
terize the vast majority of the genome that is transcribed
beyond the structure of known genes. This phenomenon is
termed “pervasive transcription“(ENCODE Project Con-
sortium et al. 2007; Gingeras 2007). However, pervasive
transcription of the genome recently has been refuted by van

Bakel et al. (2010) who argued that the majority of the
detected low-level transcripts (concerning especially
NncRNAs transcripts) are more likely the result of technical
artifacts or background biological noise rather than bona-
fide functional transcripts. However, Clark et al. (2011)
contested van Bakel et al.’s arguments by highlighting
several lines of evidence that support the functionality of this
“dark matter” transcription of the eukaryotic genomes.
First, ncRNAs show high sequence conservation (although it
is lower than in protein-coding genes), especially at
important gene domains such as promoters, splice junctions,
and exons. Second, ncRNAs have been characterized with
predicted secondary structures and conserved genomic
positions on the genome (Carninci et al. 2005; Mattick et al.
2010). Third, ncRNAs are associated with particular chro-
matin signatures that are indicative of actively transcribed
genes (Guttman et al. 2010). Fourth, ncRNAs exhibit tissue-
and cell-specific expression patterns as well as subcellular
localization. Finally, and very importantly for the dog as a
genetic model for human diseases, ncRNAs show modified
expression or splicing patterns in cancer and other diseases
(Taft et al. 2010).

Identification, classification, and functional analysis
of long noncoding RNAs

The characterization and classification of transcribed
regions without coding capacity are not trivial. Noncoding
RNAs could be classified according to their genomic loca-
tions (intergenic, intronic, antisense, promoter of known dog
genes), their size (short, e.g., miRNAs, SnRNAS, snoRNAs
vs. long ncRNAS), their level of conservation, their syntenic
environment, and their expression profiles (high, moderate,
or low). To discover and catalog all existing ncRNAs in dog,
RNA-Seq experiments need to be performed across multiple
cell types, physiological and disease states, breeds and
individuals, and specific cellular compartments or subcom-
partments (nucleus, cytosol, chromatin, polysomes), belong-
ing to different classes (short vs. long) or at different states of
processing (polyadenylated vs. nonpolyadenylated or cap-
ped vs. uncapped) (Kawaji et al. 2009; Encode-Project-
Consortium et al. 2011).

Identification of small RNAs, termed microRNAs, led to
a new appreciation of the role of RNA in the regulation of
gene expression (Lee et al. 1993; Bartel 2004, 2009). Short
ncRNAs seem to constitute only one part of the noncoding
transcriptome. Indeed, a new class of ncRNAs, the long
noncoding RNAs (IncRNAS), is now emerging as a major
component of the noncoding transcriptome with important
roles within the cell machinery. LncRNAs are generally
defined as being greater than 200 nucleotides in length and
are distributed on all human chromosomes. Most of them
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are lying within introns or in the antisense of protein-
coding genes, but recent investigations have identified and
characterized intergenic IncRNAs (also termed lincRNAs
for large intervening noncoding RNAs) (Guttman et al.
2010; Orom et al. 2010). Similar to protein-coding genes,
IncRNAs do contain introns and poly(A)-tails but lack a
functional ORF. Until recently, only a few IncRNAs were
identified in mammals, such as those lying in the imprinted
loci (Air, H19, Kcnglotl) (Nagano et al. 2008; Gabory
et al. 2009; Mohammad et al. 2010) and X-inactivation loci
(Brockdorff et al. 1992; Ciaudo et al. 2006). However,
recent investigations using large-scale cDNA sequencing
have revealed the existence of thousands of IncRNAs, and
chromatin signatures approaches have uncovered thou-
sands of intergenic InNcRNA in mouse and human genomes
(Khalil et al. 2009; Guttman et al. 2010). The chromatin
signatures reveal over 1,000 highly conserved large non-
coding RNAs in mammals, many of which appear to reg-
ulate gene expression by targeting chromatin remodeling
complexes. The study of IncRNAs is of significant rele-
vance to canine and human biology and diseases. This is
because they represent a huge and largely unexplored
functional component of the genome (Mattick 2009). There
is diverse evidence that IncRNAs are intimately involved
in gene networks underlying cancers, e.g., an antisense
INcRNA that is overexpressed in leukemia and which
represses expression of the p15 tumor suppressor (Yu et al.
2008) by lincp21 or by MEGS3. Lincp21 is an intergenic
IncRNA that functions as a downstream effector of the p53
tumor suppressor (Huarte et al. 2010) and MEG3 activates
p53 through a currently unknown mechanism (Zhou et al.
2007). Evidence is also mounting that many neurological
diseases involve components of toxic RNA gain-of-func-
tion (particularly trinucleotide repeat disorders) (Daughters
et al. 2009), or misregulation of coding genes by antisense
RNA. There is also genetic evidence that the loss or
mutation of INcRNAs can give rise to DiGeorge syndrome
(DGCRS5) (Faghihi et al. 2008) or myocardial infarction
(MIAT) (Ishii et al. 2006). Given the lack of IncRNA
annotation in the canine genome, it is likely that many
genomic regions associated with diseases in dog or human
are due to IncRNAs. To fully exploit the dog as a genetic
model for human diseases, it is therefore important to
identify the noncoding transcripts of its genome with par-
ticular attention paid to INcRNAs.

Conclusions
The sequence assembly of the domestic dog, for which the
annotation process identified 20,000 protein-coding genes,

will benefit from future efforts to fully classify coding and
noncoding genes, pseudogenes, and genomic alterations.
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Massive parallel sequencing technology has revolutionized
the study of genomes and the capacity to accurately
annotate genes (Wang et al. 2009). Several studies have
demonstrated the power of RNA-Seq to greatly improve
the annotation of an already well-studied genome (Wang
et al. 2008; Trapnell et al. 2010). RNA-Seq provides
unprecedented resolution, allowing us to not only recon-
struct and quantify alternatively spliced transcripts but also
to accurately monitor the expression output of all genomic
loci. Sequence data generated from RNA-Seq reveals
alternatively transcribed isoforms active in a particular
tissue or a cell population. It can also be used to focus on
genomic alterations such as point mutations and structural
variations, including gain and loss of chromosomal regions
between dog breeds. Finally, RNA-Seq will help to monitor
expression changes of both coding and noncoding RNAs
that map to or close to genomic regions that vary in copy
numbers, and thus help to unravel the effects of copy
number variation (CNV) of DNA segments on expression
at the gene rather than locus level. This will provide insight
into the regulatory mechanisms underlying the phenotypic
diversity that exists between breeds and is important not
only for dog but also to transpose this knowledge to human
species.
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