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Abstract

Dogs are of increasing interest as models for human diseasesd many canine
population-association studies are beginning to emerge. Ae choice of breeds for
such studies should be informed by a knowledge of factors shi@as inbreeding,
genetic diversity and population structure, which are likely to depend on
breed-speci ¢ selective breeding patterns. To address théack of such studies we
have exploited one of the world's most extensive resource®if canine
population-genetics studies: the UK Kennel Club registraion database. We chose
ten representative breeds and analysed their pedigrees gia electronic records
were established around 1970, corresponding to about eiglgenerations before
present. We nd extremely inbred dogs in each breed except tb Greyhound, and
estimate an inbreeding e ective population size between 4@nd 80 for all but two
breeds. For all but three breeds, more than 90% of unique getie variants are lost
over six generations, indicating a dramatic e ect of breedhg patterns on genetic
diversity. We introduce a novel index for measuring population structure
directly from the pedigree, and use it to identify subpopulaions in several breeds.
As well as informing the design of canine population geneti studies, our results

have implications for breeding practices to enhance caningelfare.

The domestic dog Canis lupus familiarig) is important for many economic and social
reasons, and has recently become increasingly prominantaasnodel species for human
disease. Purebred dogs have been successfully used as mddehuman Mendelian
disorders, such as narcolepsyBpehmer et al., 2004;Lin et al., 1999) and hereditary
kidney cancer (Nickerson et al., 2002;Comstock et al., 2004). Advantages of dogs as
models for human disease include substantial genomic howgy with humans: although
dogs are further from humans than mice on a phylogenetic trethey are nevertheless
genomically more similar because of their larger generatidime. Dogs in population
studies are often exposed to similar environments to thosé their human owners and,
like humans, they can be studied using population case-cook designs, without the
expense and ethical concerns raised by keeping study animad laboratories. Many

diseases a ecting dogs have high prevalence in one or a fewdus, such as Addison's
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disease, common in Portuguese Water Dog€ljase et al., 2006), interstitial lung
disease in West Highland White terriers orris et al., 2005), and dermoid sinus in
Ridgeback dogs $almon Hillbertz et al., 2007). This raises the hope that causal
variants that are rare overall may be concentrated in speat breeds, and thus easier to
map than the corresponding human variant. For these reasgndogs have been proposed
as a model for a number of complex human diseases, such as mammatory diseases
(Puppo et al., 2006), cancer Khanna et al., 2006), and retinitis pigmentosa Guyon

et al., 2007).

Following the canine genome sequenckiridblad-Toh et al., 2005), two Single
Nucleotide Polymorphism (SNP) chips have recently been canercially released, each
representing a set of about 26K SNPs chosen for accuracy andfarm genome coverage
(Lindblad-Toh , 2007). The rst genome-wide population association study dogs

has now emergedKarlsson et al., 2007) and many more are expected.

Population structure is an important factor in genetic assoation studies, and can lead
to spurious associations@ardon and Palmer , 2003;Marchini et al., 2004;

Clayton et al., 2005). Although methods are now available to diagnose andreect for
population strati cation from genome-wide marker data, itis desirable for researchers to
be aware of potential strati cation before embarking on sut studies. The breed
structure of dogs is well recognised, but the extent to whicthere might be additional
population structure within dog breeds has not been extenaly investigated. The
breeding programmes implemented by dog breeders, includinse of \popular" sires,
could lead to cryptic population structure. In many speciespopulation structure is
studied at a geographic level: for example, allele frequees are compared in di erent
lakes or valleys, regions or nations. Dog breeding patternsowever, can be driven by
stud value assessed by behaviour when shown and conformattcereed standards.
Because of such factors, together with arti cial inseminadn and international dog
shows, geography may be less relevant for purebred dogs tHan other species.
Population structure is a property of the underlying pedigee, whether observed or not

and whether or not it is aligned with geographical units. We evelop novel approaches
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for investigating population structure directly, without genotyping.

Some studies of canine pedigrees have appear€dlé et al., 2004;Leroy et al., 2006),
but we propose a more extensive study both in terms of pedigresize and analyses
adopted, particularly the novel analyses of population strcture. We use pedigrees from
the UK Kennel Club (KC), the oldest dog fanciers club in the wdd. Since its
foundation in 1873, the KC has compiled a dog registration d@base, which has become
the most comprehensive record of UK dog breeds and among tlaeglest canine pedigree
records internationally. Registration records are availae in electronic form since about
1970, and we analyse these for a selection of ten breeds, teeas levels of inbreeding
and population structure. Since this database has not beerestribed elsewhere in the
scienti c literature, we also analyse demographic paramets such as o spring counts

and generational imbalance between mates, and compare texross breeds.

Methods

Data

The electronically-recorded part of the KC database inclugs 5.7M dogs from 207 breeds
registered up to the end of 2006, with a median of 3,443 dogs jfreeed. We chose ten
breeds for analysis (Table 1), including at least two represtatives of the four main
breed groups identi ed from genetic analysisRarker et al., 2004;Parker and
Ostrander , 2005). We also sought to include the most popular breeds ihg UK and
major breeds that originated in the UK. Greyhounds are a sp&t case, because the KC
database does not include most Greyhounds bred for racinghd Akita Inu is also
special in that the breed was introduced into the UK since thadvent of electronic
records, and so the pedigree analysed here spans the entiistdny of the breed in the
UK.

The database records for each dog its registration numbehé registration number of
both parents, date of birth, the number of littermates born ad the number
subsequently registered, and the coat colour. Only the regjiation numbers of dog and

5



parents are used in the present analyses. Four dogs, all Labllor Retrievers, were
recorded both as a sire and a dam and have been eliminated fraor analyses.
Individuals with both sire and dam missing are assumed to beudnders, but 0.05% of
dogs have exactly only one parent recorded, which unequialy indicates missing data.

This proportion is highest in the Chow Chow and the Collie (3% in each case).

Generation number

The generation number (GN) of an individual has been de nedThhompson , 1986) as
one plus the maximum GN of its parents, with founders assigdeéGN = 0. However,
because dog pedigrees have many overlapping generations,pnefer to follow @Brinks

et al.,, 1962) and de ne the GN of theith non-founder in each breed to be

GNs(i) + GN d(i)
2

GN; =1+

wheres(i) and d(i) denote the sire and dam of. Thus, when parental GN values di er
by more than two, which holds for over 5% of matings in our pediees, the o spring
GN will be less than the GN of one of the parents. We round GN taieger values

where convenient. If only one parent is missing, that parens assumed to have GN = 0.

Inbreeding and diversity

The inbreeding coe cient f; for the ith dog is the probability that its two alleles at a
locus descend from the same ancestral allele within the pgrie. It also equals
(Cannings and Thomas, 2007) the kinship coe cient of s(i) and d(i). The value off;
depends on the available pedigree: common ancestors@j and d(i) not recorded in the
pedigree do not contribute tof ;. In e ect, all founders are assumed to havé = 0, which
is unrealistic because the history of most breeds extendsybad the founders in the KC
database. The dependence 6f on the available pedigree is undesirable in general, for
example because di erent dogs may have the same underlyirey¢l of inbreeding but

have di erent f -values because of di erent numbers of ancestors recordedthe
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pedigree. However, this problem is minimal for the KC pediges studied here, which
have little missing data and are of relatively uniform depth To minimise the e ect of
pedigree time-depth, we report averagk values only for dogs in generations 6 and 7.
We used \Meuw" in the Pedig package Boichard , 2002) to calculatef;, which
implements the algorithm ofMeuwissen and Luo (1992), based on the formula of

Wright  (1922):
X 1+ f.
J
2n+m+l (1)

fi:

where the sum is over all inbreeding loops in the pedigreeiofAn inbreeding loop
consists of a pair of non-overlapping ancestral lineage®rin s(i) and d(i), respectively,
up to a common ancestof, and n and m are the numbers of meioses in the lineages
from s(i) and d(i) to j .

In a random mating population ofN=2 male andN=2 female breeding adults, the
average inbreeding coe cient is expected to increase by abbl=N in each generation
after the rst. We use this relationship, together with the average increase ifi per
generation up to generation 5, to compute an inbreeding e &ge population size (Ne)
for each breed.

We compare the average inbreeding coe cient with the kinship coe cient, also
computed using Pedig Boichard , 2002), averaged over all pairs of individuals in the
nal two generations represented in each breed. Under randomating, average kinship
and averagef are similar. Any discrepancy between the two re ects a di eence
between the relatedness of mate pairs from that expected wrdrandom mating, and
hence provides a measure of the tendency to consanguinougings within a breed.
The genetic diversity among founders that is retained ovehe time depth of the
pedigree is also reported, which is equivalent to the ratiof @ ective to actual numbers
of founders (acy , 1989). Speci cally, we estimate from simulations the praibility
that an allele chosen at random from a founder would be repesged by a copy in
generation 6. We found through simulations that for a randormating population with
a large, constant size, this probability is close to 25%. Avoproportion of genetic

diversity is retained under strong inbreeding or when reprctive success is highly
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variable across individuals.

Population structure

Informally, population structure corresponds to disjointsets of ancestors having less
overlap in their corresponding sets of descendants than wdwe expected under
panmixia. The most extreme case would arise if there existtseof ancestors having no
descendants in common: this would correspond to completaplated sub-breeds.
Below, we use \descendant" to mean an individual having no cerded o spring and
whose GN value is within two of the maximum GN for the breed. Iraddition, we
consider only one member of any (full) sibship. We use \andes' to mean a founder
with at least one descendant.

The ancestor-descendant relationships within a breed care bepresented by a bipartite
graph, with sets of node®A and D corresponding to ancestors and descendants, and arcs
from A to D representing their relationships. Population structure arresponds to
subsetsA® A and D° D such that there are many arcs fromA°to D° and few arcs
from A°to DnD%and from AnA°to D% where \many" and \few" are relative to
expectations under random mating. Methods for identifyingcommunity structure”,

that is tightly-linked components of general graphs that a& partly isolated from the rest
of the graph, have been reported in the study of social netws (Girvan and

Newman , 2002, 2004). These methods are not appropriate for the spgdeatures of
pedigree analysis, in particular the need to assess relaiy weak population structure,
and we explore here some novel approaches.

First we considered some graphical methods of identifyingithin-breed population
structure. We applied principal components analysis baseatle ancestor/descendant
incidence matrix that has 1 in rowi and columnj if j is an ancestor of descendart
and O otherwise. Thus, the descendants are treated as indluals and the ancestors as
binary variates. Informally, the rst few principal components correspond to sets of
ancestors such that descendants tend to have either many @wf ancestors in each set.

We also applied multidimensional scaling, which is a relatetechnique that tries to nd
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the best representation of distances between all pairs ofstendants; we used one minus
the kinship coe cient to measure the \distance" between twoindividuals. Both these
techniques lead to plots that can be inspected visually fopgarent population structure.
To obtain a quantitative measure of population structure, & appliedK -means clustering
to identify K = 2 clusters of descendants having maximal common ancestiye used
the kmeansalgorithm in R(R Development Core Team , 2007). For each cluster,
the mean value for ancestoy is the proportion of descendants in the cluster having as
an ancestor. Strong population structuring corresponds twidely separated mean values
in di erent clusters, so that each cluster has a very di eretpattern of ancestry.

In order to quantify the level of clustering, after theK -means algorithm converged, we
assumed that the vector of counts of descendants of ancestoin each cluster has the
beta-binomial distribution with parametersN;, p, and (1 p), whereN; denotes the
total number of descendants of, and p is the proportion of all descendants that are in

the rst cluster. This distribution has

+ N

mean = N;p variance = " 1j N;p(1 p):

The beta-binomial reduces to the binomial in the special cas = 1 , which corresponds
to the descendants of being allocated independently to clusters, with probabily
proportional to cluster size. Finite values of correspond to a positive correlation in the
cluster memberships of di erent descendants. Thus, measures the e ect of population
structure, and is the focus of our interest. We estimate via maximum likelihood
(Balding 2003), treating the cluster memberships of descdants of di erent ancestors as
independent. Because mates can have many descendants in wamm, we performed
analyses separately for male and female ancestors. Howevke independence
assumption may still not be strictly valid, so that the 95% cedible intervals reported
below, based on a uniform prior, should be regarded as appinate.

By implementing the transformation




we obtain a value between zero and one that we call the \Ped&g Structure Index".

is analogous toF;, the classical measure of population di erentiation Excoffier
2007). The value =1 means that di erent clusters of descendnts have no ancestors
in common, while 0 indicates that the overlap in the ancestors of di erent clsters
could have arisen from a random assignment of ancestors tasdendants. Since the

K -means clustering algorithm can by chance identify some agent clustering, even in
the absence of population structure, we very rarely obtain = 0. To investigate this

e ect, we randomly permuted the columns of the ancestor/degndant incidence matrix
for the smallest and largest breeds (Greyhound and Labrad&etriever), each 1000
times, and estimated for each resulting dataset. Thus, should be small, but it will
be non-zero because thk -means algorithm may identify some apparent clustering. We
also tested our algorithm by applying it to two distinct breals analysed as if a single

breed.

Results

Pedigree size and complexity

A total of 2.1M dogs were studied in ten breeds (Table 1), ramgg in size from the
Greyhound ( 1K) to the Labrador Retriever ( 700K). The maximum GN value ranged
from 5.9 in Greyhounds up to 9.0 in the German Shepherd, withnaaverage over the ten
breeds of 8.0. A measure of the complexity of pedigrees isagivby the number of
cross-generation matings, and the magnitude of the geneiatal di erences. In 19% of
Akita Inu matings, and 16% of Bulldog matings, the GN of the mees di ers by two or
more, and in 7% of matings in both breeds the GN di erence beten mates was 3.
The lowest rate of GN imbalance among mates was in the GoldereRever, with 4% of
mates having GN di ering by 2. In every breed, the GN of the dam on average
exceeds that of the sire (i.e. the dam tends to be younger), binere were also many
instances of the sire having a larger GN than the dam. The grest mean di erence in
the GN of mates is just over 0.5, in the Akita Inu.
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O spring distribution

Around 20% of dogs have a recorded o spring (Table 2). Populaires (de ned here as
> 100 recorded o spring) are evident in all breeds except Gragund. Golden Retrievers
have the largest proportion of popular sires (10%), and coersely the lowest proportion
(5%) of male dogs that are sires (Table 1). Other than the Gréypund, the Akita Inu
has the most even distribution of reproductive success: thewest proportion of popular
sires (1%) and the highest proportion (13%) of male dogs thaire sires. Highly-proli c
dams ¢ 40 o spring) are concentrated in three breeds: German Shegid, Golden

Retriever and Labrador Retriever. Most dams have just onetler recorded.

Inbreeding and diversity

Figure 1 shows average values of the pedigree inbreeding cieat f over generations.
As GN increases, there are additional generations of ancas recorded and sé tends
to increase. All breeds show a roughly constant increase pgenerations, indicating
little change in mating patterns, except for the nal generéion which may be atypical
because most eventual members of this generation are not yetorded.

Greyhounds have a high average value bfup to generation 5, but there are no
highly-inbred Greyhounds (Table 3). Further, the average ikship is also high, so that
the high averagef can be largely attributed to small population size rather tln a
practice of consanguinous matings. Since there are only 18e@hounds in generations 6
and 7, we will ignore them in the following discussion.

Every other breed includes some highly-inbred dogs, the ntasbred being four Boxers
each withf = 0:5 (Figure 2). Bulldogs have an extremely high meah in generation 9
(Figure 1), but most breeds do not have a ninth generation facomparison. When
averaged over generations 6 and 7 (Table 3J),is highest in Collies, with almost 30% of
Collies in these generations being highly inbred & 0:1). Mean kinship among Collies
is not elevated, at 0.020, and so the high level of inbreedirgppears to represent a
pattern of consanguinous matings in the Collie. In contrasthe Akita Inu have a higher

mean kinship at 0.023, re ecting their small population sig, yet this breed has relatively
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low values off , which could re ect a pattern of inbreeding avoidance by Aka breeders.
There is overall a negative correlation between averageand breed size: the four lowest
averagef values all occur in large breeds. The largest breed, LabradRetriever, has
the lowest averagd as well as the lowest mean kinship. The Boxer is an outlier, ing
one of the larger breeds but with averagé close to 5%, and 16% of Boxers haye> 0:1.
The inbreeding e ective population sizesN¢) range from 17 up to 114 (Table 3). They
are thus relatively uniform across breeds, and much smalldran, though strongly
correlated with, census sizes (Table 1). Akita Inu and Chow l@w have a highem,

than would be predicted from census size, whereas Collieséa relatively smallNe.

The Akita Inu has the sameN, as the Boxer, a much larger breed.

The Akita Inu preserves 30% of the founders' unique genetianants up to generation 6,
more than expected under random mating (25%). The Boxer andhé¢ Bulldog also score
highly on this index, which is surprising in view of the high weragef in both breeds. In
the case of the Bulldog, this may be attributed to having the ighest proportion of
bitches that are dams (36%). It is striking that seven breedsetain < 10% of genetic
variants up to generation 6, indicating a severe e ect of bexling patterns on total

genetic variation.

Population Structure

Principal component and multidimensional scaling plots ghw strong signs of systematic
structure in the Springer Spaniel, and to a lesser extent irhe Golden Retriever and
Chow Chow (Figure 3). In the Spaniels, there appears to be aljuopulation engaging
in a distinct breeding pattern leading to linear structure n both plots, and this
corresponds to the minority cluster identi ed by 2-means cistering. This cluster of dogs
has in total 266 ancestors among the Springer Spaniel foumsle175 (66%) of which
have descendants only among dogs in this line, which thus aggrs to represent a
subpopulation of Springer Spaniels with a distinct patterrof ancestry. Moreover, the
mean kinship of dogs in the line is 0.034, double the mean ks over the whole breed.

Our novel measure of population structure, , revealed in eeh of the ten breeds a
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moderate to strong level of clustering of current generatiodogs according to their
founder ancestors, both sires and dams (Table 4). The estiteaof ranged between
0.10 in Akita Inu, to 0.55 in Springer Spaniel, in both casesbtained when analysing
ancestral sires. For comparisorfs; among three widely separated human populations
investigated in the International Hap Map project was estimted at 0.12. Our clustering
step can exaggerate the apparent population structure relge to a situation in which
subpopulations are de neda priori, for example by geography. However, from
randomised datasets (Table 5), we found that the values areoncentrated near 1% for
the large breed, and range up to around 8% for the small breedhich indicates that

is signi cantly di erent from zero in every breed, and suggsts that the in ation in its
estimated value due to the e ect of our clustering is modestWhen applying the
algorithm to two distinct breeds analysed as if a single brdethe clustering algorithm
correctly partitioned all the dogs into the two breeds, withno ancestors in common, and
hence =1.

Inspection of the clustering results for Springer Spanietgveals further information
about the Springer Spaniel subpopulation evident from Fige 3. Among Springer
ancestral sires, 8% have overall 86% of their descendantstliie minority cluster,
whereas the remaining 92% of ancestral sires have less théf @f their descendants in
this cluster. Another striking feature of the Springer Spaiel is that the strong
structuring evident among ancestral sires is almost abseatnong ancestral dams: only
two of our ten breeds give a smaller value of for ancestral das. Thus, the current
generation of Springer Spaniels shows a clear pattern of astral sires but not of
ancestral dams. In other breeds, the value of is similar beteen ancestral sires and
dams, except for the Labrador Retriever but in this case it ithe dams that show
greater population structure.

The Akita Inu, a relatively rare breed that has been importednto the UK starting from
the 70s, shows =0:10 and =0 :13 among sires and dams, in each case the lowest
among the breeds studied. Chow Chow, another imported breddt which is

longer-established in the UK, has =0:43 and =0 :45, second highest and highest
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values among sires and dams, respectively.

Discussion

Population structure corresponds to a pattern of prefererdl mating within a subgroup
of the population. For many species it is natural to identifythe subgroups with a
geographical terrain, but this is less natural for purebrediog populations and in any
case is not necessary: population structure is fundameriiab property of the pedigree,
irrespective of geography. Directly studying populationtsucture from a pedigree allows
it to be measured without genotyping. Just as inbreeding cabe studied either via
excess homozygosity in genotype data or by pedigree anadysio population structure
can be studied in both ways, but to our knowledge there has be@ao systematic
previous attempt to study population structure by analysirg pedigrees. Thus, our
Pedigree Structure Index appears to be the rst proposal fo a method to measure it.
Using , and the pedigree-based inbreeding coe cientf , we found evidence of
population structure and inbreeding in all breeds. The Spniger Spaniel shows low levels
of inbreeding but strong population structure, apparentlydue to systematic choice of
sires in a subpopulation representing around 10% of the brkeCollies and Bulldogs
show high levels of inbreeding, but population structure i®w in the Bulldog and only
modest in the Collie. The Akita Inu showed the least evidencef population structure
and also a low level of inbreeding relative to its small sizé2opular sires are evident in
all breeds except the Greyhound, and are most common in the [den Retriever.

Those designing population-based gene mapping experimeim purebred dogs might
wish to avoid breeds with high levels of population structwe, such as the Springer
Spaniel, if at all possible. When no realistic choice of brées available, for example
because the diseases is concentrated in one breed, pedigresdysis could help inform
sampling strategy. Whatever breed is chosen, some accouhbsld be taken of the

e ects of within-breed population structure on the associ#gon analyses. Inbreeding, on
the other hand, can be advantageous for gene mapping becaiisgenerates more minor

allele homozygotes, which can assist power, particularlgrfrecessive phenotypes. Thus,
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the Bulldog, with its high level of inbreeding but low populd@ion structure, might make
a suitable choice.

Dog breeds are required to conform to a breed standard, the nguit of which often
involves intensive inbreeding: the inbreeding e ective gaulation size of most breeds
considered here is orders of magnitude smaller than the caassize, and exceeds 100
only in the Labrador Retriever. This has adverse consequescin terms of loss of
genetic variability and high prevalence of recessive geretlisorders. These features
make purebred dogs attractive for the study of genetic disders, but raise concerns
about canine welfare.

Dog registration rules have only been rigidly enforced forbaut 50 years, prior to that
occasional outcrossing was still possible. Anecdotal egitte suggests that loss of
genetic variation and high levels of inbreeding have advergonsequences for canine
health and fertility. We have found that the loss of genetic tersity is very high, with
many breeds losing over 90% of singleton variants in just sgenerations. On the basis
of these results, we concur withLeroy et al. (2006) that remedial action to maintain or
increase genetic diversity should now be a high priority inhie interests of the health of
purebred dogs. Possible remedial action includes limits @he use of popular sires,
encouragement of matings across national and continentabbndaries, and even the
relaxation of breed rules to permit controlled outcrossing

In addition to dog breeds, extensive pedigree records thaam inform gene mapping
studies are available for a number of economically importaspecies, such as cattle.
Several human populations { many of them the focus of interefor gene mapping

e orts { have detailed pedigree information available, raging from isolated religious
groups, such as the AmishHurd , 1983;Agamwala et al., 1998) and Hutterites
(Chapman et al., 2001), to 2.2M living and deceased residents of Utah, USMé&ul

et al., 2006). Several European populations have extensive paeigs recorded in the
marriage certi cates of parish churches, and have alreadyekn used for demographic
studies Boattini et al., 2006). Our population structure index could be useful in

rapidly assessing population structure in advance of geryping in such populations, as
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well as to help select individuals for genotyping.
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Table 1: Breeds included in the study, with pedigree size artie numbers of sires, dams

and founders. The breed group refers to the four groups ideed by Parker et al.
(2004).

Breed Breed # Dogs # Sires # Dams # Founders

group (% of males) | (% of females)

Akita Inu Oriental 21,155| 1,329 (13%)| 2,115 (20%) 223
Boxer Masti 195,358| 8,518 (9%)| 24,601 (25%) 4,032
English Bulldog Masti 46,420\ 2,175 (11%)| 7,660 (36%) 882
Chow Chow Oriental 18,386 928 (11%)| 2,597 (27%) 1,012
Rough Collie Shepherd| 83,864 4,190 (11%)| 13,232 (30%) 5,285
Golden Retriever Hunting | 317,527 7,752 (5%)| 28,963 (18%) 6,932
Greyhound Shepherd| 1,060 103 (21%) 159 (28%) 81
German Shepherd Dog | Shepherd| 474,078 21,629 (9%)| 48,108 (20%) 15,843
Labrador Retriever Hunting | 703,566| 26,830 (8%)| 70,541 (20%) 15,064
English Springer Spaniel Hunting | 276,179| 17,471 (13%)| 34,252 (24%) 9,718

Table 2: Distribution of numbers of o spring per sire and perdam; numbers of popular
sires (100 o spring) and popular dams ( 40 o spring), and % of all sires and dams

that are \popular".

Breed Sire O spring | Popular Sires| Dam O spring | Popular Dams
max (median) # (%) max (median)| # (%)

Akita Inu 306 (9) 16 (1%) 52 (8) 4 (0.0%)
Boxer 1101 (8) 372 (4%) 49 (6) 25 (0.0%)
English Bulldog 430 (9) 77  (4%) 36 (5) 0

Chow Chow 212 (8) 22 (2%) 35 (5) 0

Rough Collie 775 (7) 128 (3%) 39 (5) 0

Golden Retriever 1386 (10) 792 (10%)| 59 (8) 328 (1%)
Greyhound 45 (7) 0 17 (5) 0

German Shepherd Dog | 1479 (8) 851 (4%) 67 (7) 509 (1%)
Labrador Retriever 1911 9) 1338 (5%) 72 (8) 639 (1%)
English Springer Spaniel 2538 (7 271 (2%) 62 (6) 89 (0.3%)
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Table 3: Columns 2 { 4 describe the pedigree-based inbreeglicoe cient f of dogs

in generations 6 and 7 (5.5 GN

7.5): number of dogs, mear , and % of dogs with

f > 0:1. Col. 5: maximumf over all dogs in breed. Col. 6: inbreeding e ective populain
size of breed calculated from the average increasefirover generations 1 through 5. Col.
7: average kinship over all pairs of dogs in the nal two genations represented in each
breed. Col. 8: % of singleton founder alleles expected to give until generation 6.

Dogs in generations 6 & 7 max mean | % survival 6
Breed N meanf %> 01| f Ne | kinship | generations
Akita Inu 2864 0.038 9.0 | 0.32]| 45| 0.023 30
Boxer 44521 0.048 16 | 0.50| 45| 0.017 11
English Bulldog 12396 0.057 18 | 0.41| 48| 0.038 17
Chow Chow 1747 0.051 19 | 0.38| 50| 0.028 6.2
Rough Collie 4650 0.073 29 | 0.38| 33| 0.020 2.9
Golden Retriever 31259 0.035 8.2 | 0.39| 67| 0.013 6.3
Greyhound 16 0.058 0 0.08| 17| 0.072 6.5
German Shepherd Dog | 43488 0.033 12 | 047 76| 0.014 5.6
Labrador Retriever 97884 0.024 5.2 1 0.39|114| 0.012 9.2
English Springer Spaniel 23721  0.033 6.0 | 0.38| 72| 0.017 8.0

Table 4: Pedigree Structure Index

Breed

Sires (95% CI)

Dams (95% CI)

Akita Inu

Boxer

English Bulldog

Chow Chow

Rough Collie

Golden Retriever
Greyhound

German Shepherd Dog
Labrador Retriever
English Springer Spaniel

0.10 (0.07 - 0.17
0.36 (0.33 - 0.40
0.15 (0.12 - 0.19
0.43 (0.36 - 0.50
0.34 (0.29 - 0.40
0.37 (0.33 - 0.40
0.40 (0.20 - 0.65
0.41 (0.37 - 0.43
0.22 (0.20 - 0.24
0.55 (0.51 - 0.58

0.13 (0.09 - 0.20
0.40 (0.38 - 0.43
0.14 (0.12 - 0.17
0.45 (0.39 - 0.53
0.38 (0.34 - 0.42
0.43 (0.41 - 0.46
0.34 (0.17 - 0.57
0.35 (0.33 - 0.38
0.33 (0.31 - 0.35
0.28 (0.26 - 0.30

Table 5: Distribution of for 1000 randomised datasets:

Breed 2.5 %ile| median | 97.5 %ile
Greyhound 0.007 | 0.037 0.078
Labrador Retriever| 0.008 0.010 0.012
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Figure 1: Inbreeding coe cients averaged over dogs with theame GN value, rounded to
the nearest integer. The vertical bars represent 1 standard error of the mean.

¢

Figure 2: Pedigrees of two highly-inbred Boxer dogs (repm#ed by the diamond shape),
each withf = 0:5. Squares represent sires and circles represent dams.
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Figure 3: Dogs in the nal two generations for (top) SpringeSpaniel, (centre) Chow Chow
and (bottom) Golden Retriever, are plotted according to (l&) the rst two principal com-
ponents based on their ancestors in the founding generatjaand (right) multidimensional
scaling based on pairwise kinship coe cients. The red and bé circles indicate the two
clusters identi ed using 2-means clustering based on fouadancestry.
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