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Abstract

Linkage disequilibrium (LD) mapping is commonly
used as a fine mapping tool in human genome
mapping and has been used with some success for
initial disease gene isolation in certain isolated in-
bred human populations. An understanding of the
population history of domestic dog breeds suggests
that LD mapping could be routinely utilized in this
species for initial genome-wide scans. Such an ap-
proach offers significant advantages over traditional
linkage analysis. Here, we demonstrate, using ca-
nine copper toxicosis in the Bedlington terrier as the
model, that LD mapping could be reasonably ex-
pected to be a useful strategy in low-resolution, ge-
nome-wide scans in pure-bred dogs. Significant LD
was demonstrated over distances up to 33.3 cM. It is
very unlikely, for a number of reasons discussed,
that this result could be extrapolated to the rest of
the genome. It is, however, consistent with the ex-
pectation given the population structure of canine
breeds and, in this breed at least, with the hypothesis
that it may be possible to utilize LD in a genome-
wide scan. In this study, LD mapping confirmed the
location of the copper toxicosis in Bedlington terrier
gene (CT-BT) and was able to do so in a population
that was refractory to traditional linkage analysis.

A number of problems are associated with the
identification and isolation of disease-causing genes
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in canine populations. The first is the fact that in
comparison with human, mouse, and some other
domestic species, the genome map of the dog is
relatively sparse. It is only since 1997, when Mel-
lersh et al. (1997) published a 14-cM resolution
linkage map, that the canine map has become a
viable resource in gene identification. The canine
map continues to improve, however, with the
publication of a 10-cM resolution map (Neff et al.
1999) and a map containing a total of 1800 markers
covering more than 90% of the dog genome (Breen
et al. 2001). Notwithstanding this, the failure to
detect linkage in studies by Dukes-McEwan and
Jackson (2002) of certain multifactorial genetic dis-
eases prompted this group to conclude that more
detailed linkage maps were required. The second
problem relates to the difficulty in obtaining suffi-
cient numbers of informative matings from the ca-
nine population under investigation to perform a
traditional linkage analysis. Matings are informa-
tive only if at least one parent is heterozygous at
both disease and marker loci. To calculate Lod (Log
of odds) scores for linkage, it is also a requirement
that the relationships between all members of the
pedigree are known. In addition, it is preferable if
three generations of dogs are involved in the study
to allow for the linkage phase of alleles to be de-
termined. Thus, an alternative approach that does
not rely on pedigree information would be ideal.
Linkage disequilibrium (LD) mapping is one such
technique; in canine populations, this should prove
to be a powerful genetic tool for the identification
of disease genes.

In linkage disequilibrium, we observe a particular
marker allele to be associated with the disease allele
more (or less) frequently than one would expect from
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their individual frequencies. LD mapping is, thus, the
identification of disease loci based on frequency dif-
ferences in marker alleles between affected and un-
affected groups within the population (Sheffield et al.
1998; Ardlie et al. 2002). The assumption (for the
purposes of mapping) is that this association is due to
individuals sharing haplotypes of disease and marker
alleles that are identical because they were inherited
from a common ancestor; that is, the haplotypes are
identical by descent (IBD). The probability of haplo-
types being IBD (rather than identical in state, IBS) is
dependent upon a large number of factors related to
the nature of the markers and disease locus, and
population parameters such as size, growth dynam-
ics, and history, as well as stochastic processes such
as mutation and recombination. The effects of these
factors will be discussed in more detail below, but for
a thorough analysis of LD from the point of view of
haplotype sharing, see Nolte and te Meerman (2002)
and Nordborg and Tavaré (2002).

LD may arise, although rarely, because of a se-
lective advantage conferred by the combination of
two particular alleles at different loci. Most linkage,
disequilibria arise, either after a mutational event,
(e.g., normal allele to disease allele) or due to
founder effect in which a single rare (disease) allele
is included within a small founding population. In
both cases, the disease allele will be, initially, as-
sociated with only one particular set of marker al-
leles (Terwilliger and Weiss 1998; Ardlie et al. 2002).
Over the subsequent generations, in the absence of
other influences, this LD will be broken down,
largely owing to recombination events, and as such
will disappear proportionally with the linkage dis-
tance between the disease locus and marker loci.
Over many generations, linkage disequilibrium
will remain only between the disease locus and
very closely linked marker loci (Kruglyak 1997;
Liu 1998). Detection of such a region is the basic
strategy in gene localization by linkage disequilib-
rium mapping (Durham and Feingold 1997; Peltonen
and Uusitalo 1997).

For LD to be of most use in a low-resolution,
genome-wide scan (with markers spaced at 5-20 cM)
for the detection of disease genes, the population in
question should have certain structural and histori-
cal characteristics. These include the following: It is
genetically isolated and originated from a relatively
small number of founders (Wang et al. 1997; de la
Chapelle and Wright 1998; Kruglyak 1999; Wright
et al. 1999). Population expansion took place by
growth rather than by immigration (de la Chapelle
and Wright 1998; Kruglyak 1999). The mutation is
recent, or the disease allele included in a founding
population is rare in the parent population (Peltonen

and Uusitalo 1997). Finally, the population under
study is young, probably less than 100 generations
(Wang et al. 1997; de la Chapelle and Wright 1998;
Sheffield et al. 1998; Wright et al. 1999; Service et al.
2001).

These criteria can be understood if one views
useful LD in terms of the genealogy of haplotypes
and the probabilities of IBD. A small number of
founders and small populations in general favor a
faster coalescence to an ancestral haplotype because
there are fewer potential parents in each generation.
As there are fewer chances for mutation or recom-
bination to occur, the probability of IBD is increased,
and the extent of the shared haplotype is increased.
Faster coalescence is also true for young populations.
Small populations also generate LD due to genetic
drift, but are particularly useful for mapping, there
being less allelic heterogeneity, particularly among
disease alleles. Rare haplotypes (which might in-
clude a rare disease allele) are more likely to be IBD.
As there are fewer of them, they coalesce more
quickly, leaving less time for mutation or recombi-
nation to create an IBS haplotype. While rare alleles
and small population sizes increase the extent of an
IBD region and the probability of IBD, it should be
pointed out that they are also more influenced by
genetic drift, which thus increases the variance of
these measures (Nolte and te Meerman 2002;
Nordborg and Tavaré 2002). Finally, it has been
shown that a rapidly expanding population should be
ideal for LD mapping and that, as haplotypes will
coalesce faster (fewer parents in each previous gen-
eration), the probability of IBD will be higher than in
stable populations (Service et al. 2001; Nolte and te
Meerman 2002).

Certain human populations have been shown to
be particularly suited to linkage disequilibrium
mapping. The Finnish population has been the focus
of many linkage disequilibrium mapping projects
(reviewed in de la Chappelle and Wright 1998), as
have the Bedouin-Arabs of the Negev (Sheffield et al.
1998). Very young founder populations such as those
in Costa Rica, Quebec, and Newfoundland have been
cited as amenable to LD mapping with a relatively
sparse set of markers (Service et al. 1999, 2001). For a
discussion on the effects of population demographics
on LD, see Wright et al. (1999), Chapman and
Thompson (2001), Service et al. (2001), Nordborg and
Tavaré (2002), and Ardlie et al. (2002).

Pure-bred dog populations (breeds) fulfill the
above criteria because they are genetically isolated
sub-populations derived from a relatively small
number of founding ancestors and are of a relatively
recent origin (Vila et al. 1999). Most breeds were
founded 30-120 years ago (Wilcox and Walkowicz
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Table 1. Microsatellite markers used in this study

Marker/Repeat Sequence T, (°C)
FH2537 [tetra 5" TETAA AAA G TG TAG AGC TTT CTT CAA A 3’ 60
3" ATT GAG ACC CAA GAG TGT TAG TG %
C10.781/(AG)12-14 5" TET AC CTC CAA GAT GGC TCT TGA 3’ 60
3" ACG TCG AGC TCC TGG CAT ¥
FH2293/(GAAA)43 5" TET GA ATG CCC TTC ACC TTG AAA 3’ 60
3" AGG AAA AGG AGA GAT GAT GCC ¥
C10.16/(AC)13 5 HEX TT CTT GCT TCT TGA AGT AAG CC 3’ 60
3" GAG TTC CAG ATC GAG TCCCA ¥
FH2422/[tetra 5" HEX TT GCC CGT CCT ATA CTC CTG 3’ 60
3" CCA CAT GAT TTC ACT TGT ATA TGG 5’
FH2523/tetra 5" HEX GG TTT AGT GCC AGC CTT CAG C 3’ 60
3’ TTC TAG CAG CCG GGA GTTTAT G ¥
C04107°/(GT)6GA(GT)11 5" HEX TCA GCA ACT ATA CAT TTA AGA GGA 3’ 60
3’ CTG TCC CAT CTA AAG GAT AGG 5
C10.602/(TC)15(CA)19 5" FAM ACG AAT GAA AAC GGA GCA GCA 3 55-60
3" CGA TAT TTT TCT CTC CCA CCC 5
FH2339/tetra 5" FAM TC CTT ATG ATA GTT TCC CTG TCT C 3’ 60
3" CAA CTA ACACACCCATCACTITCY
C10.865/di-repeat 5" HEX AG TGT ATG TAA GCC TGG AG ¥ 60

3" TAA CTG ATG TTA TCA CTC TCT GC ¥’

#Annealling temperature.

"For marker C04107, radioisotope labeling with o-32P dCTP or y-3P ATP was also used.

1989), which corresponds to only 15-60 generations.
The occurrence of severe genetic bottle-necks in
many breeds within the last 100 years has also pro-
duced a founder effect. Another pertinent observa-
tion is that many genetic diseases of dogs are found
exclusively, or almost so, in one particular breed
(Hughes 1998; Ostrander et al. 2000), thus indicating
the rarity of these mutations in the ancestral canine
population. The potential for LD mapping in pure-
bred dogs has been recognized by Ostrander and
Kruglyak (2000}, and the existence of LD over several
tens of cM has been demonstrated in cattle (Riquet
et al. 1999; Farnir et al. 2000) and sheep (McRae et al.
2002), which have breed structures similar to some
breeds of dogs. Other, more popular breeds may have
larger effective population sizes and, in these breeds,
the usefulness of LD mapping for genome-wide
scans cannot be easily inferred.

This study is the first attempt to assess practi-
cally the utility of genome-wide LD mapping in
pure-bred dogs, and we have used copper toxicosis in
Bedlington terriers as the disease model. Copper
toxicosis in Bedlington terriers (CT-BT) is an auto-
somal recessive disease in which copper accumu-
lates in the liver owing to impaired biliary copper
excretion. This disease has many similarities to
human copper storage diseases, especially Wilson’s
disease. The causative gene for CT-BT has remained
elusive, although recent studies have initially as-
signed CT-BT to a 4.6-cM region on canine Chro-
mosome (Chr) 10p26 (van de Sluis et al. 2000) and
subsequently identified MURRI1 to be, in all likeli-

hood, the disease-causing gene (van de Sluis et al.
2002). One particular microsatellite marker on Chr
10, C04107, has been used diagnostically, as it has
been shown to be in complete LD with CT-BT
(Yuzbasiyan-Gurkan et al. 1997). In fact, it has been
demonstrated recently that C04107 is located within
the first intron of MURR1 (van de Sluis et al. 2002).

The initial aim of this study is to correctly locate
the CT-BT locus by the use of Chr 10 microsatellite
markers and LD mapping, and secondly to determine
over what distance LD can be detected. The study
was also performed to compare LD mapping and
linkage analysis as methods of gene localization in
this population. Two methods of LD mapping were
used. The first was to simply compare marker allele
frequencies between normal and diseased groups by
use of 2 x 2-table #? test of association. The second
was to calculate an estimate of the LD called D’ with
an associated probability. D’ varies from 0 (no LD) to
1 (complete LD). For details, see Materials and
methods section and Tables 1 and 2.

Materials and methods

Dogs. One hundred and thirty-one pure-bred Bed-
lington terriers (54 males and 79 females), aged be-
tween 4 weeks and 13 years, from eight different
Bedlington terrier pedigrees were used in this study.
Six dogs were eliminated because of non-Mendelian
inheritance of marker alleles. Of the remaining 125
dogs, 24 were diagnosed with copper toxicosis based
on the basis of a combination of results from blood
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and hepatic copper tests, liver enzymes tests, and
liver histopathology from biopsies (Hyun and Filip-
ich, unpublished). It is believed that the vast ma-
jority of the 200 to 300 Bedlington Terrier dogs in
Australia today are descendants of six dogs imported
from the United Kingdom between 1963 and 1967
(Robertson et al. 1983).

Microsatellite markers. Ten microsatellite
markers on Chr 10 were selected. (Fig. 1). These
markers were numbered 1 to 10 from the cen-
tromere. Forward primers of each marker were
labeled with FAM, TET, or HEX fluorescent dyes (PE
Applied Biosystems, USA) (Table 1).

PCR reaction. DNA was isolated from canine
whole blood by the method of Lahiri and Nurnberger
(1991) or with the QIAamp DNA Mini kit (Qiagen,
Germany) according to the manufacturer’s instruc-
tions. Following extraction, DNA concentration was
estimated by absorbance at 260 nm, and the solution
was assayed for purity using the Asgonm/A2gonm ab-
sorbtion ratio. Following quantification, samples
were diluted to a working concentration of 20 ng/pL.
PCRs were then performed in a PC-960 air-cooled
thermal cycler (Corbett Research, Australia). A 12.5-
uL total volume was used, containing 20 ng genomic
DNA, 25 um of each dNTP, 200 nm of each forward
and reverse primer, 1x PCR buffer (100 mm Tris-Cl,
pH 8.4, 500 mm KCl, 0.01% gelatin), 10 pg acetylated
BSA, 0.5 unit Taq polymerase, and 1.5 mm MgCl,.
DNA was initially denatured at 94°C for 4 min and
then subjected to 35 cycles of 94°C for 1 min, 60°C
for 1 min, and 72°C for 1 min, followed by a final
extension at 72°C for 7 min.

Marker genotyping. PCR product DNA con-
centration was standardized by dilution (up to 10-
fold) after electrophoresis of 1 uL of product on a 1%
agarose gel. One pL of standardized PCR product was
then mixed with 12.5 uL of standard TAMRA-
labeled dye/formamide solution containing a 100-bp
to 1000-bp ladder (Perkin Elmer, USA), denatured at
94°C for 4 min and then snap frozen for 5 min.
Finally, the PCR products were separated by laser-
induced fluorescence capillary electrophoresis by
using an ABI Prism 310 Genetic Analyzer (Perkin
Elmer, USA). Genotypes were then determined by
reference to known size standards.

Linkage and LD analysis. Pedigree information
and Chr 10 haplotypes for the 10 markers for 131
pure-bred Bedlington terriers were recorded by using
Cyrillic® (Ver 2.1.3, Pedigree make-up program,
Cherwell Scientific Publishing Ltd, UK). For para-

Canine chromosome 10 - FH2537

-~
-LYZ(m Human 12q14
1FH2537 0.
2C10606 4.7
3FH2293 17.9
4C10.769 201~
- C10.16
- CALM2 Human 2p21
5 FH2422 407~
6FH2523 47.3
7C04107 51.2-
BC10.602 51.9
9FH2339 56 L FH2422
A- codto7
10C10.865 68.4- [ [—

Fig. 1. Canine Chr 10. Based on Neff et al. (1999).

metric linkage analysis, two-point linkage analysis
was performed with the linkage analysis software
package, FASTLINK (Lathrop et al. 1984; Cotting-
ham et al. 1993; Schiffer et al. 1994). The analysis
was run under a recessive mode of inheritance and
assumed isofrequent alleles. The GENEHUNTER
program (Kruglyak et al. 1996; Kruglyak and Lander
1998; http://linkage.rockefeller.edu/soft/gh/) was
also used to run a multi-point linkage analysis.

LD analysis was performed in two ways. First,
the probability of an association between a particular
allele and the presence of copper toxicosis was cal-
culated. A 2 x 2-table 4 test of association was used
to compare the frequency of the allele between
affected and clinically normal groups. As most
markers were multiallelic, the most associated allele
was selected, and other alleles collapsed into a
single, alternative class. This was done to ensure
that expected frequencies in each cell were large
enough to perform a valid > test. Following con-
vention in linkage analysis (see Chotai 1984), a P
value <0.0001 was considered significant evidence
for linkage.

The second approach was to calculate the LD
between each marker locus and the diagnostic
marker locus, C04107. LD scores were calculated as
follows. For two polymorphic loci A and B, let A; be
an allele at the A locus and B; be an allele at the B
locus. If the relative frequencies of A; and B; are p;
and p; and the relative frequency of gamete A;B;, is
pij, then the linkage disequilibrium between the al-
leles, Djj, can be defined as

Dy = py — pip;
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Fig. 2. Association y? probabilities from Table 3 plotted (as
—logoP) against map positions of markers indicating the
most likely location of CT-BT.

being the difference between the observed frequency
of A;B; and that expected under the assumption of
independence. A more useful measure of LD be-
tween a particular pair of alleles is the standardized
disequilibrium measure, which is defined as

/ Dy

7" Dmax
where

Dmax = min[p;p;, (1 — p:)(1 — p;)] when D;; < 0 or

Dimax = min[p;(1 — p;), (1 — p;)p;] when Dj;; > 0

(Lewontin 1964; Hedrick 1987). An overall measure
of the disequilibrium between two loci, taking into
consideration all alleles, is D’, which is defined as

m n

D'=>">"pip;| D}

i=1 j=1

where m is the number of alleles at the A locus and n
is the number of alleles at the B locus. D’ has a range
from O (linkage equilibrium) to 1 (complete linkage
disequilibrium) and was the measure of LD used in
this study. It was calculated by using computer
programs PM (Xie and Ott 1993; Zhao et al. 2000)
and 2LD available from Jin Hua Zhao (http://
www.iop.kecl.ac.uk/IoP/Departments/PsychMed/GE-
piBSt/software.stm). The 2LD program also gave a
standard deviation of the D’ estimate and a prob-
ability of observing the calculated D’ based on a y*
analysis of the observed haplotype frequencies
compared with those expected under the hypothesis
of linkage equilibrium (i.e., D’ = 0).

Results

Markers. The number of alleles and their sizes for
each Chr 10 marker is shown in Table 2. Of the ten

C04107
60 ~ 1
-~ , + 0.9
o~ [5e] ’
2 504 g < 108
- < .
§’ 40 T o : + 07
3 ‘-j-¢ N AN 0.6 E
2 30 . % ® 05 E
3 v+ 044
8 20 ]
.5 % + 0.3
o 10 . . % 0.2
g i+ 01
0 , ‘ : : 0

0 10 20 30 40 50 60

Canine Chromosome 10 Map (cM)

--®--"-L0G10(P)' —e—LD |

Fig. 3. D’ estimates for markers on canine Chr 10 and as-
sociated probabilities indicating the most likely location of
CT-BT.

markers tested, C10.602 and C10.865 were mono-
morphic in this Bedlington terrier population.

Linkage and LD analysis. Traditional (para-
metric) linkage analysis was unable to detect linkage
between the marker loci and disease locus in our
Bedlington terrier population. This, initially sur-
prising, result arose because, of all the matings in the
population, none was informative. That is, either the
mating type could not detect segregation at the CT-
BT locus or the haplotype and disease status in-
formation was missing from a parent.

With respect to LD and y* association analyses,
six dogs were excluded because they showed non-
Mendelian inheritance patterns, possibly owing to
genotyping errors or incorrect pedigree information.
Association y”> probabilities for each marker are
shown in Fig. 2. Significant (P<0.0001) allelic asso-
ciation was detected for markers FH2293, FH2422,
FH2523, the diagnostic marker C04107, and FH2339.
In general, it can be seen from Fig. 2 that, with the
exception of marker C10.16, the closer the markers
were to CT-BT, the more significant the allelic as-
sociation became. It is also of particular note that
marker FH2293, located some 33.3 ¢cM from CT-BT,
was seen to be significantly (P = 6.37 x 107°) asso-
ciated with disease status.

D’ values calculated between each marker and
CT-BT (C04107) ranged from 0.02 (C10.781) to 1.00
for the diagnostic marker, C04107. Six markers
showed D’ values significantly (P < 0.0001) greater
than 0. Again, marker FH2293, 33.3 ¢cM from CT-BT,
showed significant LD, with the closer markers
showing increased significance (Fig. 3).
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Table 2. Alleles and chromosome 10 map locations of
microsatellite markers

Microsatellite Map location Number Sizes of alleles

marker (cM) of alleles (bp)
FH2537 0.6 3 164, 168, 175
C10.781 4.7 2 182, 189
FH2293 17.9 2 232, 278
C10.16 20.1 3 177, 180, 182
FH2422 40.7 4 191, 195, 199, 203
FH2523 47.3 3 384, 388, 448
c04107 51.2 2 162, 166
C10.602 51.9 1 175
FH2339 56.9 4 668, 676, 680, 684
C10.865 68.4 1 135
Discussion

Owing to the population structure of domestic dog
breeds, we surmized that linkage disequilibrium
should exist over extensive regions of the canine
genome and that, in the dog, genome-wide mapping
methods based on linkage disequilibrium may be an
effective and indeed a preferred strategy in many
instances. This potential has also been recognized by
Ostrander and Kruglyak (2000). To test this theory,
we chose as our model copper toxicosis in the Aus-
tralian Bedlington Terrier population.

Until recently, it was generally thought that
whole-genome LD mapping was not feasible for
most human populations. For example, Kruglyak
(1999) estimated that approximately 500,000 single
nucleotide polymorphism (SNP) markers would be
required in a normal human population, because it
was estimated that useful LD existed only over a
distance of 3 kb. Even in isolated populations, si-
mulations performed by Kruglyak (1999) suggested
that the LD approach would not be useful unless the
founding population consisted of 100 individuals or
fewer, or the frequency of the variant was less than
5%. Given this, however, there are now numerous
reports of human populations which, due to their
structure, have been used or could potentially be
used in genome-wide mapping strategies based on
LD (e.g., Wang et al. 1997; de la Chapelle and Wright
1998; Sheffield et al. 1998; Gordon et al. 2000;
Chapman and Thompson 2001; Mohlke et al. 2001;
Reich et al. 2001). Of more significance, however,
from the point of view of canine population struc-
ture, have been the observations that LD extends for
tens of centimorgans in the Dutch black-and-white
dairy cattle population (Farnir et al. 2000), in the
Holstein-Friesian population (Riquet at al. 1999), and
in Coopworth and Romney sheep (McRae et al.
2002). What these results tell us is that the structure
and history of populations is very important with

respect to LD mapping and that, although we may be
able to identify certain attributes of a population
that suggest that the population will be amenable to
this approach (e.g., Ardlie et al. 2002), empirical
sampling is generally required to confirm this. That
is, the level of background LD and the extent of LD
across the genome will be different in each breed. As
a final cautionary note, however, are two assertions
by Terwilliger; first, that the variance of LD is so
large that one should expect numerous examples of
spuriously high LD (Terwilliger 2001). And second,
that the use of isolated populations is apt to produce
false-positive associations as, by definition, affected
individuals will be more related to each other than to
other members of the population (Terwilliger and
Weiss 1998).

An additional factor suggesting that genome-
wide LD mapping should be effective in canine
populations is that, because a less dense set of
markers is required, microsatellite markers rather
than SNPs can be used. Microsatellites are multi-
allelic and have been shown, under all circum-
stances, to be more powerful than SNPs in detecting
LD (Chapman and Wijsman 1998; Sham et al. 2000).
Microsatellites were the preferred markers used in
this study and in the LD studies on domestic
animals noted above (Riquet et al. 1999; Farnir et al.
2000; McRae et al. 2002).

It was our intention to compare two mapping
strategies based on LD; namely, association mapping
and D’ calculation, with a traditional linkage anal-
ysis approach. Linkage analysis by traditional
methods requires mating of affected to carrier dogs
or carrier to carrier dogs to identify the segregation of
the disease gene. However, no such matings oc-
curred in the pedigrees sampled, although our sam-
ple population constituted approximately half of the
Bedlington terrier population in Australia, collected
over 3 years. While this precluded any analysis of the
relative powers of the tests, it did demonstrate, very
pointedly, that pure-bred dog populations segregat-
ing for a particular disease allele often do not con-
form to the requirements for a traditional linkage
analysis.

Both the y? association method and direct D’
calculation identified significant association or LD
up to 33.3 cM from the CT-BT locus. LD decreased
with increasing distance from CT-BT with the clos-
est marker, FH2523, displaying a D’ of 0.89 and the
most distant markers (FH2537 and C10.781) with D’
values not significantly different from 0. The sig-
nificance of these D’ values also, in general, in-
creased with proximity to CT-BT, as did the
significance of the probabilities of the association
tests. These relationships are shown in Figs. 2 and 3.
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An exception to this trend was that the P values
associated with both 4> and D’ for marker FH2293
located 33.3 ¢cM from CT-BT were more significant
than the P values for marker C10.16 located closer
(31.1 cM) to CT-BT. This result is a reflection of the
nearly optimal allele frequencies of FH2293 (0.4 and
0.6) compared with those of C10.16 (0.184 and 0.816,
after the three alleles were collapsed into two). Thus,
while D’ increased as expected, the significance of
this result (and the 4> P value) decreased owing to the
decreased sample space available for marker C10.16.

Probabilities associated with D’ values were
consistently more significant than equivalent prob-
abilities for the 3 association test. This is probably a
reflection of the fact that D’ calculations include
information from all alleles at the same time and is a
direct estimate of LD. Conversely, the y* association
test requires the collapse of a multiallelic system
into a biallelic system and measures a consequence
of the existence of LD.

The question of what measure of LD to use and,
more importantly, how to calculate the variance of
that measure and hence gain insight into its signif-
icance is an area of much thought and debate. Im-
provements on the x> test of association have been
suggested, for example, by Terwilliger (1995) and
Choulakian and Mahdi (2000). For multiallelic
markers, Ardlie et al. (2002) claim that there is no
satisfactory measure of LD, with the P value of
Fisher’s exact test (or the Chi Square test) being used
as a proxy in most studies. D’ values are difficult to
compute meaningfully for multiallelic markers, tend
to be inflated by small sample sizes and extreme
allele frequencies, and could be biased in populations
of related individuals if haplotype frequencies are
estimated with algorithms rather than directly
counted (Zapata 2000; Ayres and Balding 2001;
Zapata et al. 2001; Ardlie et al. 2002; Teare et al.
2002). An alternative to D’, called r* or A? is less
affected by these factors but, again, is not easily ap-
plied to LD estimation from multiallelic markers
(Ardlie et al. 2002; Teare et al. 2002). The present
focus of much research is to develop new statistical
procedures that are better able to represent and de-
fine the significance of associations resulting from
linkage disequilibrium. Teare et al. (2002) showed
that the bias in D’ values, or any other summary
measure of LD, due to sample size and allele fre-
quencies can be corrected to some extent by the use
of bootstrapping. Another resampling procedure, the
Markov chain Monte Carlo method, was used by
Ayres and Balding (2001) to approximate not just the
variance but the entire distribution of D’ values.
Terwilliger (2001) argues that genome scanning ex-
periments should be viewed as estimate problems

rather than hypothesis tests; that is, defining the
accuracy of an estimate of a gene’s location, rather
than finding the probability of an association under
the null hypothesis of there being no gene. Terwil-
liger (2001) discussed how a 3-lod-unit support in-
terval may be estimated around a putative gene
location. Cordell and Elston (1999) also took the
approach of obtaining a confidence interval for the
location of a disease gene. These workers trans-
formed LD measures as a function of location to fit a
quadratic curve. The peak of this curve estimated
the disease gene location. In a different approach
entirely, artificial neural networks have been pro-
posed to use pattern recognition to identify differ-
ences in genotypes between cases and controls
(Curtis et al. 2001; Sherriff and Ott 2001). Haplotype
pattern mining is another method that uses pattern
recognition but is instead applied to haplotypes and
uses a data mining algorithm to identify disease-
associated haplotypes (Toivonen et al. 2000).

Of the two methods used in this study, the »*
association test was the simpler but seemingly less
powerful. D’ estimation is more complex and its
interpretation less straightforward. Undoubtedly,
the behavior of D’ values and their variances, or
other measures of LD, will be further investigated,
while the power of association studies will be im-
proved with more sophisticated statistics (e.g.,
Choulakian and Mahdi 2000).

In this study, LD was detected over a consider-
able distance (33.3 cM). This is an encouraging result
from the point of view of the potential utility of LD
in a genome-wide scan, but should be viewed real-
istically for a number of reasons. It is known that LD
is not uniform across the genome (Zavattari et al.
2000; Goldstein 2001; Service et al. 2001), and as
such we cannot infer a general level of LD across the
genome from this result. Indeed, the observation in
our own data of the FH2339 marker located 5.7 cM
on the telomeric side of CT-BT having a smaller D’
than loci at further distances on the centromeric side
would highlight this. It is also possible that we are
witnessing a “hitch-hiking’’ effect due to selection
occurring against the disease allele at the CT-BT
locus or that the CT-BT mutation is very recent; that
is, ignore recent than the genetic isolation of the
Bedlington Terrier breed. Having said this, however,
this result along with the population history of the
breed and the results seen in other domestic animals
would suggest that LD should exist throughout the
genome, and the number of markers required for a
genome-wide screen would be in the hundreds rather
than the hundreds of thousands. The extent and
nature of LD will also be different among breeds,
reflecting both differences in population history and
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the stochastic nature of LD. Our knowledge of the
very narrow founder base of the Bedlington Terrier
breed in Australia suggests that we might expect
more extensive LD in this breed than in others. We
are currently conducting a microsatellite-based,
genome-wide LD analysis of a number of breeds of
dog, including the Bedlington Terrier, that should
better demonstrate the extent of LD in domestic dog
breeds. It will also allow investigation of genome-
wide background LD. This leads to the potential
problem of false-positive associations, as noted by
Farnir et al. (2000), that arise owing to population
structure and history. Genetic drift, admixture, and
stratification in particular are known to produce
spurious associations. Essentially, a high back-
ground LD will confuse the interpretation of LD
measures made in genome mapping studies, as most
methods of LD analysis assume linkage equilibrium
between markers on control chromosomes. Thus, for
LD mapping of disease genes to be successful, the LD
arising from association with a disease allele must
be able to be differentiated from background LD
(Service et al. 2001).

For smaller sample sizes, the distance over
which LD or association could be detected will be
decreased, and hence the number of evenly spaced
markers required would need to be increased. Si-
mulations conducted with random sub-samples of
our data (not shown) indicated that, even with very
small sample sizes, LD could be detected up to 10
cM from the disease locus.

In conclusion, this study has shown that in the
Australian Bedlington Terrier population it is pos-
sible, by using a linkage disequilibrium approach, to
correctly localize a disease locus, namely, the CT-BT
locus. In this population, LD behaved exactly as
would be predicted, decreasing with chromosomal
distance from the disease locus. In fact, the nature of
this particular population precluded the use of a
traditional linkage approach, and as such LD was
superior to linkage analysis for gene isolation in this
case. These results suggest that it may be possible to
use LD in such a dog population as an initial genome
screen. It is recognized that the statistics and inter-
pretation of LD analyses are still not well defined;
however, there is every reason to believe that these
problems will be resolved adequately in the near
future.
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