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Abstract

A canine integrated linkage-radiation map has been
recently constructed by using microsatellite mark-
ers. This map, with a good coverage of the canine
genome, allows for a genome-wide search for the
extent and distribution of linkage disequilibrium
derived from linkage and evolutionary forces. In this
study, we genotyped an outbred pedigree between
Labrador retriever and Greyhound breeds with a set
of microsatellite markers (240) from the canine
linkage map. Linkage disequilibrium was measured
between all syntenic and nonsyntenic marker pairs.
Analysis of syntenic pairs revealed a significant
correlation (-0.229, P < 0.001) between linkage dis-
equilibrium and genetic distance (log transformed).
Significant linkage disequilibria were observed more
frequently between syntenic pairs spaced <40 cM
than those paced >40 cM. There is a clear trend for
linkage disequilibrium to decline with marker dis-
tance. From our results, a genome-wide screen with
markers at low to moderate density (1-2 per 10 cM)
should take full advantage of linkage disequilibrium
for quantitative trait locus mapping in dogs. This
study supports the appropriateness of linkage dis-
equilibrium analysis to detect and map quantitative
trait loci underlying complex traits in dogs.

Gametic linkage disequilibrium or linkage disequi-
librium (LD) describes the nonrandom association of
alleles among different loci in a population. Histor-
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ically, LD analysis has interested geneticists because
the extent and distribution of LD can be used to infer
the evolutionary history of population size and
structure (Lewontin 1964, 1988; Hedrick 1987). This
interest has been intensified with the advent of ad-
vanced molecular technologies, especially single
nucleotide polymorphism (SNP) (Taillon-Miller et
al. 2000) and microsatellite markers (Farnir et al.
2000), which have the power to detect polymorphic
genes across the entire genome. More recently, LD
has also been widely used for fine-scale mapping of
genes predisposing to human diseases (reviewed in
Ardlie et al. 2002) and complex traits in animals
(Haley 1999). LD-based mapping, making full use of
historical recombination events, can position a
quantitative trait locus (QTL) to small chromosomal
segments in the order of <1 ¢cM (Ardlie et al. 2002).
For example, LD mapping has been successfully used
to map Hirschsprung’s disease in a large, inbred
Mennonite kindred (Puffenberger et al. 1994).

The efficacy of LD analysis depends upon the
level of LD in the population studied, its distribution
and heterogeneity across the genome, its relation-
ship with genetic or physical distances, and the in-
formativeness of mapping markers used. Kruglyak
(1999) estimated by simulation that useful levels of
LD are unlikely to extend beyond 3 kb in the human.
Although this theoretical prediction was supported
by a molecular study (Dunning et al. 2000), many
other studies found that strong LD could extend
beyond 1 Mb (Taillon-Miller et al. 2000; Boehnke
2000). A number of molecular experiments have
been performed in humans to investigate and inter-
pret the differences in LD between different popu-
lations (Reich et al. 2001), different historical stages
of the same population (Wilson and Goldstein 2000),
or different chromosomal regions (Taillon-Miller et
al. 2000).
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Apart from its application for mapping human
populations, the extent and distribution of linkage
disequilibrium in livestock species have been exam-
ined for high-resolution mapping of QTL for
agriculturally important traits (Haley 1999; Farnir et
al. 2000; McRae et al. 2002). A limited number of LD
studies in animal species suggested that LD was
generally greater, and also extended for greater dis-
tances, in livestock than human owing to frequent
occurrence of the evolutionary forces causing LD,
such as genetic drift, population structure, admix-
ture, selection, and small effective population sizes
(Haley 1999). Despite its significant importance in
designing a high-resolution QTL mapping experi-
ment, exact information about the distance beyond
which LD extends across the canine genome is
lacking. In cattle, Farnir et al. (2000) found that, al-
though microsatellite markers spaced <5 ¢cM display
strong LD, considerable LD can extend for at least 20
cM, and that a high proportion of significant dis-
equilibrium between marker pairs occurs between
unlinked markers on different chromosomes. Similar
conclusions about the relationship between LD and
map distances were also observed in sheep (McRae et
al. 2002). The frequent occurrence of LD between
distantly spaced markers or unlinked markers in li-
vestock implies the importance of developing a
strategy to avoid false positive results (spurious LD)
when LD is used to fine-map genes for complex traits.

As part of our ongoing canine genome project,
this study explores the possibility of using LD to
map quantitative trait loci affecting canine hip dys-
plasia (CHD) in a multi-hierarchic pedigree con-
structed by mating dysplastic Labrador retrievers
with unaffected Greyhounds (Todhunter et al. 1999).
Comparative studies suggested that these two dog
breeds display remarkable discrepancies in morpho-
logical features related to CHD (Todhunter et al.
1999). Seven founding Greyhounds and five founding
Labrador retrievers were intercrossed, followed by
backcrossing Fy’s to the Greyhounds and Labrador
retrievers and intercrossing the F;’s. A series of
subsequent intercrosses among the progeny at dif-
ferent generation levels maximized phenotypic
ranges in CHD-related quantitative traits and the
chance to detecting substantial LD (Todhunter et al.
2003a, 2003Db; Bliss et al. 2002). In total, 147 dogs
from this outbred population were genotyped at 240
microsatellite markers scanning 39 pairs of chro-
mosomes (Mellersh et al. 1997, 2000; Breen et al.
2001). Before LD-based mapping approaches can be
useful for mapping CHD in this pedigree, two fun-
damental questions should be addressed: (1) How
does intrachromosomal LD extend over genetic dis-
tance? (2) Does gametic phase disequilibrium exist
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between nonsyntenic loci in dog? The first question
is related to the determination of appropriate marker
map density in target canine genomic regions,
whereas the second question is related to the like-
lihood of detecting spurious LD in QTL mapping. In
this article, these two questions are explored
through a genome-wide LD analysis.

Materials and methods

Animal pedigree. Seven Greyhound founders and
eight Labrador retriever founders are intercrossed to
generate a number of F; families. These F; families
were backcrossed to the founders and intercrossed to
form F, families, and backcross dogs were bred. The
offspring at different hierarchical generation levels
were crossed, as shown in Fig. 1. In this study, we
sampled 147 dogs from different generations for LD
analysis.

Genotype determination. Breen et al. (2001)
constructed an integrated linkage-radiation hybrid
(RH) map of the canine genome. The RH map com-
prises 1078 microsatellites, 320 dog gene markers,
and 102 chromosome-specific markers, and the
linkage map contains 354 canine-specific microsat-
ellite markers. These two maps were integrated
through sets of common markers, 251 RH/genetic,
102 RH/cytogenetic, and 52 linkage/cytogenetic,
distributed on both maps. From this integrated map,
we genotyped 240 microsatellite markers, 142 of
which are from the linkage map, and 98 of which are
from the RH map (Table 1). These 240 markers are
distributed in 39 different chromosomes as deter-
mined by Breen et al. (2001). Microsatellite geno-
typing was performed at the NHLBI Mammalian
Genotyping Service (Marshfield, Wis.).

Measurements of linkage disequilibrium. As
expected, a number of alleles ranging from 2 to 25
were observed at all these microsatellite markers
genotyped in the canine pedigree. We used two dif-
ferent approaches to measure LD between a pair of
markers. The first approach was to estimate the LD
(D;;) between all possible nonalleles from two given
markers of, with alleles A; (i = 1, ..., u), and &, with
alleles B; (i = 1, ..., v), and then to calculate an
overall measurement of the LD. D;; is expressed as

Djj = py — piqj,

where p;; is the estimated frequency of gamete A;B;,
and p; and g; are the estimated frequencies of alleles
A, and Bj, respectively. We derived the EM algorithm
to obtain the maximum likelihood estimates (MLEs)
of p;;, and then to obtain the MLEs of p;, g; and D;; by
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Fig. 1. Diagram of an outbred pedigree in dog. Squares and circles represent males and females, respectively. Filled and
open portions of each symbol represent the proportion of Greyhound and Labrador retriever alleles, respectively, possessed

by that dog.

solving a system of regular equations. The maxi-
mum value that D;; can have depends strongly on
allele frequency, expressed as

D[/'<0

D,'/'>O

_ [ min[pig;, (1 = pi)(1 = g)];
Dmax = {mfn[p,-(l —q;), (1 = pi)qjl;

A normalized measure of LD that avoids this de-
pendence on allele frequency is Dj; = Djj/Dimax (Le-
wontin 1964). The degree of D;; is often assessed by
its absolute value. The overall measurement of LD
between two markers is calculated by

u v
D =35 iy

i=1 j=1

where u and v are the number of alleles at markers .o/
and 4, respectively (Hedrick 1987).

The second approach for measuring LD is to
collapse multiple alleles to simulate di-allelic
markers (Weir 1996). By treating the most common
allele as A or B and the rest of the alleles as non-A (A)
or non-B (B) at markers & and %, respectively, the
LD and normalized LD were estimated by the pro-

cedure above for multiallelic markers. For di-allelic
markers, another useful measure of LD, the square of
the correlation coefficient between the two markers,
1> = D*/p4pipepg, was also calculated. Weiss and
Clark (2002) discussed several desirable genetic and
statistical properties of 2.

Testing for the significance of linkage disequi-
librium. The significance of LD between markers A
and B was tested by using a likelihood ratio approach.
The likelihood value under the null hypothesis D’ =0
is calculated by assuming that p;; = p;q;. Note that
only when all D;/'s =0, D’ = 0 because D’ is a sum of
absolute values. The log-likelihood ratio test statis-
tics were calculated by comparing the likelihoods
under the null and alternative hypotheses.

The critical threshold can be estimated through
Monte Carlo simulations. Using the same sample size
as for the dog pedigree in this study, we simulated the
observations of two-marker genotypes under the null
hypothesis D’ = 0. The simulated data were then sub-
jected to LD analysis, and then the log-likelihood ra-
tios (LRs) were calculated. The simulation was
repeated 1000 times to determine the empirical dis-
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Table 1. The calculated map distances for the 240 microsatellite markers chosen from the linkage map and RH map
published in Breen et al. (2001) for 38 autosomes and 2 sexual chromosomes in canine

Marker name cM Marker name cM Marker name cM Marker name cM

FH2294 0.00 FH2226 9.23 PEZ8* 0.00 CFA27 59.00
FH2598 10.89 CFA07 81.00 REN310J13* 15.18 REN51i12 0.00
C01.643 3.21 C08.618 6.80 RENS50B03* 21.00 REN309N19* 8.10
REN47D17* 16.41 FH2138 8.60 FH2321 30.18 REN146G17* 8.10
FH2309 1.31 REN288F11* 9.46 COS 15 6.80 FH2585 17.20
DO01505* 5.57 FH2144 8.64 CFA17 25.00 DTRCN14* 15.40
C01.424 8.30 C08.410 7.20 AHTI30 0.00 C28.176 3.80
C01.246 18.60 PEZ11* 8.80 FH2429 13.00 CFA28 55.00
C01.673 14.55 CFAO08 62.00 FH3010* 14.56 CPH9* 0.00
FH2313 3.77 REN177B24* 0.00 REN47J11* 6.99 REN45F03* 7.22
FH2016 12.40 REN278L10* 5.78 REN42L13 28.55 FH2328 13.45
CFAO01 102.00 C09.474 17.71 REN183B03* 0.16 FH2609* 23.21
AHTI111 39.90 FH2186 2.10 FH2356 4.64 CFA29 39.00
FH2132* 3.50 REN75M10* 14.04 CFA18 68.00 LEI-1F11 0.00
C02.894 3.50 FH2263 3.46 FH2380 0.00 AHTHI134Ren* 12.44
REN150M24* 14.52 GALK1 12.40 FH2279 2.90 REN245M07* 3.86
FH2613* 11.22 CFA09 55.00 RENO91114* 10.11 REN50N18* 8.10
FH2225 0.56 C10.865 0.00 AHTI124 4.59 REN105i08* 26.30
FH2608* 2.20 C10.602 18.08 PEZ3 14.30 REN248F14* 4.65
AHTI132 2.20 FH2422 11.11 CFA19 32.00 FH2050 3.44
C02.609 6.90 ZUBECA1* 10.70 FH2158 0.00 CFA30 59.00
FH2087U 13.10 Cl10.16 13.20 REN193A22* 20.80 REN239G04* 33.13
FH3006* 0.88 FH2293 6.24 CPH16 5.70 REN265M13* 11.26
CFA02 99.00 FH2537 15.48 FH2528 22.90 FH2582 1.91
FH2302 0.00 CFA10 76.00 REN55P21* 20.27 REN43H24* 8.17
FH2107 11.00 DGN13* 0.00 CFA20 58.00 FH2189* 22.79
PEZ12 10.70 C11.873 16.41 FH2312 0.00 CFA31 53.00
CPH19 1.50 REN147002* 8.85 FH2603 8.90 AHT127* 0.00
REN47024* 6.19 FH2019* 8.85 FH2441 7.20 FH2238 9.88
C03.895 12.81 FH2319 7.50 REN285A14* 2.94 REN41D20* 6.32
FH2541 7.70 FH2096 19.40 FH2233 18.06 CPH2 4.08
FH2131 12.60 AHTI137 3.50 CFA21 37.00 CFA32 21.00
FH2137 10.80 CFA11 71.00 FH2538 0.00 FH2165 0.00
CFAO03 73.00 C12.852 0.00 C22.279 15.40 REN291M20* 23.40
FH2457 0.00 C12.406 10.30 FH2109 7.00 REN98D17* 8.31
AHT103 14.40 REN260106* 9.81 REN107HO05* 4.90 FH2361 3.40
FH2097 4.90 PEZ5 12.73 REN262G14* 5.93 FH2507 1.20
REN160J02* 3.66 FH2401 16.74 REN42F10* 11.40 CFA33 36.00
FH2142 8.04 FH2054 1.39 CFA22 58.00 REN314H10* 0.00
FH2412 22.40 C05101* 1.40 FH2001 0.00 REN53L0S* 13.50
FH2534 12.70 C07003* 26.51 C23.745 16.30 FH2377 18.74
REN298N18* 27.02 FH2202* 19.58 C23.123 10.10 REN160M18* 19.57
CFA04 74.00 CFA12 63.00 FH2626* 10.23 CFA34 51.00
CPH14 0.00 REN166113* 24.98 REN46F18* 2.54 REN1721L08* 0.00
C05.377 11.80 RENG65L04* 2.67 FH2508 7.24 REN94K23* 3.85
C05.771 18.50 AHTI21* 10.88 CFA23 63.00 REN214H22* 6.28
REN192M20* 11.01 REN307K04* 9.03 FH2079 0.00 RENO01GO1 11.91
CPH18 2.69 C13.391 9.03 AHTI125 11.70 CFA35 27.00
ZUBECAG6 18.40 CFA13 56.00 FH2261 4.00 RENS85C13* 0.00
REN265H13* 5.96 PEZ10 2.20 FH2168 9.70 FH2611* 11.54
REN42N13* 2.58 FH2258 15.00 CFA24 33.00 CFA36 8.00
FH2140 5.86 REN2891L09* 8.48 C25.213 8.60 AHT135* 0.00
FH2594 5.10 REN169DO01* 10.09 FH2006 14.10 FH2532 18.36
CFAO05 85.00 FH2547 11.33 FH2087L 17.90 H10101* 7.29
C06.636 0.00 C14.866 5.80 FH2324 2.60 AHT133 4.51
FH2370 8.80 FH2060 16.00 FH2318 1.30 RENG67C18* 6.00
FH2119 5.50 CFA14 70.00 REN166C13* 14.32 CFA37 47.00
FH2164 8.60 FH2360 10.87 CFA25 51.00 AHTH91Ren 0.00
REN149M14* 3.10 FH2088* 3.49 C26.733 0.00 REN02C20 36.90
FH2561 18.60 REN230G12* 5.53 FH2130 9.40 RENS86G15* 9.28
CFA06 49.00 REN3O3E22* 7.11 N41 8.50 REN164E17* 2.92
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Marker name cM Marker name cM Marker name cM Marker name cM
FH2301 0.00 FH2535 9.14 RENO01023* 12.60 CFA38 39.00
FH2581 13.40 RVC1* 4.27 AHTK211 15.40 FH2584 25.00
C09703* 12.72 RENO06CI11* 12.27 CFA26 53.00 REN130F03* 13.50
FH2201 2.98 CFA15 60.00 PEZ6 0.00 FH2985* 19.30
REN149P06* 10.15 REN130B10* 0.00 LEIO02 23.80 FH2548 5.80
FH2174 10.15 REN292N24* 16.30 REN277005* 5.49 FH3027* 4.35
1B10 5.10 Cl6.147 10.81 REN208N23* 11.79 CFAx 73.00
REN162C04* 11.93 FH2175 0.80 C27.442 12.01 AF192268

VIASDI10* 5.13 CFA1l6 54.00 FH22.89 2.80 CFAy

The chromosome names (CFAO1 — CFA39, CFAx) and total lengths of linkage groups are given in bold. The markers with asterisks are
from the RH map, whereas those without asterisks are from the linkage map.

tribution of the LRs and the critical value at the sig-
nificance level o = 0.05 from the distribution.

Results

Breen et al. (2001) reported an integrated linkage-ra-
diation hybrid map of the canine genome comprising
1800 markers. These markers are grouped and ordered
in 38 autosomes and two sexual chromosomes, from
which 240 microsatellite markers displaying a good
coverage of each chromosome were chosen for LD
analysisin this study. A total of 147 dogs sampled from
an outbred pedigree of seven Labrador retriever and
eight Greyhound founders were genotyped for this
battery of 240 microsatellite markers (Breen et al.
2001; Richman et al. 2001). The average number of
alleles observed in these founders is 6.2 for all the
markers, whereas the average heterozygosity meas-
ured in the overall population is 0.643. The markers
with a high number of alleles tend to be more hetero-
zygous, but the markers with a small number of alleles
display various degrees of heterozygosity (Fig. 2).

The distances between adjacent markers were
estimated in centiMorgans (cM) for the linkage map
and in centiRayssggg (CRs000) for the RH map (Breen
et al. 2001). To calculate the relationship between
distances on the RH map and genetic distances, the
cR/cM ratio was calculated for pairs of adjacent
markers that mapped to the same RH and linkage
groups. The calculated genetic distances for the 240
markers and chromosome numbers on which these
markers are located are listed in Table 1.

The extent of LD was evaluated for each marker
pair by analyzing all possible alleles (the multiallelic
model) by using the formulae described in the Ma-
terials and methods. The extent of LD was first ex-
amined for pairs of syntenic markers. Of all 683
syntenic marker pairs considered, 645 (94.5%) were
statistically significant (o = 0.01), indicating that
substantial intrachromosomal LD exists throughout
the canine genome in this pedigree. Some of the

syntenic marker pairs were highly significantly as-
sociated; for example, the P-value for the first two
markers on chromosome CFAOl was 1.87¢-52. We
next examined the relationship between the extent
of LD and genetic distance for different marker pairs.
But this relationship cannot be precisely examined
with measures of LD from the multiallele model,
because marker pairs with more alleles tend to dis-
play stronger LD than those with fewer alleles (see
the simulation result presented at the end of this
section). We evaluated the extent of LD for marker
pairs, using the di-allelic model by collapsing mul-
tialleles into two alleles, the common allele vs. the
rest. We performed a simulation study to investigate
the effect of this allele grouping strategy on the
power to detect disequilibrium.

The square of the correlation coefficient (r*) be-
tween different markers estimated from the di-allelic
model (see the Materials and methods) allows for the
examination of the relationship between LD and
marker distance (Fig. 3). The value of r* was signifi-
cantly negatively correlated with log-transformed ge-
netic distance, with a correlation coefficient of —0.2.29
(P < 0.001). The value of r* reduces to a half from
marker pairs <5 ¢cM apart to markers spaced 10-20 cM,
and further reduces, but to a lesser extent, when
markers are more distant. There is substantial varia-
tion among the r* values for closer marker pairs than
for more distant ones (Fig. 3). This variation reduced
with marker distance until markers were spaced 40
cMormore. Thus, itis suggested that high levels of LD
extend to 20-40 cM throughout the canine genome.

The decrease of LD between marker pairs with
their increased distance can also be observed in terms
of the normalized LD (D’) estimated from the di-allelic
model, but with the trend less evident than that ob-
served in terms of r* (results not shown). For example,
two distant markers (>60 ¢cM apart) may still have a
large value of D’ = 1. The reason for this is that D’ is
more sensitive than > to allele frequencies; it will tend
tobe high if there is an allele in low frequency at either
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Fig. 2. Relationship between the number of alleles and the heterozygosity observed at 240 microsatellite markers in the

dog population.

of the two markers. Thus, the high values of D’ at
marker distance >40 cM are likely to reflect the low
allele frequency of these markers.

A one-way ANOVA comparing mean 7> (log-
transformed) across 39 pairs of chromosomes de-
tected no evidence for interchromosomal heteroge-
neity in LD (Fsg 44 = 0.91, P = 0.632). As shown in Fig.
4, however, the distributions of r* varied from chro-
mosome to chromosome. For example, Chrs 2, 5, 13,
and 15 have r* values that decay significantly with
genetic distance. The degree with which r* decays
with genetic distance is low for Chrs 14, 17, 18, 30
and 31. For other chromosomes, the extent and dis-
tribution of LD was intermediate between these two
extremes. Non-uniform distribution of LD across the
canine genome suggests different impacts of evolu-
tionary forces on targeted chromosomal regions.

We also investigated possible gametic phase
disequilibrium between non-syntenic markers.
Among 26,869 nonsyntenic marker pairs, significant
LD was observed eightfold as often as expected under
random segregation (11017/26,869 or 41%). The av-
erage r* value was 0.25 for nonsyntenic marker pairs,
therefore quite similar to the 7% value for distant (>60
cM) syntenic markers.

Simulations. Our LD analysis in this study is
based on microsatellite markers characterized by
multiple alleles. Direct analysis of multiallelic
microsatellites relies upon the estimates of a large
number of linkage disequilibria between different
pairs of nonalleles at two given markers. This, on one

hand, provides a powerful means of accurately speci-
fying the genetic structure of the population under
consideration, but, on the other hand, is likely to re-
sult in biased estimates for the relationship between
the extent of LD and genetic distance. It is possible
that collapsing multiallelic microsatellites to simu-
late di-allelic loci provides an effective analysis of this
relationship. Here, we performed simulation studies
to compare the effect on the estimate of LD of the
multiallelic compared with the di-allelic models.
Suppose two four-allelic markers, at each of
which there is an identical frequency (0.25) among
four alleles. These two markers produce a total of 16
disequilibria, 15 of which are independent because
the 16 disequilibria are summed to 1. The observa-
tions were simulated under different frequencies of
disequilibrium (0/15, 3/15, and 15/15), different de-
grees of disequilibrium (none, weak, and strong) and
different sample sizes (100, 200, and 400). As ex-
pected, the power to detect disequilibrium from both
multiallelic and di-allelic models increased with
sample size, increased degree of disequilibrium, and
higher frequency (Table 2). The two models gener-
ated almost identical results when not all disequili-
bria occurred between nonalleles at two different
markers. When all possible disequilibria occurred,
however, the multiallelic model displayed higher
power to detect disequilibrium than the di-allelic
model. For low disequilibrium, a large sample size
was necessary to detect disequilibrium with the
multiallelic model. We also estimated the mean
square errors of the maximum likelihood estimates
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of disequilibria and found that they are not different
between the analytical models (results not shown).
Itisinteresting tonote that thenormalized LD, D’,
can be overestimated when the method of allele
grouping is used (results not shown). This may be due
to the fact that allele grouping based on the common
allele vs. rest amplifies the difference in allele fre-
quency. When the rare allele at one marker is associ-
ated with the common allele at the other marker, i.e.,
D is negative, this increased difference of allele fre-
quency overestimated D’ because it was obtained by
dividing D by the product of the frequencies of tworare
alleles, each from a marker. For this reason, if multiple
alleles are grouped in terms of the common allele vs.
the rest, 7> (displaying a lower sensitivity to allele
frequency) rather than D’ is recommended to describe
the pattern of LD distribution through the genome.

Discussion

The extent and distribution of LD can be used to
estimate and predict the origin and evolutionary
history of a population (Lewontin 1964). The occur-
rence of LD is more frequent in a population that has
undergone recent admixture, a small effective pop-
ulation size, and intense selection. All of these
processes were experienced in the domestic dog,
which makes it a particularly attractive model for
the study of LD. According to Ostrander and Krugl-
yak (2000), the purebred dogs of today are derived
from a limited genetic pool and, thus, are expected to
exhibit substantial LD over their genome.

By analyzing a battery of microsatellite markers
genotyped from a published integrated linkage-radia-

tion hybrid map (Breen et al. 2001}, we investigated
genome-wide linkage disequilibrium (LD) in a canine
pedigree constructed with multiple Greyhound
founders and Labrador retriever founders. We found
remarkable LD across all 39 chromosomes and its
appreciable decline with genetic distance in dogs.
Two striking findings of our study make it particu-
larly similar to two earlier analyses of cattle (Farnir et
al. 2000) and sheep (McRae et al. 2002). First, the levels
of LD between marker pairs were significantly nega-
tively correlated with genetic distance (log-trans-
formed) and high levels of LD extended to 5-10 cM
throughout the canine genome. It is likely that this
considerable extension reflects a narrow bottleneck in
the history of dog populations during their domesti-
cation (Ostrander and Kruglyak 2000). A recent study
of the pattern of phylogeographic variation suggests
that all domestic dogs, in spite of their remarkable
discrepancies in morphology and anatomy, originate
in a single common gene pool of wolves in East Asia
(Savolainen et al. 2002). In practice, this extension can
guide us to choose the minimum number of markers
needed to scan the genome. Because LD declined, to
some extent, with increasing distance, a low or in-
termediate density of markers (1 or 2 per 10 cM) would
be sufficient for first-pass LD screening in our canine
pedigree. This argument can be further tested through
theoretical simulations as performed by Kruglyak
(1999, who advocated a high marker density for ge-
nome-wide LD mapping with SNPs.

Second, substantial LD occurred between pairs of
unlinked markers on different chromosomes. This
may be due to a limited number of founders used in
our pedigree. But it may also support a view of a
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from the left to right, respectively.

narrow bottleneck in general in dogs (Savolainen
et al. 2002). Population genetics theory predicts that
disequilibrium due to evolutionary forces (rather
than tight linkage) should have declined to negligible
levels for nonsyntenic markers, provided that the
population was randomly mating and reasonably
large. The common occurrence of LD between non-
syntenic loci suggests that LD mapping as a means to
locate genes underlying complex traits can be prob-
lematic in dog populations. But a newly developed
strategy combining linkage and linkage disequilibri-
um analysis can be used to overcome this limitation
of LD mapping alone. Wu and Zeng (2001) and Wu et
al. (2002) discussed theoretical models for a joint
analysis of linkage and linkage disequilibrium in
natural populations. A similar idea was used by Far-
nir et al. (2002) and Meuwissen et al. (2002) to suc-
cessfully map quantitative trait loci for economically
important traits in a 1 ~3-cM marker interval.

We used microsatellite markers to understand
the structure and organization of the canine genome
as opposed to commonly used di-allelic SNPs. The
reasons are two-fold: (1) a number of dense micro-
satellite markers have already been used in genetic
studies in humans (Hall et al. 2002) and other or-

ganisms (Breen et al. 2001; Farnir et al. 2000; McRae
et al. 2002), and (2) di-allelic markers may have less
power to detect disequilibrium than multiallelic
markers, especially in outcrossing species (Chapman
and Wijsman 1998). A major problem related to the
use of microsatellites is how to measure multiallelic
LD. Hedrick’s (1987) estimator of the normalized LD
between all pairs of alleles at two multiallelic
markers is relatively robust to variation in allele
frequency, but it becomes imprecise and is com-
putationally demanding when the number of alleles
increases. This is especially the case in our study, in
which the number of alleles is more than 6-8 for
many markers, but only a limited dog population
was available. Attempts have been made to collapse
multiallelic markers into di-alleles based on (1) the
common allele vs. the remaining alleles grouped
together (Weir 1996), (2) the allele size that groups
the alleles according to the bimodal distribution of
allele frequency vs. size, and (3) the method that uses
the observed allelic associations between marker
pairs to determine the groupings (Cox et al. 1998).
Theoretically, the third method can capture the
most information about multiallelic LD, but it is not
straightforward in practice. The common allele
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Table 2. Comparisons in the power to detect disequilibrium from the multiallelic and di-allelic models

Sample size

Size/frequency of LD 100 200 400
Multiallelic model
No disequilibrium 5 9 4
D = 0.01 (3/15) 7 10 17
D =0.04 (3/15) 65 98 100
D =0.01 (15/15) 19 30 73
D =0.04 (15/15) 100 100 100
Di-allelic model
No disequilibrium 6 5 4
D = 0.01 (3/15) 6 7 21
D = 0.04 (3/15) 59 87 100
D = 0.01 (15/15) 8 9 24
D = 0.04 (15/15) 61 86 100

grouping strategy was used in this study. We per-
formed a simulation study to compare the power to
detect disequilibrium from the multiallelic model
(making use of all multiple alleles) and the di-allelic
model (grouping the multiple alleles into two types).
Unless disequilibria between all possible pairs of
nonalleles occur, the di-allelic model generally has
power similar to the multiallelic model. But our
simulation also showed that D’ may not be a good
indicator of LD by using the grouping strategy where
D < 0, because this grouping amplifies the differ-
ences in allele frequency. When rare alleles were
present, skewed D’ was also observed in a real-life
example by McRae et al. (2002). Being less sensitive
to allele frequencies, we recommend using 7> for LD
analysis based on collapsed multiallelic markers.

Most of current LD analyses are based on the
assumption that the population studied is randomly
mating. When this assumption is violated, as is often
observed in practice, the introduction of the coeffi-
cient of Hardy-Weinberg disequilibrium is necessary.
Recently, Yang (2000, 2002) proposed a multilocus
statistic to examine zygotic associations in non-
equilibrium populations. Different disequilibria due
to a single locus or multiple loci can be summarized
in such a statistic. It would be interesting to incor-
porate Yang’s zygotic association theory to map QTL
in an arbitrary natural population.

In this article, we present a genome-wide search
for the extent and distribution of linkage disequi-
librium by using markers randomly chosen from
the published canine maps. From an evolutionary
perspective, the findings reported can shed light on
the impacts of various evolutionary forces on the
canine genome during domestication (see also Far-
nir et al. 2000 in cattle and McRae et al. in sheep).
But these findings are far from an understanding of
the fine structure and function of the genome in

terms of positional cloning of target genes. In hu-
mans, detailed analyses of haplotype variation and
structure have been studied for individual chromo-
somes with single nucleotide polymorphisms
(Dunning et al. 2000; Taillon-Miller et al. 2000;
Dawson et al. 2002). Our work provides a first step
toward the construction of a fine-structured map of
LD in canine and, ultimately, the identification of
genetic variants associated with any complex phe-
notype of interest.
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