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The positional cloning of genes underlying common complex diseases relies on the identification of linkage dise-
quilibrium (LD) between genetic markers and disease. We have examined 127 polymorphisms in three genomic
regions in a sample of 575 chromosomes from unrelated individuals of British ancestry. To establish phase, 800
individuals were genotyped in 160 families. The fine structure of LD was found to be highly irregular. Forty-five
percent of the variation in disequilibrium measures could be explained by physical distance. Additional factors,
such as allele frequency, type of polymorphism, and genomic location, explained <5 % of the variation. Nevertheless,
disequilibrium was occasionally detectable at 500 kb and was present for over one-half of marker pairs separated
by <50 kb. Although these findings are encouraging for the prospects of a genomewide LD map, they suggest
caution in interpreting localization due to allelic association.

Introduction

Linkage disequilibrium (LD) mapping can precisely lo-
cate genes of small effect and could be used to identify
common disease genes in genomewide scans or to reduce
the number of candidate genes in a region in which link-
age has been established (Lander 1996; Risch and Mer-
ikangas 1996; Collins et al. 1997; Lai et al. 1998). In
the presence of common disease alleles, or when the
frequency of rare alleles is increased through selection,
the sample sizes required for LD studies are much smaller
than those for equivalently powered linkage studies
(Risch and Merikangas 1996). Unlike traditional linkage
studies, the power of LD mapping depends strongly on
disease-allele frequencies and on the extent of disequi-
librium between marker and disease alleles (Muller-
Myhsok and Abel 1997; Tu and Whittemore 1999).
Although large-scale detection of single-nucleotide
polymorphism (SNP) markers is already under way
(Collins et al. 1998), data on genomewide LD patterns
is limited. Simulations have suggested that LD may ex-
tend for <5 kb, even in relatively isolated populations,
so that >1,000,000 equally spaced markers may be re-
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quired for genomewide LD scans (Kruglyak 1999).
However, reviews of published data provide examples
of LD at distances >100 kb (Collins et al. 1999; Huttley
et al. 1999), and there is evidence that LD patterns vary
between populations (Goddard et al. 2000; Kidd et al.
2000). For example, LD is detectable at 500 kb in the
APC gene region on chromosome 5 (Jorde et al. 1994)
and significant LD between microsatellite loci has been
shown to extend to 4.0 cM in some chromosomal
regions (Huttley et al. 1999). Other studies have shown
that the distribution of LD is irregular in a number of
chromosomal regions (Clark et al. 1998; Rieder et al.
1999; Moffatt et al. 2000; Templeton et al. 2000). Here
we examine the patterns of LD for 127 polymorphisms
in three genomic regions, in a sample of 575 chromo-
somes from two white populations of British ancestry.

Methods

Subjects

Two panels of subjects were studied. The first panel
consisted of 410 white subjects within 88 nuclear fam-
ilies selected for the presence of atopic disease from an
Australian random-population sample of 230 families
(Moffatt et al. 1994). The second panel consisted of 410
white British individuals from 66 nuclear and 5 extended
pedigrees, ascertained through members with asthma or
rhinitis (Moffatt et al. 1994). The prevalence of asthma
was 28% in British subjects and 18% in Australians,
compared with a population prevalence of 14% in each
locale. The studies were approved by regional ethics
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committees, and all subjects gave written informed
consent.

Markers and Genotyping

We examined 127 markers in three genomic regions:
the IL1 cytokine cluster on chromosome 2q13 (contain-
ing 50 SNPs, 1 VNTR, and 12 microsatellites within 2.5
Mb) (Bhattacharyya 1998); a locus on chromosome
13q13 (36 microsatellites and 2 diallelic loci within 4.2
Mb) (Bhattacharyya 1998); and the TCR o/ locus on
chromosome 14q11 (24 SNPs and 2 microsatellites
within 850 kb) (Moffatt et al. 2000). We are currently
investigating these loci in an attempt to identify asthma-
susceptibility genes. The majority of SNPs were identi-
fied through a pooled sequencing strategy, and the sam-
ple is biased toward markers with common alleles (table
1). The markers were not selected with reference to po-
tential coding sequences.

SNPs and microsatellites were genotyped as described
elsewhere (Daniels et al. 1996; Bhattacharyya 1998;
Moffatt et al. 2000). Briefly, SNPs were genotyped either
by PCR amplification followed by RFLP analysis or by
sequence-specific oligonucleotide probing, as appropri-
ate. Microsatellite markers were genotyped using flu-
orescently labeled oligonucleotide probes. All SNP
genotype calls were checked independently by two in-
dividuals. To evaluate error rates, complete assays were
repeated for 1,878 alleles, and 15 discrepancies consis-
tent with Mendelian inheritance between assays were
observed. Seven of these were identified in a check for
double recombinants.

Haplotyping

Allele frequencies did not differ between the two pop-
ulations (x> test for independence, P > .05 for 99% of
all markers), so the data were pooled. For each pedigree,
haplotype sets were identified by the SIMWALK?2 pro-
gram (available by anonymous FTP [Sobel and Lange
1996]). In a preliminary analysis, genotypes that implied
a double recombination event were identified and ex-
cluded from further analyses. To improve the perform-
ance of the SIMWALK2-simulated annealing algorithm,
we increased the number temperature changes and the
number of pedigree configurations sampled at each tem-
perature and reduced the magnitude of each temperature
change. The full set of estimated haplotypes used in this
analysis is available at the Asthma Genetics Web site.
For comparison, we also estimated founder haplotype
frequencies for each pair of linked markers, using the
expectation-maximization (EM) algorithm (Excoffier
and Slatkin 1995). Rare alleles with a frequency <7%
were pooled when microsatellite markers were analyzed.
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Table 1

Distribution of SNP Allele
Frequencies for 76 SNPs

Allele Frequency Range

(%) Count
<10 7
10-20 10
20-30 13
30-40 31
40-50 15

Pairwise Disequilibrium

Using either the founder haplotype sets identified by
SIMWALK?2 or the EM haplotype frequencies, the stan-
dardized multiallelic disequilibrium coefficient D’ was
calculated (Hedrick 1987). D’ varies between 0 (no dis-
equilibrium) and 1 (maximum disequilibrium). Maxi-
mum disequilibrium occurs only when some haplotypes
have frequency 0; intermediate levels of disequilibrium
imply recombination between markers or recurrent mu-
tation. For each marker pair, the strength of association
was measured by a standard contingency-table x> test.
Information, K, was defined as the ratio between a x;
and squared D’ values (for multiallelic markers x 2 values
were converted to x? values) (Collins et al. 1999).

Disequilibrium across each locus was plotted by the
GOLD program (Abecasis and Cookson 2000). For each
marker pair, GOLD plots the color-coded pairwise dis-
equilibrium statistics at the Cartesian coordinates cor-
responding to marker location, and the plots are com-
pleted by interpolation.

Observed D’ values were sorted according to distance
between the corresponding marker pairs. For each set
of 30 consecutive observations, a running average D’
value and the proportion of values >.33 were estimated
and plotted.

Decay of D’

A simple model for the decay of pairwise linkage dis-
equilibrium over distance is E(D,) = (1 — 0)'D}, where
E(D)) is the expected value of D', D{ = 1 is the initial
value of D', 0 is the recombination fraction between the
two loci, and ¢ is the number of generations since
D’ = D] (Hartl and Clark 1997). When D’ is measured
on a finite sample of chromosomes, the average of | D’
is >0, even if D’ = 0. We therefore modified the model
through two additional parameters, to allow for a pos-
itive bias in estimates of D' as well as incomplete dise-
quilibrium between tightly linked markers. These pa-
rameters were defined as D', the minimum expected
D' between markers, and D', the maximum D’ be-
tween tightly linked markers. The model E(D/) =
Dy, + (Diygn — Diy,)(1 = 0)'Dyg allows D' to decay ex-

ponentially between these boundaries.
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Distribution of LD in three genomic regions. A, Raw disequilibrium matrix. B, Adjusted for physical distance. Red, green, and

blue represent strong disequilibrium (D’ =.8), moderate (D’ ~.5), and weak (D’ ~0) disequilibrium, respectively (Abecasis and Cookson 2000).

For model fitting, D', was fixed at 1, and 6 was es-
timated from physical distance using the approximation
1 cM = 1 Mb. The parameters D'y, D', , and ¢ were
estimated to minimize the residual variability in D’. This
residual variability was measured as the sum of squares
(SS) = IK,[D; — E(D})]>, where D', is the observed dis-
equilibrium coefficient between i and j, K;; is the infor-
mation on D', and E(D')) is as defined above. (This
measure is simply the standard root mean squared error
in unstandardized form).

Results

Haplotyping

The pedigrees in the study included a total of ~900
meioses. The haplotype sets identified by SIMWALK2
implied a minimum of 58 recombinants (~23 expected
if 1 Mb = 1 cM) for chromosome 2, 43 (~37 expected)
for chromosome 13, and 14 (~8 expected) for chro-

mosome 14. Pairwise D’ coefficients were averaged over
10 alternative haplotype sets identified by SIMWALK2
and estimated from an average of 575 founder chro-
mosomes for each marker pair.

The Spearman rank-order correlation between D’ val-
ues estimated by haplotyping with SIMWALK2 and
those estimated from founder genotypes with the EM
algorithm was 7 = .81 (2,908 marker pairs, P <
107'°). The correlation was greater for SNP-SNP pairs
(r, = .86, 1,502 pairs) than for other types of marker
pairs (r, = .68, 1,406 pairs). This result conforms to
theoretical predictions, since the performance of the EM
algorithm should degrade as the proportion of hetero-
zygous (phase unknown) genotypes increases. Estimates
of D’ from haplotypes derived by SIMWALK2 were used
in subsequent analyses.

The great variability of D' in these data is summarized
in figure 1. As expected, LD tended to be most significant
for nearby markers (those along the diagonal). Several
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clusters of moderate to high disequilibrium could also
be observed, which did not correspond directly to more
densely typed regions. The irregularity was seen whether
the maps were derived from SNPs (chromosome 14) or
from microsatellites (chromosome 13) or their combi-
nation (chromosome 2).

LD versus Distance

The data included 2,108 marker pairs separated by
<1 Mb (fig. 2A). At this scale, the negative correlation
between D’ and physical distance was striking and highly
significant (P < 107'°). Spearman’s rank correlation co-
efficient (r,) between D’ and distance was —.49 for the
combined 2,108 pairsand —.59 (1,439 pairs), —.61 (344
pairs), and —.46 (325 pairs) for chromosomes 2, 13,
and 14, respectively.

Plotting the moving average of D' (fig. 2B) further
demonstrated that the decay of disequilibrium with dis-
tance was subject to great stochastic variation. Even
when markers were only separated by <1 kb of DNA,
D' values were, on average, <1.

The power of association tests is proportional to D",
and a value of D' = .33 (corresponding to a 10-fold
increase in the required sample size) is commonly taken
as the minimum usable amount of LD. At distances <50
kb, more than one-half of all marker pairs exhibited a
D’ > .33 (fig. 2C). Although this proportion rapidly de-
creased with distance, some markers separated by up to
400 kb still exhibited moderate amounts of LD in all
three regions.

Decay of D

An exponential model for the decay of D’ based on
physical distance (using the approximation 1 ¢cM = 1
Mb) explained 45% of the variation in the 2,908 D’
coefficients estimated between pairs of linked markers
(table 2). If complete disequilibrium between tightly
linked markers was assumed (by fixing the parameter
Dy, = 1.0), then the proportion of the variation ex-
plained dropped to 39%. Assuming that disequilibrium
between unlinked markers was zero (by fixing the pa-
rameter Dj . = 0.0) reduced the proportion of variance
explained to 41%. The best-fit model parameters give
the baseline level of D’ in this study as Dj,, = .08, the
expected disequilibrium between tightly linked markers
as Dj,, = .69, and the exponential decay time as ¢ =
1,927. Discounting the inflation in observed LD implied
by the D', parameter, this model suggested that low
levels of disequilibrium (D’ < .33) are expected for dis-
tances greater than ~35 kb.

Although the fitted parameters were similar in each
genomic region (table 2), D', and the decay rate ¢ ap-
peared to be somewhat lower in the 13q13 region. Al-
lowing for a different model for each of the three chro-
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mosomal regions (9 additional parameters) increased the
overall proportion of variance explained from 45% to
46%. If the decay of LD was modeled separately for
SNP-SNP pairs and other marker pairs (three additional
parameters), the proportion of variation explained in-
creased from 45% to 50%. Subdividing SNP-SNP pairs
into three groups on the basis of allele frequencies (one
allele frequency <20%, one allele frequency <30%, and
both allele frequencies >30%, giving six additional pa-
rameters) further increased this by <1%.

Discussion

The measurement, extent, and variability of marker-
marker disequilibrium are important factors in deciding
the number of markers required for association scans
and for interpreting marker-disease association results.
The study used D' as a measure of allelic association
because it has a simple interpretation, its scale is inde-
pendent of allele frequency, and it is applicable to both
SNP and microsatellite data (Hedrick 1987; Devlin and
Risch 1995). The precision and variance of individual
D' estimates suffer at low allele frequencies, and we al-
low for that by using a measure of information that
increases with sample size and with marker heterozy-
gosity. In our study, the sample size was large, and 90%
of the SNPs had minor allele frequencies that were
>10%, so that the results are unlikely to be biased by
the use of D' to measure LD. Our results also indicate
that haplotypes derived by the EM algorithm are less
accurate than those derived from family data.

This study represents the largest examination of dis-
equilibrium patterns carried out to date, and the find-
ings illustrate the difficulties to be faced in LD mapping
of complex traits. Our results show that significant dis-
equilibrium in these regions can be detected at distances
of 30-300 kb, which is an order of magnitude greater
than those predicted by simulation (Kruglyak 1999).
However, the distribution of LD is highly irregular.
These findings are consistent with other studies of the
extent and variability of disequilibrium in real data
(Clark et al. 1998; Collins et al. 1999; Huttley et al.
1999; Rieder et al. 1999; Eaves et al. 2000; Templeton
et al. 2000). If the extent of LD observed in our data
were to be representative of the human genome, rela-
tively small numbers of markers might cover the genome
for a basic LD map for disease association studies.

Approximately 45% of the variation in LD could be
explained by physical distance, and none of the other
factors we considered (marker type, chromosomal lo-
cation, and SNP allele frequency) could explain >5%
of the remaining variation.

The biological reasons for the residual variation in
distribution of LD are not yet known. They may include
selective sweeps and genetic drift. However, the varia-
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Figure 2 A, LD (D') and physical distance for markers derived from three genomic regions. D’ for marker pairs separated by <1 Mb is
shown. B, Moving averages of D’ and physical distance in three genomic regions. Data from chromosome 2 are shown in red, from chromosome
13 in blue, and from chromosome 14 in black. C, Frequency of useful D’ (<.33) and physical distance in three genomic regions. Data from
chromosome 2 are shown in red, from chromosome 13 in blue, and from chromosome 14 in black.
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Table 2

Modeling the Decay of Disequilibrium with Distance Parameters
for the Model E(D) = Dj,, + Dy, — D, )(1 — 0)', Estimated for
Each Genomic Region

PREDICTED D’
VARIANCE

MODEL PARAMETERS (kb)
ExpLAINED 7
REGION D'y Do t (%) 10 20 30
2q13 .70 .07 1.8 x 10° 453 59 48 43
13q13 49 .10 0.6 x 10° 45.5 46 44 42
14q11 59 .06 2.1 x 10° 455 49 41 34
Overall .69 .08 1.9 x 10° 45.2 .58 .50 42

tion may also be due to physical characteristics of DNA
that induce regional differences in mutation or recom-
bination rates. Physical causes of regional variation are
likely to result in reproducible patterns of LD between
populations, and the recognition of such physical fac-
tors may be important in effective localization of dis-
ease-causing genes by LD mapping (Majewski and Ott
2000).

The difference in extent of LD between the three chro-
mosomal regions was small, with the decay rate # and
expected levels of disequilibrium between tightly linked
markers D', a little lower in the 13q13 region. This
region was studied primarily with microsatellite markers,
whereas the other two loci included mostly SNP markers.
Recurrent mutation is more likely for microsatellite al-
leles (Brinkmann et al. 1998), and polyphyletic origins
would explain lower predictions of disequilibrium for
tightly linked 13q13 markers. Additionally, a more recent
origin of microsatellite alleles could explain the slower
observed decay of disequilibrium in this region.

Microsatellites reflect LD from multiple alleles si-
multaneously, and if LD also extends for longer dis-
tances around microsatellites, they may be more infor-
mative than SNPs for low-density scans or when
searching for mutations of recent origin. Dense panels
of microsatellite markers are already in use for genetic-
linkage studies (Weissenbach et al. 1992), and there are
12,000 microsatellites in the public domain, so that
these markers also merit consideration in LD mapping.

The extent of LD in our study also depends on the
age of the population and the number of founders from
which our subjects were derived. Kimura and Ota
(1973) have derived expectations for the age (#) of a
neutral polymorphism based on effective population
size (Ne) and allele frequency. An SNP with minor allele
frequency >.05 (such as the SNPs in this study) is ex-
pected to be older than 1,500 generations if Ne =
2,000 and older than 3,900 generations if Ne =
5,000. Our simple model for the decay of disequilibrium
estimates the age of the haplotypes in our study to be
t ~ 2,000, suggesting a relatively small effective popu-
lation size for this British white population. This small
effective population size might be explained by genetic
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drift (due to population bottlenecks) and geographically
clustered mating (Thompson and Neel 1997), which
would account for some of the differences with theo-
retical predictions based on large random-mating pop-
ulations (Kruglyak 1999).

We have observed that, in some cases, LD can extend
as far as 500 kb, and that useful LD may extend to 50
kb for 50% of markers. This suggests that a genome-
wide LD map is feasible. However, the mean D' is <1
even for closely linked markers, and SNPs a few base
pairs apart may show no LD. The results therefore in-
dicate that care is required when interpreting allelic as-
sociation as evidence of precise localization. In general,
successful LD mapping will require a systematic un-
derstanding of local patterns of LD and haplotype ev-
olution, as exemplified by the mapping of polymor-
phisms in the ACE gene, which controls circulating ACE
levels (Farrall et al. 1999). Haplotype-based tests may
be more powerful in the presence of low levels of LD
or multiple disease alleles, but the relationship between
haplotype variation and the power of haplotype-based
tests is not well described. The accumulation of more-
dense data in these and other regions will allow system-
atic investigation of the patterns and causes of haplo-
type variability.
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