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Genome-wide linkage disequilibrium (LD) mapping of common
disease genes could be more powerful than linkage analysis if
the appropriate density of polymorphic markers were known
and if the genotyping effort and cost of producing such an LD
map could be reduced. Although different metrics that mea-
sure the extent of LD have been evaluated1–3, even the most
recent studies2,4 have not placed significant emphasis on the
most informative and cost-effective method of LD mapping—
that based on haplotypes. We have scanned 135 kb of DNA
from nine genes, genotyped 122 single-nucleotide polymor-
phisms (SNPs; approximately 184,000 genotypes) and deter-
mined the common haplotypes in a minimum of 384 European
individuals for each gene. Here we show how knowledge of

the common haplotypes and the SNPs that tag them can be
used to (i) explain the often complex patterns of LD between
adjacent markers, (ii) reduce genotyping significantly (in this
case from 122 to 34 SNPs), (iii) scan the common variation of a
gene sensitively and comprehensively and (iv) provide key
fine-mapping data within regions of strong LD. Our results
also indicate that, at least for the genes studied here, the cur-
rent version of dbSNP would have been of limited utility for LD
mapping because many common haplotypes could not be
defined. A directed re-sequencing effort of the approximately
10% of the genome in or near genes in the major ethnic
groups would aid the systematic evaluation of the common
variant model of common disease.
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Fig. 1. Relationship between |D’|, d2 and physical distance. a,c, |D’| values for all pairs of markers genotyped in TCF8, GAD2, CTLA4, SDF1, INS and H19 related
to the distance between the two loci (10-kb window and100-kb window). b,d, Pairwise d2 values (10-kb window and 100-kb window).
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Fig. 2 Polymorphisms detected
and genotyped at CTLA4.
a, Coding exons are marked by
shaded blocks. Genotyped
polymorphisms are marked as
a diamond on the diagram; the
positions of untyped polymor-
phisms (including the (AT)n
microsatellite and the four
SNPs that were heterozygous
in only one individual in our
screening panel (n=46)) are
marked by arrows. Polymor-
phisms marked with an asterisk
were also described in dbSNP.
Base A of the ATG of the initia-
tor Met codon of CTLA4 is
denoted nucleotide +1. b, Dots
represent the allele that is
found on the most common
haplotype. Five haplotype-tag-
ging SNPs (htSNPs; boxed)
describe all of the common
(>5% frequency) haplotypes
we observed in the region.
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Intense effort has been put into determining the best metric to
measure LD1–3. Figs. 1 and 2 show the lack of correlation between
the level of LD and physical distance in regions smaller than 100
kb when using two common measures, D´ and d2 (Methods). If,
however, the underlying haplotypes are characterized, either by
reconstructing parental haplotypes from family pedigree data or
by estimating haplotype frequencies from the genotypes
observed in unrelated individuals, the relationships between all
alleles in the region can be clearly defined (Fig. 2). For example,
at the CTLA4 locus, allele T of marker –319C→T (–319C→T*T)
occurs only with allele C of marker –658C→T (on haplotype C),
as indicated by a D´ value of 1 between these two markers (con-
firmed by assessing LD between these two markers in 295 Euro-
pean families; data not shown). The d2 value, however, is very
low, because –658C→T*C is also present on several other com-
mon haplotypes (A–C and E–J). Consequently, in an association
study, marker –319C→T would fail to detect association with
disease if marker –658C→T were the disease locus and were not
genotyped. These two markers are less than 400 bp apart. In con-
trast, allele 49G→A*G is found exclusively on the same haplo-
types as 1822T→C*T; as a result, both D´ and d2 values approach
1 between these two markers. One of these markers is, therefore,
effectively redundant in a first-pass disease association study.

By determining the extended haplotypes at any given locus in a
population, we can identify exactly which SNPs will be redun-
dant and which will be essential in association studies. We refer to
the latter as ‘haplotype tag SNPs (htSNPs)’, markers that capture
the haplotypes of a gene or a region of LD (Fig. 3). Although
htSNPs can be identified by eye (Figs. 2,3), we have also devel-
oped a program that identifies the best groups of htSNPs that
capture the majority of the haplotype diversity observed within a
region. For the nine genes studied here, 2–5 htSNPs can be used
to define the six or fewer common haplotypes (greater than 5%
population frequency) observed at each locus. These common
haplotypes and their htSNPs account for at least 80% of all hap-
lotypes that we observed. Similarly, it is reported elsewhere in
this issue that a small number of common haplotypes account for
the majority of Canadian chromosomes observed within regions
of the cytokine gene cluster on chromosome 5q31 (refs. 5,6).

Although other studies of intra-European haplotype diversity are
based on small samples, they indicate that the most frequent hap-
lotypes are shared between the general European-derived popu-
lations, as expected7–11. In the present study, the four most
frequent haplotypes observed when typing six SNPs from the
GAD2 gene are common to both the Finnish and UK populations
(with similar frequencies; data not shown). Common haplotypes
from different general populations in Europe today will, there-
fore, be characterized by the same htSNPs. We have identified the
htSNPs in five additional genes for which haplotypes of European
origin were characterized previously (ATM10, LCT11, ACE12,
MC1R13 and APOE14). A maximum of five htSNPs could be used
to capture all of the common variation at each of these loci. Even
the LPL gene, previously reported to have high levels of sequence
and haplotype diversity9,15, can be tagged with 4–6 SNPs, pro-
vided the ‘hot spot’ of recombination in the gene is taken into
account16,17. Predetermination of haplotypes and subsequent
selection of htSNPs thus promises to significantly reduce the
genotyping effort when evaluating the association of common
variants with common disease. More importantly, genotyping of
the htSNPs ensures that all of the common variation within a
region of LD is surveyed in a disease association study. This can-
not be guaranteed when an association map is based on SNP
spacing alone (such as one SNP per 10 kb) or when adjacent
SNPs are combined in a two-locus LD analysis without determin-
ing the underlying haplotype structure of a region at the outset18.

In the analysis of a positional and/or functional candidate gene
or region, the optimal experimental design would be to contigu-
ously screen the entire genomic sequence to detect all the common
variants that exist. This would ensure that all the common haplo-
types are defined. However, given that re-sequencing is time-con-
suming and expensive, the search for disease-associated SNPs and
haplotypes could, in the first instance, be restricted to DNA-con-
taining exons and the immediate 5′ and 3′ region of genes. Indeed,
excluding the genes reported here (CTLA4, INS19and H19) and in
the 5q31 region reported in this issue5,6, only ACE, spanning 24 kb,
APOE, spanning 5.5 kb, NOD2/CARD15, spanning approximately
36 kb, and CAPN10, spanning 66 kb, have been completely re-
sequenced in several individuals12,20–22. We selected the SNPs that
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either map within 500-bp fragments containing coding exons or
within up to 3 kb 5′ of the ATG of exon 1 and 3 kb downstream of
the 3′ untranslated region (UTR) at CTLA4 (8.6 kb), INS (6.5 kb),
H19 (4.4 kb), APOE20 and ACE12. In all cases, restricting haplotype
analysis to those SNPs detected in the targeted regions leads to the
detection of suitable htSNPs and, therefore, a complete analysis of
the common haplotypes with disease. It is still unclear, however,
how restricting polymorphism detection in this way will affect the
haplotype characterization of larger genes (>100 kb), as the
screened sequences will account for a much smaller proportion of
the total genomic sequence of the gene. In addition, some regions
of the genome (such as the HLA region) will probably show higher
levels of haplotype diversity in Europeans.

We searched dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) to
evaluate how many of the SNPs detected here were present in the
database (we excluded INS from this analysis, as a comprehensive
polymorphism screen of the gene has already been published19).
dbSNP contained no more than 25% of the SNPs that we identi-
fied at any one gene (Fig. 3). At
the TCF8, H19, and CASP10
genes, dbSNP did not contain
any of the variants that we
observed. For the remaining
five genes, CFLAR, CASP8,
GAD2, CTLA4 and SDF1, the
subset of our SNPs that were
described in dbSNP could not
distinguish between the com-
mon haplotypes that we
observed. Although some addi-
tional variants were described
in the database, these may rep-
resent either very rare variants
that our screening panel
(n≤46) did not have the power
to detect, or sequences that are
not polymorphic in the popu-
lations we studied23.

For an initial gene-based cat-
alog of htSNPs, we suggest that
instead of relying on dbSNP, at
least all of the coding and 3 kb
of up- and downstream
sequences of each gene should
be re-sequenced in a minimum
of 30 individuals. This would
result in a greater than 95%
power to detect all variants
with frequencies higher than
5%. This gene-based SNP har-
vesting approach is already
being taken for Japanese chro-
mosomes (http://snp.ims.u-
tokyo.ac.jp). A parallel effort
for other ethnic groups should
be a priority, followed by
genotyping of a core panel of
DNA samples, enabling the
compilation of a genome-
wide set of htSNPs for haplo-
type-based disease association
mapping. An htSNP map will
allow effective evaluation of
the common disease–com-
mon variant hypothesis.

For common haplotypes (>5% frequency), attainable sample
sizes provide sufficient statistical power to detect susceptibility vari-
ants with odds ratios of 1.5 or greater. We chose 5% as the threshold
between common and rare haplotypes because sample-size
requirements increase dramatically when allele frequencies fall
below 5%. For example, assuming a multiplicative model, an equal
number of either 5,893 or 27,508 cases and controls would be
required to have 80% power to detect a disease variant with an odds
ratio of 1.5 at P≤10–5 if the disease allele had frequencies of 5% or
1%, respectively (Fig. 4). If suitably powered studies that evaluate
common variation fail to produce convincing associations, the
multiple-rare-variants model of common disease will then need to
be considered. For example, in the recently discovered Crohn dis-
ease susceptibility gene (NOD2/CARD15), a number of rare vari-
ants clustered within the gene underlie disease susceptibility22,24.
Statistical tests that combine information from all of the rare vari-
ants of a gene may facilitate the detection a disease locus comprised
of several rare alleles (D.G.C. & J.A.T., unpublished data)25.
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A G . . A . . T G . T C . . . - C . T . . G 0.75%
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Freq

Fig. 3 Common European haplotypes and their htSNPs observed at nine genes. Boxed SNPs represent the htSNPs that can
capture the common haplotypes that are segregating in European populations. Dots represent the allele that is found
on the most common haplotype. Asterisks indicate SNPs described in dbSNP.
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Studying haplotypes has two further advantages. If the disease
association of a specific allele is dependent on cis interactions with
other loci, the disease association may not be detected unless the
functional haplotypic unit itself is analyzed21,26–28. In addition,
exploiting differences in haplotype diversity and frequency between
populations (‘trans-racial mapping’29) may be invaluable when
attempting to pinpoint which variants are most likely to be the pri-
mary etiological determinants of common diseases4,29–31.

Methods
Subjects. We genotyped polymorphisms in INS, H19, SDF1, TCF8 and
GAD2 in a maximum of 418 multiplex families originating from the UK in
which at least two siblings were diagnosed with type 1 diabetes (the Dia-
betes UK Warren 1 repository). We constructed haplotypes at CASP8,
CASP10 and CFLAR using 598 Finnish families in which at least one sibling
had been diagnosed with type 1 diabetes (L.E. et al., unpublished data). We
genotyped markers at CTLA4 in 384 unrelated white UK individuals with
no history of autoimmune disease who gave blood at various sites, includ-
ing the Blood Transfusion Service, Birmingham Heartlands Hospital and
the Queen Elizabeth Hospital, Birmingham.

Polymorphism detection. We screened at least 20 parents of type 1 diabetic
sibs from the UK and at least 10 white UK control individuals who were not
ascertained for disease status for polymorphisms in the TCF8, GAD2, SDF1
and INS genes using D-HPLC (Transgenomic WAVE). We detected variants
in H19 by screening at least 20 parents of type 1 diabetic sibs from the UK,
again by D-HPLC. We characterized polymorphisms at CTLA4 using a
screening panel comprised of 10 parents of type 1 diabetic sibs from the UK,
10 parents from diabetic simplex families from both Finland and Italy and 16
white control individuals from the UK who were not ascertained for disease
status (S.C.L.G. & J.A.T., unpublished data). We detected variants in CASP8,
CASP10 and CFLAR by re-sequencing 10 parents from diabetic simplex fami-
lies from Finland and 20 parents of type 1 diabetic sibs from the UK (L.E. et
al., unpublished). All regions screened were within 5 kb of the 5′ untranslated
region (UTR) and within 3 kb of the 3′ UTR of each gene.

Genotyping. We genotyped the majority of polymorphisms using Invad-
er32, by conventional restriction fragment length polymorphism (RFLP)
assays or by amplification-refractory mutation system (ARMS)–PCR.

Statistical analysis. We reconstructed parental haplotypes from pedigree
data using software available from our website (ftp://ftp-gene.
cimr.cam.ac.uk/software). For each family, we determined the parental ori-
gin of the offspring alleles for all possible loci. Where appropriate, we used
the genotype information of a tightly linked marker to resolve phase. We
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Fig. 4 Relationship between allele/haplotype frequency and sample-size
requirements for population-based association studies. We calculated the sam-
ple sizes for a population-based study assuming a multiplicative model and
based on having 80% power to detect a disease effect of odds ratio 1.5 at a sig-
nificance level of P=1×10–5. These calculations assume that the etiological vari-
ant can be defined by the htSNPs. The numbers of trio families (both parents
and the proband) required are almost identical, and, therefore, require one-
third more genotyping effort.

treated cases in which phase could not be unambiguously resolved as if the
genotype information were missing. By choosing one offspring from each
family at random, we could identify four unrelated chromosomes, which,
under the assumption of no recombination, represented the parental chro-
mosomes themselves. For 8 of the genes studied, we then selected 400 fully
genotyped haplotypes at random from the available data. We omitted hap-
lotypes that were observed only once from further analysis to avoid poten-
tial genotyping error. We genotyped markers at CTLA4 in 384 unrelated
individuals and estimated haplotype frequencies using the expectation-
maximization (EM) algorithm. Any haplotype that had a frequency of less
than 1% was excluded from further analysis to avoid possible errors in
either the genotyping or the estimation process. We quantified LD between
all pairs of biallelic loci using the absolute unsigned value of Lewontin’s D'
(|D'|) and the measure d2. Both measures can take on values from 0 (no
LD) to 1 (complete LD). However, the scale of |D'| is independent of allele
frequency such that two alleles in complete LD can exhibit |D'|=1 when
their frequencies are divergent; that is, when only three of the four possible
haplotypes are observed. In addition, d2=1 is only attained when two alleles
are in absolute LD and have identical frequencies; that is, when only two of
the four possible haplotypes are observed. We calculated d2 as D2/[f(1–f)]2,
where f is the frequency of the putative disease variant. As either locus in
each pair could be assumed to represent the putative disease locus, f could
take either the frequency of allele i at locus one or allele j at locus two (all
markers tested were biallelic). Therefore, we calculated both possible values
of d2. To assist in the selection of htSNPs, we initially ordered haplotypes in
terms of their similarity using ClustalX software (http://www-igbmc.u-
strasbg.fr/BioInfo/ClustalX/) and selected the htSNPs by eye. A more for-
mal approach is to search all possible subsets of markers to identify that
subset of a given size that best captures the full haplotype information.
What comprises the ‘best’ choice is open to debate. We have defined opti-
mality in terms of the residual haplotype diversity within groups of haplo-
types identified by the htSNPs. Haplotype diversity is measured by the total
number of differences recorded in all possible pairwise comparisons of the
haplotypes, and it is simple to calculate the proportion of diversity
‘explained’ by a given choice of htSNPs, both overall and locus by locus. We
have investigated choice of htSNPs so as (i) to maximize the overall percent
of diversity explained and (ii) to maximize the worst of the locus-specific
values. In all cases, there was a fairly wide choice of htSNP selections with
very similar performance, and we had no difficulty selecting sets that per-
formed well in both respects. Full details of the procedure may be found on
our web site (http://www-gene.cimr.cam.ac.uk/clayton/software/stata).
The ability to predict a further SNP from a group of htSNPs is measured by
the locus-specific index of ‘diversity explained’, which is calculated by our
program. Using a small number of htSNPs, we had no difficulty achieving
high levels of this index for the great majority of common loci we studied.

Power calculations. We calculated the required sample size to achieve a
given power as follows. Suppose we have n case chromosomes and n con-
trol chromosomes. Let the allele frequency of the associated allele be q and
p in case and control chromosomes respectively. Under the null hypothesis
of no effect, this allele frequency can be estimated by 

the log odds ratio (ln OR) is assumed to be 0 and the estimated standard
error of ln OR is 

Under the alternative (true) hypothesis, ln OR is 

q(1–p)

p(1–q)
= µ1

2 2
r

+
(1–r)√

√n √n
= S 0

r=
(p+q)

2
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with standard error 

Given p and the OR, we may therefore calculate q, r, µ1, S0 and S1, and n as 

where Z1–α and Z1–β are the critical values for the standard normal distrib-
ution corresponding to significance level α and power 1–β.

Note: Supplementary information is available on the Nature Genetics
web site (http://genetics.nature.com/supplementary_info/).
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