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The pattern of linkage disequilibrium (LD) is critical for association studies, in which disease-causing variants are
identified by allelic association with adjacent markers. The aim of this study is to compare the LD patterns in
several distinct European populations. We analyzed four genomic regions (in total, 749 kb) containing candidate
genes for complex traits. Individuals were genotyped for markers that are evenly distributed at an average spacing
of ~2—-4 kb in eight population-based samples from ongoing epidemiological studies across Europe. The Centre
d’Etude du Polymorphisme Humain (CEPH) trios of the HapMap project were included and were used as a reference
population. In general, we observed a conservation of the LD patterns across European samples. Nevertheless,
shifts in the positions of the boundaries of high-LD regions can be demonstrated between populations, when assessed
by a novel procedure based on bootstrapping. Transferability of LD information among populations was also tested.
In two of the analyzed gene regions, sets of tagging single-nucleotide polymorphisms (tagSNPs) selected from the
HapMap CEPH trios performed surprisingly well in all local European samples. However, significant variation in
the other two gene regions predicts a restricted applicability of CEPH-derived tagging markers. Simulations based
on our data set show the extent to which further gain in tagSNP efficiency and transferability can be achieved by
increased SNP density.

Introduction opment of a number of algorithms that can be used to
select informative markers for association studies (Car-
don and Abecasis 2003). In Caucasians, approximately

one-third to one-half of chromosomes are structured as

The efficiency of both candidate-gene and whole-genome
approaches to identifying genetic loci associated with

disease phenotypes relies on the minimization of SNP
markers genotyped in a given population. For such a
mapping approach, the selection process of markers to
be genotyped is crucial (Chapman et al. 2003; Wang and
Todd 2003). The observation that a significant fraction
of the human genome is organized into a series of high—
linkage disequilibrium (LD) regions that are separated
by short segments in very low LD has led to the devel-
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high-LD regions, varying in length from a few kb to
>300 kb (Gabriel et al. 2002; Phillips et al. 2003; Wall
and Pritchard 2003; Ke et al. 2004). All marker-selection
algorithms are based on the assumption that the com-
plete set of sequence variants within a region of high
background LD bears redundant information and can
be significantly reduced to a selected subset of tagging
markers. These markers can tag either neighboring
markers or a set of common haplotypes within an LD
block. There is an ongoing debate as to which tagging
algorithm should be used, but little is known about the
choice of reference populations to which such algorithms
should be applied.

It has been suggested that the populations genotyped
in the HapMap project may serve as reference popu-
lations for the selection of tagging markers in associa-
tion studies (International HapMap Consortium 2003).
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In its first round, the HapMap project aims to genotype
600,000 SNPs at an average distance of 5 kb across the
whole genome in four populations with African, Asian,
and European ancestry (see HapMap Homepage). The
European patterns are represented by 30 trios from a
U.S. (Utah) population of northern and western Euro-
pean ancestry (CEPH sample [Dausset et al. 1990]).
As stated by the International HapMap Consortium
(2003), the general applicability of the HapMap data
has to be confirmed by samples from several local pop-
ulations. Our study aims to describe the SNP allelic
variation within candidate-gene regions in eight local
European populations selected along a line from north
to south. All samples represent population-based sam-
ples of ongoing epidemiological collections. The dense
marker spacing of 2—-4 kb over four autosomal regions
(total size 749 kb) and a novel robust method to assess
the reliability of LD block boundaries enables us to
compare LD block boundaries and LD block content
among these European populations. Although there
was general agreement in the majority of LD patterns,
detectable differences among study populations were

LAD
n =160

BRISI
n =98

CALA
n=100

Study populations and sample sizes (1)

found. In the context of association studies, we tested
the performance of tagging SNPs (tagSNPs) that were
defined in local population samples in comparison with
tagSNPs that were defined in the HapMap sample, and
we simulated the effect of an increased marker density.

Subjects and Methods

Population Samples

All population samples came from ongoing cross-sec-
tional epidemiological surveys. Figure 1 shows the lo-
cations and sample sizes of eight regional population
surveys. Samples were chosen randomly from the entire
population. A ninth sample, 30 CEPH trios (Coriell Cell
Repositories) used in the HapMap project, represents an
emigrant population of northern and western European
origin. The 170 individuals of Estonian ethnicity (EST)
represent a random selection from ~1.3 million Estonian
inhabitants, excluding Russians. Randomly selected
samples for the northern German population came from
two epidemiological surveys, Study on Health in Pom-
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erania (SHIP) (regional population size 212,000) and
POPGEN (collected in Schleswig-Holstein [population
size 1.15 million]) (see popgen Web site). The KORA
samples were collected as part of a population-based,
epidemiological project, KORA S2000 (Cooperative
Health Research in the Region of Augsburg), and rep-
resent an urban region in the southern part of Germany
with 610,000 inhabitants. Two Alpine populations were
sampled: inhabitants of Vinschgau (VIN) in south Tyrol
(population size 34,300), and members of the Ladin-
speaking community (LAD) of Grodnertal and Gadertal
(population size 16,800). The Brisighella sample (BRISI)
represents a small town with 9,000 inhabitants from the
region of Emilia-Romagna, Italy. A sample from Cala-
bria (CALA) was sampled from a catchment area with
560,000 inhabitants. The sex ratio of all samples was
~0.5, except for that of CALA, with 70 males and 30
females. Mean age was 535 years for all population sam-
ples except CALA and EST (mean 30 years). Prior to
collection, we obtained approval from the relevant
ethical committees/institutional review boards and in-
formed consent from all participating subjects. When
necessary, approval from data privacy oversight com-
mittees was obtained.

SNP Selection and Genotyping

We selected four genomic regions, all containing can-
didate genes for different complex diseases. For each
region, SNPs were evenly selected, covering the candi-
date gene and 76-174 kb of the upstream and down-
stream flanking regions (table 1). All information about
the selected SNPs was extracted from the public dbSNP
database. Genotyping of SNPs was achieved by primer
extension of multiplex PCR products, with detection of
the allele-specific extension products by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF
[Sequenom]) mass spectroscopy. The frequencies of ge-
notypes from successfully typed SNPs (average call rate,
98%) were in Hardy-Weinberg equilibrium. The geno-

Table 1
Selected Gene Regions and SNPs
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type data can be downloaded from our project Web site
(see GSF European LD Pattern Project Web site).

Statistics and LD-Pattern Analyses

Population differentiation was tested by permutation
tests (10,000 permutations) based on F statistics, by use
of the software package ARLEQUIN. F; values were
calculated on three levels: for each marker separately,
for each gene region separately, and for all four gene
regions combined. F; values based on haplotype fre-
quencies in each block were also tested. The standard
expectation-maximization algorithm was used to esti-
mate the haplotype frequencies.

To compare haplotype block boundaries among pop-
ulations, it is critical to apply a relatively robust meth-
od for the definition of haplotype blocks on a constant
set of common markers (Cardon and Abecasis 2003;
Schwartz et al. 2003). We developed a simple bootstrap
approach based on the standard algorithm of Gabriel et
al. (2002), which invokes confidence bounds of pairwise
D' to define sequences of markers with little evidence of
historical recombination. Bootstrapping, in the present
context, means resampling the individual multilocus ge-
notypes of a given population with replacement. The
frequencies of block boundary positions across all 100
bootstrap runs represent confidence estimates for block
borders. We plot boundary frequencies for the start and
end of blocks separately, to be able to track individual
blocks. In addition, we allowed blocks to overlap each
other, which gives a more natural framework. Because
most block definitions define haplotype blocks by block-
internal characteristics, neighboring blocks may compete
for the same intermediary markers, and there is no rea-
son why one of the blocks (e.g., the larger of the two
in a greedy algorithm) should win. Each block with at
least one private marker is considered to be a block.
Blocks completely nested within a larger block are not
considered. An overall measure of similarity between
two populations was calculated as the sum of cross-

SIZE MEDIAN SPACING
(in kb) oF No. or SNPs (in kb) oF
CHROMOSOME For HapMap Population Validated HapMap

GENE DISEASE REGION Gene Region Selected® Validated® Common® Comparison® Differentiating® (%) SNPs SNPs
SNCA Parkinson 4q21 112 188 97 78 73 33 5 (6) 2.1 4.5
LMNA Cardiomyopathy 1q21.2 23 177 37 29 27 17 4 (14) 4.4 6.7
FKBPS  Depression 6p21.31 115 289 76 44 37 37 10 (23) 6.2f 6.3
PLAU  Alzheimer 10q22.2 6.3 95 53 34 32 13 27 (79) 2.2 6.0

* Selected from public SNP databases.
" Polymorphic in our sample set and in Hardy-Weinberg equilibrium.
¢ Minor-allele frequency >5%.

4 For comparison, we selected a set of SNPs similar to the currently available set in the International HapMap Project (April 2004).

¢ P<.001.
f SNP spacing within the gene is 3.7 kb.
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Figure 2 Bootstrap frequencies of block starts and block ends in all population samples. All samples have an equal population size of
8

100 individuals (except BRISI, with 98 individuals). SNP markers are ordered vertically by their physical sequence. The length of red and blue
bars indicate the bootstrap frequency of block starts and block ends, respectively, at the given position. Between the bars, the observed block
structure is shown, with blocks allowed to overlap. To the left of each CEPH graph, the block structure of CEPH is shown, in accordance with
the standard algorithm of Gabriel et al. (2002), without allowance for overlapping blocks. An example of a boundary shift can be seen at the
end of block 4 in LMNA, which shows clear differences between the populations tested.
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products of bootstrap frequencies, standardized by the
sums of within-products of bootstrap frequencies, sim-
ilar to the genetic identity of Nei (1972). An appropriate
distance was given by the negative logarithm of this mea-
sure and was used in a multidimensional scaling algo-
rithm to map the overall block similarity.

Selection and Efficiency Testing of tagSNPs

Either the CEPH trios or the local European popu-
lations, with varying numbers of randomly selected sub-
samples (100 replicates), were used as reference samples.
For these reference samples, two different tagSNP selec-
tion algorithms were applied. The first algorithm finds
SNPs that best tag other typed SNPs (i.e., tagSNPs); the
second algorithm finds SNPs that represent common

SHIP POPGEN KORA
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haplotypes within predefined blocks (i.e., haplotype-tag-
ging SNPs [htSNPs]).

A greedy algorithm for the selection of tagSNPs (Carl-
son et al. 2004) was employed. In the first step, a SNP
exceeding an 7* threshold of 0.8 with the maximum
number of other SNP sites is identified. This SNP and
all associated SNPs are grouped in one bin. A bin does
not have to be a group of neighboring SNPs but rather
can be split up in several regions. Any SNP exceeding
the threshold #* with all other sites in the bin is specified
as a tagSNP. There may be more than one tagSNP, and
we used only the one with the maximum average 7*. This
binning process is iterated, and all as-yet-unbinned SNPs
are analyzed at each round, until all sites are binned or
characterized as singleton bins. The efficiency of a given
tagSNP set in other population samples is tested by the
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following criteria: an average * among all typed SNPs
and the best SNP-specific tagSNP, a minimal #* among
all typed SNPs and the best SNP-specific tagSNP, and a
ratio of SNPs above the threshold 7* to any tagSNP.

The htSNP selection method started with the defini-
tion of blocks, in accordance with the standard method
of Gabriel et al. (2002). Because we wanted to compare
the efficiency of htSNPs across several populations, we
always used the block structure of the CEPH trios as
the reference and forced the block structure of other
populations to this reference structure. A single optimal
set of htSNPs within each block was identified by se-
quential steps (Zhang and Jin 2003); these steps account
for haplotype coverage (80% and 90% thresholds), op-
timal 7> among SNPs, and even spacing. To evaluate the
selected htSNP set in any population and to compare
between populations, we defined two statistics (chro-
mosomal coverage of tagged haplotypes and ratio of
nontagged common haplotypes), whereby common hap-
lotypes are defined by a frequency >5%.

Results

Single SNPs

Allele frequencies of most single markers did not
differ significantly among population samples. In three
gene regions, the proportion of population-differenti-
ating markers (defined by signficance level P < .001) var-
ied between 6% and 23% (table 1). An exception was
PLAU, with 79% population-differentiating SNPs.
Maximum values for allele-frequency differences were
~20% and were mostly seen between EST and CALA,
thus indicating a geographical gradient between the
northern and southern populations (table A1 [online
only]). The pattern of population differentiation for each
gene region is shown in table A2 (online only). Signif-
icant population differences in allele frequencies ap-
peared mostly for the gene PLAU but also for FKBPS
and LMNA. The CEPH founders were significantly dif-
ferent from the southern Italian populations BRISI and
CALA. EST and the northern German collections SHIP
and POPGEN showed significant differences from all
Italian populations. The Alpine populations of VIN and
LAD differed both from the southern Italian populations
and from the northern European populations. The over-
all pattern of genetic differentiation reflects well the geo-
graphical localization of the population samples (table
A3 and fig. A1 [online only]).

LD Structure

Standard plots of pairwise LD revealed similar pat-
terns across samples (fig. A2 [online only]). To com-
pare the LD structure across populations in a detailed
and robust probability-based assessment, block over-
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laps were allowed and bootstrap frequencies of specific
boundary positions were evaluated. The observed LD
block structure and the bootstrap frequencies for each
block start and block end are shown in figure 2. The
calculations are based on a sample size of 100 individ-
uals per population, to exclude variation in sample size
as a potential confounder.

The general patterns of block structures are similar
across samples, which is most prominent in the LMNA
gene. Five of the six blocks in LMNA have nearly con-
served block starts and ends across all study populations.
Only the end of the largest block varied between posi-
tions 15 and 21, depending on the population studied.
This represents a shift in the block extension in the range
of 7-15 kb. Another example of differences in block
boundaries is obvious for the SNCA region, where the
largest block (between marker positions 30 and 73) has
a tendency to break up into two pieces at different po-
sitions in the VIN (positions 63-67), LAD (positions 48—
51), and CALA (positions 53-57) samples. Individual
breakpoints of LD blocks for the Alpine populations
VIN and LAD were also detected in the FKBPS region
between positions 14 and 18. PLAU also exhibited var-
iable block structure.

The overall variability in block structure among the
populations is shown in figure 3. In a combined mul-
tidimensional scaling for all four gene regions, the most
extreme and individual block structures were indicated

-0.18
VINe
-0.131
EST
-0.081 ¢
~N
c
-% -0.03
* SHIP .
& LAD ¢ POPGEN ++CEPH
E o0.02] KORA
a
0.07
0.121 BRisI®
*CALA
0.17 1 ‘ , , ‘ , ‘ y
018 -0.13 -008 -003 0.02 007 012 0.17
Dimension 1
Figure 3 Opverall similarity of block boundaries across all four

gene regions. The first two dimensions, after a multidimensional scal-
ing of the dissimilarity measure of block boundaries, are shown. Sam-
ple sizes are adjusted to a size of 100 individuals. The Alpine and
geographically peripheral populations (EST, LAD, VIN, BRISI, and
CALA) differ the most from all other population samples.
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entiation. For block numbers, see figure 2. Populations are arranged on the X-axis in a north-to-south localization. Geographical frequency
gradients are prominent in blocks 1 and 2 of PLAU and in block 6 of FKBPS.

for EST, LAD, VIN, BRISI, and CALA. The German
populations, SHIP, POPGEN, and KORA, and the ref-
erence population CEPH appear in the center, indicating
an intermediate block structure. Similar patterns were
found when each gene was analyzed separately.

Haplotypes

The standard algorithm of Gabriel et al. (2002), ap-
plied to the CEPH trios, allowed us to define four blocks
in SNCA, six blocks in LMNA, six blocks in FKBPS,
and two blocks in PLAU (see fig. 2, for reference of
block positions, and fig. A3 [online only], for haplotype
estimations). Significant haplotype frequency differences
among populations were found only in block 4 of SNCA
(P = .001), blocks 5 and 6 of FKBPS5 (P = .03 and

P = .02, respectively), and blocks 1 and 2 of PLAU
(P = .001 and P = .01, respectively). Figure 4 shows
the frequencies of all common haplotypes (frequency
>10%) within the blocks that showed significant differ-
ences between populations. After Bonferroni correction
for multiple testing, only the haplotype distributions of
SNCA block 4 and PLAU block 1 remained significant.
A clear geographic variation was evident with FKBPS
and PLAU but not with SNCA. In the PLAU gene re-
gion, haplotype 1 in block 1 showed the most extreme
frequency values in EST (40%) and CALA (57%) and
showed a gradient in between these two values in the
remaining six populations. CEPH trios showed inter-
mediate frequencies. A similar pattern was found for the
haplotypes in block 2 of PLAU. There was also a gra-
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dient between EST and CALA in block 6 of FKBPS, but
here CEPH trios are most similar to the EST sample. In
block 5 of FKBPS5, BRISI and CALA diverge from all
other samples.

tagSNPs

We first tested the efficiency of tagSNPs, which were
defined to represent untagged SNPs with a high corre-
lation coefficient (#* > 0.8 [Carlson et al. 2004]). Figure
5 shows the performance of CEPH trios, as a reference
for this tagSNP selection, in comparison with local pop-
ulation samples of different sizes. For each sample size,
average values across 100 replicates are given. Only the
criterion of a ratio of tagged SNPs above the threshold,
which is the relative portion of SNPs correlated with any
tagSNP by an 7* value >0.8, is shown. Other evaluation
criteria (see the “Subjects and Methods” section) gave
similar results (see table A4 [online only]). A reduced
SNP set, which is comparable to the HapMap set, was
used for the tagSNP selection (table 1). This reduced
SNP set comprised ~40% of SNPs identical to HapMap
data. The selected tag SNPs were then tested on the full
SNP set in all populations. The LD patterns appeared
to be similar across all different SNP sets (see fig. A4
[online only]). There was no difference between the
tagSNP set defined from CEPH trios and the tagSNP
set defined from CEPH founders only, indicating that
the additional phase information does not change the
outcome.

The tagSNPs identified in the CEPH trios performed
well for the genes SNCA, FKBPS, and LMNA. For
>70% of typed SNPs, the #* value was >0.8 with the
best tagSNP. SNP allelic variation in KORA, for ex-
ample, is well represented by CEPH tagSNPs for the
genes SNCA and LMNA. In LMNA and SNCA, a local
sample size of 20 individuals as a reference performs
mostly worse than the 30 CEPH trios. Only a sample
size of 40 or 60 individuals is comparable to CEPH trios.
In FKBPS, most local samples of 20 individuals per-
formed better as a reference than the CEPH sample,
except for VIN and CALA. A different situation was
seen in PLAU, where six populations showed a ratio of
tagged SNPs of <70%, when the CEPH sample was used
as reference—the worst ratio was from the CALA sam-
ple, with only 53%. For the same gene, data from 20
random individuals of most populations performed bet-
ter as a reference than CEPH trios.

With the current HapMap SNP density as a reference,
minimal 7* values between tagged and tagSNPs were as
low as 0.036, even for the most conserved gene regions
around SNCA and LMNA. We therefore tested the per-
formance of tagSNP sets, when selected from the full
SNP set in SNCA and PLAU, for which we had a >2-
fold SNP density compared with that of the HapMap.
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The general pattern—a local sample with 20 individuals
performs mostly better as a reference than the CEPH
sample in PLAU, and CEPH performs better than local
samples in SNCA—did not change, but the differences
were less pronounced, and, even for PLAU, the ratio of
tagged SNPs was >70% in all tested populations (table
A4 [online only]).

Performance patterns were similar when the hap-
lotype-based tagSNP selection method (i.e., the htSNP
selection method) was used (Zhang and Jin 2003), but
differences between CEPH and local references were
weaker than those measured by the #* method (table A5
[online only]). When CEPH trios were used as reference,
chromosomal coverage of tagged haplotypes was below
the intended threshold (80% and 90%, respectively)
only for the PLAU gene (see population samples EST,
SHIP, and KORA).

tagSNPs may also be seen as a set of relatively inde-
pendent markers. To assess the probability of recruiting
population-differentiating SNPs in a genomic approach,
we plotted a histogram of the P values of tests for pop-
ulation differentiation for all tagSNPs defined by the
method of Carlson et al. (2004) in CEPH trios (fig. 6).
The majority of tagSNPs did not show strong population
differences, underlining their universality. Most highly
significant markers were found in the gene regions PLAU
and FKBPS.

Discussion

Individual population history and geographic variation
may challenge the usefulness of a single European ref-
erence population for the selection of tagSNPs in asso-
ciation studies. Allele and haplotype frequencies show a
clear geographic variation. Most dramatic frequency
shifts lie in the upper range of values found in the survey
of random loci done by Cavalli-Sforza et al. (1994), but
these are still low compared with the values in strongly
selected loci (e.g., cystic fibrosis variants [Lao et al.
2003]). The pattern of genetic differentiation corre-
sponds relatively well to the European genetic variation
described by Barbujani and Sokal (1990) and Cavalli-
Sforza et al. (1994). The relatively strong genetic diver-
gence of the Italian populations, CALA and BRISI, and
the Alpine populations, LAD and VIN, from all other
populations can be attributed to isolation resulting from
linguistic differences (Germanic-Romance) and physical
boundaries (the Alps). The two Italian populations,
BRISI and CALA, also show significant differences from
the CEPH sample and are therefore less well represented
by this reference population.

Large-scale association studies—probably across dif-
ferent ethnic groups—are needed to detect small genetic
effects on complex traits, and it is well known that even
small amounts of cryptic population stratification can
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Figure 5

Performance of CEPH trios and local samples with different sample sizes used as references for tagSNP definition (by use of

the method of Carlson et al. [2004]). The performance criterion shown is the ratio of tagged SNPs above the 7* threshold of 0.8. The tagSNP
sets that were defined in the CEPH trios were tested on all populations, whereas the tagSNP sets of local samples were tested only on the same
local population. CEPH trios performed relatively well as reference (ratio of tagged SNPs >0.7), except for the PLAU gene region.

undermine such association studies (Marchini et al.
2004). However, high numbers of markers—in the
range of several hundred microsatellite loci or a mul-
titude of SNP loci—are required to detect genetic clus-
ters of different ethnic origins in Europe (Rosenberg et
al. 2002). Our results indicate that, in our total region
of 749 kb, ~28% (16/57) of the tagSNPs showed highly

significant differences (P < .001) among our set of study
populations. This rate indicates that the recruitment of
population-differentiating SNPs for the purpose of ge-
netic matching strategies in case-control studies is fea-
sible (Hoggart et al. 2004).

Comparative analyses of the haplotype block struc-
ture revealed a high degree of concordance among Eu-
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entiation, on the basis of 57 tagSNPs from all gene regions in the
CEPH trios. The allele frequencies of most tagSNPs were similar across
populations (P >.01). Exceptions were the tagSNPs of the PLAU gene.

ropean populations (Nejentsev et al. 2004; Ng et al.
2004; Stenzel et al. 2004), as well as among populations
from different continents, such as Asia, Africa, and Eu-
rope (Gabriel et al. 2002; Wall and Pritchard 2003).
This presumably reflects, in part, the shared ancestry of
human populations or common variation patterns of
recombination rates, but, to some extent, it also reflects
the effect of uneven marker spacing in these studies.
However, small, well-defined differences for block
boundaries have been reported among Finnish subpop-
ulations (Mannila et al. 2003). All the above-mentioned
studies (except Mannila et al. 2003) compare the po-
sitions of LD block boundaries by use of a greedy al-
gorithm—or just by inspection of pairwise LD mea-
sures—but do not account for the relative probabilities
of specific boundary positions. With our method of eval-
uating the strength of block boundaries, which was ap-
plied to exactly the same set of common markers in
each population, we were able to show clear exam-
ples of block boundary shifts and block fragmentation
among European samples. The values of our similarity
measure for block structure, which estimate the average
probability that boundaries coincide, ranged from 0.72
among LAD and BRISI to 0.87 among SHIP and POP-
GEN. With the exception of the Alpine populations, the
overall variation appeared in a pattern that was con-
cordant with geography, indicating the usefulness of our
similarity measure for population-genetic comparisons.
The observed pattern suggests that demographic and/
or biological factors shaping block boundaries vary in
a geographical sense and differentiate in accordance with
the level of presumed genetic isolation of populations.
The observed population differences in haplotype fre-
quencies and LD structure may affect the power to de-
tect phenotype-genotype associations. Association sig-
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nals at markers, which are correlated with a true causal
variant, may appear at different positions in popula-
tions with an individual LD structure, such as the VIN,
LAD, and CALA populations. Repeated studies among
such populations are likely to present different results
and are problematic for finding positive replications. In
contrast, population-specific fragmented LD blocks are
useful for the fine-mapping of causal variants within the
region.

We also tested the transferability of tagSNP sets
among populations. It is often stated that tagSNPs are
population specific and should be newly assessed in each
local population or geographic area in which an asso-
ciation study is planned (Thompson et al. 2003; Weale
et al. 2003; Carlson et al. 2004). On the other hand,
the HapMap project claims that its data may be able
to be used to define tagSNPs for related populations
(International HapMap Consortium 2003). It has also
been reported that tagSNPs can be effectively trans-
ferred among British, Norwegian, Finnish, and Roma-
nian populations (Nejentsev et al. 2004). It is, however,
not clear to what level of population differentiation
tagSNPs are transferable between the HapMap data and
local European populations. Our results indicate that
tagSNPs defined in the HapMap CEPH trios perform
relatively well for two of four candidate-gene regions,
particularly in central European populations. For SNCA
and LMNA, the data from CEPH trios perform even
better as a reference than data from 20 local individuals.
For two of the tested candidate genes (PLAU and
FKBPS), CEPH is not such a good reference. A local
sample size of only 20 individuals in most populations
is more appropriate for determination of tagSNPs than
the standard sample of 30 CEPH trios. By genotyping
larger sample sizes (>20 individuals) in the population
being studied, the advantage of a local reference will be
stronger, but it appears that an increase in sample size
beyond 40 individuals is not very effective. A substantial
increase in tagSNP efficiency and transferability, how-
ever, is achieved by increasing the density of genotyped
SNPs in the reference sample.

The surprisingly high performance of CEPH as a ref-
erence for tagSNP design in two gene regions was not
due to an increased number of selected tagSNPs in
CEPH or the additional phase information available
from the trios (see table A4 [online only]). The special
characteristic of CEPH being a multilocalized but pan-
mictic European population probably confers the ad-
vantage to this sample collection. Our results suggest
that future HapMap releases with a denser genotype
data set will allow the sufficient selection of tagSNPs in
the majority of gene regions in central European pop-
ulations. However, for an as-yet-unknown proportion
of genes, and especially for isolated and peripheral pop-
ulations within Europe, the HapMap reference may not
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perform optimally, making it necessary to establish the
LD pattern from a local sample.
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