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Summary

Single-nucleotide polymorphisms (SNPs) may be ex-
tremely important for deciphering the impact of genetic
variation on complex human diseases. The ultimate
value of SNPs for linkage and association mapping stud-
ies depends in part on the distribution of SNP allele
frequencies and intermarker linkage disequilibrium (LD)
across populations. Limited information is available
about these distributions on a genomewide scale, par-
ticularly for LD. Using 114 SNPs from 33 genes, we
compared these distributions in five American popula-
tions (727 individuals) of African, European, Chinese,
Hispanic, and Japanese descent. The allele frequencies
were highly correlated across populations but differed
by 120% for at least one pair of populations in 35%
of SNPs. The correlation in LD was high for some pairs
of populations but not for others (e.g., Chinese American
or Japanese American vs. any other population). Re-
gardless of population, average minor-allele frequencies
were significantly higher for SNPs in noncoding regions
(20%–25%) than for SNPs in coding regions
(12%–16%). Interestingly, we found that intermarker
LD may be strongest with pairs of SNPs in which both
markers are nonconservative substitutions, compared to
pairs of SNPs where at least one marker is a conservative
substitution. These results suggest that population dif-
ferences and marker location within the gene may be
important factors in the selection of SNPs for use in the
study of complex disease with linkage or association
mapping methods.
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Introduction

Traditional methods that have been successful in the
mapping of genes for Mendelian disorders, such as par-
ametric linkage analysis, have not been as successful in
studies of complex genetic traits, indicating a need for
alternative approaches. Linkage disequilibrium (LD)
mapping (Risch and Merikangas 1996) and model-free
methods of linkage analysis (e.g., see Kruglyak et al.
1996; Elston et al. 1999) have been suggested as alter-
native approaches. Unfortunately, these methods may
require a substantial number of markers, as well as large
sample sizes, for detection of linkage, for a variety of
reasons. First, the sample heterogeneity that is often pre-
sent in studies of complex traits reduces the power and
increases the sample size necessary to detect linkage (e.g.,
see Goldin and Gershon 1988; Risch 1990; Goldin and
Weeks 1993). Also, LD mapping may require a very high
density of markers, since, in many populations, LD is
detectable only across small regions. Finally, the model-
free methods of linkage analysis usually require a large
number of individuals, even in light of the power im-
provement arising from the development of multipoint
analysis and other modifications (Kruglyak et al. 1996;
Elston et al. 1999).

Regardless of the study design used, single-nucleotide
polymorphisms (SNPs) may provide an important al-
ternative to conventional markers, for genetic mapping
studies of complex traits. SNPs are sites in the genome
that have nucleotide differences. These polymorphisms
are highly abundant, occurring approximately ∼1/1,000
bp (Wang et al. 1998). Methods for the genotyping of
SNPs are more easily automated and potentially less ex-
pensive per marker than are conventional methods such
as microsatellite markers (Nickerson et al. 1990; Pease
et al. 1994). Given the large number of markers and
individuals that must be genotyped for studies of com-
plex traits, SNPs could substantially reduce the cost of
a genetic mapping study. For these reasons, SNPs may
become a key component in future studies of complex
traits.

Several studies have evaluated SNP characteristics that
are important for both linkage and association mapping
studies, including the allele frequencies and the LD be-
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tween markers. In the context of LD mapping, recent
work demonstrates that the power and sample size nec-
essary for mapping studies depends on the allele fre-
quencies of the SNP markers (Chapman and Wijsman
1998; Xiong and Jin 1999). The power of linkage-anal-
ysis methods also depends on the allele frequencies, al-
though frequencies of the major allele that are between
∼.5 and ∼.8 provide essentially equivalent power to de-
tect linkage (Kruglyak 1997; Goddard 1999). Clusters
of SNPs have been considered as an alternative to uni-
formly spaced markers in a linkage-based genome
screen. Here, multiple SNPs with essentially no recom-
bination among them are used as a single marker to
provide more information than would be available with
single-SNP markers (Nickerson et al. 1992; Goddard
1999). For the clustered SNP map structure, intermarker
LD generally reduces the information content of the clus-
ter (Goddard 1999) by shifting the haplotype frequencies
away from the most informative case of equal frequen-
cies (e.g., under complete LD, only two haplotypes are
observed).

Little information is available about the actual dis-
tribution of these marker characteristics for SNPs on a
genomewide scale. Previous reports on allele frequency
and LD distributions for SNPs have focused on only one
gene or region, including lipoprotein lipase (Clark et al.
1998; Nickerson et al. 1998), apolipoprotein E (Lai et
al. 1998), and the single-minded homolog 2 (SIM2) gene
(Carlson and Cox 1998). It is unclear whether these
results can be generalized to the whole genome. Recently,
Cargill et al. (1999) and Halushka et al. (1999) evaluated
the allele-frequency distribution for SNPs in 106 and 75
genes, respectively; however, these studies considered rel-
atively small sample sizes—57 and 74 individuals, re-
spectively—from multiple populations. Cambien et al.
(1999) evaluated allele-frequency and LD distributions
for SNPs in 36 genes from individuals of European de-
scent, but they did not consider population differences
in these distributions.

The distribution of allele frequencies and LD may be
substantially different among populations. Numerous
studies have indicated—by use of multiple types of poly-
morphisms, such as blood-group markers (Cavalli-
Sforza et al. 1994), microsatellites (Bowcock et al. 1991,
1994; Jorde et al. 1997; Destro-Bisol et al. 1999), and
RFLPs (Dean et al. 1994)—that the distribution of allele
frequencies differs among populations, so it is reason-
able to expect population differences in the allele fre-
quencies for SNPs as well. Despite the small sample sizes
considered in previous reports, population differences in
the allele frequencies of SNPs were observed (Nickerson
et al. 1998; Lai et al. 1998; Cargill et al. 1999; Halushka
et al. 1999). Little information is available about pop-
ulation differences in the LD distribution.

If one wants to develop a panel of SNPs for mapping

to be used across populations, as currently exists with
microsatellites, population differences in the distribution
of allele frequencies and LD will limit the choice of mark-
ers. Population differences in the information content of
markers alter the power to detect linkage among the
populations. Compared to microsatellites, SNPs are
more likely to have large differences in the marker in-
formation content, since SNPs have relatively few alleles
that may not be observed in all populations. It may be
possible to include multiple markers for each gene or
region in a screening set of SNPs to increase the prob-
ability that variability is observed in all populations un-
der consideration; however, this redundancy increases
the cost of using SNP markers compared to microsat-
ellite markers.

In the present paper we evaluate the allele-frequency
and intermarker LD distributions for SNPs. To investi-
gate these distributions on a genomewide scale, we con-
sider 114 SNP markers that are located in 33 genes on
16 chromosomes. Our study sample consists of 727 in-
dividuals from five American populations of African,
European, Chinese, Hispanic, and Japanese descent. We
find important differences in the distribution of allele
frequencies and LD among different populations and
among different locations within the gene (e.g., coding
vs. noncoding regions). We consider the influence of
these differences in the allele-frequency and intermarker
LD distributions on marker selection for a genome
screen using association or linkage analysis, and we dis-
cuss using the distribution of the intermarker LD as a
surrogate for the distribution of trait-marker LD.

Subjects and Methods

Samples

The study sample consisted of individuals from five
populations. In particular, we enrolled in the study 190
European American, 190 Hispanic American, 190 Af-
rican American, 79 Chinese American, and 78 Japanese
American volunteers from Southern California, all ap-
parently healthy. It is important to note that, in contrast
to panels such as the human genetic diversity project,
the individuals in this study do not necessarily represent
the aboriginal populations of the associated geographic
regions and, therefore, do not necessarily reflect country-
or region-specific data such as are typically studied by
population geneticists. However, these population
groups are representative of self-reported ethnicity in the
United States, which is often used to define populations
in genetic mapping studies. Each subject provided a
blood sample, after providing informed consent and self-
report of his or her ethnicity. Among the 114 SNPs eval-
uated, 1%–2% of the marker genotypes were missing
for each population. With few exceptions, most indi-
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viduals had missing information for !10 of the 114
markers. In addition, there were only two markers with
missing data for 112 individuals from a single popula-
tion. For these two markers, only half of the individuals
were genotyped for the African American, Hispanic
American, and European American populations. How-
ever, since the remaining sample size of ∼85 individuals
was still larger than the sample size for the Chinese
American and Japanese American populations, these
markers were included to maximize the number of SNPs
and genes that were considered. Individuals with missing
data at a particular marker were removed from any anal-
ysis that included that marker.

Marker Selection

Genes were initially selected for analysis on the basis
of their known or potential pharmacological relevance
to an individual’s response to drugs. SNPs were iden-
tified in the genes on the basis of existing sequence in-
formation or by resequencing in 10–16 individuals from
each of the European American, African American, and
Hispanic American populations (except for three mark-
ers that were resequenced in 16 individuals from each
of the European American, African American, and Chi-
nese American populations). With regard to SNPs iden-
tified by resequencing, a site was considered a SNP if
there was a base-pair difference for at least one individ-
ual in the reference set of 30–48 individuals. This de-
tection method is more likely to identify SNPs with a
minor-allele frequency close to .5 for at least one of the
populations in the reference set; however, the detection
method does not tend to increase the similarity of allele
frequencies among the populations in the reference set.
For inclusion here, both alleles of an SNP had to be
observed in the study sample in at least one population
(described below), and at least two markers had to be
observed in the same gene. We evaluated a total of 114
autosomal, diallelic markers (44 from existing infor-
mation, 70 from resequencing) that were genotyped in
all populations. These SNPs were distributed among 33
genes located on 16 chromosomes. We observed 2–13
markers per gene, resulting in 215 pairs of markers
within genes that were evaluated for intermarker LD.

Marker Genotyping

DNA was extracted from blood by use of a kit from
Gentra Systems, Inc. SNP genotypes were determined by
use of the TaqMan assay (Heid et al. 1996). Samples
were assayed in triplicate in a Robbins 96-well plate.
The primers for each SNP were either derived from pub-
lished sequence information or developed at PPGx, Inc.
Fragments were amplified by PCR in reactions contain-
ing 20 ng genomic DNA, 900 nM forward unlabeled
inner primer, 900 nM reverse unlabeled inner primer,

200 nM 6-carboxy-fluorescein (FAM)-labeled probe,
200 nM tetrachloro-6-carboxy-fluorescein (TET)-la-
beled probe, and 1 # TaqMan reagent mix 43C4447
(PE Biosystems). PCR reactions were preincubated at
50�C for 2 min, then at 95�C for 10 min. Two-step
thermocycling was performed for 45 cycles of denatur-
ation at 95�C for 30 s and annealing at 64�C for 30 s.
On completion of thermocycling, the fluorescence was
read on an ABI 7700 Sequence Detector using the allelic
discrimination software. FAM:TET ratios for each sam-
ple DNA, normalized against the TAMRA signal, in-
dicated the genotype of each patient and were further
confirmed by similar signals from known control DNAs.

Statistical Methods

The allele frequencies for each marker were estimated
by use of the allele-counting method. We used the x2

approximation to test Hardy-Weinberg equilibrium
(HWE) at each locus (Weir 1996) and used the EM al-
gorithm to estimate pairwise haplotype frequencies (Ex-
coffier and Slatkin 1995). P values for a test of inter-
marker LD were obtained by use of a randomization
test for the test statistic, , where L* isS = 2ln(L ∗ /L )o

the likelihood computed by use of the haplotype fre-
quencies estimated from the EM algorithm and Lo is the
likelihood under the assumption of no disequilibrium
(Slatkin and Excoffier 1995). This randomization test
using the estimated haplotype frequencies performed
well compared with Fisher’s exact test using the actual
haplotype frequencies in simulations (Slatkin and Ex-
coffier 1995). Nine measures of LD were initially con-
sidered, including the composite disequilibrium for ge-
notype data (Weir 1996) and eight measures for
haplotype data that were suggested in Devlin and Risch
(1995). We obtained similar results with the different
measures investigated, so the only measure presented
here is the difference in proportions, d = p /p �11 .1

, where pij is the frequency of haplotypes withp /p12 .2

allele i at the first marker and allele j at the second
marker and p.j is the frequency of haplotypes with either
allele at the first marker and with allele j at the second
marker (Nei and Li 1980). This measure has a range of
�1 to 1, and is equal to 0 when there is no disequilib-
rium. The difference in proportions was less dependent
on allele frequencies than were the other measures in-
vestigated, on the basis of empirical observations of the
relationship between allele frequencies and the measures
of LD in this data set. Here we define qmin as the smallest
allele frequency for a pair of SNPs (i.e., qmin = min(q1,q2),
where qi is the minor-allele frequency at locus i).
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Table 1

SNPs for Each Range of Minor-Allele Frequency

POPULATION

NO. (PROPORTION) OF SNPS WHEN ALLELE

FREQUENCY IS

q = 0 0 ! q ! .01 .01 � q ! .05 q � .05

African American 9 (.08) 16 (.14) 21 (.18) 68 (.60)
European American 20 (.18) 14 (.12) 13 (.11) 67 (.59)
Hispanic American 16 (.14) 16 (.14) 18 (.16) 64 (.56)
Chinese American 46 (.40) 4 (.04) 9 (.08) 55 (.48)
Japanese American 44 (.38) 6 (.05) 11 (.10) 53 (.46)

Results

Population Differences in Allele Frequencies

We observed different levels of variation across pop-
ulations, with regard to the SNP allele frequencies. The
African American population had the most variation,
with both alleles observed for 92% of the SNPs (table
1). The Chinese American and Japanese American pop-
ulations had the least variation, with both alleles ob-
served for only 60% and 62% of the SNPs, respectively.
(Appendix A provides all of the allele frequencies and
tests for HWE.) Alleles that were not observed in one
population tended to have small allele frequencies in the
other populations. Thus, populations with the largest
number of SNPs with variability also had the largest
number of SNPs with rare alleles (e.g., minor-allele fre-
quencies 0–.05). For example, 32% of the SNPs had a
minor-allele frequency of 0–.05 in the African American
population, compared to only 12% of the SNPs with a
minor-allele frequency of 0–.05 in the Chinese American
population (table 1). We observed a similar pattern when
we considered only the SNPs detected by resequencing.
Approximately 80%–95% of the SNPs with one allele
fixed in the Chinese American and Japanese American
populations had a minor-allele frequency !.05 in the
African American, European American, and Hispanic
American populations. This implies that, even though
the African American population has more sites with
variability than the Chinese American and Japanese
American populations, under most circumstances many
of these sites may have little information for linkage or
association studies because of the low allele frequencies.
Although the greater variability observed among the Af-
rican American, European American, and Hispanic
American populations may be the result of an ascer-
tainment bias in the selection of markers, our observa-
tions are consistent with other studies of SNPs (Ziet-
kiewicz et al. 1997; Nickerson et al. 1998) where there
was no ascertainment bias in the selection of markers.

Allele frequencies were generally highly correlated (r
1 .8) among the populations (fig. 1, above diagonal).
The Japanese American and Chinese American popu-
lations had the most similar allele frequencies, with a
correlation of .99. The Hispanic American population
had relatively high correlations (r 1 .87) with all of the
other populations, whereas the remaining pairs of pop-
ulations had lower correlations (r ! .83). Despite these
high correlations, there were still important allele-fre-
quency differences among the populations. For 35% of
the SNPs, the allele frequencies differed by 1.2 for at
least one pair of populations. Furthermore, 54% of the
SNPs with a major-allele frequency of .5–.8 in one pop-
ulation had a major-allele frequency 1.8 for at least one
other population. This latter observation is important

because, as noted above, in linkage analysis, markers
with a major-allele frequency of .5–.8 are essentially
equivalent in information content, whereas markers with
a major-allele frequency 1.8 have reduced information
content (Kruglyak 1997; Goddard 1999).

Population Differences in the Distribution of LD

When LD was considered, similarities in the LD mea-
sure suggested categorizing the five populations into two
groups (fig. 1). In particular, populations in the same
group had a high correlation in the measure of LD
( ), whereas populations in different groups hadr 1 .87
a lower correlation in the measure of LD ( ) (fig.r ! .65
1, below diagonal). The first group was composed of
the Chinese American and Japanese American popula-
tions, and the second group was composed of the African
American, European American, and Hispanic American
populations. Appendix B presents both the measure of
LD for each pair of SNPs within a gene and the corre-
sponding P value. It is interesting to note that the allele
frequencies and the measure of LD have a similar pattern
in the correlation for the populations considered here.
The similarity in allele frequencies and the measure of
LD may reflect a more recent common population his-
tory for some of the populations, such as may exist for
the Chinese American and Japanese American popula-
tions (Bowcock et al. 1994; Cavalli-Sforza et al. 1994;
Jorde et al. 1997; Zietkiewicz et al. 1997).

There were two cases with extreme differences, in the
measure of LD, among different populations (Appendix
B, markers 103 and 107 and markers 106 and 107).
Extreme differences in the measure of LD occur when
the “A” allele at one locus is associated with the “A”
allele at the second locus in some populations, whereas
it is associated with the “B” allele at the second locus
in other populations. Both pairs of SNPs with extreme
differences in the measure of LD were in the CYP2D6
gene. Both a wide range in the allele frequencies and P
values �.05 for the test of HWE were observed for some
SNPs in this gene (Appendix A, markers 103, 106, and
107). However, across all of the populations, 30/570
(5%) of the tests for HWE had a significant result at the
5% significance level, indicating that these markers are
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Figure 1 Comparison of allele frequencies and LD among populations. The upper triangle corresponds to the allele frequencies (0), and
the lower triangle corresponds to the LD measure, d (#). The correlation is indicated in the lower right corner of each graph. The P value for
the correlation was !.0001 in all cases.

consistent with HWE. These differences among the pop-
ulations may at least partially explain the extreme dif-
ferences in the measure of LD for these SNPs. Removing
these two pairs of SNPs did not considerably change the
correlation in the measure of LD.

Low allele frequencies (qmin ! .05) accounted for 80%
of the situations in which LD was not detected (P 1

) for SNPs within the same gene (table 2). The power.05
to detect LD is low when the allele frequencies for at

least one of the SNPs are very extreme, and, in fact, it
may be impossible to achieve significance under certain
circumstances with very rare alleles (Lewontin 1995).
When both SNPs had high minor-allele frequencies (i.e.,
qmin � .05), LD was detected 82% of the time. In con-
trast, when qmin ! .05, LD was detected only 26% of
the time. The percentage of observations in which LD
was not detected when qmin � .05 ranged between 3%
(Hispanic Americans) and 36% (Chinese Americans) for
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Table 2

Pairs of SNPs within the Given Range of qmin and P Value for Test of LD

POPULATION

NO. (PROPORTION) OF SNP PAIRS WITHIN RANGE

qmin = 0

0 ! qmin ! .05 qmin � .05

P � .001 .001 ! P � .05 P 1 .05 Total P � .001 .001 ! P � .05 P 1 .05 Total

African American 40 15 (.14) 13 (.12) 78 (.74) 106 46 (.67) 13 (.19) 10 (.14) 69
European American 88 14 (.23) 6 (.10) 41 (.67) 61 54 (.82) 5 (.08) 7 (.11) 66
Hispanic American 66 13 (.15) 10 (.11) 65 (.74) 88 55 (.90) 4 (.06) 2 (.03) 61
Chinese American 138 1 (.06) 1 (.06) 16 (.88) 18 35 (.59) 3 (.05) 21 (.36) 59
Japanese American 135 4 (.17) 1 (.04) 19 (.79) 24 35 (.62) 6 (.11) 15 (.26) 56

Total 467 47 (.16) 31 (.10) 219 (.74) 297 225 (.72) 31 (.10) 55 (.18) 311

individual populations. However, these were not all in-
dependent observations, since many instances in which
we failed to detect pairwise LD when qmin � .05 occurred
in the same gene, UGT1, for the Chinese Americans (15/
21) and the Japanese Americans (11/15). (Fig. 2 shows
the P values for LD for each pair of SNPs within the
same gene and for each population.) The power to detect
LD is also low when the minor allele at each locus is on
a separate haplotype (i.e., the repulsion phase) (Thomp-
son et al. 1988), which accounts for some of the cases
in which LD is not observed. The intermarker distance
is one possible explanation for the remaining situations
where LD is not observed, since LD is generally only
detectable for a small region near each site. However, in
many instances where LD was not detected for one pop-
ulation, it was detected in other populations (fig. 2),
suggesting additional explanations, such as factors as-
sociated with population history (e.g., population size
and growth), for the lack of detectable LD.

As expected, LD was generally not detected for pairs
of SNPs on different chromosomes, although the pro-
portion of significant tests across all populations (7%
[114/1598 pairs]) was slightly higher than would be ex-
pected by chance at the 5% significance level. We did
not consider all possible pairs of SNPs on different chro-
mosomes, because of computational constraints. In-
stead, we evaluated LD for markers on different chro-
mosomes within a subset consisting of one SNP
randomly selected from each gene. The proportion of
pairs of markers in which LD was detected ( )P � .05
was .06 (22/386), .09 (39/416), .07 (27/414), .05 (10/
201), and .09 (16/181) for the African Americans, Eu-
ropean Americans, Hispanic Americans, Chinese Amer-
icans, and Japanese Americans, respectively (LD was not
tested if one marker had a minor-allele frequency equal
to 0). This background rate of LD is much lower than
the rate of LD that we observed for linked markers,
although it is higher than would be expected under the
null hypothesis. This suggests that a low level of back-
ground LD may exist in these populations.

Allele-Frequency Differences in Terms of SNP Location

There were several important differences in the allele
frequencies for SNPs, in terms of the functional class
and the location of the SNP within the gene (table 3).
Most (70%) of the SNPs in this sample were nonsy-
nonymous substitutions located in the coding region of
the genes. The average minor-allele frequencies for SNPs
located in noncoding regions (20%–25%) were signifi-
cantly higher than the average minor-allele frequencies
for SNPs located in coding regions (12%–15%) (P �

for all populations except European Americans, ac-.05
cording to the Wilcoxon rank-sum test). This may reflect
the deleterious effect of mutations in the coding regions
of genes, suggesting that the low minor-allele frequencies
of SNPs in coding regions are caused by the young age
of the mutations. The average minor-allele frequencies
for SNPs located within the promotor region
(23%–27%) were higher than the average minor-allele
frequencies for SNPs within other noncoding regions
(12%–19%). The five SNPs with either a frameshift mu-
tation or the deletion of an entire amino acid had the
lowest average minor-allele frequencies (0%–1%). These
mutations may produce more-deleterious alterations to
the gene product, which may result in a high selection
against maintaining these polymorphisms in the popu-
lation. The average minor-allele frequencies for synon-
ymous substitutions (15%–20%) were higher than the
average minor-allele frequencies for nonsynonymous
substitutions (12%–16%). The synonymous substitu-
tions do not alter the gene product, so we may expect
a reduced effect of selection for synonymous substitu-
tions contributing to the higher minor-allele frequencies
for these SNPs. Finally, the conservative substitutions
(11%–15%) had slightly lower average minor-allele fre-
quencies than did the nonconservative substitutions
(13%–17%), although these differences were not statis-
tically significant ( , Wilcoxon rank-sum test). AP 1 .1
test of the difference in the minor-allele frequencies was
not performed for some of the above comparisons be-
cause of small sample sizes, unless indicated otherwise.



Figure 2 P values for the intermarker LD measure, d. Each graph represents a single population: African American (A), European American
(B), Hispanic American (C), Chinese American (D), and Japanese American (E). Colors indicate the following categories: pink, significant P
value for test of LD ( ); yellow, low power to detect LD ( and qmin ! .05 or minor alleles in repulsion phase); green, high powerP � .001 P 1 .05
to detect LD but LD not detected (qmin 1 .05, , minor alleles in coupling phase); and black, no variability for at least one locus, so unableP 1 .05
to test for LD (qmin = 0). Pairwise LD shown only for markers within the same gene. The label above each group of SNPs indicates the gene.
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Table 3

Minor-Allele Frequencies Dependent on Functional Class and Location within the Gene

FUNCTIONAL MUTATION CLASS

NO.
OF

SNPS

MEAN (SD) OF THE MINOR-ALLELE FREQUENCY IN

African
Americans

European
Americans

Hispanic
Americans

Chinese
Americans

Japanese
Americans

Coding: 90 .14 (.16) .15 (.17) .15 (.16) .12 (.15) .12 (.16)
Insertion/deletion 5 .00 (.00) .01 (.01) .01 (.01) .00 (.00) .00 (.00)
Synonymous 9 .16 (.16) .18 (.18) .20 (.16) .15 (.14) .17 (.18)
Nonsynonymous: 76 .15 (.16) .16 (.17) .15 (.16) .12 (.16) .13 (.16)

Conservative 28 .14 (.18) .14 (.16) .15 (.17) .11 (.16) .12 (.18)
Nonconservative 48 .15 (.15) .17 (.18) .15 (.16) .13 (.15) .13 (.16)

Noncoding: 18 .23 (.15) .22 (.17) .25 (.17) .22 (.19) .20 (.18)
Promoter 13 .25 (.16) .26 (.16) .27 (.16) .26 (.18) .23 (.18)
Other 5 .17 (.13) .15 (.19) .19 (.22) .12 (.17) .12 (.17)

For all of the categories, the variability of the minor-
allele frequency was high, indicating the influence of
factors such as genetic drift on the allele frequencies.

Differences in the Distribution of LD, in Terms of the
SNP Location

For nonsynonymous substitutions, our results suggest
a relationship between the strength of LD and whether
the substitutions were conservative or nonconservative
(table 4). Although the sample size is small for some
cells, we find that, when both SNPs are nonconservative,
the measure of disequilibrium tends to be high, and the
test of LD is more likely to be significant ( ). ForP � .05
example, for the African American population, none of
the pairs of SNPs had a when both SNPs wereP � .05
conservative, 28% of the pairs of SNPs had a P � .05
when one SNP was conservative, and the other SNP was
nonconservative, and 48% of the pairs of SNPs had a

when both SNPs were nonconservative. ThisP � .05
pattern is consistent for all of the populations considered
here and does not appear to be caused by a difference
in the proportion of SNPs with a low minor-allele fre-
quency (qmin � .05).

The relationship between the strength of disequilib-
rium and the location of the SNPs within the coding
versus the noncoding region is less clear. The strength
of intermarker LD for SNPs in coding versus noncoding
regions is not consistent across populations. For ex-
ample, in the African American and European American
populations, the mean of the magnitude of intermarker
LD is higher when both SNPs are in noncoding regions
(.33–.51) than when both SNPs are in coding regions
(.23–.32). However, for the Chinese American and Jap-
anese Americans, the mean of the magnitude of inter-
marker LD is higher when both SNPs are in coding
regions (.40–.41) than when both SNPs are in noncoding
regions (.06–.12). Small sample sizes may contribute to
the lack of consistency among the populations. Alter-
natively, this may reflect differences in the population

histories for these markers. Additional markers should
be evaluated to determine whether any general conclu-
sions can be made about the strength of disequilibrium
for coding versus noncoding SNPs.

Discussion

To investigate the marker characteristics that may af-
fect the value of SNPs for linkage and association map-
ping, we compared the allele frequency and the LD dis-
tribution for 114 SNP markers in five populations. The
African Americans had the largest number of SNPs in
which both alleles were observed, whereas the Japanese
Americans and Chinese Americans had the smallest
number of SNPs with variability. The correlation of the
allele frequencies was high ( ) between all of ther 1 .8
populations, although the Japanese American and Chi-
nese Americans had the most similar allele frequencies.
The correlation in the LD measure was high ( )r 1 .87
among the Japanese Americans and Chinese Americans
and also among the African Americans, European Amer-
icans, and Hispanic Americans. However, the correlation
in LD across these two groupings (e.g., Japanese Amer-
ican vs. African Americans) was substantially lower
( ). LD was detected ( ) for pairs of SNPsr ! .65 P � .05
within the same gene 82% of the time when the minor-
allele frequency was high for both markers (qmin � .05).
If is used as a criterion for detection of LD,P � .001
as in the study by Clark et al. (1998), LD is detected for
pairs of SNPs within the same gene in 72% of the cases
when the minor-allele frequency is high for both markers
(qmin � .05). The deficiency in detectable LD for pairs
of SNPs where the minor-allele frequency is low for at
least one of the markers (qmin ! .05) does not necessarily
indicate a lack of LD for these markers but more likely
reflects a low power to detect LD in these situations.
The intermarker distances alone could not explain the
lack of observed LD for the remaining situations, since
LD was observed for these pairs of SNPs in other pop-
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Table 4

LD between Conservative and Nonconservative Pairs of SNPs

POPULATION

NO. OF SNP PAIRS/TOTAL SNP PAIRS (PROPORTION)
WITH P VALUE �.05 IN LD TEST

MEAN (SD)
ABSOLUTE VALUE OF d Cn/Cna Cn/NCnb NCn/NCnc

Cn/Cna Cn/NCnb NCn/NCnc qmin�.05 qmin1.05 qmin�.05 qmin1.05 qmin�.05 qmin1.05

African American .05 (.12) .18 (.22) .29 (.27) 0/11 (0) 0/1 (0) 5/41 (.12) 11/16 (.69) 3/30 (.10) 25/28 (.89)
European American .15 (.22) .37 (.32) .34 (.32) 0/2 (0) 1/1 (1) 1/15 (.07) 13/15 (.87) 1/23 (.04) 25/27 (.92)
Hispanic American .21 (.20) .30 (.27) .26 (.30) 0/2 (0) 1/1 (1) 1/16 (.06) 13/14 (.93) 11/33 (.33) 24/26 (.92)
Chinese American ) .27 (.33) .45 (.31) ) ) 2/6 (.33) 2/10 (.20) 1/4 (.25) 19/30 (.63)
Japanese American ) .33 (.31) .40 (.32) ) ) 1/5 (.20) 6/10 (.60) 2/5 (.40) 19/29 (.66)

a Both SNPs conservative.
b One SNP conservative, one SNP nonconservative.
c Both SNPs nonconservative.

ulations. These results suggest that population differ-
ences in the allele-frequency and LD distributions should
be considered when SNPs are selected for an association
or linkage mapping study.

Our comparison of allele-frequency and LD distri-
butions for different locations within the gene revealed
some interesting observations. We found significantly
lower average minor-allele frequencies for SNPs that are
located in coding versus noncoding regions. Cargill et
al. (1999) also found lower average minor-allele fre-
quencies for SNPs in coding (12%) versus noncoding
(13%) regions. In addition, we found higher average
minor-allele frequencies for synonymous versus nonsy-
nonymous mutations, which is consistent with the re-
sults of both Cargill et al. (1999) and Halushka et al.
(1999). The higher average minor-allele frequency for
synonymous mutations suggests a stronger selection
against polymorphisms that cause an amino acid change
in the protein product. Although we found higher av-
erage minor-allele frequencies for nonconservative ver-
sus conservative substitutions, Cargill et al. (1999) found
the opposite result, with slightly higher minor-allele fre-
quencies for conservative (11%) versus nonconservative
substitutions (7%). Low power to detect a statistically
significant difference in allele frequencies for conserva-
tive versus nonconservative substitutions probably con-
tributes to the inconsistent results among studies. In the
present study, LD appears to be stronger when both
SNPs are nonconservative substitutions for all of the
populations evaluated. However, the sample sizes were
particularly small when both SNPs were conservative
substitutions. The results were less clear on the strength
of LD for coding versus noncoding pairs of SNPs. Ad-
ditional data are needed for clarification of whether the
strength of LD varies depending on the location of the
SNPs within the gene.

Our observations on population genetic diversity par-
allel the results from other studies. The African Amer-

ican population had the largest number of SNPs with
variability and the largest number of markers in which
the major-allele frequency was high (1.95). The greater
genetic diversity observed among the African Americans
is consistent with the findings of other studies using SNPs
(Zietkiewicz et al. 1997; Nickerson et al. 1998) or mi-
crosatellites (Bowcock et al. 1994; Jorde et al. 1995;
Jorde et al. 1997; Pérez-Lezaun et al. 1997). Many of
these studies have also reported a greater genetic diver-
sity among European populations than among Asian
populations, although this difference was not shown to
be statistically significant. Several hypotheses have been
suggested to explain the greater genetic diversity among
African populations, including admixture, an older pop-
ulation (e.g., see Cavalli-Sforza et al. 1994), a larger
effective population size (e.g., see Relethford and Jorde
1999), and gene flow (e.g., see Zietkiewicz et al. 1997).
As noted above, the Japanese American and Chinese
American populations had very similar allele frequencies
and LD measures. Several reports have indicated that
the Japanese and Chinese populations may have a more
recent common population history than do the other
populations in this study, which would increase the sim-
ilarity of the allele frequencies and LD in these popu-
lations (Cavalli-Sforza et al. 1994; Bowcock et al. 1994;
Jorde et al. 1997; Pérez-Lezaun et al. 1997; Zietkiewicz
et al. 1997). Furthermore, the European American, Af-
rican American, and Hispanic American populations
also had similar allele frequencies and LD measures. Ad-
mixture among the European American, Hispanic Amer-
ican, and African American populations could at least
partially explain this observation. For Hispanic Ameri-
can populations, estimates of the admixture proportions
are 45%–68% for the European contribution and
3%–37% for the African contribution (Hanis et al.
1991; Long et al. 1991; Tseng et al. 1998). For the Af-
rican American population, the admixture proportion is
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∼25% for the European contribution (Chakraborty et
al. 1992; Destro-Bisol et al. 1999).

There are a few limitations to our analysis that are
worth noting. First, the SNPs evaluated here were not
randomly selected across the genome. Therefore, the dis-
tributions of allele frequencies and LD observed here
may not necessarily be representative of the correspond-
ing distributions for all sites in the genome. In particular,
these markers were primarily in genes that may have
potential pharmacological effects, and they were pref-
erentially chosen from or detected in the coding regions
of these genes. Selection and mutation may behave dif-
ferently in coding regions, compared with other sites in
the genome, which may alter the distribution of allele
frequencies or LD. In addition, in this data set there were
a large number of SNPs with a minor-allele frequency
!.05 for at least one of the populations. Markers with
equally frequent alleles are the most informative for link-
age, so the SNPs in this data set do not represent the
optimal distribution of allele frequencies. It is interesting
to note that, although this was not a random sample of
sites, the distribution of allele frequencies that we ob-
served is very similar to the distribution observed in stud-
ies that included all SNPs detected in regions with both
coding and noncoding sequences (Nickerson et al. 1998;
Cargill et al. 1999; Halushka et al. 1999). Nevertheless,
the markers in this sample may be representative of SNPs
that one might use in either linkage analysis or an as-
sociation study. Most (71%) of the polymorphic sites
that we considered cause amino acid changes in the gene
product and are good candidates to consider as disease-
causing mutations. In addition, this sample reflects the
distribution of allele frequencies and LD for a wide va-
riety of locations in the genome, compared with many
previous studies that focused on a small genomic region.

Second, ascertainment bias of the polymorphisms may
also influence the distribution of allele frequencies and
LD that we observed. One might expect that populations
used to identify the polymorphisms generally have more
SNPs with variability than do populations that were not
used to identify the polymorphisms. The 44 SNPs iden-
tified from the literature were detected in numerous dif-
ferent populations, so it is unclear how ascertainment
bias of the polymorphisms affected the distributions of
allele frequencies and LD for these markers. Of the 70
SNPs identified by resequencing, 67 were detected in a
defined sample composed of individuals from the Afri-
can American, European American, and Hispanic Amer-
ican populations. These populations had more SNPs
with variability, compared with the Chinese American
and Japanese American populations, which may reflect
an ascertainment bias. However, our results are consis-
tent with other studies using either microsatellites (Jorde
et al. 1997) or SNPs (Zietkiewicz et al. 1997; Cargill et
al. 1999) that do not have an ascertainment bias. We

did not find a difference in our results on allele fre-
quencies when we stratified on the method used to iden-
tify the SNPs.

Finally, we did not evaluate the relationship between
LD and physical distance, since the distance between the
SNPs was not known for most of the markers. Clark et
al. (1998) found that intermarker LD was not always
detectable for SNPs within a 9.7-kb region near the hu-
man lipoprotein lipase gene, which is consistent with
our results. In a review of 19 disequilibrium studies,
Jorde et al. (1994) showed that there is a low correlation
between physical distance and measures of LD, for
markers that are !75 kb apart. The physical distances
for SNPs in this study may be within this range, since
we considered intermarker LD only for SNPs within the
same gene. Furthermore, the presence or absence of LD
did not correspond to the relative order of SNPs, deter-
mined from coding sequence information, within two
genes with numerous markers (UGT1 and CYP2D6,
marker order as in fig. 2). Although, in our study, phys-
ical distance is unlikely to be a major explanation for
the situations in which LD was not observed, an eval-
uation of the relationship between LD and physical dis-
tance will provide important information for association
mapping studies. For example, Kruglyak (1999) sug-
gested that a SNP marker density of one marker per 3
kb might be necessary for LD mapping in complex dis-
eases. Empirical observations on the relationship be-
tween LD and physical distance are needed to determine
the optimal marker density for LD mapping studies.

The distribution of trait-marker LD may be substan-
tially different for complex traits than for simple traits.
There are numerous examples of the distribution of trait-
marker LD for genomic regions near loci that influence
simple traits such as diastrophic dysplasia (Hästbacka
et al. 1992), Huntington disease (Huntington’s Disease
Collaborative Group 1993), and Werners syndrome
(Goddard et al. 1996). LD mapping studies such as these
are often conducted in genetically homogeneous popu-
lations, for a rare trait with a high penetrance. Under
these circumstances, LD has been found for markers
�500 kb away from the mutation (Jorde et al. 1994).
In contrast, genetic polymorphisms that influence com-
plex traits may have major alleles with a small effect
and, potentially, multiple different mutations repre-
sented in the study population. Therefore, factors that
influence the presence and extent of LD—such as the
age of the mutation, selection, and the number of in-
dependent mutations—will differ for complex and sim-
ple traits. These factors may be more similar for SNPs
and complex-trait loci, suggesting that the intermarker
LD distribution for SNPs may be indicative of the trait-
marker LD distribution for complex traits. In particular,
the effect of selection will be small for both SNPs and
complex-trait loci, since SNPs are thought to be neutral
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mutations in most cases and since complex-trait loci may
have only a small effect on the disease phenotype. In
addition, both SNPs and complex-trait loci have major-
allele frequencies and are observed in multiple popula-
tions, indicating that both types of polymorphisms may
have a similar (old) age.

Our results have important implications for the se-
lection of SNP markers for association and linkage map-
ping studies. When possible, markers should be selected
to have high allele frequencies (e.g., minor-allele fre-
quency �.05) in all of the populations under consider-
ation for association studies. As suggested by previous
studies, the higher allele frequencies increase power to
detect LD—although, as we observed here, this does not
guarantee that LD is detectable for all sites within the
same gene. In addition, we have noted potential differ-
ences in the strength of LD in terms of the functional
class of the mutation, indicating that the location of the
SNP within the gene may be an important factor in the
selection of SNPs for association or linkage studies. For
genetic linkage mapping studies using clustered or uni-

form marker spacing, our results indicate that SNPs
should be carefully considered for inclusion in a screen-
ing set that might be used with multiple populations. In
particular, for the clustered marker spacing, the inter-
marker LD that we observed for pairs of markers within
the same gene generally reduces the information content
of the cluster (Goddard 1999). Moreover, for both uni-
form and clustered marker spacing, it may be necessary
to include multiple SNPs for each region in a genome
screen, to ensure that at least one marker is informative
for each population under consideration. These factors
may reduce the potential value of the use of SNPs, com-
pared with the current genotyping methods.
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Appendix A

Table A1

SNP Allele Frequencies and Hardy-Weinberg Equilibrium for Each Population

SNP GENE

African
Americans

European
Americans

Hispanic
Americans

Chinese
Americans

Japanese
Americans

1 ACE .30 .54 .43 .35 .38
2 .68 .60 .70 .65 .62
3 ADRB2 .48 .59 .57 .40 .54
4 1.00 .98 .99 1.00 1.00
5 AHR .86 .78 .68 .60 .69
6 .58 .89a .86a .69 .49
7 .97 .93 .97a .97 .98
8 CATS .14 .58 .30 .10 .08
9 .74 .66 .61 .57 .68
10 1.00 1.00 .98 1.00 1.00
11 .74 .66 .61 .63 .68
12 CHRM1 .97 .94 .77 .92 .95
13 .97 .93 .76 .92 .94
14 .91 .95 .97 .98 1.00
15 CHRM3 1.00 1.00 .99 1.00 1.00
16 .05 .00 .01 .00 .00
17 .93a .96 .98 1.00 .99
18 .78 .47 .55 .59 .41
19 CYP1A2 .90 .98 .97 .90 .97
20 .99 1.00 1.00 1.00 1.00
21 .91 1.00 1.00 1.00 1.00
22 .13 .63 .32 .14 .16
23 CYP2C9 .95 .87 .90 .99 .99
24 .98 .93 .96 .99 .96
25 CYP3A4 .45 .97 .91 1.00 1.00
26 .33 .90a .64 .75 .80
27 .76 1.00 .99 1.00 1.00

(continued)



Goddard et al.: SNP Allele Frequency and LD Distribution 227

Table A1 (continued)

SNP GENE

African
Americans

European
Americans

Hispanic
Americans

Chinese
Americans

Japanese
Americans

28 .94 1.00 1.00 1.00 1.00
29 DRD4 1.00 .99 1.00 1.00 1.00
30 .95 1.00 .99 1.00 1.00
31 EPHX .69 .77 .88 .85 .80
32 .79 .74 .62 .61 .56
33 HNMT .61 .63 .67 .65 .67
34 .97 .91 .90 .96a .96
35 HTR1A 1.00 .99 .99 1.00 1.00
36 1.00 .99 .99 1.00 1.00
37 KLK2 .35 .68 .69 .68 .66
38 .57 .79 .77 .79 .73
39 .97 .82 .91a 1.00 .99
40 MDR1 .98 .94 .94 1.00 1.00
41 .98 .99 .99 1.00 1.00
42 NAT2 .72 .78 .81 .72 .83
43 .92 1.00 1.00 1.00 1.00
44 .98 .97 .89 .91 .89
45 .68 .49 .69 .99 .97
46 .56 .60 .64 .96 .97
47 PPARG .94 .90 .90 .81 .81
48 .97 .88 .90 .96 .94
49 STP2 .997 1.00 1.00 1.00 1.00
50 .75 .65 .62 .93 .85
51 .95 1.00 .99 1.00 1.00
52 .93 .87 .91 1.00 1.00
53 .98 1.00 .99 1.00 1.00
54 TGFB1 .94a .92 .96 .99 .99
55 .77 .68 .53 .40 .53
56 .58 .60 .49 .40 .54
57 .99 .99 .99 1.00 1.00
58 TNFB .45 .70 .67 .54 .58a

59 .46a .69 .66 .54 .60a

60 TPS1 .56 .57 .56 .14 .10
61 .97 .94 .97 .99 .99
62 .67 .84 .70 .91 .94
63 UGT1 1.00 1.00 .97 .83 .86
64 .44 .52a .54 .70 .76
65 .35 .59 .62 .90 .88
66 1.00 1.00 .99 1.00 1.00
67 .94 .90 .89 .78 .90
68 1.00 .997 .997 1.00 1.00
69 .68 .64a .72 .79 .74
70 .61 .57a .70 .79 .75
71 .75 .67a .77 .82 .76
72 .74 .60 .75 .82 .76
73 .08 .26 .32 .55 .52
74 .997 1.00 1.00 1.00 1.00
75 .98 1.00 1.00 1.00 1.00
76 UGT2B15 .99 .98 1.00 1.00 1.00
77 .62 .44a .63 .58 .51
78 .997 1.00 1.00 1.00 1.00
79 .98 1.00 1.00 1.00 1.00
80 .997 1.00 1.00 1.00 1.00
81 .24 .64 .57 .15 .22
82 UGT2B4 .83 .79 .72 .99 .99
83 .95 1.00 1.00 1.00 1.00
84 UGT2B7 .33 .51 .31 .34 .34
85 .99 1.00 1.00 1.00 1.00

(continued)
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Table A1 (continued)

SNP GENE

African
Americans

European
Americans

Hispanic
Americans

Chinese
Americans

Japanese
Americans

86 .99 .99 1.00 1.00 1.00
87 .997 1.00 1.00 1.00 1.00
88 .97 1.00 1.00 1.00 1.00
89 uPA .94 .79 .72 .62 .78
90 .84 1.00 .99 1.00 1.00
91 APOE .90 .92 .96 .92 .9512fnaa

92 .16 .12 .09 .06 .10
93 .74 .55 .41 .28 .28
94 CETP .78 .5512fnaa .52 .63 .62
95 .47 .6812fnaa .62 .63 .47
96 CHRM4 .89 1.00 .98 1.00 1.00
97 .89 .83 .91 .95 .93
98 .9912fnaa 1.00 1.00 1.00 1.00
99 CYP1A1 .06 .31 .14 .02 .01
100 .98 .95 .6712fnaa .75 .70
101 .47 .84 .5612fnaa .5312fnaa .43
102 .98 .97 .9612fnaa 1.00 1.00
103 CYP2D6 .9012fnaa .80 .85 .47 .5612fnaa

104 .99 1.00 1.00 1.00 1.00
105 1.00 .97 .97 1.00 1.00
106 .5512fnaa .5212fnaa .40 .73 .53
107 .00 .02 .01 .00 .00
108 .99 1.00 .99 1.00 1.00
109 .6012fnaa .52 .41 .45 .5512fnaa

110 HTR1B .76 .72 .61 .49 .56
111 1.00 .98 .99 1.00 .99
112 .76 .56 .58 .85 .87
113 HTR2A .86 .92 .93 .99 .99
114 .99 .98 1.00 1.00 1.00

a Marker is not in Hardy-Weinberg equilibrium (P � .05).

Appendix B

Table B1

Measure of LD for Each Pair of SNPs within a Gene

GENE SNP PAIR

POPULATION

African
American

European
American

Hispanic
American

Chinese
American

Japanese
American

ACE 1 2 �.11† �.68** �.67** �.72** �.89**

ADRB2 3 4 ) �.42 �.43 ) )
AHR 5 6 �.24** �.24** �.37** .14† .02

5 7 �.14 �.11 �.33* �.41 .36
6 7 �.43* �.11* .00 .22 �.53*

CATS 8 9 .15* .85** .45** .18** .11**

8 10 ) ) .29 ) )
8 11 .13* .86** .46** .16** .11**

9 10 ) ) .11 ) )
9 11 .91** .92** .94** .86** .90**

10 11 ) ) .02 ) )
CHRM1 12 13 ) ) .97** ) .88**

12 14 �.03 .04† �.02 �.09 )
13 14 �.03 .02† �.03 �.08 )

(continued)
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Table B1 (continued)

GENE SNP PAIR

POPULATION

African
American

European
American

Hispanic
American

Chinese
American

Japanese
American

CHRM3 15 16 ) ) .01 ) )
15 17 ) ) .11 ) )
15 18 ) ) �.01 ) )
16 17 .00 ) .01 ) )
16 18 .10 ) .02 ) )
17 18 �.09* .05 .05* ) .02

CYP1A2 19 20 �.10 ) ) ) )
19 21 �.11* �.02** ) ) )
19 22 .11* .04** .03 .11 .04
20 21 .09** ) ) ) )
20 22 �.01 ) ) ) )
21 22 .10* .01** ) ) )

CYP2C9 23 24 �.05 �.14 �.11 �.01 �.01
CYP3A4 25 26 .52** .32** .13* ) )

25 27 .40** ) .24 ) )
25 28 .46* ) ) ) )
26 27 .44** ) .65* ) )
26 28 .05† ) ) ) )
27 28 .53* ) ) ) )

DRD4 29 30 ) ) .00* ) )
EPHX 31 32 �.14 �.13* �.12* �.03 �.17
HNMT 33 34 .25 .58** .15† .05 .44
HTR1A 35 36 ) �.01* �.01 ) )
KLK2 37 38 .32** .59** .63** .71** .79**

37 39 �.67** �.40** �.35** ) �.34
38 39 �.44* �.26** �.26** ) �.02

MDR1 40 41 �.02 .41 �.06 ) )
NAT2 42 43 �.31** ) �.19 ) )

42 44 �.27 �.23 �.22* �.31* �.06
42 45 �.42** �.46** �.27** �.30 .08
42 46 �.38** �.35** �.32** �.29 .08
43 44 �.08 ) .00 ) )
43 45 �.12* ) .00 ) )
43 46 �.08* ) .00 ) )
44 45 �.03* �.07** �.16** .36 �.01
44 46 �.02 �.06 �.13** �.03 �.01
45 46 .65** .78** .81** .19** )?

PPARG 47 48 .67** .57** .81** .49* .59**

STP2 49 50 .00 ) ) ) )
49 51 .05** ) ) ) )
49 52 .00 ) ) ) )
49 53 .00* ) ) ) )
50 51 �.27** �.36 �.23 ) )
50 52 �.07† —.40** �.41** ) )
50 53 .76** ) .62 ) )
51 52 �.04 .00 �.01 ) )
51 53 �.05 ) �.01 ) )
52 53 �.07 ) �.09 ) )

TGFB1 54 55 �.03 �.03 �.05 �.01 .00
54 56 .13** .17** .06* ) )
54 57 .24 �.07 �.03 ) )
55 56 .56** .80** .93** .99** .97**

55 57 .78** .39 .54** ) )
56 57 .59* .60* .50** ) )

TNFB 58 59 .97** .97** .99** ) .98**

TPS1 60 61 �.45 �.46** �.46* �.87 �.91

(continued)
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Table B1 (continued)

GENE SNP PAIR

POPULATION

African
American

European
American

Hispanic
American

Chinese
American

Japanese
American

(TPS1) 60 62 �.66** �.51** �.63** �.94** �.96**

61 62 .08** .35** .12** .07 .11**

UGT1 63 64 ) .01 �.05* �.25* �.17*

63 65 ) .00 �.04 �.18 �.15
63 66 ) ) �.03* ) )
63 67 ) .03** �.03 �.22* �.16
63 68 ) .00** �.03 ) )
63 69 ) .01 .09** .70** .51**

63 70 ) .01 .09** .70** .50**

63 71 ) .01 .12** .80** .54**

63 72 ) .01 .11** .80** .56**

63 73 ) �.01 .04 .31** .22*

63 74 ) ) ) ) )
63 75 ) ) ) ) )
64 65 .62** .89** .82** .76** .87**

64 66 �.56 ) .04 ) )
64 67 .12 .31* .37** .81** .76**

64 68 ) .52 .54** ) )
64 69 .52** .69** .52** �.08 .24†

64 70 .54** .79** .55** �.08 .25†

64 71 .45** .73** .46** �.13 .17†

64 72 .44** .81** .50** �.13 .15†

64 73 .55** .50** .36** .33** .43**

64 74 .44 ) ) ) )
64 75 �.35 ) ) ) )
65 66 .35 ) .12 ) )
65 67 �.56** �.38** �.43** �.12 �.14
65 68 ) .59 .62** ) )
65 69 .44** .77** .66** .13† .29**

65 70 .48** .89** .69** .13† .30**

65 71 .41** .82** .61** �.01† .21*

65 72 .42** .91** .65** �.01† .20*

65 73 .66** .54** .48** .02† .26**

65 74 .35 ) ) ) )
65 75 �.43 ) ) ) )
66 67 .00 ) �.01 ) )
66 68 ) ) 1.00** ) )
66 69 .00 ) .01 ) )
66 70 .00 ) .00 ) )
66 71 .00 ) .01 ) )
66 72 .00 ) .01 ) )
66 73 .00 ) .01 ) )
66 74 .00* ) ) ) )
66 75 .00 ) ) ) )
67 68 ) �.10 �.11 ) )
67 69 �.08** �.12* �.15** �.28 �.14
67 70 �.07* �.14** �.13** �.28 �.14
67 71 �.08** �.14* �.14** �.27 �.14
67 72 �.08** �.16** �.14** �.27 �.14
67 73 �.17* �.16** �.18** .33** .14*

67 74 �.06 ) ) ) )
67 75 .06 ) ) ) )
68 69 ) .01 .01 ) )
68 70 ) .01 .01** ) )
68 71 ) .01 .01** ) )
68 72 ) .01 .01 ) )

(continued)
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Table B1 (continued)

GENE SNP PAIR

POPULATION

African
American

European
American

Hispanic
American

Chinese
American

Japanese
American

(UGT1) 68 73 ) �.01 .00 ) )
68 74 ) ) ) ) )
68 75 ) ) ) ) )
69 70 .84** .85** .92** ) )
69 71 .91** .96** .93** .97** .98**

69 72 .84** .78** .84** .97** .98**

69 73 .35** .44** .41** .43** .50**

69 74 �.33 ) ) ) )
69 75 �.06 ) ) ) )
70 71 .82** .86** .90** .97** .98**

70 72 .83** .94** .93** .97** .98**

70 73 .42** .53** .45** .43** .49**

70 74 �.39 ) ) ) )
70 75 �.07 ) ) ) )
71 72 .94** .83** .90** ) )
71 73 .27** .42** .33** .38** .47**

71 74 �.25 ) ) ) )
71 75 �.12 ) ) ) )
72 73 .29** .52** .37** .38** .47**

72 74 �.27 ) ) ) )
72 75 �.17 ) ) ) )
73 74 .08 ) ) ) )
73 75 .01 ) ) ) )
74 75 .00 ) ) ) )

UGT2B15 76 77 .00 �.01 ) ) )
76 78 �.01 ) ) ) )
76 79 �.01 ) ) ) )
76 80 �.01 ) ) ) )
76 81 .01 .04** ) ) )
77 78 .62 ) ) ) )
77 79 �.39 ) �.38 ) )
77 80 .62 ) ) ) )
77 81 .02 .03 .11† �.26 �.11†

78 79 .00 ) ) ) )
78 80 .00** ) ) ) )
78 81 .00 ) ) ) )
79 80 �.02** ) ) ) )
79 81 �.01 ) .01 ) )
80 81 �.01 ) ) ) )

UGT2B4 82 83 .81** .79 ) ) )
UGT2B7 84 85 �.02 ) ) ) )

84 86 .33 .52 ) ) )
84 87 �.67 ) ) ) )
84 88 .34** .51** ) ) )
85 86 �.01* ) ) ) )
85 87 �.01* ) ) ) )
85 88 �.01 ) ) ) )
86 87 �.01* ) ) ) )
86 88 �.01 ) ) ) )
87 88 .00* ) ) ) )

uPA 89 90 �.05 �.21 .31 ) )
APOE 91 92 .11 .09 �.01 .09 .05

91 93 �.13** �.14** �.10** �.30** �.14**

92 93 �.24** �.20** �.09* �.09† �.15*

CETP 94 95 .11* .36** .38** .43** .52**

CHRM4 96 97 �.12 .02* �.02 ) )

(continued)
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Table B1 (continued)

GENE SNP PAIR

POPULATION

African
American

European
American

Hispanic
American

Chinese
American

Japanese
American

(CHRM4) 96 98 �.11 ) ) ) )
97 98 �.11 ) ) ) )

CYP1A1 99 100 .06 .32 .2124fnb** .03 .01
99 101 .1224fnb** .3724fnb** .2524fnb** .04 .01
99 102 .06 .3224fnb** .15 ) )

100 101 .04 .2724fnb** .7724fnb** .5024fnb** .5324fnb**

100 102 �.02 �.05 �.23 ) )
101 102 .47 .8724fnb** .4624fna* ) )

CYP2D6 103 104 �.10 ) ) ) )
103 105 �.11 �.2 �.01 ) )
103 106 �.1924fnb** �.3824fnb** �.3824fnb** �.7524fnb** �.8524fnb**

103 107 ) .09 �.04 ) )
103 108 �.11 �.20 �.16 ) )
103 109 �.1624fnb** �.3824fnb** �.3824fnb** .9824fnb** .9724fnb**

104 105 �.01 ) ) ) )
104 106 .5524fnb** ) ) ) )
104 107 ) ) ) ) )
104 108 �.0124fna* ) ) ) )
104 109 .6124fna* ) ) ) )
105 106 .5524fna* .5324fnb** .41 ) )
105 107 ) .02 .01 ) )
105 108 �.01 .00 �.01 ) )
105 109 .6024fnb** .5424fnb** .4124fna* ) )
106 107 ) �.0324fna* �.01 ) )
106 108 .01 .01 .01 ) )
106 109 .9224fnb** .9824fnb** .9924fnb** �.5724fnb** �.8224fnb**

107 108 ) .00 .01 ) )
107 109 ) �.0324fna* �.01 ) )
108 109 .01 .01 .01 ) )

HTR1B 110 111 ) .7324fna* .62 ) -.44
110 112 �.3124fnb** �.5024fnb** �.6624fnb** �.6024fnb** �.5124fnb**

111 112 ) �.03 �.02 ) �.01
HTR2A 113 114 .26 �.02 �.07 ) )

NOTE.—The measure of LD was not calculated ()) when only one allele was observed
for at least one SNP in the pair. Apparent discrepancies between the measure of LD and
the P value for the test of LD (e.g., the measure of LD is �.02 and the P value for the test
of LD is �.001) generally occur when the minor-allele frequency is very low for at least
one of the markers.

* P � .05 for test of LD.
** P � .001 for test of LD.
† P 1 .05 for test of LD but high power to detect LD.

References

Bowcock AM, Hebert JM, Mountain JL, Kidd JR, Kidd KK,
Cavalli-Sforza LL (1991) Study of an additional 58 DNA
markers in 5 populations. Gene Geogr 5:151–173

Bowcock AM, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd
JR, Cavalli-Sforza LL (1994) High resolution of human ev-
olutionary trees with polymorphic microsatellites. Nature
368:455–457

Cambien F, Poirier O, Nicaud V, Hermann S, Mallet C, Ricard
S, Behague I, et al (1999) Sequence diversity in 36 candidate

genes for cardiovascular disorders. Am J Hum Genet 65:
183–191

Cargill M, Altshuler D, Ireland J, Sklar P, Ardlie K, Patil N,
Lane CR, et al (1999) Characterization of single-nucleotide
polymorphisms in coding regions of human genes. Nat Ge-
net 22:231–238

Carlson CS, Cox DR (1998) Linkage disequilibrium of SNPs
on human chromosome 21. Am J Hum Genet 63:A284

Cavalli-Sforza LL, Menozzi P, Piazza A (1994) The history and
geography of human genes. Princeton University Press,
Princeton, NJ



Goddard et al.: SNP Allele Frequency and LD Distribution 233

Chakraborty R, Mohammad KI, Nwankwo M, Ferrell RE
(1992) Caucasian genes in American blacks: new data. Am
J Hum Genet 50:145–155

Chapman NH, Wijsman EM (1998) Genome screens using
linkage disequilibrium tests: optimal marker characteristics.
Am J Hum Genet 63:1872–1885

Clark AG, Weiss KM, Nickerson DA, Taylor SL, Buchanan
A, Stengard J, Salomaa V, et al (1998) Haplotype structure
and population genetic inferences from nucleotide-sequence
variation in human lipoprotein lipase. Am J Hum Genet 63:
595–612

Dean M, Stephens JC, Winkler C, Lomb DA, Ramsburg M,
Boaze R, Stewart C, et al (1994) Polymorphic admixture
typing in human ethnic populations. Am J Hum Genet 55:
788–808

Destro-Bisol G, Maviglia R, Caglia A, Boschi I, Spedini G,
Pascali V, Clark A, et al (1999) Estimating European
admixture in African Americans by using microsatellites and
a microsatellite haplotype (CD4/Alu). Hum Genet 104:
149–157

Devlin B, Risch N (1995) A comparison of linkage disequi-
librium measures for fine-scale mapping. Genomics 29:
311–322

Elston RC, Buxbaum S, Jacobs KB, Olson JM. Haseman and
Elston revisited. Genet Epidemiol (in press)

Excoffier L, Slatkin M (1995) Maximum-likelihood estimation
of molecular haplotype frequencies in a diploid population.
Mol Biol Evol 12:921–927

Goddard KAB (1999) Design issues in the analysis of complex
genetic traits. PhD diss, University of Washington, Seattle

Goddard KAB, Yu C-E, Oshima J, Miki T, Nakura J, Piussan
C, Martin GM, et al (1996) Toward localization of the Wer-
ner syndrome gene by linkage disequilibrium and ancestral
haplotyping: lessons learned from analysis of 35 chromo-
some 8p11.1-21.1 markers. Am J Hum Genet 58:1286–
1302

Goldin LR, Gershon ES (1988) Power of the affected sib-pair
method for heterogeneous disorders. Genet Epidemiol 5:
35–42

Goldin LR, Weeks DE (1993) Two-locus models of disease:
comparison of likelihood and nonparametric methods. Am
J Hum Genet 53:908–915

Halushka MK, Fan JB, Bentley K, Hsie L, Shen N, Weder A,
Cooper R, et al (1999) Patterns of single-nucleotide poly-
morphisms in candidate genes for blood-pressure homeo-
stasis. Nat Genet 22:239–247

Hanis CL, Hewett-Emmett D, Bertin TK, Schull WJ (1991)
Origins of U.S. Hispanics: implications for diabetes. Dia-
betes Care 14:618–627
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