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Summary

Population-based association studies are powerful tools for the genetic mapping of complex diseases. However, this

method is sensitive to potential confounding by population structure. While statistical methods that use genetic

markers to detect and control for population structure have been the focus of current literature, the utility of

self-defined race/ethnicity in controlling for population structure has been controversial. In this study of 1334

individuals, who self-identified as either African American, European American or Hispanic, we demonstrated that

when the true underlying genetic structure and the self-defined racial/ethnic groups were roughly in agreement

with each other, the self-defined race/ethnicity information was useful in the control of population structure.
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Introduction

Population-based association studies are powerful tools

for the genetic mapping of complex disease loci (Risch,

2000). However, this method is sensitive to potential

confounding by population structure (or population

stratification). It can cause false results if cases and con-

trols are not well matched for their population origins,

or in the case of recent admixed populations if they are

not well matched for their proportions of ancestry, and

different frequencies of both marker alleles and disease

are present in different population groups (Lander &

Schork, 1994). The effects of population structure are

more serious when the sample size increases (Pritchard

& Rosenberg, 2001).

Two approaches have been developed to detect and

control population structure in association studies. The
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Genomic Control approach uses a group of markers

that are unlinked to the candidate locus to obtain a

correct null distribution on which the observed test

statistic is based (Pritchard & Rosenberg, 1999; Devlin

& Roeder, 1999; Reich & Goldstein, 2001). In con-

trast, the Structured Association approach uses unlinked

markers to estimate the number of subpopulations and

individuals’ ancestral proportions, and then performs

the association test conditioning on the inferred pop-

ulation structure (Pritchard et al. 2000a; Satten et al.

2001).

While the detection of and control for population

structure have focused on genetic markers, the utility

of self-defined race/ethnicity in controlling for popu-

lation structure has been controversial. In some stud-

ies, it was observed that genetically inferred clusters

correspond poorly to self-defined race/ethnicity (Wil-

son et al. 2001); in other studies, the authors con-

cluded that given sufficient numbers of markers and

sample sizes, self-defined race/ethnicity could ade-

quately represent the inferred genetic clusters (Risch

et al. 2002; Bamshad et al. 2003). Furthermore, stud-

ies have shown that by matching cases and controls on
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self-defined race/ethnicity, it may be possible to con-

trol for large-scale population structure (Ardlie et al.

2002). For certain phenotypes, however, mild popu-

lation structure is very difficult to control for using self-

defined race/ethnicity alone (Freedman et al. 2004).

In this study, we evaluated the utility of self-defined

race/ethnicity versus the individual ancestry estimated

by Structure using 15 microsatellite markers in control-

ling for population structure. We demonstrated this by

examining the association between the markers and

constitutive skin pigmentation, a phenotype that dif-

fers between some racial/ethnic groups (Parra et al.

2004).

Materials and Methods

Markers and Genotyping

The DNA samples were from female breast cancer cases

and controls who participated in a population-based

case-control study of breast cancer carried out in the San

Francisco Bay Area (John et al. 2003). A total of 1,500

subjects were genotyped with a multiplex short tandem

repeat (STR) system of 15 autosomal markers and one

sex chromosome marker, amelogenin (AMEL), from the

AmpFLSTR Identifiler kit (PE Applied Biosystems).

The DNA amplifications were undertaken according

to the manufacturer’s protocol and separated using an

ABI-3700 automated sequencer. The allele calls were

made using the Genotyper software. Samples contain-

ing allelic ladders allowed consistent allele scoring be-

tween plates. In addition to the positive and negative

controls, 79 blinded duplicates were included among

the samples. Genotyping was repeated for 187 samples

with poor quality genotypes. Samples were excluded for

the following reasons: more than one genotype discrep-

ancy for the blinded duplicates or repeats (n = 51);

discrepancies between the genetic sex-type from the

AMEL marker and the self-defined gender (n = 2);

or missing genotypes due to PCR failures (n = 113).

Among the blinded duplicates, the average error rate was

2%. Genotyping was performed blind to self-defined

race/ethnicity and case-control status. This study was

approved by the Mount Sinai Hospital Research Ethics

Board and the Northern California Cancer Center In-

stitutional Review Board.

Populations and Phenotypes

After the exclusions described above, there were 1,334

individuals (615 cases, 719 controls), including 392

African Americans, 439 European Americans and 503

Hispanics, in the analysis. Race/ethnicity was based on

self-report from a categorical list obtained in an ini-

tial telephone screening interview and a subsequent in-

person interview that included questions on the country

of birth of parents and grandparents.

Constitutive skin pigmentation was measured at the

middle of the upper inner arm (a site that is gener-

ally not exposed to sunlight) using a skin reflectometer

(Minolta chromameter CR300). Two measurements at

adjacent sites were taken for each individual, and the

mean was used in the analysis. Higher values indicate

lighter skin. The subjects’ height (in metres) and weight

(in kilograms) were also measured, and body mass index

(BMI) was calculated as weight/(height)2. For individu-

als who declined the measurements, self-reported height

and weight were used to calculate BMI.

Statistical Methods

Three measures of marker information content of an-

cestry were calculated: 1) Fst, which is the proportion of

the total variance that is due to between-subpopulation

variance (Wright, 1965); 2) the allele frequency differ-

ential (δ), which is the absolute value of the difference

of allele frequencies between populations (Chakraborty

& Weiss, 1988); and 3) informativeness for assignment

(In), which is the difference between the log-likelihood

of drawing an allele randomly from a set of populations

and the log-likelihood of drawing an allele from an ‘av-

erage’ population whose allele frequencies are equal to

the mean across the populations (Rosenberg et al. 2003).

Fst, expected heterozygosity, and departure from Hardy-

Weinberg equilibrium (HWE) were calculated using the

computer program Arlequin Version 2 (Schneider et al.

2000). Chi-square (χ 2) tests were applied to test for

differences in allele frequencies between racial/ethnic

groups, and for the association between the marker al-

leles and breast cancer. Alleles were removed from these

tests if they had a frequency of less than 1%. Other de-

scriptive values, δ, and In were calculated using SAS

(Version 8.2, Cary, NC).

C© 2006 The Authors Annals of Human Genetics (2006) 70,496–505 497
Journal compilation C© 2006 University College London



X-Q. Liu et al.

Table 1 Locations, number of alleles, and heterozygosities for the 15 markers

Number of alleles Heterozygosity

Chromosomal African European African European

Marker location Americans Americans Hispanics All Americans Americans Hispanics All

CSF1PO 5q33.1 10 8 8 10 0.79 0.72 0.73 0.75

D2S1338 2q35 14 11 11 14 0.90 0.87 0.86 0.88

D3S1358 3p21.31 8 9 8 9 0.75 0.79 0.74 0.77

D5S818 5q23.2 11 9 9 11 0.75 0.71 0.69 0.73

D7S820 7q21.11 7 8 9 9 0.78 0.82 0.79 0.80

D8S1179 8q24.13 11 11 10 11 0.79 0.81 0.80 0.81

D13S317 13q31.1 7 8 8 8 0.72 0.79 0.82 0.79

D16S539 16q24.1 8 8 7 8 0.80 0.78 0.79 0.79

D18S51 18q21.33 18 14 16 20 0.88 0.88 0.88 0.88

D19S433 19q12 16 15 13 18 0.84 0.79 0.83 0.83

D21S11 21q21.1 17 16 15 22 0.84 0.84 0.83 0.84

FGA 4q31.3 21 18 14 26 0.88 0.87 0.87 0.87

TH01 11p15.5 8 7 6 8 0.75 0.78 0.77 0.79

TPOX 2p25.3 8 6 9 9 0.76 0.63 0.65 0.68

vWA 12p12 10 8 10 10 0.82 0.80 0.78 0.81

Mean ± SD∗ 12 ± 5 10 ± 4 10 ± 3 13 ± 6 0.80 ± 0.05 0.79 ± 0.07 0.79 ± 0.07 0.80 ± 0.06

∗SD, standard deviation.

Of the 15 markers, two marker pairs (CSF1PO and

D5S818, D2S1338 and TPOX) are on the same chro-

mosome (Table 1). The genetic distances between the

markers are approximately 26 cM and 218 cM, respec-

tively, which are too large to expect any linkage dise-

quilibrium (LD) under normal circumstances. The LD

tests were performed using Mendel Version 5.0 (Lange

et al. 2001) to assess if there was any association between

markers.

Structure (Version 2.0) was applied to determine pop-

ulation clustering (Pritchard et al. 2000b). This program

uses multilocus genotype data to infer population struc-

ture and assign individuals to ancestral populations with

a model-based Bayesian approach. It assumes HWE and

no LD between all markers within each cluster. Be-

cause most African Americans and Hispanics are from

admixed populations with ancestors of African, Euro-

pean and Native American origins (Tseng et al. 1998;

Shriver et al. 2003), we performed the analysis assum-

ing that the individuals originated from more than one

ancestral population and that the allele frequencies were

correlated between populations. Depending on the de-

gree of admixture, there may be detectable substructures

within each of these two populations. For this reason,

we chose K, the number of populations, to be from 1 to

6 so it could cover a reasonable number of populations

(or subpopulations).

To estimate K present in our sample, each estimation

was repeated 10 times for K from 1 to 6. The posterior

probabilities of K, Pr(X|K), where X was the observed

genotypes, were compared to choose the best K. Then,

each individual was assigned an estimated admixture

proportion (Q) for each of the K clusters. We ran Struc-

ture with 100,000 burn-in length and 100,000 Monte

Carlo Markov Chain (MCMC) repeats. The agreement

between the Structure assignments based on the Q values

and self-defined race/ethnicity was measured by kappa

for each racial/ethnic group (Cohen 1960) using SAS

PROC FREQ (Version 8.2, Cary, NC).

When Structure assignments correspond to already

known population or geographic information, Structure

can incorporate this information in its analysis in addi-

tion to the information derived from genetic markers,

and identify individuals who are misclassified (Pritchard

et al. 2000b). After the estimation of K and Q values in

our sample, we applied this method to identify individ-

uals whose genetic constitution was not consistent with

their self-defined race/ethnicity (population outliers) by

incorporating self-defined race/ethnicity information in

the analysis, in addition to the 15 genetic markers.

An evaluation of population structure control was car-

ried out by testing the association between each of the

15 markers and constitutive skin pigmentation. The tests

were performed for each racial/ethnic group separately
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and for the three racial/ethnic groups combined. Asso-

ciations were tested with and without adjustment for

the Q values estimated by Structure based on the 15

microsatellite markers. In addition, adjustment for self-

defined race/ethnicity was carried out in the combined

data. ANOVA was used to test for association between

markers and skin pigmentation when no adjustment was

applied. When adjusting for Q values and self-defined

race/ethnicity, linear regression was first applied to gen-

erate residuals that were then used to test for associations

between individual markers and skin colour using non-

parametric Kruskal-Wallis tests. Since none of the 15

markers is known to be associated with skin colour, we

assumed that any associations would be due to popula-

tion structure. The statistical analyses were performed

using SAS (Version 8.2, Cary, NC).

Results

Description of the Markers

Table 1 lists the locations, number of alleles, and het-

erozygosities for the 15 highly polymorphic markers.

For the three racial/ethnic groups combined there were

on average 13 alleles per marker, and the heterozygosi-

ties ranged from 0.68 to 0.88 (mean 0.80). When the

markers were analyzed separately by race/ethnicity, the

number of alleles and heterozygosity measures were not

significantly different between groups, though African

Americans had the largest total number of alleles (n =
174 vs. n = 156 in European Americans, and n = 153

in Hispanics), as well as the largest number of unique

alleles (n = 24 vs. n = 9 in European Americans,

and n = 5 in Hispanics). The unique alleles were rare,

with mean combined frequencies of 0.33%, 0.27%, and

0.20% for African Americans, European Americans, and

Hispanics, respectively. The allele frequencies were sig-

nificantly different between African Americans and Eu-

ropean Americans, and between African Americans and

Hispanics, with p-values less than 0.0001 for all the

markers. For European Americans and Hispanics the

allele frequencies for D18S51 were not significantly dif-

ferent (p = 0.56), while the allele frequencies for the

other markers were significantly different with p-values

less than 0.01.

We tested whether any of these markers were as-

sociated with breast cancer risk. For the tests in each

racial/ethnic group (45 independent tests with 15 tests

for each group), three markers (D13S317, D19S433,

and D7S820) in the African American group had p-

values less than 0.05, a lowest p-value of 0.006. In the

combined data, marker D19S433 had a p-value of 0.03.

Given the number of independent tests this number of

low p-values would be expected by chance alone. These

findings indicate that these 15 markers were not likely

to be associated with disease status, and therefore cases

and controls were pooled in the subsequent analyses.

We also tested for departure from HWE and the pres-

ence of LD in each of the racial/ethnic groups. Mark-

ers D8S1179 (p = 0.03) in African Americans, D21S11

(p = 0.03) and FGA (p = 0.02) in European Americans,

and D21S11 (p = 0.01) in Hispanics showed marginal

departure from HWE. For the LD tests there were 9

marker pairs in African Americans, 3 pairs in European

Americans, and 5 pairs in Hispanics that had p-values

less than 0.05, with the lowest p-value being 0.002 (for

the marker pair D13S317 and FGA in African Amer-

icans). Given the large number of tests performed (45

tests for HWE and 315 tests for LD), the number of

p-values less than 0.05 would be expected by chance or

might indicate moderate population substructure within

some of the racial/ethnic groups.

Table 2 lists the In, Fst, and δ values for the 15 markers.

For the three racial/ethnic groups combined In ranged

from 0.022 to 0.061 with a mean of 0.042; Fst ranged

from 0.005 to 0.034 with a mean of 0.015. When com-

bining two racial/ethnic groups the In, Fst, and δ val-

ues for African Americans and European Americans,

and for African Americans and Hispanics, were always

more significantly larger than the corresponding val-

ues for European Americans and Hispanics (with all

p < 0.05). These results indicate that the genetic dis-

tance between European Americans and Hispanics was

smaller than the distances between African Americans

and European Americans, and between African Amer-

icans and Hispanics.

Population Structure

For the three racial/ethnic groups combined, the poste-

rior probabilities of K obtained from Structure, Pr(X | K),
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were close to 1 when K = 3 and close to 0 for all other

tested K values. This means that the optimal number

of clusters was three. Each individual was assigned three

Q values corresponding to the ancestry proportion es-

timates of the three clusters which corresponded to the

three racial/ethnic groups. No subpopulation was de-

tected within any of the racial/ethnic groups. For all

the subsequent analyses using the combined data, K =
3 was used.

When comparing the Structure assignment with self-

defined race/ethnicity, the agreement measures (kappa

values) were 0.72 with a 95% confidence interval (0.68-

0.76), 0.52 (0.47-0.57), and 0.53 (0.48-0.58) for African

Americans, European Americans, and Hispanics, re-

spectively (Figure 1A). According to the kappa guide-

lines from Altman (1991), the agreements for European

Americans and Hispanics were moderate (kappa be-

tween 0.41 and 0.60), while the agreement for African

Americans was good (kappa between 0.61 and 0.80).

We then performed the analysis incorporating the self-

defined race/ethnicity information in addition to the

genetic data to identify population outliers. Out of 1,334

individuals Structure identified 10 individuals whose

highest Q value (ancestry proportion), based on both the

marker information and self-defined race/ethnicity, did

not correspond with their self-defined race/ethnicity

Figure 1 Triangle plots of the clustering results from Structure. The ancestry of individuals was estimated under a

model of three subpopulations (K = 3). The locations of the points were decided by the distance (estimated admixture

proportion) to one side of the triangle. An individual’s self-defined race/ethnicity was represented by colors: blue

(African American), red (European American) and green (Hispanic). A. without self-defined race/ethnicity

information; B. with self-defined race/ethnicity information.

(Figure 1B). We checked the parental and grandparental

birthplaces of the 10 outliers, and found that four of

them probably had mixed ethnicities. For the other six

individuals no additional information could be derived

from the birthplace information.

Association of Markers with Skin

Pigmentation

Table 3 lists the traits (age, skin pigmentation, weight,

height and BMI) for the 1,293 individuals with con-

stitutive skin pigmentation measurements. There was

no significant difference in skin pigmentation between

the breast cancer cases and controls, whereas the differ-

ences were statistically significant between all pairs of

racial/ethnic groups, as expected. Overall about 69% of

the variability in skin pigmentation could be explained

by self-defined race/ethnicity (p < 0.0001).

The variances of skin pigmentation for these three

racial/ethnic groups were also significantly different

from each other, with African Americans having the

largest variance (p < 0.0001 when compared to the vari-

ances of European Americans and Hispanics), European

Americans having the smallest, and Hispanics having the

intermediate variance (Table 3). We also found linear as-

sociations between ln(age) and ln(skin pigmentation) for
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Table 3 Phenotypes in the three racial/ethnic groups (Mean ± SD)a

Race/ethnicity Sample size Age (years) Skin pigmentation Weight (kg) Height (m) BMI (kg/m2)b

African Americans 370 55 ± 12 21.09 ± 6.58 85 ± 20 1.64 ± 0.07 32 ± 7.2

European Americans 426 59 ± 12 38.93 ± 3.62 73 ± 16 1.63 ± 0.07 28 ± 5.9

Hispanics 497 54 ± 11 34.46 ± 4.22 75 ± 18 1.57 ± 0.07 30 ± 6.8

All 1293 56 ± 12 32.11 ± 8.70 78 ± 19 1.61 ± 0.07 30 ± 6.8

aSD, standard deviation. b BMI: body mass index was calculated by BMI = weight/(height)2.

African Americans (p = 0.0005, R2 = 0.03, β = 0.27),

and between BMI and skin pigmentation for European

Americans (p = 0.009, R2 = 0.02, β = 0.08). In sub-

sequent analyses, skin pigmentation adjusted for age and

BMI was used.

For the association tests between genetic markers and

skin pigmentation in individual racial/ethnic groups,

two markers in African Americans and two markers in

Hispanics had p-values less than 0.05 (Table 4). The

lowest p-value was 0.01. For 45 independent tests this

could happen by chance, or be caused by mild pop-

ulation structure in African Americans and Hispanics.

Adjustment for the Q values (ancestry proportions) es-

timated by Structure did not change the results.

For the association tests between the markers and

skin pigmentation in the combined data, before the ad-

justment for individual ancestry, 14 of the 15 markers

showed highly significant associations with skin pigmen-

tation (Table 4). After the adjustment for the Q values

Table 4 Association between individual markers and skin pigmentationa (p-values) in each racial/ethnic group and combined data

Individual racial/ethnic group All racial/ethnic groups combined

European African Before After adjustment for After adjustment for

Marker Americans Americans Hispanics adjustment Q based on genetic markers self-defined race/ethnicity

CSF1PO 0.36 0.24 0.27 0.08 0.46 0.84

D13S317 0.63 0.01∗ 0.15 <0.0001∗ 0.02∗ 0.14

D16S539 0.30 0.14 0.64 <0.0001∗ 0.60 0.07

D18S51 0.41 0.96 0.98 <0.0001∗ 0.57 0.84

D19S433 0.82 0.76 0.91 <0.0001∗ 0.87 0.82

D21S11 0.91 0.17 0.53 0.03∗ 0.17 0.55

D2S1338 0.36 0.22 0.07 <0.0001∗ 0.04∗ 0.18

D3S1358 0.93 0.09 0.04∗ <0.0001∗ 0.32 0.16

D5S818 0.08 0.17 0.02∗ 0.009∗ 0.81 0.97

D7S820 0.53 0.18 0.85 0.009∗ 0.54 0.56

D8S1179 0.61 0.98 0.53 <0.0001∗ 0.63 0.63

FGA 0.35 0.07 0.92 0.007∗ 0.21 0.52

TH01 0.68 0.02∗ 0.16 <0.0001∗ 0.002∗ 0.13

TPOX 0.48 0.80 0.91 <0.0001∗ 0.28 0.92

vWA 0.35 0.22 0.77 <0.0001∗ 0.15 0.38

aSkin pigmentation was adjusted for age and BMI. ∗p-values < 0.05/

(only the African and Hispanic ancestry estimates were

used in the adjustment, since the European ancestry esti-

mates were equal to one minus the other two estimates,

given that the estimates are proportions) based on the

marker information, the number of markers with p-

values less than 0.05 was reduced to 3. No marker was

significantly associated with skin pigmentation after the

adjustment for self-defined race/ethnicity.

Discussion

In this study we found that the major population struc-

ture (African American, European American, and His-

panic) could be detected, and partially controlled, with

15 microsatellite markers whose genotypes could be ob-

tained from a single PCR reaction from a small amount

of DNA. However, self-defined race/ethnicity was suf-

ficient in controlling the population structure in our

sample from California, as adjustment for self-defined
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race/ethnicity alone eliminated all associations between

each of the markers and skin pigmentation. In addition,

using both self-defined race/ethnicity and genetic infor-

mation can help detect the population outliers whose

genetic constitution was not consistent with their self-

defined race/ethnicity.

We did not detect any population substructure within

any of the three racial/ethnic groups using the 15 mark-

ers. One reason may be that the 15 markers are not

sufficient to detect the substructure within each of the

racial/ethnic groups. The power to detect population

structure mainly depends on markers’ information con-

tent of ancestry, number of markers, and sample size

(Pritchard et al. 2000a; Bamshad et al. 2003; Rosenberg

et al. 2003; Rosenberg et al. 2001). Our 15 markers (total

193 alleles) were not specifically selected based on their

different allele frequencies in the three racial/ethnic

groups. Compared to other microsatellite markers, the

informativeness of these markers was in the top 20 to 50

percent according to their average δ values (Risch et al.

2002). The number of markers genotyped in this study

was relatively small, but the sample size was reasonably

large.

Another reason that we did not detect any substruc-

ture within any of the racial/ethnic groups may be that

there is a low degree of population substructure within

the individual racial/ethnic groups in our sample. The

association with skin pigmentation was significant for 4

markers (two in African Americans, two in Hispanics,

and none in European Americans) out of 45 indepen-

dent tests (Table 4). This may be a chance finding or

due to mild population structure in African Americans

and Hispanics. For admixed populations such as African

Americans and Hispanics, the admixture process usually

results in a population that has various individual ad-

mixture levels. However, as pointed out by Ardlie et al.

(2002), subtle admixture needs to be distinguished from

population structure. In association studies the results

will be valid, and not be affected by stratification bias,

as long as the admixture is distributed equally in both

cases and controls.

The role of self-defined race/ethnicity in controlling

for population structure has been controversial (Ardlie

et al. 2002; Barnholtz-Sloan et al. 2005; Wacholder

et al. 2000; Wilson et al. 2001). A recent study by

Barnholtz-Sloan et al. (2005) investigated population

structure via individual ancestry estimates versus self-

defined race/ethnicity, using lung cancer as a phenotype.

They concluded that ‘significant population substruc-

ture differences exist that self-reported race alone does

not capture.’ Comparing our study with the study by

Barnholtz-Sloan et al. (2005), both used forensic STR

markers (15 marker panel vs. 13 marker panel) and both

included European Americans (426 individuals vs. 555

individuals) and African Americans (370 individuals vs.

191 individuals). However, the population samples were

from different geographic locations in the United States

(San Francisco vs. Detroit), and the study by Barnholtz-

Sloan et al. (2005) did not include any Hispanics. In the

United States studies have shown that African Amer-

icans or Hispanics from different geographic locations

have different degrees of admixture (Hanis et al. 1991;

Parra et al. 1998). For the 13 markers that were com-

mon between these studies, we compared the δ values of

African American versus European American with our

δ values and found the correlation was not statistically

significant (p = 0.25). Based on this finding, differences

in population samples may contribute to the different

results in the two studies.

Overall, we demonstrated in this population sample

from California that self-defined race/ethnicity could

play an important role in the control for population

structure. Our conclusion was based on adjustment for

the three major self-defined racial/ethnic groups. How-

ever, it may be extended to individual racial/ethnic

groups when more detailed racial/ethnic information

is available for each group, and when more markers are

unable or unavailable to control for the subtle popu-

lation structure. In the study by Ardlie et al. (2002) it

was shown that the effect of population structure could

be reduced by removing recent immigrants (non-U.S.

born). We observed similar results in our data: when in-

dividuals who were not born in the U.S. were excluded

from the analysis, none of the markers was significantly

associated with skin pigmentation in each racial/ethnic

group. Traditional epidemiological information, such

as self-defined race/ethnicity, geographic location and

birthplace, may be important in population structure

control because they represent common cultural and en-

vironmental exposures. An analysis that adjusts for self-

defined race/ethnicity may eliminate some of the con-

founding effects caused by these factors (Wacholder et al.
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2002). Therefore, in addition to our growing knowledge

of the role of genetic data in detection and control for

population structure, the importance of this epidemio-

logical information should not be ignored.
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