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Abstract We and others have identified several hundred
ancestry informative markers (AIMs) with large allele
frequency differences between different major ancestral
groups. For this study, a panel of 199 widely distributed
AIMs was used to examine a diverse set of 796 DNA
samples including self-identified European Americans,
West Africans, East Asians, Amerindians, African
Americans, Mexicans, Mexican Americans, Puerto Ri-
cans and South Asians. Analysis using a Bayesian clus-

tering algorithm (STRUCTURE) showed grouping of
individuals with similar ethnic identity without any
identifier other than the AIMs genotyping and showed
admixture proportions that clearly distinguished differ-
ent individuals of mixed ancestry. Additional analyses
showed that, for the majority of samples, the predicted
ethnic identity corresponded with the self-identified
ethnicity at high probability (P > 0.99). Overall, the
study demonstrates that AIMs can provide a useful
adjunct to forensic medicine, pharmacogenomics and
disease studies in which major ancestry or ethnic affili-
ation might be linked to specific outcomes.

Introduction

The potential relationship of ancestry with biologic
differences has engendered considerable controversy
(Foster and Sharp 2002; Kaufman and Cooper 2001;
Jones 2001; Cooper et al. 2003; Burchard et al. 2003;
Royal and Dunston, 2004). On the other hand, there is
little controversy regarding the observation that disease
outcomes and even prevalence of disease may differ
among various ethnic groups. Although the role of
socioeconomic status and environmental factors must
also be considered when disparate outcomes are
observed in different ethnic groups (Stewart et al. 1999;
Cooper et al. 2003), the linkage of ancestry to specific
Mendelian disorders, e.g. sickle cell anemia, cystic
fibrosis, and familial Mediterranean fever, or to specific
drug toxicity, e.g. G6PD deficiency, or even to the
pathogenesis of acquired immunodeficiency syndrome
(AIDS) is well known (Su et al. 2000). The objective of
the current study is to examine the potential practical
utility of using DNA markers to determine ancestry and
ethnic affiliation.

Genetic differences between major ancestral groups
have been recognized for many years (reviewed in
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Cavalli-Sforza et al. 2004). More recently, markers dis-
persed throughout the genome have been identified that
can distinguish between the ancestral founders of Afri-
can-Americans and Hispanic populations (Shriver et al.
1997; Smith et al. 2001; Collins-Schramm et al. 2002a;
Weber et al. 2002; Rosenberg et al. 2002; Smith et al.
2004). These markers that have been termed Ancestry
Informative Markers (AIMs) or Ethnic Difference
Markers, includes microsatellites, short diallelic inser-
tion–deletion polymorphisms and single nucleotide
polymorphisms (SNPs). A recent study using several
hundred microsatellite markers has suggested that the
world’s population can be grouped into six major
ancestral groups (Rosenberg et al. 2002). The current
study confirms and expands these observations. The re-
sults provide strong confidence in the ability to infer
ancestry and ethnic affiliation in diverse populations
including several recently admixed populations and a
sub-continental South-Asian-derived population. We
believe that these results have important implications for
examining ancestry linkage to susceptibility or progres-
sion of different common diseases with complex inheri-
tance, therapeutic response or toxicity and forensic
studies.

Materials and methods

Populations studied

European American (EUA)(88 subjects), East Asian
(EAS)(80 subjects), Mexican American (MAM) (89 sub-
jects), Mexican (MXN)(94 subjects), South Asian
(SAS)(88 subjects), Amerindian (AMI) (72 subjects),
West African (AFR)(95 subjects), African American (94
subjects) and Puerto Rican (PRN)(96 subjects) popula-
tions were included in this study. These populations were
based on self-identified ethnic affiliation. The EUA,
MAM, and AFA were recruited from California as pre-
viously described (Collin-Schramm et al. 2004). The EAS
subjects included those self-identified as Korean (4 sub-
jects), Japanese (14 subjects) Filipino (26 subjects) and
Chinese (35 subjects), and were recruited fromCalifornia.
The SAS group was composed of individuals who emi-
grated from India and included diverse state and language
subgroups. These included at least 10 subjects with the
following languages: Tamil, Gujarati, and Telugu. The
majority of these SAS subjects were recruited from
Houston, Texas and 8 subjects were recruited from Cali-
fornia. The PRN subjects were recruited from New York
city. The AMI subjects were self-identified as Mayan
(Kachiquel language group) and were recruited from
Chimaltenango, Guatemala. The AFR subjects were
collected in Nigeria and were from the Edo (Bini) ethnic
group. TheMexican subjects were recruited fromMexico
City. Blood- or buccal-cell samples were obtained from all
individuals, according to protocols and informed-consent
procedures approved by institutional review boards, and
were labeled with an anonymous code number.

Ancestry informative markers (AIMs)

One hundred and ninety ninediallelic markers were used
in this study. These included 165 SNPs assayed by
TaqMan assays and 34 insertion–deletion markers
assayed by size fragment length on an automated
sequencer. For AIMs, SNPs an initial set of markers was
chosen, based on allele frequency differences in the ABI
database (USA Caucasian, African American, Chinese
and Japanese). The insertion deletion markers were
chosen from a primary screen with DNA pools as pre-
viously described (Collins-Schramm et al. 2004). Over
650 markers were then screened with an additional 24–
48 chromosomes (comparing EUA, AFR, AMI, EAS
and SAS). Markers were selected after initial screens for
allele frequency differences in representatives of parental
populations and in general, a wide chromosomal dis-
tribution (markers are distributed on each chromosome
and the mean and median intra-chromosomal distances
were 13.8 cM/13.1 Mb and 10.0 cM/8.6 Mb, respec-
tively). Markers with evidence of departure from Hardy
Weinberg equilibrium (HWE) expectations (P < 0.05)
during the initial screening, were removed from further
studies and the final data set (should specify goodness-
of-fit or exact test chi-square or P value criterion). All of
the 199 markers included in the current data set were in
H-W equilibrium in the putative continental populations
and only three markers were not in H-W in one of the
putative admixed populations (cv1945712 in the African
American population, MID1348 in the MAM popula-
tion and cv2966801 in the PRN population). Exclusion
of these markers had no effect on the analyses, nor did
the exclusion of three tightly linked markers. All mar-
kers including allele frequencies and chromosomal
positions are provided in Web Tables A and B (see
Electronic Supplementary Material).

Statistical analyses

Fst was determined using FSTAT (see electronic data-
base information) that applies the Weir and Cockerham
(1984) algorithm and d was calculated by dividing the
absolute value of the allele frequency difference between
two populations in half. Population structure was
examined using STRUCTURE v 2.1 (Pritchard et al.
2000, Falush et al. 2003). Each STRUCTURE analysis
was performed without any prior population assignment
and was performed at least five times with similar results
(see Results), using > 5,000 replicates and burn-in cycles
under the linkage option and correlated allele frequency
and uncorrelated allele frequency models and >10,000
replicates and burn-in cycles under the admixture model
using the infer a option (where a is the Dirichlet
parameter for degree of admixture). An additional run
using 100,000 burn-in and 200,000 replicates under the
admixture model showed similar results. Most runs were
performed under the k=1 option where k parameterizes
the allele frequency prior and is based on the Dirichlet
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distribution of allele frequencies. When k=1 a uniform
prior distribution of allele frequencies over all loci is
used. Runs using the infer k option or setting k=1,
showed similar results for a limited number of selected
analyses.

Fishers linear discriminant analysis was performed
using the R statistical package (Maindonald and Braun
2001) treating the logarithm of the estimated ancestry
probabilities from STRUCTURE as variables.

Results

Selection of ancestry informative marker panel

In order to examine the ability to distinguish diverse
ethnic groups, a set of diallelic AIMs was selected and
screened using panels of 24 DNAs from self identified
ethnic groups. These ethnic groups represented four
different continental groups, namely European (repre-
sented by self identified European Americans from
California), East Asian (self identified subjects from
California), West African (from Nigeria) and Amer-
indian (Maya from Guatemala) (see Materials and
methods for details). In addition, we also screened for
AIMs that would distinguish South Asians (self iden-
tified subjects from Texas and California who have
themselves immigrated from the Indian Subcontinent)
from the continental groups. A final panel of AIMs
was chosen based on large allele frequency differences
between two or more continental groups, agreement
with H-W equilibrium, chromosomal distribution, and
inclusion of any marker with large allele frequency
differences between European American and South
Asian subjects (Fst > 0.15). A summary of the inter-
population differences shows that a total of 567 of the
inter-population marker comparisons have very large
frequency differences (d> 0.5) between these self
identified ethnic groups. Atleast 30 AIMs reached this
allele frequency difference for each of the two-way
comparisons with the exception of those distinguishing
between European American and South Asian sub-
jects, for which only three markers with d> 0.5 were
included in the panel (Table 1). Detailed information
on all individual markers is provided in Web Tables A
and B.

Investigation of population structure

To examine the population structure of diverse popu-
lations, we genotyped a total of 796 subjects including
the representatives of the four continental populations,
South Asians, and four admixed populations (African
Americans, Puerto Ricans, Mexican Americans, Mexi-
cans). The program STRUCTURE (Pritchard et al.
2000; Falush et al. 2003) that applies a Bayesian clus-
tering algorithm was used to analyze the genotyping
data. This analysis was done without any pre-assign-
ment of individuals to groups. The data was explored to
examine the number of clusters that might best describe
the population structure for various combinations of
populations (Fig. 1). When only European, West Afri-
can and African American subjects were examined, the
Ln likelihood plateau is observed at two clusters (k=2).
With the addition of the subjects of Amerindian, Puerto
Rican, Mexican American and Mexican ethnicity the
plateau shifts to k=3. Addition of East Asian subjects
(data not shown) or all subjects (plus South Asians)
results in a further shift of the plateau to k=4. These
results suggests the number of major ancestral groups
represented in these populations.

The population structure of each self identified group
and each individual was examined under different
models (see Materials and methods) and for a range of
cluster numbers (Fig. 2). For k=4 and k=5, with few
exceptions, each individual (bottom section of fig. 2a, b)
that purportedly represents a continental group which
showed overwhelming contribution from a single dis-
tinct cluster (EUA, AFA, EAS and AMI in Fig. 2a, b).
The exceptions were: one of 72 Amerindians, and two of

Table 1 Summary of Interpopulation Information

Mean Fst\d values between Populationsa Number of AIMs, Fst values >0.5\d>0.5b

EAU AFR AMI EAS SAS EAU AFR AMI EAS SAS

EAU – 0.33 0.31 0.39 0.08 – 75 72 113 3
AFR 0.39 – 0.30 0.38 0.27 75 – 68 99 58
AMI 0.38 0.36 – 0.19 0.19 69 61 – 35 33
EAS 0.44 0.44 0.25 – 0.23 109 93 30 – 45
SAS 0.15 0.34 0.27 0.31 – 3 51 34 42 –

aThe values above and below the diagonal are the mean Fsts and mean allele frequency differences (d), respectively
bThe numbers above and below the diagonal are the number of markers with Fst > 0.5 and d> 0.5, respectively

Table 2 Allele-frequency divergence among populations (Kull-
back-Leibler distance)

1 2 3 4 5

1 – 0.77 0.74 1.09 0.1
2 0.8 – 0.72 0.97 0.55
3 0.7 0.65 – 0.43 0.37
4 0.98 0.89 0.35 – 0.51
5 0.13 0.62 0.46 0.68 –

Allele-frequency divergence is shown when each cluster group is
compared with another cluster groupThe major cluster group in
each population is the same as that shown in Fig. 2
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80 East Asians that have a large contribution from the
cluster that is predominant in the European American
population (cluster 1 in Fig. 2), and one of 88 European
Americans and one of 88 South Asians had a minor
contribution from the cluster predominant in West
Africans. Interestingly, the two East Asian subjects were
both of Filipino origin (two of 28 Filipinos included in
the self identified East Asian subject group).

The results of the STRUCTURE analyses showed
little variation under either the linkage or admixture
models for k < 7. For example at k = 5 the standard
deviation for each cluster assignment was <0.02
(comparing 10 different STRUCTURE runs under the
admixture model). When analyses were performed un-
der the admixture model using k=5 the individual

subject average 90% confidence limits for each cluster
designation were: European American, 0.07; West
African, 0.05; Amerindian, 0.07; East Asian, 0.07;
South Asian, 0.15; Mexican American, 0.22; Mexican,
0.19; Puerto Rican, 0.22 and African American, 0.13.
Under the linkage model the variation was slightly
higher. When k was >6, we observed more variability
in the results especially for the linkage model (see
Discussion).

To further assess the robustness of these analyses,
we examined several different conditions in which the
sample size of different self-identified groups were de-
creased or removed from the analysis. These studies
indicated that random reduction of any population
group by 25% had no qualitative effect on the defini-
tion of the population structure i.e. the same popula-
tion proportions were seen in each group (data not
shown).

Cluster analysis shows separation of South Asian
subjects from continental groups

As indicated above we were not able to identify large
numbers of markers with large frequency differences
between European American and South Asian subjects
(Table 1). At k = 4, the South Asian subjects appear
to be an admixed population with the major contri-
bution from cluster 1 (predominant in European
Americans) and a minor contribution from cluster 4
(predominant in East Asians). However, at k = 5 or
greater, the STRUCTURE analysis shows the presence
of a new cluster (here designated cluster 5) in the South
Asian subjects (Fig. 2b, c). This cluster was the pre-
dominant group in the South Asian population for
each of the South Asian subjects and was present in the
other populations only in small percentages. Similarly,
the triangle plot descriptions of the different popula-
tions (Fig. 3), shows not only the clear separation of
each of the continental populations but also the South
Asian population from each of the other populations
(Fig. 3c). This result was consistently observed in all
analyses performed at k=5 using either the linkage or
admixture models applied by the STRUCTURE pro-
gram and was observed for all individuals that included
members with diverse language dialects and states of
Indian origin (see Materials and methods). This was
observed despite the relatively small allele frequency
divergence between cluster 5 (dominant in the South
Asian population) and cluster 1 (dominant in the
European American population) in contrast to the
large frequency divergence present between the other
clusters (Table 2). The data showing a distinctive
clustering of subjects in the South Asian population,
additional analyses at higher cluster numbers (pre-
sented below), and previous studies (Rosenberg et al.
2002), strongly suggests that the ability to examine
population structure using AIMs and cluster algo-
rithms extends beyond continental groups.

Fig. 1 Probability estimations for the number (k) of cluster groups
(‘‘ancestral’’ or founder populations) present using AIMs. The
ordinate shows the Ln probability corresponding to the number of
clusters (k) (abscissa) when: a only European American (EUA),
West African (AFA) and African American (AFR) are examined; b
only EUA, AFR, AFA, Amerindian (AMI), Puerto Rican (PRN),
Mexican (MXN), and MAM are examined; and c all populations
are examined
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Difference in population structure in different Hispanic
populations

Analysis of the presumptive admixed populations pro-
vides the potential ability of examining the parental
population contributions. In the current study, self-
identified African Americans, Puerto Ricans, Mexican
Americans and Mexican subjects were examined. The
relative contributions of the predominant clusters in the

continental populations (most clearly defined for k = 4)
show that the African Americans as expected have the
largest contribution (>75%) from cluster group 2
(corresponding to West African population), with a
contribution (15–20%) from cluster 1 (corresponding to
the dominant cluster in European Americans) (Fig. 2a).
In contrast, the Mexican American and Mexican pop-
ulations shows large contributions from both cluster 1
(dominant cluster in European Americans) and cluster 3

Fig. 2 Examination of
population structure in EUA,
AFR, AMI, EAS, SAS, AFA,
PRN, MAM and (MXN)
populations. Analysis was
performed without any prior
population assignment. Results
for a k = 4, b k=5, and c k=6
are shown. The top section of
each panel shows the average
contribution of each color
coded cluster as indicated by
the proportion of the horizontal
bars. The bottom section shows
the proportion of each cluster
(ordinate) for each consecutive
individual (abscissa)
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(dominant cluster in Amerindians). These data also
show that overall the contribution of cluster 3 is greater
in the Mexican than in the Mexican American popula-
tion (Fig. 2a). The Puerto Rican subjects representing a
third Hispanic population shows a very different pat-
tern, in that most of these subjects have minimal con-
tributions from cluster 3 but a much more substantial
contribution from cluster 2 (dominant cluster in West
Africa) in addition to the large contribution from cluster
1 (Fig. 2a). The results in the Puerto Rican subjects is
similar to that recently reported by Bonilla et al (2004).

Since these admixed populations are represented al-
most exclusively by clusters 1, 2, and 3, we have also
separately analyzed just these populations (African
American, Mexican, Mexican American and Puerto
Rican) together with putative representatives of the
parental populations, European American, West Afri-
can and Amerindian. The triangle plots for k=3
(Fig. 3e,f) show the similarity between the Mexican and
Mexican American subjects and the minimal overlap
between the individual subjects from the Puerto Rican
population and those from these two other Hispanic
populations.

Suggestion of substructure in European-derived
populations

When the STRUCTURE analysis is performed under
the condition of six clusters (k=6), the appearance of

the new cluster (compared with k=5) appears to derive
almost entirely from a division of the major cluster
(designated cluster 1) present in the European American
population. This division was most evident in the His-
panic populations (Puerto Rican, Mexican American,
and Mexican) in which the proportion of cluster 1 de-
creased to �1/3 the proportion seen when the analysis
was performed at k=4 or k=5 with the difference cor-
responding to the new cluster (cluster 6). The proportion
of the new cluster in the European American population
is small with cluster 1 still predominating. The new
cluster is also present in the African American popula-
tion. These results were observed in 10 out of 10 analyses
using the admixture model and 9 out of 10 analyses
using the linkage model.

Analysis of ethnicity grouping

In order to assess the potential use of AIMs in esti-
mating ethnic group membership, Fisher’s linear discri-
minant analysis was used to examine the STRUCTURE
output. The probability for membership in each self
described group was performed using the leave-one-out
cross validation analysis in which one individual was left
out and the rest of the individuals with known ethnicity
grouping memberships were used to build the linear
Fisher discriminant function. The membership proba-
bilities were then calculated for the left-out individual
and the individual was assigned to the group with the

Fig. 3 Triangle plots of cluster
groups corresponding to self
identified population
affiliations. a, b, c and d show
all populations (EUA, AFR,
AMI, EAS, SAS, AFA, PRN,
MAM and MXN) analyzed
with STRUCTURE under the
condition of five clusters (k=5).
The Mexican American
(MAM) and Mexican (MXN)
populations were combined. e
and f show an analysis of only
EUA, AFR, AFA, PRN and
MAM (e) or MXN (f) under the
condition of three major
populations (k=3)
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highest probability. Since the original STRUCTURE
analysis of the genotypes was performed without any
pre-assignment of ethnicity grouping, this analysis is
similar to using a reference panel (in both the
STRUCTURE and subsequent linear discriminant
analysis) to examine a large number of unknown sam-
ples and is based entirely on AIMs genotype results.

The analyses were performed using 20 separate
STRUCTURE analytic runs (three each for k=4, k=5,
k=6, and k=7, and four each for k=8 and k=9). Al-
most every individual representative of a continental
population as well as the South Asian sub-continental
group, the best ethnic affiliation (based on the highest
probability of assignment to each of the self classified
groups) was for the self described ethnic grouping (Ta-
ble 3, Fig. 4a). In general, the results were consistent for
each of the separate analyses of the different STRUC-
TURE outputs (the range of the most likely assignments
by this analysis is shown in Table 3). In the presumptive
admixed populations, there was more variability and
assignment of some individuals to non-self identified
ethnic groups. However, the variability in best ethnic
group assignment was mostly where the probabilities for
an individual were similar between two related ethnic
groups and most of the ‘‘miss-assignments’’ may reflect
the ‘‘true’’ ethnic affiliation, e.g., for African Americans,
a large number could not be distinguished from West
Africans and for Mexicans, multiple individuals could
not be distinguished from Amerindians. The observation
that fewer Mexican American individuals would be as-
signed to the Amerindian ethnic group by this analysis
of AIMs typing data is also consistent with the likeli-
hood that this type of forensic analysis is truly infor-
mative.

Since two of the self-identified East Asian subjects
appeared to have substantial European admixture, an
additional group (putative Eurasians) was simulated (see
Materials and methods) to examine whether these
methods might allow distinguishing additional popula-
tion groups. The output from STRUCTURE analysis
with the entire data set plus 75 simulated Eurasians

(performed at k=5) was examined using Fishers linear
discriminant analysis. The results were consistent with
the previous analyses with the exception of the high
probability assignment of the two East Asian subjects in
the new Eurasian group (Fig. 4b). Thus, this type of
simulation may be useful in exploring ethnic groupings
to provide additional information for the evidence of
subgroups of admixed individuals that are not self-
identified.

Discussion

The current study extends the previous findings of
Rosenberg et al. (2002) indicating that analysis of pop-
ulation structure using a non-hierarchical clustering
algorithm can separate population groups based on
DNA polymorphisms. We show here that both conti-
nental and sub-continental populations can be readily
distinguished and that admixed populations can be
examined in the context of the contributions of putative
parental populations. These results were robust when k
<7 were examined and were reproducible under many
different models. In addition, the findings were not
sensitive to exclusion of random groups of individuals,
nor inclusion of large numbers of individuals from ad-
mixed groups. These findings and implications differ
from those suggested by the recent studies of Serre and
Paabo in which the microsatellite data set utilized by
Rosenberg was reexamined (2004). These investigators
suggested that observations of continental grouping in
population structure analyses is due to the sampling
methods and that there are gradients of human genetic
diversity rather than discontinuities between the con-
tinents. In contrast, the current study using diallelic
AIMs supports the conclusion that the continental po-
pulation groups are relatively discrete and that such
results are not due to limited sampling and exclusion of
admixed populations. As discussed subsequently, the
robust results observed in the current study may depend
on the use of diallelic AIMs.

Table 3 Summary of Ethnic Affiliation Estimation from AIMs Analyses

Most Likely Ethnic Group Affiliation Based on Highest Probabilitya

Selfb EUA AFR AMI EAS SAS AFA PRN MXA

EUA 0.99–1.0 0 0 0 0 0 0–0.01 0
AFR 0 0.98–0.99 0 0 0 0.01–0.02 0 0
AMI 0 0 0.97–0.99 0 0 0 0 0.01–0.03
EAS 0 0 0 0.98–0.99 0 0 0 0.01–0.03
SAS 0 0 0 0 0.99–1.00 0 0–0.011 0
AFA 0 0.21–0.26 0 0 0 0.70–0.77 0.02–0.05 0
PRN 0.07–0.18 0 0 0 0–0.010 0.02–0.04 0.77–0.89 0–0.08
MXA 0.01–0.04 0 0.07–0.15 0 0.01–0.03 0.005 0.02–0.13 0.69–0.86

aThe frequency range of most likely ethnic group affiliation is based
on Fishers linear discriminant analysis of output from 20 inde-
pendent STRUCTURE runs. Atleast three STRUCTURE runs
were performed at each k > 3; k < 10 using the admixture model
(>10,000 replicates, infer alpha option). Similar results were ob-

tained using output from STRUCTURE runs using the linkage
model
bThe results for each self identified ethnic group are shown on each
row. All analyses were performed without any information other
than that provided by the AIMs genotyping
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The ability to clearly distinguish the South Asian
subjects was observed despite the relative paucity of
individual markers showing large allele frequency dif-
ferences between this sub-continental population group
and those derived from European ancestry. This feature
of population groups may not only allow forensic
identification but could also be used to test whether
there is any association of a biologic property associated

with this grouping, for example, testing whether there is
a specific drug toxicity or response in this population
group. Although speculative, such patterns of allelic
distribution could also underlie epistasis that is thought
to be a common confounding variable in the study of
complex genetic disease. Thus these results may allow
the testing of such hypothesis albeit with additional
considerations of non-genetic components.

Fig. 4 Individual ethnic
affiliation probabilities
determined from AIMs
Genotyping. For each
individual (consecutive subjects
along the abscissa) the
probability for ethnic affiliation
for each of the eight possible
ethnic groups is shown on the
ordinate according to the color
code key shown in the figure.
Both panels show the results
were grouped by self
identification of the subjects.
Probabilities were determined
using Fisher’s discriminate
analysis of STRUCTURE
output (k=5) without any pre-
assignment of the individual
being examined. With the
exception of the EAAS group
[(b) only], each group was based
on the self identified ethnicity of
the subjects excluding the
individual being tested. The
EAAS group of 75 Eurasian
individuals was simulated using
estimated haplotypes from
EUA and EAS genotypes
(random EUA haplotype
matched with random EAS
haplotype for each individual)
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Another intriguing result from the current analysis
was the apparent presence of substructure within the
presumed European contribution to Hispanic, and
possibly African American populations, which was ob-
served when the genotypes were analyzed under the
condition of six major clusters (k=6). We also observed
this phenomenon when only the Hispanic populations
were examined under k=4 (data not shown). Although
it is not clear whether this finding reflects real sub-
structure, it is interesting to speculate whether this
finding is due to a difference between southern European
populations and northern European populations or
possibly unique to Spanish populations. The latter might
be explained by the Moorish or Arabian influence in this
population. Ongoing studies of these populations may
provide further insight into this finding. Additional
substructure in several of the populations was suggested
when analyses at higher cluster numbers were performed
(k >6). However, the individual distributions in the
clusters were not consistent over multiple analyses. In
some analyses, there was further division within the
presumed ‘‘European’’ clusters, whereas in others, divi-
sion appeared in the ‘‘African’’, ‘‘Amerindian’’ or
‘‘South Asian’’ clusters. With respect to the South Asian
subjects there was no correlation with either the lan-
guage or the state of Indian origin with any of the cluster
divisions i.e. the present data did not identify any sub-
structure within the South Asian population.

As indicated in the results the analyses at k <6 were
highly consistent. It is less clear how accurately these
STRUCTURE analyses reflect true ancestry. As we
have previously shown, the majority of AIMs shows
limited variation within West African or Amerindian
groups (Collins-Schramm et al. 2002b, 2004). In fact,
for many AIMs there is limited diversity within one or
more continental groups, similar to Duffy (Livingstone
1984). Although, the AIMs are a limited set, i.e., they
do not reflect true population diversity, their use in
these analyses may be quite advantageous at least with
respect to ascertainment of major ancestral compo-
nents. Informal inspection of our results using AIMs in
European American and Amerindian populations
compared with those performed with random SNPs
(Hinds et al. 2004) shows that the ancestry divisions are
much more discrete using the AIMs. Although multi-
allelic markers such as microsatellites may also be used
for examination of population structure (Rosenberg
et al. 2002), it is likely that these markers will show
considerably more noise in the analysis due to the
presence or absence of low frequency alleles and stutter
polymorphisms. In addition, the higher mutation rate
suggested for microsatellites as compared with SNPs
may result in less correlation of such markers with
ancestry. These differences may, in part, account for
the robust results in the current study compared with
those reported by Serre and Paabo (2004) using mi-
crosatellites. In addition, the number and geographic
origin of the samples may account for differences be-
tween such studies.

The precise limitations of the current study and the
optimization of AIMs analyses of diverse populations
are uncertain. It is not clear whether certain clusters,
present in small percentages in different population
groups are accurate measurements or artifacts of the
analytic method. However, reduction of the number of
AIMs from 199 to 99 increased the 90% confidence
limits by 36% (based on 10 random removals of 100
AIMs for k=5 under the admixture model). It is also
not apparent how to pre-optimize a set of AIMs given
our finding that despite limited number of markers with
high allele frequency differences distinguishing between
the European American and South Asian populations,
the analyses of population structure at k=5 clearly
identified differences. At present, we suggest initial
selection of AIMs based on analysis of Fst or other
measurements of informativeness, e.g., IN (Rosenberg
et al. 2003), followed by empiric testing using clustering
algorithms such as STRUCTURE.

Although our major interest in pursuing the current
studies is directed towards the application of this ap-
proach to clinical epidemiology, the implications for
forensic analyses are self evident. The current study
demonstrates that a relatively modest set of selected
diallelic markers can provide close correlation with self
reported ethnicity for individuals from disparate groups.
The current study utilized ethnic group sample sizes
ranging from 72–96. When individual ethnic group
sample sizes are reduced to less than 25 subjects in each
group there was considerably more variation in the
population structure analysis and confidence in assign-
ment of ethnic group affiliation. Although the limitations
will vary depending on the characteristics of each group,
we would generally suggest using sample sizes of at least
50 subjects in each major ancestry group as a reference
subset when examining population structure. The
development of a larger panel of ‘‘reference subjects’’, the
removal of extreme outliers, as well as perhaps a larger
and better set of AIMs may improve the current results.

This initial forensic type of analysis could also be
utilized to remove particular outliers from specific case
or control groups in the analysis of a therapeutic agent
or to potentially control for genetic heterogeneity in
genetic association tests. Finally, in regards to forensic
identification of ethnic grouping, exploration of different
analytic strategies including the direct use of genotyping
data without an intermediate analysis of population
structure (Baudouin et al. 2004) may also be useful.

While most of the genetic variation in humans may be
independent of both the variation and patterns of vari-
ation that distinguish population groups (Lewontin
1972; Nei and Roychoudhry 1974; Latter 1980; and
Barbujani et al. 1997), and as shown here, ethnic groups,
the current results may have potentially profound
implications for clinical epidemiology studies and
forensic medicine. While examining the specific human
sequence variation that is linked to clinical phenotypes
will eventually provide the best information for the
practice of molecular medicine (Royal and Dunston
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2004); this is not yet possible. The ability to examine
particular subject groupings based on ancestry infor-
mation or even quantitative assessment of an individ-
ual’s ‘‘ancestry’’ is, we believe, a practical reality worth
testing. As presented in the introduction, and by others
(Mountain and Risch 2004), the association of particu-
lar medical conditions with particular ethnic groups is
clear. Although the importance of ethnic grouping with
respect to most complex genetic diseases or therapeutics
is far from clear, the differences in the effects of major
histocompatibility region determinants and PTPN22
polymorphisms in rheumatoid arthritis (Begovich et al.
2004), CARD15 in Crohns disease (discussed in Bur-
chard et al. 2003), or CCR5 polymorphisms in AIDs (Su
et al. 2000) suggest that the phenomenon of ancestral
association may be quite important. Thus, regardless of
whether these ethnic groupings are largely due to social
constraints, the potential biologic relevance of these
groupings may be worth investigation in the context of
many clinical studies. A recent clinical trial limited to
African Americans underscores the relevance, potential
value and controversy for using self identified ethnic
information (Taylor et al. 2004; Bloche 2004). The
extension of such studies to incorporate a closer corre-
late of ancestry, i.e. using AIMs as suggested by the
current study, may answer the question of whether there
are pathophysiologic differences linked to ancestry that
can help direct to the appropriate therapeutic strategy.
However, the same ethnic groupings defined solely by
DNA markers may also, in many cases, correspond to
particular groups of people who have differences in ac-
cess to medical care, social conditions and even dietary
differences, and it will be critical to include such cova-
riates in these regression analyses.

There are multiple considerations for the potential
practical application of DNA-defined ancestry and eth-
nic groups to clinical epidemiology. While few will ad-
vance arguments against controlling for population
structure in genetic association tests, it may be uncom-
fortable to apply AIMs directly to clinical epidemiology
studies for fear of racial stigmatization. However,
analysis of Mendelian diseases suggests that this poten-
tial stigmatization is likely to be distributed among dif-
ferent ancestries and ethnic groups. Importantly, the
ancestral linkage of particular gene variants linked to
disease can also provide a potential method for mapping
and positional cloning of the genes for some complex
diseases (Hoggart et al. 2004; Patterson et al. 2004 and
Seldin et al. 2004). Thus, clinical epidemiologic studies
that suggest ancestral linkage may lead to specific efforts
to identify individual-ancestry-linked gene variants. In
summary, the present study suggests that the methods
and tools are available for many of the additional
studies needed to address more globally the role of
ancestry-associated variations in human disease.
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