
Results
Genetic Structure of West African Populations. Our study focused on
West African populations, because previous genetic and historical
studies suggest that region was the source for most of the ancestry
of present-day African Americans (2, 27, 28). Among the sampled
West African populations, Wright’s measure of population dif-
ferentiation [autosomal FST (29)] was low (1.2%), suggesting
quite recent common ancestry of all individuals in our sample or,
alternatively, a large effective population size for the structured
population from which the sample was drawn, with a large degree
of gene flow among subpopulations. Nonetheless, we observed
substantial variation in pairwiseFST among sampled populations,
suggesting genetic heterogeneity among the groups (Table 1).
Differences in pairwise FST may reflect variation in effective
population size or migration rates among the populations po-
tentially attributable to isolation by distance or heterogeneity in
geographical or cultural barriers to geneflow. For example, the
Fulani appear to be genetically distinct from all other West Af-
rican populations we sampled (average pairwiseFST = 3.91%).
Likewise, we found that the Bulala, Xhosa, and Mada populations
consistently exhibited pairwiseFST above 1% when compared
with any other population, whereas the non-Bantu Niger-
Kordofanian populations of the Igbo, Brong, and Yoruba ex-
hibited little genetic differentiation from one another (average
FST <0.4%). These results suggest that there are clear and dis-
cernible genetic differences among some of the West African
populations, whereas others appear to be nearly indistinguishable
even when comparing over 300,000 genetic markers.

To investigate whether we could reliably distinguish ancestry
among individuals from these populations, we used two ap-
proaches tailored for high-density genotype data. One, FRAPPE,
implements a maximum likelihood method to infer genetic
ancestry of each individual, wherein the individuals are assumed to
have originated fromK ancestral clusters (26). Fig. 1A andFig. S2
summarize FRAPPE results when the number of clusters,K, is
varied from K = 2 to K = 7. The small number of clusters was
consistent with the small overall level of population differentiation
among these populations. We next undertook PCA of the matrix of
individual genotype values (i.e., the matrix with entries“0,” “ 1,” or
“2” generated by tallying the number of copies of a given allele
across all SNPs in a panel for all individuals genotyped) (30).

Patterns of population structure were consistent between the
two approaches (Figs. S2–S5). For example, in the FRAPPE
analysis, the Fulani population was distinguished atK = 2, with
Bulala, Mada, and Kaba populations showing some genetic
similarity with the Fulani. PCA, likewise, separated the Fulani
from other populations along the first principal component
(PC1) (Fig. 1B). The two subsequent principal components, PC2
and PC3, reflect the geographical distribution of the populations.
PC2 showed a Chadic and Nilo-Saharan dimension extending

into inland Africa from the coast, distinguishing the Bulala,
Mada, and Kaba populations. These populations belong to the
Nilo-Saharan and Afro-Asiatic (Chadic) linguistic groups and
live further inland. Analysis of the African populations, exclud-
ing the Fulani, gave a PC1 and PC2 that resemble the second and
third principal components of the PCA with the Fulani (Fig. 1C).
Rotating the PC1 and PC2 axes from the PCA without the Fulani
reveals the similarity of the genetic and geographical maps (Fig.
1 C and D).

At K = 3, the FRAPPE algorithm clusters the Bulala into their
own group and suggests genetic similarity of the Mada, Kaba, and
Hausa, potentially indicating differentiation of Nilo-Saharan- and
Afro-Asiatic-speaking populations from Niger-Kordofanian-
speaking populations. AtK = 4, all individuals from the Bantu-
speaking Xhosa of South Africa cluster into a single group and
individuals from the Bantu-speaking populations (Fang, Bamoun,
and Kongo) exhibit considerable shared membership in this
cluster. At K = 5, the Mada are distinguishable as a unique group,
with modest genetic similarity with the Hausa and Kaba as well as
with most of the Niger-Kordofanian populations. These results
suggest that although these populations are quite closely related
genetically, it is possible to detect meaningful population sub-
structure given sufficient marker density [see also ref. (2)]. It is
important to note that there is likely further substructure and
diversity within these populations. Because we sample a modest
number of individuals from each population (n = 13, on average,
per population), we are not likely to have captured all the genetic
variation within each population, region, or linguistic family. To
compare patterns of haplotype structure and discern differences
in demographic history among the African populations, we esti-
mated linkage disequilibrium (LD) between all pairs of markers
in the data for all populations (seeSI Text and Fig. S6). All the
African populations showed low levels of LD (even at closely
linked sites) and a rapid decay of LD with distance genome-wide
relative to populations of European ancestry.

Genome-Wide Patterns of Admixture in African Americans. To
understand the genetic structure of the African-American pop-
ulation better and to determine African-American ancestry, we
used FRAPPE to evaluate African Americans together with
European and African individuals genotyped on the same
marker set. At K = 2, African populations (blue) were dis-
tinguished from European populations (red), with African
Americans showing highly variable levels of European and West
African ancestry (Fig. 1E and F). For the African Americans,
estimated mean West African ancestry was 77%, consistent with
prior studies (2, 28, 31–34). Analysis atK = 4 revealed additional
substructure in a North-South cline within Europe and clusters
coinciding with the linguistic and geographical substructure
within Africa (see SI Text, Tables S2–S4, and Figs. S7and S8for

Table 1. FST distances between African populations

Igbo Brong Yoruba Kongo Bamoun Xhosa Fang Hausa Kaba Mada Bulala

Brong 0.350% —

Yoruba 0.084% 0.200% —

Kongo 0.282% 0.425% 0.291% —

Bamoun 0.293% 0.448% 0.318% 0.175% —

Xhosa 1.448% 1.636% 1.251% 1.106% 1.277% —

Fang 0.415% 0.594% 0.432% 0.150% 0.247% 1.165% —

Hausa 0.397% 0.560% 0.420% 0.588% 0.546% 1.796% 0.691% —

Kaba 0.516% 0.510% 0.471% 0.501% 0.484% 1.498% 0.567% 0.619% —

Mada 1.296% 1.336% 1.300% 1.282% 1.276% 2.319% 1.380% 1.299% 0.968% —

Bulala 1.862% 1.905% 1.879% 1.736% 1.806% 2.646% 1.929% 1.773% 1.280% 0.931% —

Fulani 3.905% 3.684% 4.034% 3.770% 3.996% 4.133% 4.063% 3.761% 3.811% 3.967% 3.920%

Bold face font is used to emphasize the genetic similarity of the Igbo, Brong and Yoruba.
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A concern in estimating admixture is the effect of choice of
ancestral populations. Often, the true ancestral population is no
longer available for sampling; thus, using a proxy may introduce
bias when evaluating the admixed population. For example,
individual admixture estimates in Latin Americans have been
shown to depend on the ancestral populations evaluated (42).
Some studies estimating admixture proportions in African
Americans have used a single ancestral African population, the
Yoruba (39), and our data provide an effective means of testing
whether other populations may serve as better proxies for the
ancestral population of African Americans and whether using
the Yoruba biases inferences. Comparison of the inferred West
African segments of African-American genomes with con-
temporary West African populations (Table S3) reveals that the
ancestry of the West African component of African Americans is
most similar to the profile from non-Bantu Niger-Kordofanian-
speaking populations, which include the Igbo, Brong, and Yo-
ruba, with FST values to African segments of the African
Americans ranging from 0.074 to 0.089%. That theseFST values
are all nearly identical (and quite small), coupled with the small
pairwiseFST values of the Igbo, Yoruba, and Brong populations
(Table 1), suggests that considering the set of West African
populations sampled, any of these three populations may serve
as a proxy for the ancestral population of the African Americans
and that, in fact, all three are likely to have contributed ancestry
to present-day African Americans (43). This is wholly in line with
historical documents showing that the Igbo and Yoruba are 2 of
the 10 most frequent ethnicities in slave trade records, although it
is important to note that other African populations not sampled,
including those from Sierra Leone, Senegal, Guinea Bissau, and
Angola, may also serve as good (or potentially even better) proxies
for the ancestral population of some African Americans (44).

That some individuals who self-identify as African American
show almost no West African ancestry and others show almost
complete West African ancestry has implications for pharma-
cogenomics studies and assessment of disease risk. Although
individuals with very low West African or very low European
ancestry may be expected by chance after several generations of
admixture, these individuals are most likely descendants of
individuals of European ancestry or recent African immigrants,
respectively. Assuming these individuals are not simply mis-
labeled, it appears that the range of genetic ancestry captured
under the term African American is extremely diverse, which
suggests caution should be used in prescribing treatment based
on differential guidelines for African Americans (45).

We found regions on chromosomes 5, 6, and 11 that show
deviations from the overall mean West African ancestry. These
regions do not overlap with those previously suggested to be
under selection (39), and about a dozen genes are found across
these regions. Whether these genes or regions are potentially
under selection in African Americans merits further investigation.

In conclusion, we believe the data presented here speak to
several important points. First, patterns of genomic diversity
within Africa are complex and reflect deep historical, cultural, and
linguistic impacts on geneflow among populations. These patterns
are discernible using high-density genotype data and allow us to
differentiate closely related populations along linguistic and geo-
graphical axes, even with limited sample sizes from many of our
populations. Second, admixture can be reconstructed for local
genomic regions efficiently at a high density of genetic markers.
For this study, we tailored the method to admixed populations with
two ancestral source populations, but the approach is general-
izable to multiple populations. Application of the method to

genome-wide patterns of genomic variation in African Americans
reveals the rich mosaic structure of admixture in this population.
We find that we can distinguish African ancestry among West
African populations to a large degree (e.g., Bantu from non-Bantu
Niger-Kordofanian populations) but that some populations (e.g.,
Igbo, Yoruba, and, to a lesser extent, Brong) are so closely related
genetically that their contribution to patterns of African ancestry
in African Americans is not reliably distinguishable. We believe
that increasing the density of markers and, more importantly,
sequencing directly in these populations to identify ancestry-
informative markers may make this possible in the future.

Materials and Methods
Datasets. We genotyped 225 individuals from 11 African populations [see the
article by Tishkoff et al. (2) for sampling locations] on the Affymetrix Gen-
eChip 500K array set and incorporated data from the Yoruban population of
Ibadan, Nigeria, from the HapMap project, thinned to the same SNP set (10).
European samples were from the GlaxoSmithKline Population Reference
Sample (POPRES) project, a resource of nearly 6,000 control individuals from
North America, Europe, and Asia (25) genotyped on the Affymetrix Gen-
eChip 500K array set. For our analyses, we extracted a subset of 400 in-
dividuals from Europe, randomly sampling 15 individuals from each
European country represented in POPRES when possible and 15 individuals
each from the United States, Canada, and Australia. We include 365 African
Americans from this dataset (see SI Text and ref. 25). Written informed
consent was provided by the study participants and approved by the proper
institutional review boards, and permits were obtained for collection of
African populations as described by Tishkoff et al. (2).

Population Structure Analyses. FRAPPE implements an efficient maximum
likelihood version of the Bayesian clustering algorithm, STRUCTURE (26, 46,
47). After thinning markers to have Pearson product-moment correlation of
allele frequency, r2, less than 0.5 in 50 SNP windows, shifted and recalculated
every 5 SNPs, we ran FRAPPE on all 204,457 remaining markers for 5,000
iterations. Clusters at K = 6 and higher did not correspond to known lin-
guistic or population substructures (Fig. S2). We ran PCA using the program
smartpca from the package eigenstrat (30) on a reduced dataset of 251,253
SNPs, where r2 < 0.8 in 50 SNP windows. FST was calculated using a C++
implementation of Weir and Cockerham’s weighted equations (29). Minor
allele frequency (MAF) was thresholded at >0.1 in the populations being
compared for all comparisons, except when calculating distances between
African Americans and each of the African populations. To reduce the SNP
ascertainment biases associated with SNP discovery in the Yoruba, we used
only markers with a MAF >0.1 in Europeans for the FST estimates.

Admixture Analysis. Our local genomic PCA admixture method normalizes the
genotype matrix of all individuals using the procedure as in eigenstrat (30).
Each chromosome is divided into 15 SNP nonoverlapping windows. The score
for an individual for a given window is the product of an individual’s nor-
malized and scaled genotypes across this window with the corresponding
segment of the PC1 eigenvector (see SI Text for more details of the procedure).
Windows that have one or more missing genotypes for an individual are not
given a score and are omitted by the HMM. This gives a vector of scores for
each individual across all chromosomes. We assume that ancestral population
scores are drawn from a normal distribution and use the ancestral population
sample means and variances as the estimated parameters for the distribution
(see SI Text for mathematical details of the model and validation).
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