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We examine the distribution and structure of human genetic diversity for 710 individuals representing 31
populations from Africa, East Asia, Europe, and India using 100 Alu insertion polymorphisms from all 22
autosomes. Alu diversity is highest in Africans (0.349) and lowest in Europeans (0.297). Alu insertion frequency
is lowest in Africans (0.463) and higher in Indians (0.544), E. Asians (0.557), and Europeans (0.559). Large
genetic distances are observed among African populations and between African and non-African populations.
The root of a neighbor-joining network is located closest to the African populations. These findings are
consistent with an African origin of modern humans and with a bottleneck effect in the human populations that
left Africa to colonize the rest of the world. Genetic distances among all pairs of populations show a significant
product-moment correlation with geographic distances (r = 0.69, P < 0.00001). FST, the proportion of genetic
diversity attributable to population subdivision is 0.141 for Africans/E. Asians/Europeans, 0.047 for E.
Asians/Indians/Europeans, and 0.090 for all 31 populations. Resampling analyses show that ∼50 Alu
polymorphisms are sufficient to obtain accurate and reliable genetic distance estimates. These analyses also
demonstrate that markers with higher FST values have greater resolving power and produce more consistent
genetic distance estimates.

[Supplemental material is available online at www.genome.org. The following individuals kindly provided
reagents, samples, or unpublished information as indicated in the paper: J.M. Naidu, B.B. Rao, T. Jenkins,
J. Kidd, K. Kidd, and H. Soodyall.]

The study of human genetic variation provides opportunities
to examine population history and genetic structure. From
early work characterizing blood groups and protein polymor-
phisms, the field has progressed to include studies of mtDNA
(Cann et al. 1987; Vigilant et al. 1991; Stoneking and Soodyall
1996; Ingman et al. 2000; Bamshad et al. 2001), Y-
chromosome variation (Hammer et al. 1998; Seielstad et al.
1999; Forster et al. 2000), genome-wide polymorphic autoso-
mal microsatellite variation (Bowcock et al. 1994; Deka et al.
1995; Goldstein et al. 1995; Jorde et al. 1997; Perez-Lezaun et
al. 1997) and single-nucleotide variation (Sachidanandam et
al. 2001; Stephens et al. 2001; Gabriel et al. 2002; Marth et al.
2003). Assessing individual and population level variation is
becoming commonplace for gene mapping, association
analysis for complex traits, and analysis of population history
(Jorde et al. 2000; Risma et al. 2002; Tang et al. 2002; Yu et al.

2002). Although the distribution and organization of human
genetic variation bears directly upon the diverse fields of link-
age and association mapping, haplotype and recombination
studies, and human evolutionary history, its assessment re-
mains incomplete.

Alu insertion elements are the most abundant class of
short interspersed elements (SINEs) in the human genome,
numbering >1 million per haploid genome (Rubin et al. 1980;
International Human Genome Consortium 2001). Alu ele-
ments are dimeric 300-bp sequences that propagate by retro-
position into new chromosomal locations, probably by using
a target-site primed mechanism (Vanin 1985; Weiner et al.
1986; Eickbush 1992; Luan et al. 1993; Feng et al. 1996; Jurka
1997; Esnault et al. 2000; Kajikawa and Okada 2002). Germ-
line and somatic Alu retroposition is ongoing, and de novo
insertions into genes are responsible for cases of neurofibro-
matosis type-1, Apert syndrome, and various cancers (Wallace
et al. 1991; Miki et al. 1996; Deininger and Batzer 1999; Ol-
dridge et al. 1999). Members of the Y, Ya5, Ya8, Yb8, Yb9, Yc1,
Yc2, and Yd subfamilies all produce new Alu insertions that
are polymorphic in the human population (Batzer and Dein-
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inger 1991, 2002; Batzer et al. 1995; Carroll et al. 2001; Roy-
Engel et al. 2001; Xing et al. 2003).

Alu insertion polymorphisms and other SINE elements
are robust markers for evolutionary and phylogenetic studies
because they have a unique mutational mechanism, an ab-
sence of back mutation, and a lack of recurrent forward mu-
tation (Okada 1991; Batzer et al. 1994; Hamdi et al. 1999;
Roy-Engel et al. 2001). A specific Alu insertion and nearby
flanking sequence will be identical by descent in all individu-
als in whom they occur (Batzer et al. 1994). Thus, sets of
related chromosome regions marked by an Alu insertion event
can be distinguished from a pool of ancestral chromosomes
that lack the element. These features give each locus genetic
polarity that allows the independent assignment of an ances-
tral state and a root for phylogenetic analyses.

Previous studies of human genetic variation have utilized
polymorphic Alu insertions to gain insight into population
history. Studies using multiple Alu loci or a single Alu locus
with flanking markers show high African diversity and a
greater effective population size for Africans (Batzer et al.

1994; Stoneking et al. 1997; Tishkoff et al. 1998; Watkins et al.
2001). When a large number of Alu elements are analyzed,
individuals can usually be classified according to their conti-
nent of origin (Bamshad et al. 2003). Alu insertions are also
useful for resolving genetic relationships in more limited lo-
cales such as NW Africa and the Caucasus region (Comas et al.
2000; Nasidze et al. 2001). Here, we examine population
variation using 100 Alu insertion polymorphisms. Most of
these Alu elements are recently identified insertions from the
human genome sequence (Carroll et al. 2001; Roy-Engel et al.
2001) and are examined in broadly dispersed world popula-
tions for the first time.

RESULTS
For the 31 world populations (Fig. 1) combined, Alu insertion
frequencies for the 100 loci are distributed from 0.001–0.999.
The average Alu insertion frequencies for four major human
population groups are similar among E. Asians (0.557), Indi-
ans (0.544), and Europeans (0.559), but lower in Africans

Figure 1 A map showing the locations of the 31 populations sampled in the study.
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(0.463). Alu gene diversity is higher in Africans than in E.
Asians, Indians, and Europeans (Table 1).

We tested Hardy-Weinberg equilibrium (HWE) in each of
the 100 loci in 31 regional populations. The left panel of
Figure 2 shows the cumulative distribution of the 3100 P-
values corresponding to each deviation (F) from HWE. If these
loci departed from HWE ratios because of sampling effects
alone, we would expect to find P � 0.05 at 5% of samples,
P � 0.10 at 10%, and so on. The points in the panel should
fall along the 45° line. The scatter of points is centered about
this line in the left half of the graph, but falls below it on the
right, suggesting a deficit of samples with large P.

In expecting the points to fall along the line, however,
we are assuming that P is uniformly distributed over the in-
terval between 0 and 1. But, in fact, the distribution of P is
discrete, reflecting the discrete number of values that F can
take given the count of “+” (insert present) and “�” (insert
absent) alleles in any sample. To test the hypothesis that a
discrete distribution of F accounts for the deficit of large P

values, we repeated the analysis using artificial data generated
by randomly reassigning alleles to genotypes while maintain-
ing the counts of the “+” and “�” alleles in each sample. The
results (Fig. 2, right) show the pattern expected under the
hypothesis of HWE. The left and right panels are indistin-
guishable. Thus, the observed deficit of samples with large P
values is consistent with the expected distribution of F and
shows that these data are in HWE.

The genetic distance estimates reported here are based on
Nei’s D method (Nei 1987). These estimates are highly similar
to those produced by alternative methods (squared Euclidean,
Cavalli-Sforza’s chord measure, and Reynold’s distance), with
all distance matrix correlations exceeding 0.985 (P < 0.0001)
for our data. The genetic distances between Africans and the
non-African groups are significantly larger than those among
E. Asians, Europeans, and Indians (Table 2). In a neighbor-
joining network, African, E. Asian, and European populations
form distinct clusters, with bootstrap values of 99.8%, 98.2%,
and 96.7%, respectively (Fig. 3). The South Indian caste and
tribal populations are located in the same portion of the net-
work, between the European and E. Asian clusters. The boot-
strap value for a branch that includes the Indian populations
with the E. Asian populations is only 45.2%, which reflects
the fact that the genetic distance between the Indian and E.
Asian population groups is almost identical to the genetic
distance between the Indian and European population groups
(Table 2).

The overall topology of the network shows similarity to
the geographic distribution of these populations. The net-
work is rooted by an ancestral outgroup that was created using
an Alu insertion frequency of 0 for each locus. The actual
genetic distance between the hypothetical root and any Afri-
can population is smaller than the distance between the root
and any non-African population. In the non-African cluster,
three tribal Indian groups (Maria Gond, Santal, and Khonda
Dora) have smaller pairwise genetic distances from the root
than do the other populations. As suggested by the network,
the average genetic distance among populations within each
major group is higher for Africans (0.044) than for E. Asians
(0.033), Europeans (0.018), or Indians (0.019).

Principal components analysis of genetic distance esti-
mates provides an alternative means of examining interpopu-
lation relationships. An advantage of this method is that is
does not impose a bifurcating structure on population rela-
tionships. A two-dimensional principal components plot of
the 31 populations (Fig. 4A) demonstrates clustering of the
African, E. Asian, and European populations, with the Indian
caste populations located between the E. Asian and European
populations (as in the network in Fig. 3). The African and
non-African populations are well separated by the first com-
ponent, which accounts for 51% of the variance in the genetic
distance matrix. European, Indian caste, and E. Asian popu-
lations show a west-to-east gradient along the second compo-
nent (16% of the variance). Three of the four tribal Indian
groups diverge from the other Eurasians, and this divergence
is toward the hypothetical ancestral population when the lo-
cation of the root is included. It is interesting that the latter
pattern is not readily apparent in the network shown in Fig-
ure 3 but becomes clear in the principal components plot and
by examination of the actual pairwise genetic distances.

Additional detail is provided by plotting the first two
principal components against the third component in a
three-dimensional graph (Fig. 4B). The third component,
which accounts for 6% of the variance of the genetic distance

Table 1. Alu Diversity for Major Groups and
31 Populations

Alu diversity

Africans 0.3487
(0.3189–0.3785)

Alur 0.3544
Biaka Pygmy 0.3073
Hema 0.3503
!Kung 0.3390
Mbuti Pygmy (Coriell) 0.3221
Mbuti Pygmy 0.3135
Nande 0.3393
Nguni 0.3445
Sotho/Tswana 0.3411
Tsonga 0.3510

E. Asians 0.3104
(0.2729–0.3480)

Cambodian 0.2947
Chinese 0.3178
Japanese 0.3064
Malay 0.3256
Vietnamese 0.2965

Europeans 0.2973
(0.2616–0.3331)

Finns 0.2927
French 0.3009
N. European 0.2964
Poles 0.2798

Indians 0.3159
(0.2803–0.3514)

Brahmin 0.3128
Irula 0.3068
Kapu 0.3117
Khonda Dora 0.3050
Kshatriya 0.3031
Madiga 0.3103
Mala 0.3113
Maria Gond 0.3029
Relli 0.3220
Santal 0.3007
Vysya 0.2993
Yadava 0.3127

(95% CI in parentheses)
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matrix, resolves the Eurasian populations into three clusters
(European, Indian caste and tribal, and E. Asian).

To quantify the amount of Alu genetic diversity that oc-
curs between different human populations, FST was calculated
for several population groupings (Fig. 5). The largest FST oc-
curs for the traditional continental comparison of Africans, E.
Asians, and Europeans (14.1%), but FST decreases to 10.0%
when Indians are included as a fourth geographic group.
Combining the Indian and E. Asian populations and compar-
ing them with Europeans and Africans produces a similar re-
sult (FST = 10.6%). Comparing only the three non-African
population groups produces a significantly lower FST of 4.7%.
Using all 31 populations as the units of subdivision yields an
FST of 9.0%. As expected, the FST values obtained within each
of the geographic regions of India, E. Asia, Europe, and Africa
demonstrate lower levels of population differentiation
(FST = 0.010 to 0.042). All values of FST are significantly differ-
ent from zero (P < 0.025). A hierarchical analysis of molecular
variance (AMOVA) using the 4 major groups and 31 popula-
tions indicates that 9.6% of variation occurs among groups,
1.9% occurs among populations within groups, and 88.6%
occurs within populations. The among-group variation esti-

mate of 9.6% obtained using AMOVA is highly similar to the
four-group FST value of 10.0% obtained using the GDA pro-
gram (see Methods).

To test the hypothesis that genetic distance derived from
the 100 Alu insertion polymorphisms is correlated with the
geographic distance between populations, we examined these
two variables using Mantel matrix comparisons and regres-
sion analysis. Comparison of geographic and genetic distance
matrices for all 31 populations produces a highly significant
product-moment correlation of 0.6918 (P < 0.00001). Linear
regression analysis yields a predicted best line with a slope of
9.5 � 10�6/km. This indicates an increase in genetic distance
of ∼0.095 +/� 0.009 per 1000 km. Nei’s formula measures dis-
tances as �ln (I), in which I is the gene identity between
populations, standardizing by the geometric mean of gene
identity within regions. Thus, converting to identity within
this range, the regression predicts a decrease of ∼1% genetic
identity per 1000 km of geographic distance.

The Malécot model of isolation by distance was used to
further test the relationship between genetic and geographic
distances. This model takes the general form, �(d) = ae�bd, in
which �(d) is the probability of genetic identity by descent for

Table 2. Genetic Distances Between Africans, E. Asians, Europeans, and Indians

African E. Asian European

E. Asian 0.1049 (0.0757–0.1341)
European 0.0883 (0.0622–0.1144) 0.0384 (0.0227–0.0541)
Indian 0.0785 (0.0554–0.1016) 0.0203 (0.0130–0.0276) 0.0201 (0.0140–0.0262)

(95% CI in parentheses)

Figure 2 The cumulative distribution of P-values measuring significance of deviation from Hardy-Weinberg expectation. The cumulative fre-
quency of P-values is plotted against each value of P for 100 Alu loci and 31 populations (left) and for 100 loci with the same allele frequencies but
randomly assigned genotypes (right).
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two randomly chosen individuals located distance d apart,
and a and b are parameters estimated by nonlinear regression.
Parameter a measures local kinship (i.e., genetic identity be-
tween individuals in the same population), and parameter b
measures the rate of decline of genetic identity with geo-
graphic distance. This form of the Malécot model assumes
that the population is distributed uniformly along a line.
Model fitting produced regression parameters of local kinship
(a) = 0.33970 and rate of decline (b) = 0.00006. Scalar adjust-
ment for fitting negative covariance values (see Methods)
yields a final curve with a y-intercept (parameter a) of 0.086
(Fig. 6). Both linear and nonlinear regression models used in
our analyses capture ∼50% of the variance in the data
(R2 = 0.479 and 0.520, respectively).

The Malécot model can accommodate two-dimensional
migration by modifying the isolation-by-distance equation as
follows: �(d) = ae�bdd�1/2. Application of this version of the

mode l p roduced a poor f i t
(R2 = 0.228), which can be ex-
plained by the fact that the model
assumes uniform migration in both
dimensions. As shown in Figures 3
and 4, most of the variation in the
genetic distance data occurs along a
single dimension, so it is expected
that a one-dimensional model
would provide a better fit to the
data.

Additional insights are gained
by separating the genetic versus
geographic distance comparison
into two components, distances be-
tween populations from different
major groups and distances be-
tween populations from the same
major group. A plot of this relation-
ship reveals interesting features of
population structure not apparent
from the regression analyses (Fig.
7). Pairwise comparison between
populations from different major
groups (Africa, E. Asia, India, and
Europe) produces a significant
positive correlation of 0.4660
(P < 0.0002). African versus non-
African comparisons yield high
geographic and genetic distances
(triangles). African versus European
and African versus Indian compari-
sons have overlapping ranges for
geographic and genetic distances.
The highest values for geographic
and genetic distances occur for the
African versus E. Asian compari-
sons. In contrast, the non-African
comparisons (circles) have a wide
geographic distribution (∼2000 to
∼12,000 km) but low, relatively uni-
form genetic distances (0.0202–
0.0788). Almost all of the genetic
distances comparing Eurasian
populations are less than those of
Africans versus Eurasians. Consid-
ered alone, there is little correlation

between geographic and genetic distance in Eurasia. The pair-
wise comparisons between populations within each of the
major groups of Africa, E. Asia, Europe, and India revealed
lower, nonsignificant correlations.

Using a strategy in which loci are randomly resampled,
we assessed the consistency of genetic distance estimates as a
function of the number of Alu insertion polymorphisms ana-
lyzed (Fig. 8). The correlation between pairs of genetic dis-
tance matrices based on randomly resampled loci rises rapidly
with increasing numbers of Alu polymorphisms and achieves
95% of its maximum value when 35 loci are sampled for the
4 major population groups. A total of 51 loci are required to
reach this level of correlation when 31 populations are ana-
lyzed (Fig. 8A,B). Higher correlations are achieved more rap-
idly using Alu markers with FST values in the upper 20

th and
40th percentiles of all markers (Fig. 8C,D). Loci were separated
into five quintiles ordered by FST value, and a correlation was

Figure 3 A neighbor-joining network on the basis of 100 Alu insertion polymorphisms. The network
is rooted using a hypothetical ancestral group that lacks the Alu insertions at each locus. Bootstrap
values are shown for major branches.
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estimated between a distance matrix on
the basis of all 100 loci and a matrix on
the basis of the loci in each FST quintile.
The highest correlation, 0.95, was ob-
tained using the matrix on the basis of the
upper FST quintile, and the correlations
decreased gradually with the lower quin-
tiles (0.90, 0.66, 0.74, and 0.50 for the sec-
ond, third, fourth, and fifth quintiles, re-
spectively). For populations within the 4
major groups, Europeans, Africans, and
Indians are similar in the number of loci
needed to produce high correlations,
whereas E. Asian populations show lower
correlations even with 100 Alu markers
(Fig. 8E).

We also used a resampling approach
to assess consistency of the correlation be-
tween genetic and geographic distance.
Genetic distance estimates attain 95% of
the maximum correlation with geo-
graphic distance when 50 loci are used
(Fig. 8F). The use of additional polymor-
phic Alu loci reduces the 95% confidence
intervals about the correlation estimates
considerably.

DISCUSSION
The genetic distance patterns using 100
Alu insertion polymorphisms show three
major trends. First, the genetic distances
between a hypothetical ancestral popula-
tion lacking Alu insertions are smaller for
African populations than for non-African
populations. Second, the genetic distances
between African populations and non-
African populations are large relative to
distances between non-African popula-
tions. Third, the average genetic distance
among populations within Africa is large
relative to those among populations of
Asia, Europe, or India. The latter result is
similar to a recent finding based on exten-
sive DNA resequencing (Yu et al. 2002).
Because these results are based on a large
number of individuals and many autoso-
mal Alu insertion polymorphisms scat-
tered throughout the genome, the genetic
distance trends observed here are unlikely
to be greatly influenced by sampling error.

The genetic inferences made here are
in accord with an earlier study of 35 Alu
loci (Watkins et al. 2001), but show higher
statistical support for the inferred popula-
tion relationships. For analyses of popula-
tions such as these, highly consistent esti-
mates of genetic distance should require
∼50 Alu insertion polymorphisms. Greater
consistency can be achieved by selecting
loci with high FST values, but it should be
borne in mind that this applies only to
genetic distance results. Selection of loci
on the basis of FST values could lead to

Figure 4 (A) A plot of the first two principal components of a genetic distance matrix esti-
mated for 31 populations. The hypothetical ancestral, or root population is also shown on the
graph, although the actual coordinates of this population on the first two principal components
(shown in parentheses below the symbol) place it well off the graph. (B) A plot of the first three
principal components of the genetic distance matrix. The length of each line below the symbol
represents the coordinate of each population on the third component.

Watkins et al.

1612 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


biases in other applications (e.g., estimating the dates of de-
mographic events).

Average Alu diversity is highest in Africa and lower in the
other major population groups. The lowest diversity occurs in
European populations. Among the 31 populations, 7 of the 10
African populations have the highest values for Alu heterozy-
gosity, and the African populations with lower diversity are
Pygmy populations. The diversity trends using 100 Alu inser-
tion polymorphisms are, in general, consistent with studies
using smaller numbers of Alu loci (Batzer et al. 1994; Stone-
king et al. 1997; Watkins et al. 2001) and other molecular
marker systems including autosomal microsatellites (Jorde et
al. 1997; Jin et al. 2000), autosomal sequence variation (Tish-
koff et al. 1996; Nickerson et al. 2000; Yu et al. 2002) Y-
microsatellites (Seielstad et al. 1999), mtDNA (Merriwether et
al. 1991; Jorde et al. 2000), and protein markers (Nei and
Livshits 1989).

FST results suggest that Alu diversity between populations
is highest for continental groups that are separated by large
geographic distances, such as Africa, Asia, and Europe. The
reduction in FST observed when Indians are included is con-
sistent with previous work showing both Asian and European
affinities in South Indian populations (Bamshad et al. 2001).
FST is influenced by the number of populations analyzed and
by the way in which individual populations are defined and
sampled (Jorde 1980; Urbanek et al. 1996). Thus, caution is
warranted in the interpretation of this statistic. The FST esti-
mate of 9.0% using the 31 individual populations is likely to
be the most unbiased. Other groupings, however, can yield

insight into how human genetic variation is apportioned. Our
results indicate that a major proportion of the intercontinen-
tal FST value is contributed by the African populations. The
between-population variance for all E. Asian, Indian, and Eu-
ropean populations is relatively low and not significantly dif-
ferent from the between-population variance within Africa
alone. The observed patterns of between-population differen-
tiation are consistent with a bottleneck or a successive series
of bottleneck events that have reduced genetic diversity
among non-African populations and may have coincided
with emigration from Africa (Harpending and Rogers 2000;
Jorde et al. 2000; Reich et al. 2001).

The large sample of Indian populations allowed us to
examine eight Indian caste groups and four endogamous
south Indian tribal populations. The Indian castes from the
state of Andhra Pradesh show low between-group differences
that are probably attributable, in part, to low geographic dis-
tances between groups. The tribal Indian groups show rela-
tively high between-group differentiation that probably can
be attributed to reproductive isolation and drift, consistent
with previous studies of such populations (Das et al. 1996).

The distribution of Alu insertion polymorphisms reveals
a consistent trend of higher average insertion frequencies in
non-African populations. A recent survey of 2000 database-
ascertained insertion/deletion polymorphisms also shows a
pattern of higher ancestral allele frequencies in African popu-
lations (Weber et al. 2002). One explanation for this trend
may be simple ascertainment bias. Most of the Alu insertions
were identified using overlapping BAC sequences thought to
be derived primarily from non-African samples (International
Human Genome Consortium 2001; Weber et al. 2002). Sev-
eral arguments against simple ascertainment bias accounting
entirely for this pattern have been discussed previously for 35
Alu loci (Watkins et al. 2001). Simulations and in-depth sta-

Figure 6 Relationship between geographic and genetic distance.
Great circle distances (in kilometers) are plotted against the covari-
ance of allele frequencies for 31 populations. A nonlinear regression
line based on a one-dimensional Malécot model is fit to the data.

Figure 5 FST for world populations. FST estimates with 95% confi-
dence intervals are shown for comparisons between major groups of
Africans (AF), E. Asians (AS), Europeans (EU), and Indians (IN), for
populations within the major groups, and for all 31 populations.
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tistical analyses suggest that, although present, simple ascer-
tainment bias cannot explain the 20% difference in the aver-
aged African versus non-African Alu insertion frequencies
(A.R. Rogers, W.S. Watkins, C.T. Ostler, M.J. Bamshad, J.A.
Walker, M.A. Batzer, and L.B. Jorde, in prep.). An alternative,
direct (but labor-intensive) approach for addressing the issue
would be to ascertain a set of Alu insertion polymorphisms
from a panel of African-derived genomic libraries, which
could then be genotyped in a world-wide panel of human
DNA samples. The results could provide important informa-
tion for future studies that utilize any type of polymorphism
identified solely by database mining approaches.

The correlation observed between genetic and geo-
graphic distances suggests that geographic separation of
populations has contributed substantially to the observed ge-
netic distances between human populations, as has been seen
with numerous other studies (Cavalli-Sforza et al. 1994). A
negative exponential correlation between genetic and geo-
graphic distance is predicted theoretically (Malecot 1948;
Kimura and Weiss 1964). Using the Malécot model, our data
produced a large estimate of parameter a (0.086) and small
estimate of parameter b (0.00006), substantially lower than
estimates from local populations separated by smaller geo-
graphic distances (for review, see Jorde 1980). The shallow
rate of decline of genetic distance suggested by these findings
may reflect a relatively sudden, widespread geographic disper-
sion of a small subset of modern humans leaving Africa to
populate Europe and Asia. Although extensive gene flow
throughout Eurasia could also produce this result, the esti-
mate of an effective Pleistocene population size of 10,000
breeding individuals makes the latter scenario improbable
(Harpending et al. 1998).

Polymorphism age may influence the pattern of geo-
graphic and genetic differentiation observed in this study. A
large percentage (∼90 %) of these Alu insertion polymor-
phisms have insertion allele frequencies greater than 0.10 and

are likely to represent older polymorphisms that may predate
the out-of-Africa expansion estimated to have occurred
156,000 years ago (Goldstein et al. 1995). Older polymor-
phisms may provide limited resolution of recent population
history. The most prominent feature of the genetic distances
in this study is the split between sub-Saharan African and
non-African populations. This pattern highlights the human
migration from Africa, which is likely to be one of the oldest
major events in human evolutionary history (Cavalli-Sforza et
al. 1994; Goldstein et al. 1995).

Young, population-specific Alu insertions polymor-
phisms, low-frequency SNPs, and rapidly mutating STRs may
provide better resolution of more recent population events
(e.g., the African Bantu expansion or recent migrations into
the Indian subcontinent). Such genetic markers may produce
significant correlations between geographic and genetic dis-
tances within continents or limited geographic regions. Using
60 STRs typed in 15 of the 31 populations examined here,
Eller found a significant positive correlation for genetic and
geographic distance in Africa (0.62), Eurasia (0.88), and the
world (0.60), but not within Asia or Europe alone (Eller 1999).

Additional populations from other world regions in-
cluding Northern Africa, Central Asia, extreme Southeast
Asia, and the original populations of the Western Hemisphere
will be required to fully understand the extent of human ge-
netic variation. The 31 populations from 4 major world re-
gions examined here show a pattern of decreasing genetic
diversity moving away from an ancestral African origin. The
amount of genetic variation distributed between populations
is quite low, no more than 15% of the total genetic variance,
even for major groups separated by large geographic dis-
tances. Low diversity, higher Alu insertion frequencies, and
small genetic distances between European and Asian popula-
tions that are separated by large geographic distances suggest
that a bottleneck has eliminated a great deal of ancestral ge-
netic diversity.

Figure 7 Geographic distance is plotted against genetic distance measured as the negative log of Nei’s identity for pairwise comparisons
between population groups from Africa, E. Asia, Europe, and India. The six possible comparison groups are color coded. Comparisons using
Africans are triangles and Eurasians are circles.
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METHODS

Samples

The human population samples
used for this study have been de-
scribed previously, and their loca-
tions are shown on a geopolitical
Mercator projection of the Eastern
Hemisphere (see Fig. 1; Jorde et al.
1995; Bamshad et al. 1998; Watkins
et al. 1999; Bamshad et al. 2001).
Briefly, the population groups and
their sample sizes are Africans
(152)—Alur (12), Biaka Pygmy (5),
Hema (18), Coriell Mbuti Pygmy
(5), a second sample of Mbuti
Pygmy from the Democratic Repub-
lic of the Congo (33), Nande (17),
Nguni (14), Sotho/Tswana (22),
!Kung (San) (15), Tsonga (14); E.
Asians (75)—Cambodian (12), Chi-
nese (17), Japanese (17), Malay (6),
Vietnamese (9), mixed E. Asian an-
cestry (14); Europeans (118)—
Northern Europeans (68), French
(20), Poles (10), Finns (20); Subcon-
tinent Indians (365)—Brahmin (60),
Kshatriya (11), Vysya (10), Kapu
(58), Yadava (53), Relli (19), Mala
(26), Madiga (29), Irula (34),
Khonda Dora (27), Maria Gond
(22), and Santal (16). Lymphocyte
DNA was extracted from whole
blood or cell lines using standard
phenol/chloroform extraction pro-
cedures or a Puregene (Genecodes)
DNA extraction kit. Samples were
collected under institutionally ap-
proved internal review board proto-
cols with informed consent.

Human-specific Alu insertion
polymorphisms were identified
from the available human genome
sequence with BLAST using se-
quences specific to the Ya5, Yb8,
Yb9, and Yc1 subfamilies (Carroll et
al. 2001; Roy-Engel et al. 2001). Lo-
cus-specific primers were designed
from unique flanking sequence us-
ing the PRIMER3 program to pro-
duce amplicons with allele sizes be-
tween 90 and 900 bp. A total of 614
Alu insertions demonstrated hu-
man-specific variation in a panel of
20 African Americans, 20 Green-
land natives, 20 Egyptians, and 20
Europeans (Carroll et al. 2001; Roy-
Engel et al. 2001). A subset of 100
polymorphic Alu loci was selected
and typed by PCR using standard
3-step conditions as described pre-
viously (Watkins et al. 2001). The
100 Alu insertion polymorphisms
are distributed broadly over all 22
autosomes, and these insertions
were absent from the genomes of
several nonhuman primates that
included common chimpanzee,
pygmy chimpanzee, and gorilla.

Figure 8 Average correlations between genetic distance matrices for increasing numbers of resam-
pled Alu loci. (A) Four major geographic groups of Africa, Asia, Europe, and India; (B) 31 populations;
(C) the 4 major groups with Alu loci sorted into 5 FST bins (actual FST values are indicated); (D) 31
populations and 5 FST bins; (E) correlations for populations within each of the 4 major geographic
groups; (F) the correlation between genetics distance matrices and geographic distance for 31 popu-
lations. All points represent mean values from 1000 product-moment correlations. Broken lines indi-
cate the 95% confidence interval.
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Genotyping
A few of the loci in our initial genotyping exhibited depar-
tures from HWE for some populations that may have been
produced by difficulties in genotyping Alu insertions. Three
Alu genotyping issues and how we addressed them are de-
scribed below.

First, errors can result when a set of PCR primers ampli-
fies more than one locus. If amplification products from para-
logs produce products of similar size, there will be an apparent
excess of heterozygotes. To address this problem, we tested
each set of primers against the draft sequence of the Human
Genome Project (HGP) using the BLAST search tool. For sev-
eral loci, we also performed a PCR-based analysis of human/
rodent monochromosomal hybrid cell-line DNA panels, as
reported previously (Carroll et al 2001, Roy-Engel et al, 2001).
Additionally, we redesigned primers and/or selected Alu in-
sertion polymorphisms to ensure that each pair of primers
amplified a single locus. Second, errors can also result from
preferential amplification of the noninsertion allele in het-
erozygotes for some loci. If an Alu insertion product falls be-
low the limit of visibility in our genotyping assay, heterozy-
gotes could be mistaken for homozygotes. We dealt with this
problem by redesigning primer sets and repeating amplifica-
tions that appeared problematic. A third source of error may
result from polymorphic variation of the template if it occurs
at the 3� ultimate or penultimate bases of the primer se-
quence. Such mutations may prevent or reduce amplification
of one allele, causing some heterozygotes to be scored as ho-
mozygotes. We developed a statistical model to investigate
this issue. For this model, an Alu locus is analogous to the
ABO genetic system, with a null Alu allele being the O allele.
This model improved the fit of genotype frequencies in only
2 of the 100 loci in our data set. Thus, it seems unlikely that
this problem influences our results.

Data Analysis
Alu insertion frequencies for each population were deter-
mined by gene counting. HWE was tested for each locus in
populations of Africans, E. Asians, Europeans, and Indians
using Fisher’s exact test. A total of 17 of 400 tests (3, 7, 1, and
6 for Africans, E. Asian, Europeans, and Indians, respectively)
were significant (P < 0.05). This number is less than would be
expected by chance alone. Individual populations were also
tested for deviation from HWE. To evaluate HWE in the 31
populations, we compared the genotype frequencies within
our sample against their expectations under HWE. At each
locus and in each population in our sample, we measured the
deviation from HWE by F = (JO � JE)/(1 � JE), in which JO is
the observed homozygosity, and JE is the expected homozy-
gosity under HWE, given the number of copies of the “+” and
“�” alleles in the sample. With 31 regional populations and
100 loci, we can calculate 3100 separate values of F and their
associated P values. The distribution of F is unimodal, with a
mode near zero, as expected under HWE. We used a random-
ization procedure to test the significance of the difference
between each estimate of F and 0.

Unbiased estimates of heterozygosity (h) were calculated
as h = (n/n � 1)(1 � �pi

2), in which n is the sample size and
pi is the frequency of the ith allele. Genetic distances between
populations, on the basis of an infinite alleles model of evo-
lution, were calculated using DISPAN (Ota 1993) or the
GENDIST (Felsenstein 1993) program, and neighbor-joining
trees were constructed using NEIGHBOR (Felsenstein 1993).
Branch support for the population tree was assessed by boot-
strap resampling using SEQBOOT and CONSENSE. Two-level
FST calculations were performed using the Genetic Data
Analysis (GDA) software package (Weir 1996; Lewis and
Zaykin 2000). Hierarchical analysis of molecular variance
(AMOVA) was performed with the Arlequin software package
(Excoffier et al. 1992; Schneider et al. 2000). Both GDA and

Arlequin use a variance components approach to estimate
population structure statistics, but there are differences in the
ways in which missing data and bias corrections are handled.
For details, see Weir (1996), Excoffier (1992), and Schneider et
al. (2000). Principal components were extracted from genetic
distance matrices using the MATFIT program (Lalouel 1973).

Product-moment correlations and significance levels be-
tween genetic distance matrices or between genetic and geo-
graphic distance matrices were estimated by matrix random-
ization (Smouse et al. 1986). To estimate the correlation be-
tween genetic distance matrices and its confidence interval,
data sets for a given number of Alu polymorphisms were cre-
ated by random resampling of loci with replacement. For a
given number of loci, 2000 individual genetic distance matri-
ces were calculated from 2000 random loci sets, yielding 1000
product-moment correlations between pairs of matrices. A
mean correlation and its 95% empirical confidence intervals
were calculated. For comparisons of Alu polymorphsisms on
the basis of FST, loci were sorted by FST into 5 bins of 20 loci,
from which resampling was performed.

Geographic distances between pairs of populations were
calculated as great circle distances on the basis of the approxi-
mate latitude and longitude of each of the 31 populations.
The eight caste populations of Andhra Pradesh were all col-
lected from the same region and have small between-group
distances. Geographic distances were compared with standard
genetic distances (as described above) or to the covariance of
allele frequencies between populations. An Rmatrix of covari-
ance (rij) was calculated as rij = [(pi � P)(pj � P)]/[P(1 � P)],
in which pi and pj are the frequencies of the Alu insertion at
a given locus in populations i and j, and P is the mean inser-
tion frequency for that locus in all populations (Harpending
and Jenkins 1973). The resulting R matrices are averaged over
all loci.

The relationship between genetic and geographic dis-
tance was evaluated using linear and nonlinear regression
analyses. A one-dimensional Malécot model was fitted to the
data: �(d) = ae-bd, in which �(d) is estimated as the genetic
covariance (rij), d is geographic distance between each pair of
populations, and a (local kinship) and b (rate of decline of
kinship with geographic distance) are estimated by nonlinear
regression. A portion of the covariance estimates will be more
dissimilar than average, yielding negative values. Curve fit-
ting for the negative covariance values that occur at large
geographic distances thus requires the addition of a scalar to
ae�bd, specified as 1/(4Nem + 1) (Harpending 1973; Workman
et al. 1973). A value of 10,000 was used for Ne (effective popu-
lation size), and m (systematic pressure) was estimated as a
parameter in the nonlinear regression. The estimated value of
m was 0.0000737, yielding a scalar value of 0.253. All param-
eter estimation was performed using the SPSS software pack-
age.
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