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Abstract

Background/Aims:The L1 retrotransposable element family
is the most successful self-replicating genomic parasite of
the human genome. L7 elements drive replication of Alu ele-
ments, and both have had far-reaching impacts on the hu-
man genome. We use L7 and Aluinsertion polymorphisms to
analyze human population structure. Methods: We geno-
typed 75 recent, polymorphic L7 insertions in 317 individuals
from 21 populations in sub-Saharan Africa, East Asia, Europe
and the Indian subcontinent. This is the first sample of L7 loci
large enough to support detailed population genetic infer-
ence. We analyzed these data in parallel with a set of 100
polymorphic Alu insertion loci previously genotyped in the
same individuals. Results and Conclusion: The data sets
yield congruent results that support the recent African ori-
gin model of human ancestry. A genetic clustering algorithm
detects clusters of individuals corresponding to continental
regions. The number of loci sampled is critical: with fewer
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than 50 typical loci, structure cannot be reliably discerned in
these populations. The inclusion of geographically interme-
diate populations (from India) reduces the distinctness of
clustering. Our results indicate that human genetic variation
is neither perfectly correlated with geographic distance
(purely clinal) nor independent of distance (purely clus-
tered), but a combination of both: stepped clinal.
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Introduction

The LINE-1 (long interspersed element 1, or LI) ret-
rotransposable element family is by far the most success-
ful and enduring self-replicating genomic parasite of the
human genome. LIs became established in the ancestors
of mammals ~120 million years ago (mya), and today
remnants of over half a million LIs constitute one-fifth of
the human genome [1-4]. Intact LIs are ~6 kb in length
and encode the proteins required for their own replica-
tion, which proceeds through a target-primed reverse
transcription (TPRT) mechanism [5]. As a result of this
mode of retrotransposition, many LI elements are severe-
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ly truncated upon insertion, rendering them incapable of
catalyzing their own replication. Fewer than one hundred
LIs, mostly of the LIHs Ta and L1 preTa subfamilies, con-
tinue to replicate and thereby create polymorphic inser-
tions in the human population [6-12].

Alu elements are the most common SINEs (short in-
terspersed elements) in the human genome. They are di-
meric 300-bp sequences that evolved from the 7SL RNA
component of the signal-recognition particle ~65 mya
and became extremely successful parasites of LIs. They
rely on retrotransposition proteins encoded by active LI
elements in order to replicate [13]. The human genome
now contains more than one million Alu insertions, ac-
counting for about a tenth of the genome [2]. As with LIs,
some young Alu elements continue to replicate and have
spawned subfamilies of Alu insertions, many of which are
polymorphic for their presence or absence [14]. Like the
numerous and highly polymorphic canine SINEC_Cfre-
peats [15], the L1 and Alu families of mobile elements
have had a significant impact on the composition and
structure of their host genome. L1 and Alu elements con-
tinue to generate mutations by triggering ectopic recom-
bination events and chromosomal rearrangements and
by insertional disruption of genes [16].

LINE and SINE insertions have two uniquely valuable
properties as markers for phylogenetic and population
genetic analyses. First, they are virtually free of homo-
plasy: every observed insertion at a specific locus is iden-
tical by descent to the insertion created by a single trans-
position event. The probability that two insertions of the
same element sequence will occur at the same site and
then drift to any appreciable frequency is extremely small
due to the low rate of insertion relative to the vast number
of potential insertion sites [11, 17-22]. Since insertions
are almost never precisely deleted [23], homoplasy due to
reversion is also extremely rare [18].

The second advantage of LINE and SINE insertion
markers is that the ancestral state of the locus is known
to be the absence of the insertion [24]. Other often-used
genetic marker types, such as single nucleotide polymor-
phisms (SNPs), restriction site polymorphisms (RSPs)
and short tandem repeat polymorphisms (STRPs) suffer
from higher probabilities of homoplasy and greater dif-
ficulty of confidently establishing the ancestral marker
state. As a result, mobile element insertion polymor-
phisms have found increasing application in phylogenet-
ic analyses [20-22, 25-29].

Alu insertion polymorphisms have been used to study
patterns of human genetic diversity and to illuminate hu-
man demographic history. The unambiguously known
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ancestral state of Alu insertion loci allows the root of a
population tree to be determined. This fact aided analy-
ses of small numbers of Alu loci to strongly support an
African origin for modern humans and allowed estima-
tion of the effective size of the human population [24, 30,
31]. A much larger set of 100 polymorphic Alu insertion
loci demonstrated the utility of Alu markers in inferring
the continent of origin of individuals in a worldwide pop-
ulation sample [32] and further supported an African or-
igin of modern humans [33]. We have previously shown
strong correspondence between results obtained from
RSP, STRP, and mtDNA markers and results obtained
from 35 Alu insertion polymorphisms, supporting their
utility in population genetic analyses [34].

To date, L1 markers have not been widely used for pop-
ulation genetic studies. Sheen and coworkers [8] identi-
fied six polymorphic LI insertion loci and determined
the insertion frequencies in a set of populations. The ex-
pected absence of authentic insertion homoplasy has
been demonstrated for LIs in primates [18]. Recent stud-
ies have focused on identifying recent LI insertions and
analyzing their genomic environment and chromosomal
distribution [11, 35].

L1 insertion polymorphisms differ from other com-
monly investigated polymorphisms in several unique
and important ways. Their mutational mechanism is
unique. In particular, the L1 and Alu subfamilies studied
here were transpositionally active between 1 and 5 mya
and are largely quiescent now [6, 11, 12, 25, 35-39]. Some
L1 elements, particularly those of full length, may not be
selectively neutral [40]. And, as we describe here, the as-
certainment of LI insertion polymorphisms in human
populations has not been unbiased.

In this work, we obtain genotypes for a set of L1 loci in
a large set of individuals from many diverse populations
worldwide. With the resulting data we examine the dis-
tribution of human genetic diversity, the distinctness and
relatedness of human populations, and the congruence of
conclusions drawn from LI polymorphisms with those
drawn from Alu markers in the same populations. We
demonstrate that, in spite of the unique features of LI
polymorphisms, population structure results based on a
large collection of LI polymorphisms are remarkably
consistent with those based on other types of polymor-
phic elements.

Central to discussions of human genetic diversity is
the question of whether human population structure is
best described as ‘clinal’ or ‘clustered’ [e.g. 41, 42]. We ad-
dress this question and explore how the statistical power
of the data set influences the answer.
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Subjects, Materials and Methods

Populations, Ascertainment and Genotyping

LI and Alu Diversity Panels

A total of 75 unlinked polymorphic autosomal LI insertion
loci of the Ta and preTa L1 families were genotyped in 317 indi-
viduals from diverse populations. Subjects for whom genotypes
could not be obtained for at least 90% of these loci were removed,
leaving 272 individuals. One hundred polymorphic Alu loci had
been previously genotyped in 445 individuals from the same pop-
ulations, including 246 of the individuals in whom the LI loci
were genotyped (26 individuals were typed at the LI loci only).
Genotypes were available for at least 90% of the 100 Alu loci in
each of the 445 individuals in that sample [33]. The locations of
the African populations range from equatorial to southern Africa
[see map of 33]. These samples (table 1) constitute our ‘diversity
panels’ and are the basis for our population structure analyses.

L1 Ascertainment

Most of the L1 and Alu loci genotyped in our diversity panels
were ascertained first in ‘ascertainment panels’ as follows.

Fifty-four of the 75 LI loci genotyped in the Diversity Panel
were chosen from a larger set originally identified by searching
the draft human genome sequence for LI elements of the recently-
active Ta [12] and preTa [11] subfamilies. This set of 54 loci was
genotyped in ascertainment panels of 80 individuals, 20 from
each of four geographical regions.

The Ta L1 loci were genotyped in: (1) African Americans from
Michigan (ALFRED Allele Frequency Database sample
SA000494R [31]); (2) East Asians (Chinese, Taiwanese and Ma-
laysian, SA0005360, SA000534M, SA0005301 [31, 43]) or, for
some loci, in Native Alaskans (Inuit, Aleut, and Native Amerin-
dian, SA000497U [24, 44]); (3) Germans [22], and (4) Egyptians
(Nile River Valley [36]). The preTa LI loci were genotyped in the
African American, East Asian, and Egyptian panels as above, but
in Swiss and French [45, 46] instead of Germans.

The remaining 21 LI loci were ascertained directly for poly-
morphism in panels of diverse individuals, rather than for pres-
ence in the human genome sequence and then polymorphism in
ascertainment panels. Twenty of 21 were ascertained for presence
in a four-member panel (Biaka, Druze, Chinese, and Melanesian)
using an anchored PCR and cloning method designed to identify
all Ta L1 insertions [35], then screened for polymorphism in an
eight-member panel composed of the above four plus a Maya,
Mbuti, Cambodian, and a Karitiana individual. One additional
locus was identified by differential display in the above ascertain-
ment panels (unpublished data; method based on [8]).

Alu Ascertainment

The 100 autosomal Alu loci were ascertained as follows [33, 47,
48].

Twelve Ya5-subfamily Alu polymorphisms were identified due
to their presence in well-studied genes. The remainder were cho-
sen from larger sets constructed by searching genome sequence
databases: 34 Ya5 and 47 Yb8 [47-49] and 2 Yb9 and 5 YcI [48].
The Yb9 and YcI loci were genotyped in 20 individuals each from
the African American, Asian, Swiss/French, and Egyptian sam-
ples (above), while the Yb8 and most Ya5 loci were genotyped in
the same panel, except that a sample of Greenland Natives
(SA000496T [45]) was used in lieu of the Asian sample. Some Ya5
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loci were genotyped in a panel of Americans of northern Euro-
pean descent from Michigan instead of the above Swiss and
French sample (SA000493Q [45, 48]).

Ascertainment-panel genotypes for 121 polymorphic autoso-
mal L1 loci (of the Ta, Ta-0, Ta-1, preTA and preTA2 subfamilies)
and 515 polymorphic autosomal Alu loci (Ya5, Ya5a2, Yb8, Yb9,
and YcI subfamilies) were obtained from the above references and
from dbRIP [50]. L1 and Alu polymorphisms of intermediate fre-
quency in the ascertainment panels were chosen for genotyping
in the diversity panels [33]. For the Alu data set, polymorphisms
with minor allele frequencies (MAFs) as low as 5% across the as-
certainment panel were accepted. For the later L1 data set, MAFs
>10% were required.

Genotyping

We used locus-specific primers and internal LI primers de-
signed in previous studies [11, 12, 35] to perform genotyping by
PCR and gel electrophoresis. Short (severely truncated) LI inser-
tion loci were genotyped using a single PCR with two primers
flanking the insertion site, whereas longer insertions required
two reactions: one using primers flanking the insertion site to
amplify empty alleles, and another using one flanking primer and
one primer internal to the LI insertion to diagnose insertion al-
leles [8].

PCR conditions were based on [12, 35], with PCR extension
times and annealing temperatures modified to optimize the re-
sults for the latter set. Generally, PCR was performed in 25 pl re-
action volumes using 5 or 25 ng of template DNA, 2.5 pmol of each
primer and 1.0 U Taq DNA polymerase in a solution of 200 uM of
dNTPs, 50 mM KCI, 10 mM Tris-HCI (pH 8.4) and 1.5 mM MgCl,.
Samples were initially denatured at 94°C for 2 min, then cycled 25
to 35 times as follows: denaturing at 94°C for 15 s, annealing be-
tween 55 and 61°C for 30 s, extension at 72°C for 30-70 s, followed
by a final extension period of 3 min at 72°C. The expected product
sizes range from ~100 to 1,400 bp. Denaturing and extension
times were doubled for product sizes >500 bp. PCR products were
electrophoresed in 2 or 4% agarose gels, stained with 0.05 mg/ml
ethidium bromide and visualized by UV fluorescence.

Data Analysis

Gene diversities (h) were estimated using Nei’s [51] unbiased
measure. Tests of Hardy-Weinberg equilibrium for genotypes
within continental groups were performed using an uncondition-
al Bayesian exact test [52] with a Bonferroni correction for mul-
tiple tests. Bifurcating trees of population relatedness with boot-
strap support values were constructed from the pairwise matrix
of genetic distances (Nei’s genetic distance [53]; using the NEIGH-
BOR, GENDIST, and SEQBOOT programs of PHYLIP [54].

Structure Analysis

To examine population structure in the L1 and Alu data sets,
structure v. 2.1 [55, 56] analyses were performed five times each
for each data set and parameter combination (below), with 50,000
burn-in iterations followed by 1,000,000 iterations to estimate
model likelihoods for different numbers of ancestral populations,
k. From each set of five runs, only the results of the run with the
highest likelihood were used. Admixture was assumed to occur
between populations (noadmix = 0). We used the ‘F model’ of
structure (fregscorr = 1) to model the expected correlation of allele
frequencies between populations. The number of ancestral popu-

Witherspoon et al.



lations, k, was varied between one and seven. Defaults were used
for all other parameters.

Structure Parameter Variations

We studied the effects of model choice and data set on the abil-
ity of structure to consistently infer individual ancestries. For
these analyses, the L1 and Alu data sets were combined to yield
175 loci typed in 246 individuals.

In order to examine the effect of the number of loci typed, data
sets were constructed by resampling L = 10, 20, ..., 160, 175 loci at
atime, with replacement (17 values). Allele frequencies can be as-
sumed to be independent or correlated across populations. Struc-
ture can estimate either the probability that an individual is a
member of a given ancestral population (if no admixture is as-
sumed, noadmix = 1), or the proportion of that individual’s ge-
nome that is derived from each population (with admixture al-
lowed, noadmix = 0). We examined the results of all four combi-
nations of these parameter choices. For each of the 17 X 4 = 68
parameter combinations, we applied structure to 20 data sets gen-
erated by resampling the specified number of loci (thus generat-
ing 68 X 20 = 1,360 data sets). In order to eliminate the effect of
some structure trials that fail to approach an optimal solution,
three structure runs were performed for each of the 1,360 combi-
nations, and only the run with the highest likelihood of the three
was retained for analysis. Each run began with 10,000 burn-in
iterations and collected data through 20,000 more to allow con-
vergence [42]. We repeated the above procedure with a data set
lacking the 40 Indian individuals to study the effect of analyzing
only more geographically separate populations.

Results

The L1 data set consists of 75 L1 loci genotyped in 272
individuals (table 1). A larger set of nearly 900 individu-
als, including nearly all of those genotyped here, was pre-
viously genotyped at 100 Alu insertion loci [table 1 in 33].
Table 2 shows the mean frequencies and gene diversities
of the L1 and Aluloci in the diversity panels, by continen-
tal group. Also shown are the mean frequencies and ge-
netic diversities of L1 and Aluloci previously typed in the
80-member ascertainment panels from which these loci
were chosen. Most loci (97%) do not deviate significantly
from Hardy-Weinberg equilibrium, although some de-
viation is expected due to the pooling of populations
within continents. Figure 1A shows the distributions of
the frequencies of LI and Alu loci in the diversity panels,
and figure 1B shows the frequency spectra of the larger
pool of loci previously genotyped in ascertainment pan-
els.

Ascertainment

Nearly all the L1 and Alu loci represented in figure 1B
were identified due to their presence in the human ge-
nome sequence. This genome is a composite constructed

Human LI and Alu Diversity

Table 1. Sample sizes by population and data set

Continental Population Individuals data

group L1 Alu
Africa Tswana, Sotho, Pedi or Xhosa 12 27
Tsonga 7 6
Nguni 11 9
'Kung (San) 12 10
Alur 10 9
Hema 18 18
Nande 18 18
Pygmy (Tchabi, Idoho, Lolwa
and Itende) 20 33
108 130
East Asia Cambodian 10 12
Chinese 16 16
Japanese 13 16
Malaysian 6 6
Vietnamese 6 9
51 59
Europe Northern European (from Utah) 40 59
French (CEPH) 15 20
Polish 5 9
Finnish 13 19
73 107
India Brahmin (Andhra Pradesh) 10 60
Madiga 10 29
Trula 10 33
Khonda Dora 10 27
40 149
Total 272 445

from the DNA of volunteers in California [2], so African
alleles are probably underrepresented in that sample rela-
tive to our LI diversity panel. Therefore, L1 and Alu poly-
morphisms at high frequency in non-African popula-
tions will be overrepresented relative to those that would
be identified by complete ascertainment in our diversity
panels.

The frequencies of the LI and Alu loci selected for fur-
ther work from those genotyped in the ascertainment
panel are shown in black in figure 1B. To maximize pow-
er for population structure analyses, we chose mostly
polymorphisms of intermediate frequency in the ascer-
tainment panel (see Methods). Figure 1B shows estimates
of the ascertainment functions, computed as the fraction
of initially ascertained loci selected for further genotyp-
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ing from each frequency quintile. The ascertainment ef-
fect can be seen in the difference between the more U-
shaped spectra in the ascertainment panels (fig. 1B) com-
pared to the flatter shape of the spectra in the diversity
panels (fig. 1A). The effect is stronger in the set of LI loci
than in the Alu set.

Allele Frequencies and Gene Diversities

LI insertions have a significantly lower frequency in
Africa than they do in Europe, India, or in the pooled
non-African populations (table 2; p <0.05, pairwise Wil-
coxon-signed rank tests). LI frequencies are higher in
East Asians (but not significantly so, p ~ 0.056, due to
smaller sample size) and do not differ significantlyamong
Asian, European, and Indian populations. Alu insertion
frequencies do not differ significantly among Asian, Eu-
ropean, and Indian populations, but they are significant-
ly lower in African populations (table 2; p < 0.0002 in
each pairwise comparison, as above) [see also 33].

The trend towards higher insertion frequencies in
non-African samples is present in both the L1 and Alu
data sets, and even to some extent in the ascertainment
panels between African-American and other popula-
tions. A much larger number of Alu loci are fixed or near
tixation (frequency>0.95) in non-African populations in
the diversity panel. Partly because of this, the average

Fig. 1. A Histograms of the frequencies (frequency spectra) of 75
L1 and 100 Alu insertions in the human genetic diversity panel of
African (left) and non-African populations (right; bin size 0.05).
Non-African populations from Asia, Europe and India were
pooled, since allele frequencies are not significantly different be-
tween those continental groups. The contributions of the 21 LI
loci ascertained directly for polymorphism, rather than first for
presence in the human genome sequence and then for polymor-
phism, are shown in gray. Since previously-known polymor-
phisms were excluded from this set, they were effectively ascer-
tained for lower frequency. Consistent with this, their mean fre-
quency in the diversity panel is 0.26, compared to 0.52 for the
other 54 L1loci (p<4 X 1075, Wilcoxon-signed rank test). B Fre-
quency spectra of 121 autosomal L1 and 515 autosomal Alu inser-
tion alleles in an ascertainment panel of African Americans (left,
20 individuals) and in a pool of East Asians, Native Americans,
Europeans and Egyptians (right, 60 individuals), shown in light
gray. Where data permits, loci selected for genotyping in the di-
versity panel (A) are shown in black (46 LI and 72 Aluloci shown).
The fraction of loci chosen for further genotyping computed for
each frequency quintile (the estimated ascertainment function) is
shown according to the scale on the right-hand axes. Not shown
are 299 fixed present LI insertions and 350 fixed present Alu in-
sertions that were identified along with the polymorphic inser-
tions.

Human LI and Alu Diversity

gene diversity (h) of the Alulociis higher in African sam-
ples [consistent with 33]. Gene diversity is also higher in
African-American samples in the ascertainment panel
(table 2).

In contrast, gene diversity at LI loci in the diversity
panelis nearly constantacross the four continental groups
(table 2). This is due largely to the 21 LI loci ascertained
for polymorphism in small panels. Since these loci were
ascertained mainly in non-African individuals, it is not
surprising that they have alower frequency in the African
populations (mean frequency f = 0.19) compared to the
non-African samples (f = 0.30). The lower frequencies
(further from 0.5) in the African populations result in
lower gene diversity. The Alu data set has no counterpart
to this low-frequency polymorphism set, and does not
show this effect.

The proportion of genetic variation explained by dif-
ferences between populations and continental popula-
tion groups (Fsr) is given in table 3. All Fgy values are
significantly greater than zero (p < 0.01 by resampling).
The results for L1 and Alu loci are consistent with each
other and with previous findings. As expected, the high-
est Fgr values arise in comparisons between African and
non-African populations.

Genetic Distances

Pairwise genetic distances between populations (Nei’s
distance [53]) are very similar between the L1 and Alu
data sets. The Mantel matrix correlation coefficient for
the two distance matrices (not including distances to the
hypothetical root, which sharply inflate the correlation)
is 0.88 (p < 107 by resampling [57]). The pattern of ge-
netic distances between populations is visualized using
neighbor-joining trees in figure 2. The tree topologies
based on the L1 and Alu data are remarkably similar. In
both trees, sub-Saharan Africa populations are strongly
separated from non-African populations, and the ‘root’
population (constructed by setting the frequency of every
insertion to zero, the ancestral state) is located in the Af-
rican cluster adjacent to the !Kung. Asian and European
populations form clusters with strong bootstrap support
from the Alu data and weaker support from the L1 data,
while Indian populations branch out between the Euro-
pean and Asian groups, consistent with their geographi-
cal and historical origins.

Structure Analysis

The structure algorithm [55] was used to investigate
how reliably individuals can be assigned to their conti-
nents of origin and to determine the number of distinct
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Table 2. Mean frequencies and gene diversities of LI and Alu insertions in ascertainment and diversity panels

Population
African East Asian European Indian Overall
Insertion frequency in diversity panel*
L1(75) 0.41 0.47 0.46 0.48 0.44
Alu (100) 0.46 0.56 0.56 0.55 0.53
Population
African East Asian/ Swiss/French/ Egyptian Overall
American Greenland Native/ European American/
Native Alaskan German
Insertion frequency in ascertainment panel
L1(142) 0.57 0.60 0.59 0.58 0.59
Alu (157) 0.42 0.43 0.43 0.44 0.43
Population
African East Asian European Indian Overall
Gene diversity in diversity panel
L1(75) 0.34 0.34 0.34 0.35 0.38
Alu (100) 0.35 0.31 0.30 0.31 0.35
Population
African East Asian/ Swiss/French/ Egyptian Overall
American Greenland Native/ European American/
Native Alaskan German
Gene diversity in ascertainment panel
L1(142) 0.28 0.24 0.25 0.25 0.26
Alu (157) 0.26 0.25 0.24 0.23 0.24

* Sample sizes for diversity panel in table 1. The ascertainment panels all consist of 80 individuals total, 20
in each of four groups given in the table.

Table 3. Fyr estimates for L1 and Alu loci

for several population groupings Africa, Asia, Asia, Europe,  All 21 8 African 13 Non-African
Europe, India  India populations populations  populations
L1 0.122 0.0753 0.128 0.0586 0.0799
Alu 0.109 0.0519 0.107 0.0411 0.0527

populations required to explain the genetic structure in
the data (fig. 3). Assuming four ancestral populations
(k =4), individual ancestry proportions inferred by struc-
ture coincide with the four continental groups (fig. 3A,
B). If we assign each individual to the population that is

36 Hum Hered 2006;62:30-46

estimated to contribute most to that individual’s ancestry
[as in 32], we find that their assignments correspond very
well with their known geographic origins. On the basis of
the L1 data, nearly all Africans (99%) are assigned to a
single population to which no other individual is as-
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Fig. 2. Neighbor-joining networks based
on pairwise Nei’s genetic distances be-
tween populations calculated from L1 and
Aluloci. Bootstrap values (in percentages)
are shown for clades present in >70% of
5,000 replicate trees generated from data
sets constructed by resampling over loci.

Human LI and Alu Diversity
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signed. All of the East Asian individuals are assigned to
another population, 84% of Europeans are assigned to a
third, and 73% of Indians are assigned to a fourth. These
percentages are higher for the Alu data set (100, 98, 98,
and 80%), probably due to the larger number of loci and
individuals.

The greater uncertainty of assignment for Indians re-
flects their intermediate geographic position between
Europeans and East Asians, which is also apparent in the
genetic distance trees (fig. 2). In particular, many Khon-
da Dora (8 of 10 for the LI data, 6 of 27 for the Alu data)
are grouped with East Asians rather than with other In-
dian populations.

The optimal number of ancestral populations for both
the L1 and Alu data is five, not four: the posterior prob-
abilities of the models are essentially one for k = 5 and
zero otherwise (assuming a uniform prior on k = {1-7}).
Figure 3 shows the estimated ancestry proportions of in-
dividuals when five ancestral populations are assumed.
For the LI data, all the Pygmy and some !Kung individu-
als are assigned to the fifth population, whereas the Alu
data assign nearly all Irula (a non-caste ‘tribal’ popula-
tion in India) and some other Indian individuals to a fifth
population. In both cases, structure uses the fifth group
to accommodate a sizable population sample that is rela-
tively distinct from other populations (see fig. 2).

The classifications of individuals and the clustering of
the populations inferred from the LI and Alu data by
structure are consistent with previous results [32, 33, 42,
58, 59]. Sub-Saharan African individuals are readily dis-
tinguished from non-Africans, and East Asian, European,
and Indian individuals are generally assigned into groups
congruent with their populations of origin with high pro-
portions of inferred ancestry in those groups.

Effect of Parameter Choices on Structure Results

Figure 4 shows the effects of modeling choices on pop-
ulation structure inferences. Three parameters were var-
ied: the number of loci, the choice of populations, and

Fig. 3. Posterior mean estimates of individual ancestry propor-
tions in each of k presumed ancestral populations for the L1 and
Alu data sets. Each individual’s genome is represented by a verti-
cal bar composed of colored sections, where each section repre-
sents the proportion of an individual’s ancestry derived from one
of the k ancestral populations. Individuals are arrayed horizon-
tally and grouped by population and continent of origin as indi-
cated, separated by gaps for clarity (continental groups separated
by wider gaps).

Human LI and Alu Diversity

whether or not allele frequencies are assumed to be inde-
pendent or correlated between populations (the ‘F-mod-
el’ [56]). Three result variables were examined for each
individual: proportions of ancestry derived from each of
k ancestral populations, assuming admixture; probabili-
ties of membership in those populations, assuming no
admixture; and the accuracy of their assignment to a
population based on that probability [32].

The number of loci strongly affects all three measures.
Ancestry proportions are relatively low when only 10 or
20 loci are used, indicating that most individuals are in-
ferred to have substantial ancestry from several popula-
tions (red and yellow histograms, fig. 4A, B). Probabili-
ties of membership are also low, indicating low certainty
of assignment (light and dark blue histograms, fig. 4A,
B). Similarly, the proportions of individuals correctly as-
signed to their continents of origin average only ~0.65
(green histograms, fig. 4C, D). The variances for all three
measures are high when only 10 or 20 loci are used. How-
ever, as loci are added, the means increase substantially
and variances decrease, nearing their asymptotic values
with 50 loci.

Population choice also has a powerful impact on the
results. Without the geographically intermediate popula-
tions of India, maximal proportions of ancestry, maxi-
mal probabilities of membership, and proportions of in-
dividuals correctly assigned rise more rapidly with in-
creasing loci, and often to a higher asymptotic value
(compare panels A and C to B and D in fig. 4). As in the
structure analyses in figure 3, the Indian individuals are
not as reliably classifiable.

Modelling allele frequencies as correlated or indepen-
dent has no significant effect on any measure of structure
in these analyses (no more than the expected number of
signed-rank tests on paired result sets yield p < 0.05).
Small effects might go undetected, given the modest
number of replicates used [20], but large effects can be
ruled out for these data.

Discussion

The current working model of recent human ori-
gins — the Recent African Origin (RAO) model - posits
that anatomically modern humans evolved from a popu-
lation (N, ~10,000) in Africa and then migrated out of
Africa ~50,000-100,000 years ago, replacing pre-mod-
ern human populations with little or no genetic admix-
ture [60, 61]. The African population remained sizable
and thus retained substantial genetic diversity. Subdivi-
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Fig. 4. Histograms of structure results (one histogram per set of
20 structure runs for a given number of loci and combination of
parameters). In each run, structure estimates ancestry propor-
tions (if admixture is assumed) or probabilities of membership (if
admixture is not allowed) for each individual in each assumed
ancestral population. For each individual, we use only the maxi-
mum ancestry proportion or probability of membership, and
these maximal values are averaged across all individuals for each
structure run. Average maximum ancestry proportions (red and
yellow bars, bin size 0.05) and average maximum membership
probabilities (light and dark blue bars) are shown in panels A and
B. Panels C and D (green bars) show the proportion of individuals
assigned to groups that correspond to their known geographical

sions either arose or were maintained within the African
population, further preserving genetic diversity. The
populations that migrated out of Africalost genetic diver-
sity to drift during repeated or severe population size bot-
tlenecks. We assess our results in this context.
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origins. The mappings of structure-inferred groups to continental
groupings were chosen to minimize the number of mis-assigned
individuals. The panels on the left (A, C) show results obtained
using 206 individuals from Africa, East Asia, and Europe, with
three ancestral populations presumed; panels on the right (B, D)
show the results obtained using an additional 40 individuals from
India and assuming four ancestral populations. The few persis-
tent low values (near 0.75) in panel C are due to unusual structure
runs in which one inferred population corresponds to the African
Pygmy populations. This forces another inferred group to repre-
sent the remaining African individuals, and the third pools Eu-
ropeans and East Asians, resulting in misclassification in that

group.

The pattern of human genetic diversity has been stud-
ied with a wide variety of genetic polymorphisms in di-
verse populations worldwide [reviewed in 61]. These
markers include classical protein polymorphism loci
[62, 63]; mtDNA haplotypes [64, 65]; Y chromosome
STRPs, SNPs, and haplotypes [66-68]; autosomal RSPs
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[69, 70]; autosomal STRPs [71-74]; autosomal SNPs [75,
76]; non-STRP, non-repetitive element indels [77]; Alu
insertion polymorphisms [33, 34, 38, 78]; and a few LI
insertion polymorphisms [8]. The degree of agreement
on worldwide-scale questions across these marker types,
analysis methods and population samples is striking.
That congruence is also seen in our sample of LI loci,
which represent another category of genetic system, dis-
tinct from others due to its own unique evolutionary dy-
namics.

Genetic Diversity

Studies of autosomal polymorphisms show that most
genetic variation is found within populations, not be-
tween them: Fgrat the continental level ranges from 0.09
t0 0.16 [71-73, 79]. Our estimates of Fgr from the autoso-
mal L1 loci fall comfortably in the established range. This
level of differentiation is incompatible with large long-
term population size or high gene flow between conti-
nental population groups. It also seems too high to fit a
model of recent expansion (in population size and range)
of humans from a homogeneous founder population [80,
81]. This suggests that the founding population was sub-
divided for some time before the archaeologically-re-
corded expansion (the ‘weak Garden of Eden” hypothesis)
or that human populations suffered repeated bottlenecks
during their worldwide expansion [81].

Genetic diversity is generally highest in Africa. Afri-
can mtDNA and NRY haplotypes are more divergent
than non-African ones [67], and autosomal markers
(whether protein polymorphisms, STRPs, RSPs, indels
or Aluand LI insertion loci) have higher average hetero-
zygosity in African than in non-African populations
[34, 63, 71, 77]. This is consistent with larger long-term
population size in African populations, reduced effec-
tive population size in non-African ones, and long-
standing subdivisions among African populations [82,
83].

A few exceptions to the pattern of higher gene diver-
sity in Africa have been noted, but these are due to ascer-
tainment bias for high diversity in non-African popula-
tions [69, 80, 84]. The Alu data show the expected higher
diversity in African populations, but our LI data do not.
This is due to the inclusion of 21 low-frequency (and thus
low-diversity) LI loci ascertained for polymorphism in
small panels of mostly non-African individuals. Ascer-
tainment of lower-diversity loci (h < 0.35) in small sam-
ples inflates estimates of diversity in the ascertainment
population [85], so these 21 loci show higher diversity (as
well as higher frequency) in the non-African populations

Human LI and Alu Diversity

(genetic diversity h = 0.25 in Africa, compared to & = 0.30
to 0.34 in East Asian, Indian or European groups). The
remaining 54 loci show higher diversity in the African
populations (h = 0.38 compared to h = 0.34 to 0.35), so
the net result across all 75 loci is even diversity across
continental groups.

Although the ascertainment biases affect the poly-
morphism frequency distributions in complex ways that
render the data less useful for quantitative demographic
inference [81, 82, 84, 85], the qualitative congruence re-
mains. In particular, classification methods such as that
implemented in structure are unlikely to be strongly af-
fected by ascertainment biases.

An African Root

The deepest bifurcations in mtDNA and NRY haplo-
type trees are between lineages that are most common in
Africa, and lineages that are more common outside Af-
rica appear to be recently derived from African lineages
[67, 76]. Genetic distance trees based on frequencies of
RSP, STRP, Alu and now LI polymorphisms routinely
show the longest branch separating African from non-
African populations [34, 86]. Consistent with this, we
find that Fgr estimates are largest in comparisons of Af-
rican and non-African populations (table 3).

The Alu and LI data allow a hypothetical root popu-
lation to be constructed by setting all insertion frequen-
cies to zero, the known ancestral state. In both data sets,
the !Kung population is nearest to the root (fig. 2) [see
also 33]. The same was observed with a set of RSP mark-
ers [34]. Since genetic distance reflects the amount of
drift that has occurred during the evolution of two pop-
ulations, these results suggest that the !Kung population
has maintained a larger long-term effective size in com-
parison with other human populations, and therefore
has not drifted as far from the ancestral human popula-
tion.

Comparable data are scarce for African populations
[87]. Because of differences in mutation rates and effec-
tive population size, patterns of mtDNA and nonrecom-
bining Y variation are not directly comparable to pat-
terns of SNP, RSP, and insertion polymorphisms. None-
theless, the IKung have been placed on the earliest branch
in a network of Y STRPs [66], and the oldest mtDNA lin-
eage is most common in the !Kung and Biaka populations
[76].

Clines and Clusters
Debate continues as to whether the fraction of human
genetic variation attributable to population rather than
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individual differences better fits a model of genetic isola-
tion by distance (IBD) or an island model [63, p. 19]. Un-
der IBD, frequent migration between adjacent subpopu-
lations maintains smooth clines in allele frequencies over
geographic distance. Under the island model, discontinu-
ous shifts in allele frequencies will arise wherever linguis-
tic, cultural, or discrete environmental barriers separate
populations, resulting in genetic clusters. A model of
strong IBD (e.g. low migration rates) maintained over a
long period effectively becomes an island model with a
little migration. Neither extreme is a priori likely, and
both clinal and clustered patterns are observed at region-
al and worldwide scales [33, 34, 42, 63, 75, 78, 88-90].

Genetic distance and geographic distance are not in-
dependent, but neither are they perfectly correlated, as
evidenced by the genetic distance trees. That broad cor-
relation is clear evidence of a cline, the result of the orig-
inal migration of anatomically modern humans out of
Africa. Nonetheless, among pairwise comparisons of the
four continental groups analyzed here, the ratio of ge-
netic distance to geographic (great circle) distance - the
slope of the putative genetic cline — varies by more than
threefold [not shown; see also figure 7 in 33].

At alocal scale, for example, the African-derived Sid-
di of southern India are genetically distant from their
nearest geographical neighbors, resulting in a very steep
local cline [78]. Recent mass migrations from Europe and
Africa to the Americas have created still more disparities
in the relationship between genetic and geographic dis-
tance. Therefore, to describe human population genetic
variation purely in terms of clines would require many
clines with different slopes: in some geographic regions,
the cline would be flat; but across geographic or cultural
barriers, much steeper clines are observed. Overall, the
pattern is one of shallow clines within broad geographical
regions, circumscribed by steeper steps between [33, 42,
88].

These discontinuities between populations are detect-
ed by structure, which displays them as large disconti-
nuities in inferred ancestry proportions (fig. 3). Structure
should infer the existence of distinct ancestral popula-
tions even from data that contains only smooth allele fre-
quency clines [55, p. 956]. However, structure should not
infer a discontinuous pattern of ancestry proportions for
the sampled individuals (the pattern observed in fig. 3
and implied by the high average ancestry proportions in
tig. 4). Instead, structure infers smooth gradients of an-
cestry proportions, mirroring the underlying allelic fre-
quency clines. The simulation results in figure 5 demon-
strate these expected gradients [see also 56]. Sampling
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populations only from the left, right, and center of the
gradient of figure 5 would produce a very discontinuous
pattern of ancestry proportions. Sampling from ten even-
ly spaced populations would replace those large disconti-
nuities with nine smaller steps that approximate the
smooth gradients in figure 5.

Our population samples are not so widely spaced or
tightly clumped [see map in 33] as to create a large dis-
continuities where none exist. The CEPH Diversity Pan-
el used by Rosenberg et al. [42] is still more evenly dis-
tributed. Including Indian populations in our analysis
(compare left and right panels in fig. 4) or Middle Eastern
populations in the analyses of Rosenberg et al. [42] re-
duces measures of population discreteness. This is con-
sistent with the position of these populations on the
known worldwide correlation of genetic and geographi-
cal distance [e.g. 33, 63, 88]. Nonetheless, discontinuities
remain, with smaller distances between them, which re-
quire steeper gradients to bridge.

Serre and Paébo [41] have argued that human genetic
diversity is distributed in ‘gradients of allele frequencies
that extend over the entire world, rather than discrete
clusters’, and that findings of relatively discrete clusters
[e.g. 58] are artifacts of sampling and model assump-
tions. However, attempting to infer population structure
using a small number of loci will yield the appearance of
clinal (or at least indistinct) variation from populations
that are in fact distinguishable (see results for 10 or 20
resampled loci, fig. 4). This can explain the wide range of
ancestry proportions inferred from the 20-locus data set
collected by Serre and Padbo [fig. 1C in 41]. As can be
seen in figure 4A, 20 loci lack the statistical power to re-
trieve the very high ancestry proportions that are in-
ferred with larger data sets for the same individuals.
Twenty loci also fail to reliably classify individuals into
the African, European and East Asian populations [see
also 32, 42, 91].

Correlation of Allele Frequencies Across Populations

In our data, assuming correlated or independent allele
frequencies between populations does not affect the re-
sults. This contrasts with the results of Rosenberg et al.
[58], whose data were reanalyzed by Serre and Paébo [41]
under the assumption of independent allele frequencies,
and with the more comprehensive analysis of Rosenberg
et al. [42], who found that assuming correlated frequen-
cies resulted in stronger clustering. The critical difference
is that the population sample of Rosenberg et al. [42] in-
cludes more populations and more pairs of populations
that are close geographic neighbors, whereas our diver-
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Fig. 5. Individual ancestry proportions inferred by structure for a
simulated data set sampled evenly from a metapopulation with
smooth allele frequency clines at 1,000 loci. The metapopulation
consists of a linear array of 100 subpopulations of 5,000 haploid
individuals each. Allele frequencies in the first and last subpopu-
lations were resampled from the frequencies of the LI insertions
in our African and East Asian samples, respectively, and held con-
stant thereafter. Frequencies in the 98 intermediate populations
were initialized by linear interpolation between the extremes,
then allowed to vary through 3,000 generations of migration and

sity panel is dominated by more distant populations. Al-
lele frequency between adjacent populations are gener-
ally higher (e.g. Middle Eastern and European popula-
tions, with correlations coefficients as high as 0.96 [42]).
The prior probability distribution of F (an Fgr-like pa-
rameter) used by default in structure’s model of correla-
tion is centered on 0.01, implying very high allele correla-
tions among populations. The values of F inferred from
our LI and Alu data are more than an order of magnitude
greater, indicating that the default prior had little influ-
ence on the results because the data strongly supported
higher F values. Allele frequencies are in fact correlated
even across major continental groupings in our data
(Pearson’s r* > 0.55 in all continental pairs), but the F-
model is only expected to make a difference with very
similar populations [56], such as some of those used by
Rosenberg et al. [42]. The assumption of uncorrelated al-
lele frequencies [as in 41] is highly unrealistic, but has
little or no impact for our diversity panel.

Conclusion

The local discontinuities implied by the structure re-
sults, the broad correlation between genetic and geo-
graphic distance, and the many exceptions to that correla-
tion point to a genetic cline created by the original migra-
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drift. Each intermediate population was replaced every genera-
tion, with half of the new alleles sampled from the original popu-
lation and one-quarter from each of the two adjacent populations.
Ten individuals were sampled from each subpopulation to con-
structa data set for structure analysis. Correlated frequencies were
assumed, k was varied from one to five, and 10,000 replicates fol-
lowing 5,000 burn-in replicates were performed. The optimum k
in this case is three; lower migration rates and smaller population
sizes produce greater isolation by distance between subpopula-
tions and therefore higher optimal k.

tion of humans out of Africa, with initial genetic
discontinuities created by founding events. Migration be-
tween populations was not sufficient to erase those dis-
continuities, and isolation and genetic drift may have en-
hanced them. Subsequent mass migration events have
created still further discontinuities which have not been
erased by admixture with preexisting populations. Thus
the human population shows a pattern of clines with steps
in them, which fits a model in between the pure IBD and
island models.

Sampling of more geographically diverse popula-
tions, more individuals from each population, and more
loci from each individual will allow inference of finer
details of human demographic history. Analyses of pop-
ulation structure will benefit enormously from such
data, and should eventually resolve the degree to which
human populations are clinally and discontinuously re-
lated.

The relatively qualitative analyses presented here are
not strongly affected by the varying strategies used to as-
certain polymorphisms. However, in order to precisely
estimate quantitative parameters in models of human de-
mographic change or the evolution of different genetic
marker systems, careful attention must be given to ascer-
tainment. In particular, improved ascertainment strate-
gies would allow a better understanding of LI and Alu
transposition dynamics [e.g. 38], which in turn would al-
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low better use of the unique information inherent in these

genetic systems.
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The congruence of answers to broad, worldwide ques-
tions across so many types of genetic markers, including
markers with unusual mutational and evolutionary prop-
erties, lends confidence in their accuracy. The data con-
tinue to support the RAO model, although some admix-
ture between migrating modern humans and resident ar-
chaic populations cannot be excluded [92].
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