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Table 2. PCR for MCV DNA in comparison control tissues (n = 84). For detailed description of tissues and tissue sites, see table S2. MCV positivities
marked with plus and minus symbols together are as in Table 1. For the various body site tissues, there were 59 samples; for the skin and skin tumor
tissues, the sample size was 25 (table S2).
MCV positivity
Various body site tissues
Total MCV negative (%)
Total MCV positive (%)
Appendix control 1
Appendix control 2
Gall bladder
Bowel
Hemorrhoid

54/59 (92)
5/59 (8)
–/+
–/+
–/+
–/+
–/+
21/25 (84)
4/25 (16)
–/+
–/+
–/+
–/+
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Worldwide Human Relationships
Inferred from Genome-Wide
Patterns of Variation
Jun Z. Li,1,2*† Devin M. Absher,1,2* Hua Tang,1 Audrey M. Southwick,1,2 Amanda M. Casto,1
Sohini Ramachandran,4 Howard M. Cann,5 Gregory S. Barsh,1,3 Marcus Feldman,4‡
Luigi L. Cavalli-Sforza,1‡ Richard M. Myers1,2‡
Human genetic diversity is shaped by both demographic and biological factors and has fundamental
implications for understanding the genetic basis of diseases. We studied 938 unrelated individuals
from 51 populations of the Human Genome Diversity Panel at 650,000 common single-nucleotide
polymorphism loci. Individual ancestry and population substructure were detectable with very high
resolution. The relationship between haplotype heterozygosity and geography was consistent with
the hypothesis of a serial founder effect with a single origin in sub-Saharan Africa. In addition, we
observed a pattern of ancestral allele frequency distributions that reflects variation in population
dynamics among geographic regions. This data set allows the most comprehensive characterization
to date of human genetic variation.
n the past 30 years, the ability to study DNA
sequence variation has dramatically increased
our knowledge of the relationships among
and history of human populations. Analyses of
mitochondrial, Y chromosomal, and autosomal
markers have revealed geographical structuring
of human populations at the continental level (1–3)
and suggest that a small group of individuals migrated out of eastern Africa and their descendants
subsequently expanded into most of today’s populations (3–6). Despite this progress, these studies
were limited to a small fraction of the genome, to
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limited populations, or both, and yield an incomplete picture of the relative importance of
mutation, recombination, migration, demography, selection, and random drift (7–10). To
substantially increase the genomic and population coverage of past studies (e.g., the HapMap
Project), we have examined more than 650,000
single-nucleotide polymorphisms (SNPs) in
samples from the Human Genome Diversity
Panel (HGDP-CEPH), which represents 1064
fully consenting individuals from 51 populations from sub-Saharan Africa, North Africa,
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Europe, the Middle East, South/Central Asia,
East Asia, Oceania, and the Americas (11). This
data set is freely available (12) and allows a
detailed characterization of worldwide genetic
variation.
We first studied genetic ancestry of each
individual without using his/her population
identity. This analysis considers each person’s
genome as having originated from K ancestral
but unobserved populations whose contributions
are described by K coefficients that sum to 1 for
each individual. To increase computational efficiency, we developed new software, frappe, that
implements a maximum likelihood method (13)
to analyze all 642,690 autosomal SNPs in 938
unrelated and successfully genotyped HGDPCEPH individuals (14). Figure 1A shows the
results for K = 7; those for K = 2 through 6 are in
fig. S1. At K = 5, the 938 individuals segregate
into five continental groups, similar to those re1
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ported in a microsatellite-based study of the same
panel (3). At K = 6, the new component accounts
for a major portion of ancestry for individuals
from South/Central Asia, separating this region
from the Middle East and Europe. This result
differs from that in (3), where the sixth component contained the Kalash individuals, but South/
Central Asia, the Middle East, and Europe were
not clearly distinguished unless analyzed separately from the rest of the world. At K = 7, the
new component occurs at highest proportions in
the Middle Eastern populations, separating them
from European populations. In many populations, ancestry is derived predominantly from

one of the inferred components, whereas in
others, especially those in the Middle East and
South/Central Asia, there are multiple sources of
ancestry. For example, Palestinians, Druze, and
Bedouins have contributions from the Middle
East, Europe, and South/Central Asia. Burusho,
Pathan, and Sindhi have an East Asian contribution. Hazara and Uygur share a similar profile of
combined South/Central Asian, East Asian, and
European ancestry. In East Asia, only the Yakuts
share ancestry with both Europe and America,
although these contributions are small. Although
much of sub-Saharan Africa, Europe, and East
Asia appears to be homogeneous in Fig. 1A, finer

substructures can be detected when individual
regions are analyzed separately. For example, we
identified two components that separate the 16
East Asian populations and correspond to a northsouth genetic gradient (fig. S2A). Han Chinese
can be divided into a southern and a northern
group. A similar analysis for South/Central Asia
is shown in fig. S2B.
Mixed ancestries inferred from genetic data
can often be interpreted as arising from recent
admixture among multiple founder populations.
In the current setting, however, the estimated
mixed ancestry can be due either to recent admixture or to shared ancestry before the diver-
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Fig. 1. Individual ancestry and population dendrogram. (A) Regional ancestry inferred with the
frappe program at K = 7 (13) and plotted with the Distruct program (31). Each individual is
represented by a vertical line partitioned into colored segments whose lengths correspond to his/
her ancestry coefficients in up to seven inferred ancestral groups. Population labels were added
only after each individual’s ancestry had been estimated; they were used to order the samples in
plotting. (B) Maximum likelihood tree of 51 populations. Branches are colored according to
continents/regions. * indicates the root of the tree, also where the chimpanzee branch is located.
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ulations from North Africa, the Middle East,
Europe, South/Central Asia, Oceania, America,
and East Asia. This population tree shows not
only major splits between different continents but
also sublineages within continents (14) consistent
with the ancestry analysis shown above as well as
with results from microsatellite markers (17). The
branching pattern largely agrees with the approximate order of human expansion (2) and supports
the “out of Africa” model of human origin.
We performed principal component analyses
(PCA) on the Fst matrix to capture a major
portion of genetic variability. The first and second PCs explain 59% and 26% of the Fst variation, respectively (fig. S3A) and separate the 51
populations into the known continental groups,
with the first PC primarily describing the contrast
between sub-Saharan Africans and non-Africans
and the second driven by the East-West difference
in Eurasia. The third and fourth PCs distinguish
the Native American and Oceanian populations,
respectively (figs. S3, C and D). The regional
clusters are more clearly separated than was
possible with 782 microsatellites (16). A PCA
plot of the 938 unrelated individuals (fig. S3B) is
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gence of two populations but without subsequent
gene flow between them. For example, the European and Asian ancestries seen in Uygur and
Hazara populations are likely due to relatively
recent admixture, whereas the inferred Native
American ancestry in Yakuts and Russians likely
reflects shared ancestry before the predecessors
of the Native Americans crossed the Bering
Strait. The Middle Eastern populations may have
experienced both continuous gene flow and
shared ancestry with the rest of Eurasia.
Because individuals belonging to the same
recognized population almost always show similar ancestry proportions (Fig. 1A and fig. S2), it is
meaningful to statistically evaluate the genetic
relationships among populations. We calculated
the Wright’s fixation indices Fsts among the 51
populations from the population allele frequencies across all autosomal SNPs (15) and constructed a phylogenetic tree by the maximum
likelihood method (16), using orthologous chimpanzee alleles as the outgroup. The sub-Saharan
African populations are located nearest to the
root of the tree (Fig. 1B), outward from which are
branches that correspond, sequentially, to pop-
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Fig. 2. Fine-scale population structure principal component analyses in two geographic regions,
using all autosomal SNPs. (A) Europe. (B) The Middle East.

Fig. 3. Analysis of molecular variance and
correlation between haplotype heterozygosity
and geographic distance. (A) Partitioning of
genetic variance into three components (18): Within-Population (WP), Among-Population-Within-Region
(AP/WG), and Among-Region (AG), by using autosomal SNPs, microsatellite markers, and ChrX SNPs,
respectively. (B) SNP haplotype heterozygosity versus geographic distances from Addis Ababa (AA),
Ethiopia. The linear regression slope is indicated along with the Pearson correlation r.
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similar to the 51-population plot and illustrates the
regional clusteredness at the individual level.
The PCA for individual continents/regions
clearly delineates fine-scale population structure.
In Fig. 2A, the eight European populations, including the central populations (Orcadian, French,
Northern Italian from Bergamo, and Tuscan)
which were previously indistinguishable with
fewer markers, can be separated (3). In Fig. 2B,
the four populations from the Middle East are
distinguished; the Bedouins can be divided into
two subgroups, one of which is similar to the
Palestinians. The PC1-PC2 plots for four other
continental groups and descriptions and interpretations are in (14) and figs. S4 and S5. These
individual-level results, along with ancestry analyses in Fig. 1A and fig. S2, indicate that although
some populations have limited sample size (<10),
the population structuring appears robust.
We carried out an analysis of molecular variance (AMOVA) (18, 19) to partition overall
genetic variation into three components: withinpopulation (WP), among-population-withingroup (i.e., geographical region) (AP/WG), and
among geographical region (AG). The 51 populations are assigned to the seven geographical
regions shown in Fig. 1A. The results are similar
among autosomal chromosomes: the WP, AP/WG,
and AG components explain 88.9 ± 0.3%, 2.1 ±
0.05%, and 9.0 ± 0.3% (mean ± SD across 22 chromosomes) of the variance, respectively (Fig. 3A).
For comparison, the WP, AP/WG, and AG components for 783 microsatellite markers are 94.0%,
2.3%, and 3.7%, respectively (3, 5). The difference between the SNP-based estimates (this
study) and the microsatellite-based results can be
partly explained by higher mutation rates of microsatellites, which are more driven by shorterterm evolutionary processes. For X chromosome
(ChrX) SNPs, the WP, AP/WG, and AG components are 84.7%, 2.4%, and 12.9% (Fig. 3A),
consistent with estimates based on ChrX microsatellites (20). The greater AG component for
ChrX than autosomes is discussed in (14) and fig.
S6. Together, these results reaffirm that withinpopulation variation accounts for most of the
genetic diversity in humans. However, the
between-population variance is sufficient to reveal
consistent population structure because subtle but
nonrandom differences between populations accumulate over a large number of loci and yield
principal components that can account for a major
portion of the variation (21).
We compared SNP haplotype heterozygosity
across populations and found, consistent with
earlier reports (22), that it is highest in subSaharan Africa and decreases steadily with
distance from this region (Fig. 3B). The mean
heterozygosity across autosomal haplotypes
(using 295 haplotype blocks in Chr16) (14) is
negatively correlated with distance from Addis
Ababa, Ethiopia (5, 23), with a correlation coefficient r of –0.91 and a slope of –1.1 × 10−5 per
km (Fig. 3B). This trend is consistent with a serial
founder effect, a scenario in which population
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Fig. 4. Ancestral allele frequency spectrum. (A)
Histograms of AAFs for four HGDP-CEPH populations: Yoruba, French, Han, and Japanese. The
sample sizes and the slopes of SNP counts in the
range of 20 to 80% AAF are indicated. (B) The slopes
in 51 populations are negatively correlated with
geographic distance from AA (2). Color codes are as
in Fig. 3B.
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and simulation (26) have shown that demography plays a major role in the change of the AAF
spectrum over time. Our result is consistent with
the serial founder model, in which non-African
populations form a sequential chain of colonies.
Those that are more peripheral and younger have
relatively smaller effective sizes, and perhaps experienced greater selective pressure. For example,
the European and Asian spectra can be explained
by a reduction of population size followed by recent recovery (a bottleneck), whereas the spectrum
for an African-American population suggests a
history of moderate but uninterrupted expansion
(26, 27).
Compared to the HapMap panel, HGDPCEPH includes Oceanian and American populations, as well as a dense collection from the
Middle East and South/Central Asia. Characterization of the added populations is important for
studying evolution and disease processes not only in these populations but also in those that share
common ancestry with them due to recent migration (e.g., U.S. Latino populations). HGDPCEPH is not a random sample of the world’s
populations: Some parts of the world (e.g., China
and Pakistan) are more densely covered than
others (Africa, the Americas, and Oceania). Many
populations have been isolated from each other
by geography or custom. The observation that
they are genetically distinguishable suggests that

within 20 to 80% AAF are plotted in Fig. 4B for
all 51 populations, showing a progressive reduction moving away from Africa, from ~0.04 in
sub-Saharan Africa, to ~0.03 in Eurasia, ~0.02 in
East Asia, and ~0.01 in Oceania and the Americas. This steady flattening of the AAF distribution may be related to the SNP panel used (which
primarily includes common SNPs in Europe,
East Asia, and sub-Saharan Africa), but the ascertainment scheme alone cannot explain the entire
trend, as the SNPs analyzed by the International
HapMap Project show a similar phenomenon
(24). In particular, the AAF spectra of ENCODE
(ENCyclopedia of DNA Elements) regions,
where genotyped SNPs were discovered by resequencing, follow a similar pattern (fig. S7),
where the 20 to 80% slopes in HapMap Chinese
and Japanese populations are about half of that
in the Yoruban population.
The flattening of the AAF spectrum reflects
the interplay of multiple demographic forces and
may yield clues to the history of individual populations. Generally, populations that had a small
effective population size and/or experienced a
severe bottleneck would have more pronounced
genetic drift, resulting in a more rapid increase in
derived allele frequencies. Populations that maintained a large size or experienced expansion
would tend to preserve the ancestral states of the
variant loci. Theoretical work (25), empirical data,

0.002

expansion involves successive migration of a
small fraction of individuals out of the previous
location, starting from a single origin in subSaharan Africa. For ChrX haplotypes (using 453
haplotype blocks), the correlation and slope are
–0.85 and –1.3 × 10−5 per km, respectively; the
slightly higher geographic gradient (i.e., steeper
slope) than for autosomes agrees with the higher
ChrX Fsts (fig. S6). These values are similar to
those reported for microsatellites (5): r = –0.87,
slope = –6.52 × 10− 6 per km, and to SNP-based
heterozygosities: r = –0.81, slope = –3.8 × 10−6 (r =
–0.93 when only non-African populations are
considered). SNP-based heterozygosities depend
on allele frequencies and are affected by ascertainment bias, whereas the haplotype and microsatellite heterozygosities are less affected as a
result of their greater polymorphism (22).
By genotyping two chimpanzee samples, we
were able to define the putative ancestral allele
for ~95.5% of the SNPs in the 650 K panel. We
compared the distribution of these ancestral allele
frequencies (AAFs) among the 51 populations.
Figure 4A shows four examples of the AAF spectrum for Yoruba, French, Chinese, and Japanese
populations. Yorubans and other sub-Saharans
have more SNPs with high AAFs (>0.6, on the
right of the distribution) and fewer with low
AAFs, producing a steeper slope of SNP counts
in the midrange of AAF spectrum. The slopes
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self-reported ancestry is sufficiently accurate for
assessing population stratification in disease
studies, except for those involving recent admixture (3, 28). These results, however, say nothing
about the origin and distribution of human
phenotypic variation. The observed population
structure can be largely explained by random
drift at neutral loci. Nevertheless, some regions of
the genome may have experienced accelerated
divergence due to local selection (9, 24, 29) as
anatomically modern humans spread around the
globe during the past 100,000 years, adapting to a
wide range of habitats and climates. The
population richness of HGDP-CEPH makes it
possible to detect correlation between genomic
variation and local environmental and/or phenotypic variation (30), thus leading to more detailed
understandings of selective forces acting in
different regions of the world.
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Spine-Type–Specific Recruitment of
Newly Synthesized AMPA Receptors
with Learning
Naoki Matsuo,*† Leon Reijmers, Mark Mayford*
The stabilization of long-term memories requires de novo protein synthesis. How can proteins,
synthesized in the soma, act on specific synapses that participate in a given memory? We
studied the dynamics of newly synthesized AMPA-type glutamate receptors (AMPARs) induced
with learning using transgenic mice expressing the GluR1 subunit fused to green fluorescent
protein (GFP-GluR1) under control of the c-fos promoter. We found learning-associated recruitment
of newly synthesized GFP-GluR1 selectively to mushroom-type spines in adult hippocampal CA1
neurons 24 hours after fear conditioning. Our results are consistent with a “synaptic tagging”
model to allow activated synapses to subsequently capture newly synthesized receptor and also
demonstrate a critical functional distinction in the mushroom spines with learning.
MPA-type glutamate receptors (AMPARs)
are the primary mediators of fast
excitatory transmission in the mammalian brain and play a key role in long-term
potentiation (LTP) (1). There is experiencedependent synaptic trafficking of GluR1 homomers in barrel cortex and lateral amygdala of
juvenile rats (12 to 25 days old) (2, 3). These
results suggest that changes in the strength of
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excitatory synapses contribute to learning, possibly through rapid synaptic insertion of preexisting GluR1-containing AMPARs, although it is
unclear whether similar mechanisms are present
in the adult (4–6). Short-term memories are lost if
new protein synthesis is inhibited, indicating a
requirement for de novo protein synthesis to
consolidate the memories into a long-lasting form
(7). This has raised a fundamental question: How
do new proteins, synthesized in the soma, exert
their effect on specific synapses involved in
synaptic or behavioral plasticity? It has been
suggested that stimulation produces a “tag” at the
activated synapses to allow the capture of newly
synthesized plasticity-related proteins at later time
points to maintain the increased synaptic strength
(8). Synthesis of AMPARs is increased after LTP
induction (9), suggesting a possible role in this
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process. To determine whether these mechanisms
might be operating in the adult brain in vivo, we
developed transgenic mice to monitor the
trafficking and turnover of newly synthesized
AMPARs induced at the time of learning in a
fear conditioning paradigm.
The transgenic mice express a GluR1 subunit fused to green fluorescent protein (GFPGluR1) in a doxycycline (Dox)–regulated (10)
and neuronal activity–dependent manner and
are referred to as GFP-GluR1c-fos Tg mice (Fig.
1A). We used the activity-dependent c-fos
promoter (11, 12) to induce a rapid and
transient expression of GFP-GluR1 in response
to environmental stimuli and to focus on the
molecular and cellular events specifically in
those neurons activated by the behaviorally
relevant events. Fear conditioning (13) was used
in adult animals to evaluate regulated expression
in the dorsal hippocampus. GFP fluorescence,
immunohistochemical, and immunoblot analysis
revealed that GFP-GluR1 expression was negligible in the presence of Dox, even in fearconditioned mice (Fig. 1, B, C, F, and G),
showing successful transgene suppression by
Dox. The GFP expression seen in some of the
cell nuclei is derived from a cfos-nlsGFP transgene, which is expressed independently of the
Dox-regulated system. To test the inducibility
of GFP-GluR1c-fos Tg by behavioral training,
mice were removed from Dox for 4 days and
were either fear conditioned or allowed to remain in the homecage. At 24 hours after conditioning, prominent GFP-GluR1 expression
was detected in the fear-conditioned animals relative to homecage controls (Fig. 1D-G), showing
activity-dependent expression of GFP-GluR1
in the absence of Dox. The induced somatic
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