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Genetic divergence across 
diverse human genomes

S Mallick et al. Nature 1–6 (2016) doi:10.1038/nature18964

AfricansEuropeans
& Near East

South
Asians

East Asians, 
Americans, Oceania

2
0

2
 | N

A
T

U
R

E
 | V

O
L

 5
3

8
 | 1

3
 O

C
T

O
B

E
R

 2
0

1
6

ARTICLE
RESEARCH

m
ore in eastern non-A

fricans 15,16, and that Australo-M
elanesians, 

and to a lesser extent other eastern non-Africans, possess D
enisovan 

 ancestry 17–19. H
owever, these studies only analysed genom

es from
 

a handful of populations. W
e com

puted statistics inform
ative about 

N
eanderthal and D

enisovan ancestry and provide a fine-scale view 
of these ancestry distributions worldwide (Fig. 1c, d; Supplem

entary 
D

ata Table 1; Supplem
entary Inform

ation section 8). W
e do not detect 

any population with a higher proportion of N
eanderthal ancestry than 

is present in East Asians. H
owever, we do find suggestive evidence of 

an excess of D
enisovan ancestry in som

e South Asians com
pared to 

other Eurasians. This signal m
ay not have been detected before because 

earlier surveys of archaic introgression largely excluded South Asians 
(Fig. 1d; Supplem

entary D
ata Table 1).

The tim
e course of hum

an population separation
W

e studied dem
ographic history by leveraging the fact that  variation 

across the genom
e in divergent sites per base pair can be used to 

 reconstruct population size changes and separations. W
e used the 

 pairwise sequential M
arkovian coalescent (PSM

C) 20 to reconstruct pop-
ulation size changes, and the m

ultiple sequentially M
arkovian  coalescent 

(M
SM

C) 21 to study the tim
e course of population  separations. W

e infer 
that the population ancestral to all present day hum

ans began to develop 
Figure 1 | G

enetic variation in 
the SG

D
P. a, N

eighbour-joining 
tree of relationships based on 
pairwise divergence. b, Plot of 
autosom

al heterozygosity against 
the X-to-autosom

e heterozygosity 
ratio, showing the reduction 
in this ratio in non-Africans 
and pygm

ies. c, Estim
ate of 

N
eanderthal ancestry with a heat 

m
ap scale of 0–3%

. d, Estim
ate of 

D
enisovan ancestry with a heat 

m
ap scale of 0–0.5%

 to bring out 
subtle differences in m

ainland 
Eurasia (O

ceanian groups with as 
m

uch as 5%
 D

enisovan ancestry 
are saturated in bright red).
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more in eastern non-Africans15,16, and that Australo-Melanesians, 
and to a lesser extent other eastern non-Africans, possess Denisovan 
 ancestry17–19. However, these studies only analysed genomes from 
a handful of populations. We computed statistics informative about 
Neanderthal and Denisovan ancestry and provide a fine-scale view 
of these ancestry distributions worldwide (Fig. 1c, d; Supplementary 
Data Table 1; Supplementary Information section 8). We do not detect 
any population with a higher proportion of Neanderthal ancestry than 
is present in East Asians. However, we do find suggestive evidence of 
an excess of Denisovan ancestry in some South Asians compared to 
other Eurasians. This signal may not have been detected before because 

earlier surveys of archaic introgression largely excluded South Asians 
(Fig. 1d; Supplementary Data Table 1).

The time course of human population separation
We studied demographic history by leveraging the fact that  variation 
across the genome in divergent sites per base pair can be used to 
 reconstruct population size changes and separations. We used the 
 pairwise sequential Markovian coalescent (PSMC)20 to reconstruct pop-
ulation size changes, and the multiple sequentially Markovian  coalescent 
(MSMC)21 to study the time course of population  separations. We infer 
that the population ancestral to all present day humans began to develop 

Figure 1 | Genetic variation in 
the SGDP. a, Neighbour-joining 
tree of relationships based on 
pairwise divergence. b, Plot of 
autosomal heterozygosity against 
the X-to-autosome heterozygosity 
ratio, showing the reduction 
in this ratio in non-Africans 
and pygmies. c, Estimate of 
Neanderthal ancestry with a heat 
map scale of 0–3%. d, Estimate of 
Denisovan ancestry with a heat 
map scale of 0–0.5% to bring out 
subtle differences in mainland 
Eurasia (Oceanian groups with as 
much as 5% Denisovan ancestry 
are saturated in bright red).
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Reduction in diversity due 
to serial founder effects

Asia

Ortelius Trial
Genetic 
Diversity

Henn, Cavalli-Sforza, and Feldman (2012) PNAS



Serial founder effect model 
and assumptions

Migration after the initial founder expansion has been limited
There has been no substantial admixture from another highly 
diverged population
Post-expansion demographic fluctuations have not decreased 
diversity substantially

Time



Decline in heterozygosity 
out-of-Africa
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Basic population structure



What is population 
structure?

Can be caused by multiple 
barriers to random mating: 
geography, language, ancestry

Random mating is an important 
assumption in pop gen and stat 
gen models, usually assess 
population structure first

Two commonly used methods of 
detecting structure are allele 
frequency-based clustering 
algorithms and principle 
component analysis 



How does population stratification 
affect association analyses?

1Department of Statistics, University of Oxford, 1 South Parks Road, Oxford OX1 3TG, UK. 2Wellcome Trust Center for Human Genetics, University of Oxford, Oxford
OX3 7BN, UK. 3Genome Quebec and McGill University Genome Center, Montreal H3A 1A4, Canada. Correspondence should be addressed to P.D.
(donnelly@stats.ox.ac.uk).

Published online 28 March 2004; doi:10.1038/ng1337
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The effects of human population structure on large
genetic association studies
Jonathan Marchini1, Lon R Cardon2, Michael S Phillips3 & Peter Donnelly1

L E T T E R S

512 VOLUME 36 | NUMBER 5 | MAY 2004 NATURE GENETICS

Large-scale association studies hold substantial promise for
unraveling the genetic basis of common human diseases. A well-
known problem with such studies is the presence of undetected
population structure, which can lead to both false positive results
and failures to detect genuine associations. Here we examine
∼15,000 genome-wide single-nucleotide polymorphisms typed in
three population groups to assess the consequences of population
structure on the coming generation of association studies. The
consequences of population structure on association outcomes
increase markedly with sample size. For the size of study needed
to detect typical genetic effects in common diseases, even the
modest levels of population structure within population groups
cannot safely be ignored. We also examine one method for
correcting for population structure (Genomic Control). Although
it often performs well, it may not correct for structure if too few
loci are used and may overcorrect in other settings, leading to
substantial loss of power. The results of our analysis can guide the
design of large-scale association studies.

Recent advances in genotyping technologies and increases in genetic
marker availability have paved the way for association studies on
genomic scales1. A potential problem for every population-based asso-
ciation study is the presence of undetected population structure that
can mimic the signal of association and lead to more false positives or
to missed real effects (Fig. 1). These concerns have influenced the
design, interpretation and funding of association studies during the

past decade2. Still, levels of population structure in many ethnic
groups are typically small, and despite concerns3,4, there is an increas-
ing sense5,6 that the problem is not serious if association studies avoid
gross levels of population structure.

Upcoming association studies will genotype many markers and
evaluate many individuals, owing to the realization that case-control
studies powered to detect realistic effect sizes will typically require
thousands of individuals7,8. This concern raises two general questions:
(i) how much underlying structure is there in various human popula-
tions and when might this pose problems for large-scale association
studies, and (ii) how accurate and efficient are available methods for
correcting for population structure in case-control studies?

Using genome-wide single-nucleotide polymorphisms (SNPs) in
multiple populations (European Americans, African Americans and
Asians of known Japanese or Chinese ancestry), we quantified the
extent of population structure within and between the populations
and then examined the consequences of population structure for
association studies.

Figure 1  The effects of population structure at a SNP locus. If the study
population consists of subpopulations that differ genetically, and if disease
prevalence also differs across these subpopulations, then the proportions of
cases and controls sampled from each subpopulation will tend to differ, as
will allele or genotype frequencies between cases and controls at any locus
at which the subpopulations differ. The figure shows an example of this
scenario with two populations in which the cases have an excess of
individuals from population 2 and population 2 has a lower frequency of
allele A than population 1. In this example, the structure mimics the signal
of association in that there is a significant difference in allele and genotype
frequencies between cases and controls.
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Population structure with 
clustering algorithms

Each bar represents 1 
individual. The number of 
colors is the number of 
potential ancestries. 
Proportion of different colors 
is the proportion of different 
ancestries for that individual
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Continental ancestry

ported in a microsatellite-based study of the same
panel (3). AtK = 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 compo-
nent contained the Kalash individuals, but South/
Central Asia, the Middle East, and Europe were
not clearly distinguished unless analyzed sepa-
rately 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 popula-
tions, 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 contribu-
tion. 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 north-
south 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 ad-
mixture 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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Global PCA
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Genes mirror geography

The direction of the PC1 axis and its relative strength may reflect a
special role for this geographic axis in the demographic history of
Europeans (as first suggested in ref. 10). PC1 aligns north-northwest/
south-southeast (NNW/SSE, 216 degrees) and accounts for
approximately twice the amount of variation as PC2 (0.30% versus
0.15%, first eigenvalue 5 4.09, second eigenvalue 5 2.04). However,
caution is required because the direction and relative strength of the
PC axes are affected by factors such as the spatial distribution of
samples (results not shown, also see ref. 9). More robust evidence
for the importance of a roughly NNW/SSE axis in Europe is that, in
these same data, haplotype diversity decreases from south to north
(A.A. et al., submitted). As the fine-scale spatial structure evident in
Fig. 1 suggests, European DNA samples can be very informative
about the geographical origins of their donors. Using a multi-
ple-regression-based assignment approach, one can place 50% of

individuals within 310 km of their reported origin and 90% within
700 km of their origin (Fig. 2 and Supplementary Table 4, results
based on populations with n . 6). Across all populations, 50% of
individuals are placed within 540 km of their reported origin, and
90% of individuals within 840 km (Supplementary Fig. 3 and
Supplementary Table 4). These numbers exclude individuals who
reported mixed grandparental ancestry, who are typically assigned
to locations between those expected from their grandparental origins
(results not shown). Note that distances of assignments from
reported origin may be reduced if finer-scale information on origin
were available for each individual.

Population structure poses a well-recognized challenge for disease-
association studies (for example, refs 11–13). The results obtained
here reinforce that the geographic distribution of a sample is impor-
tant to consider when evaluating genome-wide association studies
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Figure 1 | Population structure within Europe. a, A statistical summary of
genetic data from 1,387 Europeans based on principal component axis one
(PC1) and axis two (PC2). Small coloured labels represent individuals and
large coloured points represent median PC1 and PC2 values for each
country. The inset map provides a key to the labels. The PC axes are rotated
to emphasize the similarity to the geographic map of Europe. AL, Albania;
AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; BG, Bulgaria; CH,
Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, Denmark;
ES, Spain; FI, Finland; FR, France; GB, United Kingdom; GR, Greece; HR,

Croatia; HU, Hungary; IE, Ireland; IT, Italy; KS, Kosovo; LV, Latvia; MK,
Macedonia; NO, Norway; NL, Netherlands; PL, Poland; PT, Portugal; RO,
Romania; RS, Serbia and Montenegro; RU, Russia, Sct, Scotland; SE,
Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine; YG,
Yugoslavia. b, A magnification of the area around Switzerland from
a showing differentiation within Switzerland by language. c, Genetic
similarity versus geographic distance. Median genetic correlation between
pairs of individuals as a function of geographic distance between their
respective populations.
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Ancestry-specific PCA provides 
insights into admixture origins
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Fixation index (FST)
Measures divergence 
across population pairs 
(S = subpopulations, T = 
total)

H = heterozygosity

FST =1� HS

HT

=1� 2pSqS
2pT qT

Figure 5: A diagram showing the hierarchical nature of F-statistics. The two solid dots
within an individual show the two alleles at a locus for an individual I. We can compare
the heterozygosity on individuals (HI), to that found by randomly drawing alleles from the
sub-population (HS = 2pSqS), to that found in the total population (HT = 2pT qT ).

subpopulation. Rewriting F
IS

in terms of the observed homozygote frequencies (f
11

, f
22

) and
expected homozygosities (p2S, q

2

S) we find

F
IS

=
2pSqS � f

12

2pSqS
=

f
11

+ f
22

� p2S � q2S
2pSqS

, (12)

using the fact that p2 + 2pq + q2 = 1, and f
12

= 1� f
11

� f
12

. The form of eqn. (12) reveals
that F

IS

is the covariance between pairs of alleles found in an individual, divided by the
expected variance under binomial sampling. Thus, F -statistics can be understood as the
correlation between alleles drawn from a population (or an individual) above that expected
by chance (i.e. drawing alleles sampled at random from some broader population).

We can also interpret F -statistics as proportions of variance explained by di↵erent lev-
els of population structure. To see this, let us think about F

ST

averaged over K sub-
populations, whose frequencies are p

1

, . . . , pK . The frequency in the total population is
pT = p̄ = 1/K

PK
i=1

pi. Then, we can write

F
ST

=
2p̄q̄ � 1

K

PK
i=1

2piqi
2p̄q̄

=

⇣
1

K

PK
i=1

p2i +
1

K

PK
i=1

q2i

⌘
� p̄2 � q̄2

2p̄q̄
=

Var(pi)

Var(p̄)
, (13)

which shows that F
ST

is the proportion of the variance explained by the subpopulation labels.

12

Graham Coop’s pop gen notes:
http://bit.ly/2fEXzUe

http://bit.ly/2fEXzUe


Hardy-Weinberg 
Equilibrium



The Hardy–Weinberg equilibrium model states 
that allele and genotype frequencies in a population 

will remain constant from generation to generation in 
the absence of other evolutionary influences.



Parental allele frequencies
Mom

A (p) a (q)

Dad
A (p) AA (p2) Aa (pq)

a (q) Aa (pq) aa (q2)

p = frequency of A allele

q = frequency of a allele

P = frequency of AA genotype

H = frequency of Aa genotype

Q = frequency of aa genotype

p = frequency of A allele

q = frequency of a allele

P = frequency of AA genotype

H = frequency of Aa genotype

Q = frequency of aa genotype



Hardy-Weinberg 
equilibrium

Frequency of progeny
Mating Frequency (parents) AA Aa aa

AA x AA P2 P2

AA x Aa 2PH PH PH
AA x aa 2PQ 2PQ
Aa x Aa H2 H2/4 H2/2 H2/4
Aa x aa 2HQ HQ HQ
aa x aa Q2 Q2

(P + H + Q)2 (P+H/2)2 2(P+H/2)2*

(Q+H/2) (Q+H/2)2

1 p2 2pq q2



Hardy-Weinberg: 
assumptions and violations

Assumptions 
✓organisms are diploid
✓only sexual reproduction occurs
? generations are non overlapping
? mating is random
? population size is infinitely large
? allele frequencies are equal in 

the sexes
? there is no migration, mutation 

or selection

SLC24A5 - skin color

Implications: 
Allele frequencies are constant, genetic diversity preserved
HWE attained in just 1 generation of random mating



HWE in a realistic cohort
Tennessen et al (ESP): 2439 individuals

1351 Europeans, 1088 African Americans (80%, 20%)

allele Observed Expected
DD
AD
AA

χ2 = 615.08      P < 2.2e-16



How genetic structure 
changes



How does population 
structure change?

Changes in allele frequencies through time

mutation

migration

natural selection

genetic drift

non-random mating



How does population 
structure change?

Changes in allele frequencies through time

mutation

migration

natural selection

genetic drift

non-random mating

spontaneous change in DNA

Human mutation rate:  
~1.2 x 10-8 / bp

‣ ~80-100 total de novo variants

‣ <1 de novo coding variant



How does population 
structure change?

Changes in allele frequencies through time

mutation

migration

natural selection

genetic drift

non-random mating

individuals moves into 
population, introduce new 

alleles (“gene flow”)

Sousa, V., and Hey, J. (2013). Nat. Rev. Genet. 14, 404–414.

Nested island model
A hierarchical island model 
with groups of populations in 
which migration among 
populations within the same 
group is higher than among 
populations in different groups.

Gene trees
Bifurcating trees that represent 
the ancestral relationships of 
homologous haplotypes 
sampled from a single or 
multiple populations. A gene 
tree includes coalescent events 
and, in models with gene flow, 
migration events. A gene tree is 
characterized by a topology, 
branch lengths, coalescence 
times and migration times.

population tree (assumed to be known) with the gene 
trees inferred at a specific site. Incongruences between 
the population tree and the gene tree can be due to 
incomplete lineage sorting (shared ancestral poly-
morphism) or to gene flow. One statistic, called ‘D’, 
was specifically designed to detect introgression from 
one population to another50 (FIG. 2). Computing D 
requires a genome from each of two sister populations, 
a genome from a third population (a potential source 
of introgressed genes) and a fourth outgroup genome 
to identify the ancestral state (identified as the A allele). 
Focusing on SNPs in which the candidate source popu-
lation has the derived allele (B) and in which the two 
sister genomes have different alleles, there are two pos-
sible configurations: either ABBA or BABA. Under the 
hypothesis of shared ancestral polymorphism, the num-
ber of tree topologies of ABBA and BABA are expected 
to be equal, and the expected D will be zero. Deviations 
from that expectation are interpreted as evidence of 
introgression. As with FST genome scans, investigators 
can look at the distribution of D along the genome, 
but when using D, the aim is to find genomic regions 
that specifically experienced introgression, whereas in 
the case of FST, the goal is to identify regions of high  
differentiation, regardless of the cause.

Genome scans using D were used, for instance, 
to detect admixture between archaic and modern 
humans51,52 and to study the patterns of introgression 
in Heliconius butterflies14. In the case of modern and 
archaic humans, unidirectional introgression from 
Neanderthals to non-African humans was estimated 
to have occurred for 1–4% of the genome51. Similarly, 
data from 642,690 SNPs point to 4–6% of the present 
day Melanesian genomes being derived from admix-
ture with Denisovans52. For Heliconius butterflies, 
RAD-tag sequencing of 4% of the genome (~12 Mb) 

indicated introgression from Heliconius timareta to 
Heliconius melpomene amaryllis (2–5% admixture), 
which are sympatric species that exhibit the same 
wing colour patterns. Interestingly, only a few regions 
exhibited significant D values, including genes known 
to contain the mimicry loci B/D and N/Yb. Despite the 
lack of an explicit test of positive selection, the fact that 
these regions harbour genes involved in mimicry is in 
agreement with an active role of selection promoting 
introgression at these regions. In these species, the pat-
terns of differentiation along the genome suggest a case 
in which most of the genome is differentiated — con-
sistent with a model of allopatric divergence (FIG. 1a) or 
divergence with limited gene flow (FIG. 1b) — whereas 
a few regions show evidence of secondary contact and 
uni- or bidirectional introgression of genes from one 
population (species) to the other (FIG. 1c). In both cases of  
humans and Heliconius spp., there was evidence  
of regions exchanged between populations that were 
already differentiated, pointing to the importance of 
secondary contact.

Although genome scan approaches are flexible and 
applicable to large genomic data sets, the focus on 
amenable summary statistics typically entails setting 
aside much of the information in a data set. A related 
limitation is that the same numerical value of a par-
ticular statistic can result from very distinct scenarios. 
For instance, a low FST can be due to shared ancestral 
polymorphism or due to gene flow44. Similarly, the D 
statistic can be significantly different from zero owing 
to other events rather than admixture. The evidence 
of admixture between modern human non-African 
populations and Neanderthals has been questioned 
by a simulation study showing that spatial expansions 
and population substructure without admixture could 
lead to D values that are similar to the observed ones53.

Nature Reviews | Genetics

A → B
A → B

a  Ancestral polymorphism b  Introgression (gene flow)

ABBA ABBA
4321 4321

Past

Present

Figure 2 | Disentangling ancestral polymorphism from gene flow (ABBA and BABA test). The diagram shows the 
divergence of two sister populations (1 and 2), a third population (potential source of introgressed genes; 3) and an 
outgroup population (4) over time. The black line represents the gene tree of a given site, and the star represents a 
mutation from the ancestral state (allele A) to the derived state (allele B). The pattern ABBA can occur owing to  
an ancestral polymorphism (a): that is, coalescent of lineage from population 2 with lineage from population 3 in the 
ancestral population (population ancestral to populations 1, 2 and 3), or gene flow from population 3 to population 2 
(b). Under a model with no gene flow, we expect that the pattern ABBA is as frequent as BABA owing to the fact that 
there is 50% chance that either the lineage from population 1 or from population 2 coalesces with lineage from 
population 3 in the population ancestral to populations 1, 2 and 3.

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 14 | JUNE 2013 | 407

© 2013 Macmillan Publishers Limited. All rights reserved



How does population 
structure change?

Changes in allele frequencies through time

mutation

migration

natural selection

genetic drift

non-random mating

certain genotypes produce 
more/less offspring

differences in survival and 
reproduction → differences 

in “fitness”

Many kinds: balancing (e.g. 
sickle-cell), positive (e.g. 

height), negative (most 
common), etc



How does population 
structure change?

Changes in allele frequencies through time

mutation

migration

natural selection

genetic drift

non-random mating

genetic change by chance 
alone

occurs in small populations



How does population 
structure change?

Changes in allele frequencies through time

mutation

migration

natural selection

genetic drift

non-random mating

assortative mating: mate with 
similar type

Examples: education, height, 
skin color
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Hispanic/Latinos
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Linkage disequilibrium



Linkage disequilibrium is the non-random 
association of alleles at different loci. Loci are said to 
be in LD when the frequency of association of their 

different alleles is higher or lower than what would be 
expected if the loci were independent and associated 

randomly.

Recombination is the process or act of exchanges 
of DNA between chromosomes, resulting in a 

different genetic combination and ultimately to the 
formation of unique gametes with chromosomes that 

are different from those in parents.



Calculation of  linkage 
disequilibrium

Suppose we have the following sequences:

ACTTGTAT…………GATCAACCAG 
ACTCGTAT…………GATCAACCAG 
ACTCGTAT…………GATCAGCCAG 

SNP1                       SNP2

Alleles 1 2

1 T A

2 C G



Calculation of  linkage 
disequilibrium

Covariance between A and B alleles at two loci:

Common statistic for summarizing LD:

Decay of LD over time (t in generations):

DAB = pAB � pApB

r2 =
D2

pA(1� pA)pB(1� pB)

Dt = (1� r)tD0

P(recombination in one generation)



Calculation of  linkage 
disequilibrium

Haplotype Symbol Frequency
A1B1 x11 0.6
A1B2 x12 0.1
A2B1 x21 0.2
A2B2 x22 0.1

Allele Frequency
A1 p1=x11+x12=0.7
A2 p2=x21+x22=0.3
B1 q1=x11+x21=0.8
B2 q2=x12+x22=0.2

D =x11 � p1q1

=0.6� 0.7 ⇤ 0.8
=0.04

r

2 =
D

2

p1p2q1q2

=
0.042

0.7 ⇤ 0.3 ⇤ 0.8 ⇤ 0.2
=0.048

observed

expected 
under 

equilibrium



LD decay across 1000 
Genomes populations
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Effective population size



The effective population size (Ne) is the 
population size that would result in the same rate of 

drift in an idealized constant population size, obeying 
our modeling assumptions, as that observed in our 

true population.

loss-of-function mutations23. We thus characterized the distribution of
fixed loss-of-function mutations among different species of great apes
identifying nonsense and frameshift mutations resulting from SNVs
(n 5 806) and indels (n 5 1080) in addition to gene deletion events
(n 5 96) (Supplementary Table 4). We assigned these events to the
phylogeny and determined that the number of fixed loss-of-function
mutations scales proportionally to the estimated branch lengths (R2 5
0.987 SNVs, R2 5 0.998 indels). In addition, we found no evidence of
distortion on the terminal branches of the tree compared to point
mutations based on a maximum likelihood analysis (Supplementary
Information). Thus, the human branch in particular showed no excess
of fixed loss-of-function mutations even after accounting for human-
specific pseudogenes24 (Supplementary Information).

Our analysis provides one of the first genome-wide views of the
major patterns of evolutionary diversification among great apes. We
have generated the most comprehensive catalogue of SNPs for chim-
panzees (27.2 million), bonobos (9.0 million), gorillas (19.2 million)
and orangutans (24.3 million) (Table 1) to date and identified several
thousand AIMs, which provides a useful resource for future analyses
of ape populations. Humans, western chimpanzees and eastern gorillas
all show a remarkable dearth of genetic diversity when compared to
other great apes. It is striking, for example, that sequencing of 79
great ape genomes identifies more than double the number of SNPs
obtained from the recent sequencing of more than a thousand diverse
humans25—a reflection of the unique out-of-Africa origin and nested
phylogeny of our species.

We provide strong genetic support for distinct populations and
subpopulations of great apes with evidence of additional substructure.
The common chimpanzee shows the greatest population stratification
when compared to all other lineages with multiple lines of evidence
supporting two major groups: the western and Nigeria–Cameroon and
the central and eastern chimpanzees. The PSMC analysis indicates a
temporal order to changes in ancestral effective population sizes over
the last two million years, previous to which the Pan genus suffered a
dramatic population collapse. Eastern chimpanzee populations reached
their maximum size first, followed by the central and western chim-
panzee. The Nigeria–Cameroon chimpanzee population size appears
much more constant.

Despite their rich evolutionary history, great apes have experienced
drastic declines in suitable habitat in recent years26, along with declines
in local population sizes of up to 75% (ref. 27). These observations
highlight the urgency to sample from wild ape populations to more
fully understand reservoirs of genetic diversity across the range of each
species and to illuminate how basic demographic processes have affec-
ted it. The .80 million SNPs we identified in this study may now be
used to characterize patterns of genetic differentiation among great
apes in sanctuaries and zoos and, thus, are of great importance for the
conservation of these endangered species with regard to their original
range. These efforts will greatly enhance conservation planning and
management of apes by providing important information on how to
maintain genetic diversity in wild populations for future generations.
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Figure 3 | PSMC analysis. Inferred historical population sizes by pairwise
sequential Markovian coalescent analysis. The lower x axis gives time measured
by pairwise sequence divergence and the y axis gives the effective population
size measured by the scaled mutation rate. The upper x axis indicates scaling in

years, assuming a mutation rate ranging from 1029 to 5 3 10210 per site per
year. The top left panel shows the inference for modern human populations. In
the rest of the three panels, thin light lines of the same colour correspond to
PSMC inferences on 100 rounds of bootstrapped sequences.
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Figure 2 | Inferred population history. Population splits and effective
population sizes (Ne) during great ape evolution. Split times (dark brown) and
divergence times (light brown) are plotted as a function of divergence (d) on the
bottom and time on top. Time is estimated using a single mutation rate (m) of
1 3 1029 mut bp21 year21. The ancestral and current effective population sizes
are also estimated using this mutation rate. The results from several methods
used to estimate Ne (COALHMM, ILS COALHMM, PSMC and ABC) are
coloured in orange, purple, blue and green, respectively. The chimpanzee split
times are estimated using the ABC method. The x axis is rescaled for
divergences larger than 2 3 1023 to provide more resolution in recent splits. All
the values used in this figure can be found in Supplementary Table 5. The
terminal Ne correspond to the effective population size after the last split event.
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Assumptions of  pop gen models 
affecting Ne when violated

There are equal numbers of males and females, all of whom are 
able to reproduce

All individuals are equally likely to produce offspring, and 
number of offspring the each produces varies no more than 
expected by chance

Mating is random

The number of breeding individuals is constant from one 
generation to the next.

Essentially all violations to pop gen models decrease Ne



Ne with unequal numbers of  
breeding males and females

Ne =
4NmNf

Nm +Nf

where Nm + Nf = 1000
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Methodological timeline for 
human Ne inference
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Identity-by-descent



Fine-scale birth record data enables 
refined view of  population history
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2: Southwest coastal region started growing 
longer ago
12: Lapland maintained very little growth 
for extended period



Demographic models



Wright-Fisher model
Non-overlapping 
generations

Finite, constant N

Binomial sampling of 
alleles

Basis of the coalescent

Figure 8: Loss of heterozygosity over time, in the absence of new mutations. A diploid
population of 5 individuals over the generations, with lines showing transmission. In the
first generation every individual is a heterozygote.

Figure 9: Loss of heterozygosity over time, in the absence of new mutations. A diploid
population of 5 individuals. In the first generation I colour every allele a di↵erent colour so
we can track their descendants.
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Population-scaled mutation rate: θ=4Neμ

From the binomial:

Wright-Fisher model
Diploid population of size 
N has 2N alleles

Probability that two alleles 
have same parent: 1/2N

Probability different 
parent: 1-1/2N

Probability two alleles 
coalesce before mutation:

1

2N

Z 1

0
e�t(2µ+1/(2N))dt =

1/(2N)

1/(2N) + 2µ
=

1

1 + 4Nµ

E[K1] =Np

V ar[K1] =Np(1� p)



Loss of  heterozygosity in a 
bottlenecking population

Figure 11: Loss of heterozygosity over time in a bottlenecking population. A diploid popu-
lation of 10 individuals, that bottlenecks down to three individuals repeatedly. In the first
generation I colour every allele a di↵erent colour so we can track their descendants, there
are no new mutations.

probability 1/(2NM). The remaining 50% of the time our ancestral lineages are in two indi-
viduals are di↵erent sexes in a generation so cannot coalescence. Therefore, our probability
of coalescence in the preceding generation is

1

4

1

2NM

+
1

4

1

2NF

=
1

8

NF +NM

NFNM

(45)

i.e. the rate of coalescence is the harmonic mean of the two sexes population sizes, equating
this to 1

2Ne
we find

Ne =
4NFNM

NF +NM

(46)

Thus if reproductive success is very skewed in one sex (e.g. NM ⌧ N/2) our e↵ective popu-
lation size will be much reduced as a result.

2.4 The Coalescent and patterns of neutral diversity

Pairwise Coalescent time distribution and the number of pairwise di↵erences.
Thinking back to our calculations we made about the loss of neutral heterozygosity and
equilibrium levels of diversity (in Sections 2.1 and 2.2), you’ll note that we could first spec-
ify what generation a pair of sequences coalesce in, and then calculate some properties of
heterozygosity based on that. That’s because neutral mutations do not a↵ect the probabil-
ity that an individual transmits that allele, so don’t a↵ect the way in which we can trace
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Demographic model from 
1000 Genomes data

interval = 45–69 kya). By contrast, the NIEHS data (6) resulted in
a maximum likelihood estimate of TB = 140 kya (95% confidence
interval = 40–270 kya). The inference based on the exon pilot
alone yields TB= 98 kya (95% confidence interval = 43–210 kya).
In general, the gain in precision was strongest for the parameters
involved in more ancient events. Inference based on uncorrected
low-coverage data yielded an unrealistic TB = 14 kya split.
Beyond their fundamental interest as descriptors of human

history, these parameters allow for a number of experimental
predictions; given a demographic model, we can predict, for ex-
ample, the number of synonymous variants to be discovered in
samples of larger size that are currently in the process of being
sequenced. We predicted the number of variants to be discovered
in each of the three population considered (CEU, CHB + JPT,
and YRI) as the sample size is increased using both the inferred
demographic model and the jackknife estimator of the number of
undiscovered variants presented inMethods (Fig. 5). Because the
jackknife does not rely on assumptions about demography and
selection, we also used it to predict the number of non-
synonymous sites to be discovered. The jackknife approach pre-
dicts that, as sample size is increased, the total number of
segregating sites in CEU and CHB + JPT panels should overtake
the number of segregating sites in the YRI population.

Discussion
Our results illustrate that the vast majority of human variable sites
are rare and that themajority of rare variants exhibit, at most, very
little sharing among continental populations. We also find re-
duced sharing for rare variants compared with common variants
amongmore closely related populations, such as CHB-JPT, CEU-
TSI, and CHB-CHD. This lack of sharing can be explained by
population divergence, and we expect that the fraction of newly
discovered variable sites that are population-specific will keep in-
creasing with sample size. This finding poses a formidable chal-
lenge for the reproduction of genome-wide association studies for
rare functional variants across diverse populations, because the
statistical difficulties caused by variant rarity within a population
combine with increased between-population divergence.

We also show how sequencing a large number of individuals at
low coverage is an efficient strategy not only for discovering the
maximum number of variable sites but also for estimating de-
mographic parameters, at least when error rates can be estimated.
Different statistical methods have been proposed that include
read depth information and models of sequencing errors to re-
duce biases in allele frequency estimation (11, 12). Because of the
availability of high-coverage data for a subset of the genome in the
populations studied here, we used direct comparison with high-
coverage data to estimate and correct biases caused by low cov-
erage. A significant advantage of the direct comparison approach
is simplicity and computational efficiency; it can use existing cu-
rated genotype calls rather than require a full analysis of an error
model at the individual read level. This advantage is particularly
useful for data generated by 1000G, because multiple sequencing
platforms and calling pipelines with different error modes have
been used jointly. In general, the two approaches are not mutually
exclusive, andwhen practical, a statistically corrected low-coverage
SFS could be further corrected by comparison with targeted high-
coverage data. Here, we used, as a reference, an exon capture
dataset with >50× coverage and validation rates of 96.8% overall
and 93.8% for singletons.We also restricted our analysis to a high-
quality subset of the data (by selecting individuals with good
coverage and HapMap concordance and selecting sites with suf-
ficient coverage). The false-negative rate in the exon capture data
was estimated to be below 5% for variants of at least 1% in fre-
quency and 26% for variants below 1% in frequency. To avoid
resulting biases in the frequency-dependent false-negative esti-
mates for the low-coverage data, we restricted the comparison
with sites where a high-coverage variant call had been made.
We found that the bulk of the discrepancy between high- and

low-coverage data could be described by a simple model that uses
only two parameters per population, and in which error rates
decay exponentially with MAF, frequencies of detected variant
sites are accurately determined, and errors occur independently
in each population. The latter assumption is perhaps the most
debatable: we expect at least some correlations in the coverage at
a given site for different populations. An error model taking into
account such correlations would, therefore, be desirable. How-

Fig. 3. The probability that two individuals carrying an allele of given minor
frequency come from different populations, normalized by the expected
frequency in a panmictic population, using the seven panels of the exome
capture dataset. Sharing decreases dramatically as frequency approaches
zero. The reduction in sharing at 50% frequency in some population pairs is
caused by low overall numbers in that bin, and a single site (rs6662929) that
exhibits inconsistent calls between different calling platforms and most
likely has an incorrect homozygous reference call in some populations. Sites
were binned by frequency: dots indicate the center of each bin, and solid
lines are to guide the eye. Note that singletons are not shown, because there
can be no sharing for such sites.
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Fig. 4. An illustration of the inferred demographic model, with line width
corresponding to population size and time flowing from left to right. The
width of the red arrows is proportional to the migration intensity. Model
details are provided in Table 2 and ref. 6.
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African origins and 
population structure



What do we know about 
African population history?



Anatomically modern 
humans originated in Africa

White 2003Klein 1999



Hominid evolution



Timing of  population 
divergence within Africa

Oldest divergence is between KhoeSan populations and 
everyone else (120-90 kya)

Divergence between Central and Eastern Africans: 70-45 kya

Eurasians derive from Eastern African populations

lactase persistence in the Nama [50% in adults
as compared to <10% in San groups (18)] has an
East African origin (table S24). These observa-
tions support an East African connection for the
Nama (14) and suggest that they originate from
a Southern San group that adopted pastoralism
with some introgression from an East African
group that potentially brought pastoralist practices.

Greater levels of genetic diversity and lower
levels of linkage disequilibrium (LD) have pin-
pointed the origin of modern humans to sub-
Saharan Africa (3, 19), and these patterns of
African genetic variation have also been used to
suggest a southern African origin (5, 10), although
the fossil record suggests an East African origin
(2). We characterized and contrasted four pat-
terns of African genetic variation (Fig. 3) (14):
haplotype heterozygosity, haplotype richness, ge-
nomic runs of homozygosity (RoHs), and LD
measured by the squared correlation of allele
frequencies (r2). Consistent with previous obser-
vations (3, 19), sub-Saharan populations have
greater genetic diversity, lower levels of LD, and
shorter RoHs than non-African populations [ex-
cept for the Hadza, a population that is known to
have decreased drastically in size (10) (figs. S40,
S46, and S48)]. However, within sub-Saharan Af-
rica, these summary statistics pointed to different
regions or groups within regions (Fig. 3). Although
the descendants of the Bantu expansion in east-
ern and southern Africa sometimes had greater
levels of genetic diversity than populations closer
to their West African origin, illustrating the ef-
fect of recent admixture, inclusion or exclusion
of these groups did not affect the overall pattern.
Thus, these patterns of genetic variation do not
localize the origin of modern humans to a single
geographic region in Africa; instead they suggest
a complex (potentially both recent and ancient)
population history within Africa.

We searched for signs of selective sweeps
across the genomes of San, Khoe, and Bantu-
speaking populations in the set of ∼2.3 million
SNPs using the integrated haplotype statistic iHS
(14, 20). Several of the strongest and previously
unknown signals of selection coincide with re-
gions of the genome that have been associated
with distinct phenotypes. A particularly interest-
ing region was found on chromosome 10 in the
Ju/'hoansi (Fig. 4A and fig. S73) and overlapped
theMYPN (myopalladin) gene, which is associated
with muscle growth and function (21). Although
the signal for a selective sweep was strongest in
the Ju/'hoansi, it was also found in other groups,
including non-African populations, suggesting that
the sweep was either old or reoccurring. A partic-
ular variant found in anothermuscle gene (ACTN3)
associated with “fast-twitching” muscles and elite
athletic performance (22) has greater frequencies
(>90%) in all the investigated Khoe-San groups
than in other African populations (fig. S81).

The most prominent peak across the genome
and among all populations was found on chromo-
some 6 near the major histocompatibility com-
plex in the ≠Khomani and the Karretjie (Fig. 4B

and fig. S76) (14). Several genes that are suggested
to protect against infectious diseases surround the
peak, including PRSS16 and POM121L2 (Fig.
4B). The fact that the strong signal was unique
to the Southern Khoe-San could be related to
their early and extensive contact with European
colonists and novel (to the Khoe-San) infectious
diseases such as smallpox leading to drastic pop-
ulation reduction (18).

To search for genome regions with unusually
differentiated SNP variants in pairs of populations,
we contrasted genome-wide estimates of FST with
the single greatest FST value observed among the
∼2.3 million SNPs (14). Although genome-wide
FST between the pastoralist Nama and other Khoe-
San groups was moderate (0.012 to 0.034), the
top FST values in such comparisons (Fig. 4C)
were all >0.88 and located in the same region on
chromosome 16. The region overlaps an active
binding site of transcription enhancers that prob-

ably regulate the ERCC4 gene (some 200 kb fur-
ther downstream), which is linked to pigmentation
and sensitivity to ultraviolet light (xeroderma pig-
mentosum). Individuals with mutations in the
ERCC4 gene display pigmented freckles, mild
skin lesions, and an elevated risk of skin cancer
(23). When a supervised genome-local cluster-
ing strategy was used (24), this region showed an
extraordinary fraction of ancestry from Bantu-
speakers (South Africa) in the Nama (Fig. 4D and
figs. S68 to S71), which is probably the result of
introgression and, potentially, ensuing selection.

Because of their early divergence, signals of
selection shared between Khoe-San and other
populations offer a window into the evolutionary
processes that occurred >100,000 years ago—
the critical period for the origin of anatomically
modern humans (1, 2). We devised a novel ap-
proach to search for unusual stretches of high-
frequency derived variants shared among extant

Fig. 2. (A) Rooted pop-
ulation topology from a
concordance-test approach
(14). Nodes with boot-
strap support <50% are
collapsed (dashed lines);
all other nodes have boot-
strap support >85%. (B)
Clustering of 403 sub-
Saharan African individ-
uals (∼270,000 SNPs), assuming 2 to 11 clusters. (C) Clustering of 118 southern African individuals (∼2.3
million SNPs), assuming 2 to 8 clusters. Compare with fig. S16, which includes recently admixed individuals.
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Linguistic structure

5 major language families 
in Africa

Expansion of Niger-Congo 
language 4,000 years ago

Most isolated and most 
controversial language 
family is Khoisan



Population structure



Population samples
Samples assayed on 
multiple genotyping 
platforms: Illumina 550K.v2 
& 600K, Affymetrix 6.0, 
HapMap3

50,000 - 500,000 SNPs 
across the genome

Datasets are publicly 
available (http://www-
evo.stanford.edu/
repository/paper0002/)

Henn, B.M., et al. (2011). PNAS. 108, 5154–5162.

http://www-evo.stanford.edu/repository/paper0002/
http://www-evo.stanford.edu/repository/paper0002/
http://www-evo.stanford.edu/repository/paper0002/


Structure within Africa

Henn, B.M., et al. (2011). PNAS. 108, 5154–5162.



Structure and FST

Henn et al. (PNAS, 2011)



Summary
African populations are 
highly structured (pre-
Bantu expansion)

Time depth of structure 
is unresolved (~120-40 
kya)

Despite recent gene flow, 
underlying structure and 
diversity is detectable

ANRV353-GG09-21 ARI 30 July 2008 5:56

Phase I: modern human origins

Phase III: migration out of Africa
(increased LD due to founder effect) 

Phase II: population divergence

Divergent pattern of LD Shared pattern of LD

Sub-Saharan Africans

Australia/Melanesia

Non-Africans

NE Africa Middle East/Europe Asia Americas

30-50 Kya

15-30 Kya

150 Kya

 200 Kya

100 Kya

Figure 2
Ancestral Africans have maintained a large and subdivided population structure and have experienced
complex patterns of population expansions, contractions, migration, and admixture during their evolutionary
history. The bottleneck associated with the founding of non-African populations (∼50–100 kya) resulted in
lower levels of genetic diversity, an increase in linkage disequilibrium (LD), and more similar patterns of LD.
In addition, several recent studies have suggested that a serial founder model of migration occurred in the
history of non-Africans in which the geographic expansion of these populations occurred in many small
steps, and each migration involved a sampling of variation from the previous population (36, 90, 109, 167).
Solid horizontal lines indicate gene flow between populations and the dashed horizontal line indicates recent
gene flow from Asia to Australia/Melanesia.

subject of a number of recent studies and re-
views (44, 58, 69, 71, 74, 142, 157, 170, 182,
183, 219).

The migration of modern humans out of
Africa is thought to be accompanied by a popu-
lation bottleneck. The size of the population(s)
migrating out of Africa is estimated to be ∼600
effective founding females (i.e., census size of
∼1800 females) on the basis of mtDNA evi-
dence (61, 117), to be ∼1000 effective found-
ing males and females (i.e., census size of ∼3000
individuals) based on the analysis of 783 auto-

somal microsatellites genotyped in the Center
d’Etude du Polymorphisme Humain (CEPH)
human genome diversity panel (HGDP) (110),
and to be ∼1500 (i.e., a census size of ∼4500
individuals) based on a combined analysis of
mtDNA, Y chromosome, and X chromosome
nucleotide diversity data (70). These estimates
imply that Eurasians must have rapidly ex-
panded to a larger size to account for estimates
of a long-term effective population size (Ne)
of ∼10,000 individuals (census size of ∼30,000
individuals) for global populations (170, 239).
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Takeaways
Complexities to population structure (LD, allele 
frequency differences, etc). Need to consider for ALL 
genetic methods:

GWAS - has potential to confound associations

RVAS - difficulty accounting for rare structure

Genetic risk prediction

...many more


