Hunter-gatherer genomic diversity suggests a southern
African origin for modern humans
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Africa is inferred to be the continent of origin for all modern hu-
man populations, but the details of human prehistory and evo-
lution in Africa remain largely obscure owing to the complex
histories of hundreds of distinct populations. We present data for
more than 580,000 SNPs for several hunter-gatherer populations:
the Hadza and Sandawe of Tanzania, and the Khomani Bushmen
of South Africa, including speakers of the nearly extinct Nlu lan-
guage. We nd that African hunter-gatherer populations today
remain highly differentiated, encompassing major components
of variation that are not found in other African populations.
Hunter-gatherer populations also tend to have the lowest levels
of genome-wide linkage disequilibrium among 27 African popula-
tions. We analyzed geographic patterns of linkage disequilibrium
and population differentiation, as measured by Fsr, in Africa. The
observed patterns are consistent with an origin of modern humans
in southern Africa rather than eastern Africa, as is generally as-
sumed. Additionally, genetic variation in African hunter-gatherer
populations has been signi cantly affected by interaction with
farmers and herders over the past 5,000 y, through both severe
population bottlenecks and sex-biased migration. However, Afri-
can hunter-gatherer populations continue to maintain the highest
levels of genetic diversity in the world.
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frican human populations are the most genetically diverse in
the world (1-4), but inference about African demographic
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interacted with local HG is poorly understood because HG
variation has been poorly characterized. Do the current HG
populations represent agriculturalists who recently reverted to
hunting-gathering or mixed subsistence strategies, as has bee
seen in other parts of the world (13), or do sub-Saharan HG
represent geographically isolated remnants of populations from
which other African populations diverged early in human pre-
history? A recent study of noncoding autosomal sequences sug
gests that central African Pygmies and their agriculturalist
neighbors diverged approximately 60,000 y ago, but inference of
divergence was based on fewer than 500 SNPs (14). Further,
a recently published Kalahari“Bushmari’ genome identi ed
more than 700,000 unique SNPs, suggestive of high and ancient
phylogenetic divergence of southern African KhoeSan (15).
However, population genetic inference of African demographic
history requires both the characterization of intrapopulation
variation and the comparison of samples from the numerous
geographically dispersed and highly structured populations of
this continent. To explore questions about HG demographic
history, we present the largest dataset to date of genomic SNPs
for the remaining click-speaking (or Khoisan-speaking) HG
populations in eastern and southern Africa, analyzed jointly with
three other HG and 21 agriculturalist populations, including
newly generated data from seven northern African populations.
The Khoisan languages of Africa are unique in incorporating
a large variety of click consonants. The Hadza and Sandawe of
Tanzania are the only Khoisan-speaking populations to reside
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history, evolution, and disease associations has been limited byoutside of southern Africa. However, inclusion of the Hadza and
relatively few genetic samples and scarce archaeological remainsSandawe in the Khoisan language family is highly contentious

in many regions (5, 6). Modern humans are generally thought to
have originated in eastern Africa, where the earliest anatomically
modern skulls have been found (5), and because populations
outside of Africa carry a subset of the genetic diversity found in
eastern Africa (1, 7). Before 5,000 y ago, most of sub-Saharan
Africa was sparsely occupied by a collection of linguistically and
culturally diverse hunter-gatherer (HG) populations (5). Within
the past 5,000 y the majority of HG populations in Africa have
disappeared, either through assimilation into expanding agro-
pastoral (farmer and herder) groups or by extinction. The re-
maining HG groups include the forest Pygmy populations of
central Africa, isolated click-speaking populations of Tanzania,
and the “Bushmenr’ of the Kalahari Desert region of southern
Africa. Even some of these groupshowever, have been experi-
encing a transition to agricultural subsistence over the past 100y (8).
The expansion of agropastoralist populations has likely had
a major impact on the distribution of genetic variation within
Africa (3, 9-12). However, the extent to which these groups

www.pnas.org/cgi/doi/10.1073/pnas.1017511108

among linguists (16, 17). Despite their small population sizes
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(the Hadza number only =1,000 individuals), the Khoisan-
speakers exhibit a large amount of Y-chromosomal and mito-
chondrial genetic diversity. Many of their Y- and mtDNA line-
ages are quite rare, but diversitwithin the lineages may date to
more than 50,000 y ago. The southern KhoeSan dBushmer’
populations (seeMaterials and Methods for population homen-
clature) today occupy the Kalahari Desert region of Botswana,
Namibia, and northern South Africa. Haploid (i.e., Y and
mtDNA) genetic studies routinely recognize Khoisan-speaking
Ju Bushmen groups as the most divergent population in the

Italian Tuscans, HapMap3), supporting prior models of the Out
of Africa (OOA) migration originating from a population of
eastern African ancestry (1). Higherk values (6 through 8) ex-
tract each of the HG populations as a distinct ancestral group
[although eastern and western forest Pygmies do not differenti-
ate at these lowk (2 through 8) values, they do differentiate at
higher k values (3)] (Fig. 1). The Sandawe and Hadza pop-
ulations contain relatively high amounts of eastern African an-
cestry ¢40%), which atk = 8 splits into Sandawe-specic and
Hadza-specic clusters. The high fraction of eastern African

world (11, 18, 19). The deepest basal splits in Y-chromosome ancestry indicates that these groups have likely been part of a
and mitochondrial phylogenetic trees are between southern Ju greater eastern African population pool for a substantial number
Bushmen lineages and eastern African lineages (2). Only a of generations. Additionally, atk = 4 through 8 it seems that the
handful of KhoeSan individuals have been characterized in detail South African ZKhomani Bushmen and the Hadza have both

for multiple genetic loci (15, 19, 20): these individuals originated
from the northern Kalahari/Okavango region. Thus, only a very
small amount of the potentially great genetic variation in
southern Africa has been examined previously.

Results

We investigated the demographic history and population struc-
ture of African HG populations using primarily whole-genome
lllumina 650K, 550K, and Affymetrix 500K and 6.0 SNP arrays
(SI Appendix, Table S1). We also present 550K custom array data
for 90 Khoisan-speaking individuals from the Hadza and San-
dawe populations of Tanzania and thezKhomani Bushmen of

absorbed recent migrants from other clusters; individuals with
partial Bantu ancestry in the Hadza, and Bantu and European
ancestry in the #ZKhomani Bushmen (Fig. 1). Log-likelihood
estimates increased ak was increased, indicating a bettert
between the data and model at highek values §I Appendix,
Fig. S1).

We also calculatedFg; between clusters using the cluster-spe-
ci c allele frequencies generated frorADMIXTURE (Table 1).
Because theF; is estimated here from the cluster-based allele
frequencies rather than the population-based frequencies, much
of the in uence of recent migration on our estimates has been
removed. Ancient migration and mis-estimation of cluster-based

South Africa, merged with corresponding data from an addi- frequencies are potential sources of bias in this approach, but
tional 24 African populations (SI Appendix, SI Appendix, Table admixture between highly diverged populations, such as the
S1). We use a variety of unique analyses to identify the ancestry Bushmen and Europeans, is likely to be detected and removed.
of recently admixed genomic segments, severity of population The southern Bushmen, central forest Pygmies, and the Hadza,

bottlenecks, and the location of ancestral origins within Africa.

Population Structure Within Africa. We identify putative ancestral

clusters within sub-Saharan Africa by applying an unsupervised,

maximume-likelihood clustering analysis (21) to 12 African and
one European population for k possible ancestral populations
(k = 2 through 8; Fig. 1). At k = 4, we see a western African/

compared with Europeans, havd-¢; estimates in excess of 0.23
(Table 1), approximately twice the averagd-s; between other
global populations (1). Pairwise comparisons with the Hadza
tend to be exceptionally elevated, likely owing to the affect of
genetic drift during a recent, severe bottleneck in that population
(Fig. 4B and C).

Bantu-speaking cluster, an eastern African cluster, a cluster Genetic Diversity Within Africa. We merged SNP data for 27 pop-

representing Europeans that likely also signes ancestral varia-
tion maintained in eastern Africa (e.g., Maasai and Sandawe
populations), and nally, a cluster that links all our HG pop-

ulations. Populations in eastern African have the highest pro-
portion of the European ancestral cluster (represented by the

ulations across multiple genomic array platformsMaterials and
Methods and SI Appendix, Table S and created a set of 55,000
autosomal SNPs common to all Elatforms. Linkage disequilib-
rium (LD) was measured usingr® between pairs of SNPs in
sliding 1-Mb windows and estimated from equal sample sizes for

Fig. 1.
among 12 sub-Saharan African populations using

Ancestral population clusters in sub-Saharan Africa. An unsupervised clustering algorithm,
=461K autosomal SNP loci. We plot k: 2, 4, 6, 8 ancestral populations. European Tuscans were included to

ADMIXTURE (21), was used to analyze population structure

allow for potential recent European admixture in South Africans. We randomly chose a subset of 30 unrelated Maasai and Luhya for representation in thi s

gure. At k =4, all HG retain shared ancestry (in blue), and South African Bantu-speakers are likely to have recently absorbed 10

k = 8, HG populations emerge with four distinct, ancestral population clusters.
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Table 1. F;; estimates for k = 8 clusters assigned with ADMIXTURE
Eastern Western Forest
Cluster* European Sandawe Hadza Africa Maasai ' African Pygmies
European
Sandawe 0.135
Hadza 0.256 0.158
Eastern 0.117 0.054 0.154
Africa
Maasai® 0.172 0.108 0.218 0.104
Western 0.169 0.053 0.16 0.046 0.103
Africa
Forest 0.23 0.102 0.158 0.105 0.167 0.084
Pygmies
Southern 0.25 0.122 0.222 0.131 0.194 0.115 0.107
KhoeSan
*Cluster names correspond to the population or geographic af nities identi  ed in Fig. 1, assuming k = 8 ancestral populations. Fs was

calculated only on the basis of the allele frequencies estimated within each cluster to exclude recent admixture (e.g.,
“green” cluster in Fig. 1).

TAlthough the majority of Maasai ancestry is assigned to the eastern African (or
“pink ” cluster. Preliminary results suggest that this ancestry is likely of North African origin.

forest Pygmies and other clusters corresponds to the

in the Maasai, indicated in Fig. 1 by the

each population. Within Africa, the HG populations tend to
have the lowest levels of LD; the ve populations with the lowest
mean LD are South African ZKhomani Bushman, Biaka Pyg-
mies, Namibian Bushmen, Fang (not HG), and Tanzanian
Sandawe 81 Appendix, Fig. S13. LD values are generally indis-
tinguishable between agropastoralist African populations (e.g.,
Yoruba and Maasai); all northern African populations are ele-
vated relative to sub-Saharan Africa (Fig. &). LD measured by
r* is a function of both recombination rate €) and effective
population size (No) such that E(?) = 1/(4 NcC) (22). Lower
values ofr? in the South African KhoeSan, Biaka, and Sandawe
HGs are either the result of larger effective population sizes or
higher recombination rates in these populations (23, 24). Pop-
ulation substructure or recent admixture is expected to increase
LD (23, 25), and thus ourr? estimates for African HGs may even
be conservatively high given historical geneow from Bantu-
speaking and Europeans into these populations (Fig. 1). As-
suming genome-wide recombination rates do not vary greatly
between human populations, the LD results are consistent with
several African HG groups (e.g., Bushmen, Biaka, and Sandawe)
having greater N, than almost all other African populations.
Elevated LD in our samples of the HG Hadza and Mbuti is
consistent with recent bottlenecks in these populations [see be-
low and Patin et al. (14)].

To nd the best- t location for an origin of modern humans
within Africa, we regressed LD statistics by distance in kilo-
meters from different points on the continent (Fig. B), in
a manner similar to the heterozygosity regressions of Ram-
anchandran et al. (1). Under a serial founder model, populations
further from the origin will have smaller estimatedN, and higher
LD on average. Therefore, in this model, positive correlations
indicate a good t with the serial founder model. The highest

Fst between the

“yellow ") cluster, a second ancestry is also found primarily

The best- t regression originates at 14°S latitude and 12°E lon-
gitude (Fig. 2B and C) with an r of 0.78. The geographic pattern
in Fig. 2 is driven by exceptionally low LD in the southern Africa
KhoeSan and central African Biaka pygmies.

Because LD estimates can be affected by recent admixture, we
used a second statistidrs;, to infer the location of origin within
Africa. Fg was calculated from cluster-spect allele frequencies
using the ADMIXTURE software atk = 14. Similar to Tishkoff
et al. (3), we still detect discrete population membership & = 14.
We used the inferred genetic clusters, rather than the population-
based allele frequency estimates, to remove the effect of recent
migration on Fg. This procedure will, for example, minimize the
bias of European gene ow on allele frequency estimates from the
South African and Namibian Bushmen samples, and the cluster-
basedFg; estimate will better re ect the divergence of the Bush-
man population before arrival of recent migrants. This procedure
does, however, decrease the number of independent points from
27 in the LD analysis to 13 within Africa. UsingFs; between each
African cluster and Europe (Italy) as a sample OOA population,
we performed the regression and permutation analysis of geo-
graphic origin as described above for LD. The bestt regression
originates at 20°S latitude and 22°E longitude (Fig.[2), with anr
of —0.84. With fewer observations theé® value is not as low as in
the LD analysis; however, we still nd a P value of 0.06 after
correcting for multiple tests via 1,000 permutations. Given that the
F<: estimates are not collinear with the LD decay estimates (be-
cause theADMIXTURE model does not take LD into account),
this provides an additional line of evidence for a southern origin
for modern humans.

To provide an array-independent assessment of heterozygosity
we typed theZKhomani Bushmen and Hadza at high resolution

positive correlations occur when the point of origin is in south- for HLA-A, B, and C, arguably the most polymorphic of human
western Africa (using mean LD at 5 Kb;SI Appendix, Fig. S3.  9enes. In comparison with other African populations the Hadza
Bantu-speaking populations in eastern and southern Africa were have lowHLA-A, B, and C diversity but unusually high frequency
removed for this analysis, because they are considered recent(0-375;SI Appendix, Table S§ of HLA-B*44:03, features often
migrants and would not re ect the ancient patterns of migration ~characteristic of small populations that have been subject to
(5, 9, 26), but exclusion of these samples made little difference to pressure from infectious disease (27). In contrast, theKhomani
the LD maps. Regressions of LD on distance from southwestern Bushmen have the greatedtiL A-A heterozygosity (30 allelesi =

Africa were highly statistically signicant (at 5-Kb windows,P =
4.9 x 10°°) (Fig. 2C). Best- t (Materials and Methods) locations
based on LD are consistent with a common origin in southern
Africa. A point of origin in southwestern Africa was approxi-
mately 306-1,000 times more likely than in eastern Africa; de-
tailed likelihood statistics are available irSI Appendix, Table S6

Henn et al.

0.95;SI Appendix, Table S9, not only among African populations
but throughout the world. ZKhomani Bushmen remain among
the most heterozygous populations through thelLA-B and C loci
(H =0.94 and 0.89, respectivelySl Appendix, Table S9. Further
attesting to the extraordinaryHLA diversity and low genome-wide
LD of the #ZKhomani Bushmen, we estimated 82 differentLA-
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in southwestern Africa, likely driven by the exceptionally low LD Conclusions

in the Bushmen (South Africa and Namibia) and Biaka Pygmies e present a targeted analysis of African HG genomes, including
(Central African Republic). Fs comparisons also support genomic SNP array data for the Tanzanian Hadza, Sandawe, and
a southern African origin. Geographic dispersal of modern the South African ZKhomani Bushmen. We nd that the six sub-
humans from southern Africa is consistent with the earliest ar- Saharan HG populations share common ancestristinct from
chaeological evidence for worked bone awls, inscribed ostrich agriculturalists (Fig. 1 andSI Appendix, Fig. S. Analyses of LD
eggshell, and climatic evidence indicating a more hospitable and heterozygosity suggest that HGs, especially the click-speaking
climate in southern Africa than eastern Africa until 60,000  zxKhomani and Namibian Bushmen, are among the most diverse
70,000 y ago (4648). The large number of unique SNPs not of all human populations. LD and F; patterns support the hy-
present in dbSNP but identied in the Namibian KB1 (15) pothesis that all human populations originated from southern
“Bushmari’ genome is also suggestive of the greater diversity Africa (Fig. 2 and Table 1), although we caution that sampling in
present in these KhoeSan populations, but resequencing of Africa remains sparse; our sample size of Bushmen numbers just
larger sample sizes from many geographically separated African47 individuals, and other highly variable populations may be
populations is required to con rm this conclusion. ) discovered. Additionally, the interaction between agropastoralist
Extremely elevated LD, increased runs of homozygosity, and populations and HG over the past 5,000 y has markedly affected
very low HLA and haplotype heterozygosity estimates in com- HG populations in a variety of ways, including sex-biased gene
parison with other sub-Saharan African populations (Figs. 2 and o from agropastoralists into HG groups, demographic bottle-
4 and Sl Appendix, Tables S2 and Spall indicate a severe pecks [in the Hadza and central Pygmies (41)], and possibly
population bottleneck in the Hadza. We estimate theiN, to be  ynjque selection pressures, for example those associated with
only 2,500 individuals, which corresponds to an ancestral pop- jnfectious disease. We suggest that HG groups in Africa are

ulation size of 15,000 (given the estimated sixfold bottleneck). cyrrently experiencing rapid evolutionary change, as rected in
Strikingly, our N, estimate is more than twice the current census thejr patterns of genomic diversity.

size of the Hadza, suggesting that the bottleneck is ongoing and

that historically the Hadza had a much larger population size. Materials and Methods

Either our current population sample_ re ects a SUb_Stantlal Samples. Sampling of the #Khomani Bushmen in Upington, South Africa and
founder effect from a larger eastern African HG population, or  neighboring villages occurred in 2006. Institution review board approval was
the entire population has experienced a bottleneck that nar- obtained from Stanford University. ~#Khomani N |u-speaking individuals, lo-
rowed its geographic distribution to present day Lake Eyasi. The cal community leaders, traditional leaders, nonpro  t organizations, and
geographic extent of the historic Hadza population is unknown @ legal counselor were all consulted regarding the aims of this research
and is complicated by the lack of evidence for substantial gene before collection of DNA. All individuals consented orally to participation.

ow between the Hadza and neighboring Sandawe, who live only DNA via saliva (Orogene kits) and ethnog_raphu: information regarding an-
. cestry, language, and parental place of birth were collected for all partic-
150 km away (Fig. 3\).

ipants. Hadza individuals were collected in the Arusha district of Tanzania;

L W d littl I b H lati . the Commission for Science and Technology and the National Institute for
Selection in HG. We  nd little overlap between G populations in Medical Research of Tanzania approved the sample collection (50). Sandawe

ongoing or incomplete selective sweepsS( Appendix, Fig. S§,  individuals were collected in 2004 [informed consent described in Li et al.
even between populations in similar environments such as the and Donnelly et al. (51, 52)]. Samples from the #Khomani Bushmen, Hadza,
central African Pygmies or the Tanzanian Hadza and Sandawe. and Sandawe were typed on the Illumina Beadchip 550K custom v2 chip
This is consistent with the ancient and continuing separation of designed by 23andMe, Inc. and processed through 23andMe s partner lab-
these groups (Figs. 1 and 2) and the global observation in oratory. Genomic data for comparable loci were also obtained from HGDP-
Pickrell et al. (33) that Ongoing selective sweeps tend to be re- CEPH (19) and HapMap3 (http://hapmap.ncbi.nlm.njh.gov/ ), publicly available
gionally speci c. Direct comparison of haplotype-based statistics, r€Seurces. These genotype data were merged with samples typed on the
such as iHS, between samples can be confounded by diﬁerenceé-\ffymetnx 6.0, Affymetrix 500K, lllumina 1M for a total of 27 African pop-

X . ) . ulations (using PLINK v1.07; SI Appendix, Table S1). Data for western African
in SNP selection and phasng(I Appendlx). The ve HG pop- populations genotyped on the Affymetrix 500K were obtained from Bryc

ulations examined here §l Appendix, Fig- S§ were JPinﬂy et al. (28) (available in the database of Genotypes and Phenotypes), and
phased for the same 461K SNPs with a diverse set of trio-basednorth African population data generated for this manuscript, shown in Sl

haplotype seeds from Yoruba, Maasai, and Europeans and duo- Appendix. A total of 55,000 SNPs were identi ed as being common to all
seeds from the Sandawe andKhomani Bushmen. platforms (available at www-evo.stanford.edu/pubs.html).
We identi ed evidence for positive selection on the HCP5
locus in the Tanzanian Sandawe together with an increased Nomenclature. We use the term “"Khoisan” to refer to the linguistic family
frequency of the rs2395029 [G] allele. There was no evidence of consisting of click-speaking populations as Qe ned by Grgenberg (53). The
a recent demographic bottleneck in the Sandawe that could ex- t&™ “KhoeSan” refers to both the pastoralist and HG Khoisan-speakers of
plain such a high allele frequency by drift$| Appendix). The southern Afnca, mcludnjg the Ngma, Ju |hoansi, and N |u. San. is |nd|ca_t|ve
. . . of a historic HG subsistence lifestyle, regardless of the speci ¢ Khoisan
r5239502.9 [G] allele has been associated with protgcnon from southern African subfamily language af  liation and has been often used in
Hl\( by V'_rtue Qf LD with HLA'_B*57_:01' where putative causal the literature interchangeably with “Bushmen.” Many individuals in our
amino acid variants have been identied (34). We found thatthe  sample preferred to be referred to as “Bushmen.”
G allele isnot in LD with HLA-B*57:01 in the Sandawe; instead
it tends to be on the background oHLA-B*49:01, which encodes  population Structure. An unsupervised clustering algorithm, ~ ADMIXTURE
none of the HIV-protective amino acids of B*57. Additionally, in  (21), was run on our three unique Khoisan-speaking populations, HGDP-
Europeans rs2395029 [G] is in nearly complete LD withdLA- CEPH sub-Saharan Africans, HapMap3 Kenyan Luhya, Maasai, and Italian
B*57:01 and is used as a diagnostic marker for hypersensitivity to Tuscans. Eight ancestral clusters (k = 1 through 14) in total were tested
abacavir, a drug prescribed during HIV therapy (49). Our results succgsswely. Log-likelihoods for each k clqsters are shpwn in Sl _Appe_ndlx.
suggest both that the HPC5 locus is under strong selection in the Rephce‘lteArLAms of k ancestral popu!auons did not result in substantlally dif-
Sandawe independently of B*57:01 and that rs2395029 [G] is not ferent |nd|\{|dual ancestral frequenugs. 'Fst based on aIIeIe_frequencuis was
. . PN R . calculated in ADMIXTURE for each identi ed cluster at k = 8 and k = 14.
a diagnostic marker for B*57:01 in individuals with African an-
cestry, among Whom this allele has rgcomblned onto a Va“et}’ of Phasing. Parent-offspring (PO) pairs were rst identi ed using segments
haplotypes. It remains to be determined whether the selection sharing identity by descent; PO pairs in the Sandawe and #Khomani San
has been due to an increase in HIV prevalence in Tanzania or (absent in the Hadza) were phased separately using BEAGLE software (54).
another infectious disease. The phased Khoisan PO pairs were then combined with HapMap3 trio-
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