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SUMMARY

We assembled genome-wide data from 16 prehis-
toric Africans. We show that the anciently divergent
lineage that comprises the primary ancestry of the
southern African San had a wider distribution in
the past, contributing approximately two-thirds of
the ancestry of Malawi hunter-gatherers !8,100–
2,500 years ago and approximately one-third of the
ancestry of Tanzanian hunter-gatherers !1,400
years ago. We document how the spread of farmers
from western Africa involved complete replacement
of local hunter-gatherers in some regions, and we
track the spread of herders by showing that the
population of a !3,100-year-old pastoralist from
Tanzania contributed ancestry to people from north-
eastern to southern Africa, including a !1,200-year-
old southern African pastoralist. The deepest diversi-
fications of African lineages were complex, involving
either repeated gene flow among geographically

disparate groups or a lineage more deeply diverging
than that of the San contributing more to some west-
ern African populations than to others. We finally
leverage ancient genomes to document episodes of
natural selection in southern African populations.

INTRODUCTION

Africa harbors more genetic diversity than any other part of the
world (Cann et al., 1987; Tishkoff et al., 2009). This is reflected
both in a higher average number of differences among sub-
Saharan African genomes than among non-African genomes
(Cann et al., 1987; Ramachandran et al., 2005) and in the fact
that the ancestry found outside of Africa is largely a subset of
that within it (Tishkoff et al., 2009). Today, some of the earliest-
branching African lineages are present only in populations with
relatively small census sizes, including the southern African
Khoe-San (see STAR Methods for terminology), central African
rainforest hunter-gatherers, and Hadza of Tanzania (Gronau
et al., 2011; Schlebusch et al., 2012; Veeramah et al., 2012).
However, the population structure of Africa prior to the
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expansion of food producers (pastoralists and agriculturalists)
remains unknown (Busby et al., 2016; Gurdasani et al., 2015;
Patin et al., 2017). Bantu-speaking agriculturalists originating in
western Africa are thought to have brought farming to eastern Af-
rica by !2,000 years BP (years before present, defined by
convention as years before 1950 CE) and to southern Africa by
!1,500 BP, thereby spreading the largest single ancestry
component to African genomes today (Russell et al., 2014;
Tishkoff et al., 2009). Earlier migration(s), which brought ancestry
related to the ancient Near East (Lazaridis et al., 2016; Pagani
et al., 2012; Pickrell et al., 2014), brought herding to eastern
Africa by!4,000 BP (Marshall et al., 1984) and to southern Africa
by !2,000 BP (Sadr, 2015).

RESULTS

To reconstruct African population structure prior to the spread of
food production, we generated new genome-wide data from 15
ancient sub-Saharan Africans (Table 1; Tables S1 and S2; STAR
Methods). For three individuals from the western Cape of South
Africa (!2,300–1,300 BP), we carried out direct shotgun
sequencing to 0.7- to 2.0-fold coverage. For 12 individuals
from eastern and south-central Africa, we used in-solution
enrichment of !1.2 million single nucleotide polymorphisms
(SNPs). These included four individuals from the coastal region
of Kenya and Tanzania (!1,400–400 BP), one from interior
Tanzania (!3,100 BP), and seven from Malawi (ranging over
!8,100–2,500 BP) (Figure S1). All individuals had postmortem
degradation characteristic of ancient DNA (Table 1), and we
confirmed that key results are unlikely to be artifacts of contam-
ination by restricting analysis to sequences with postmortem
degradation (Skoglund et al., 2012; Skoglund et al., 2014a) (Fig-
ure S2). We merged the new ancient DNA data with previously
reported shotgun sequence data from a !4,500 BP Ethiopian
highland individual (Llorente et al., 2015) and with SNP geno-
types from 584 present-day African individuals from 59 diverse
populations (including new data from 34 Malawi individuals;
STAR Methods) (Lazaridis et al., 2014; Patterson et al., 2012),
as well as 300 high-coverage genomes from 142worldwide pop-
ulations (Mallick et al., 2016). We also determined mitochondrial
DNA and Y chromosome haplogroups for all newly reported
samples (Tables S3 and S4).

An Ancient Cline of Southern and Eastern African
Hunter-Gatherers
We used principal component analysis (PCA) (Patterson et al.,
2006) and automated clustering (Alexander et al., 2009) to relate
the 16 ancient individuals to present-day sub-Saharan Africans
(Figures 1 and S3). Whereas the two individuals buried in
!2,000 BP hunter-gatherer contexts in South Africa share
ancestry with southern African Khoe-San populations in the
PCA, 11 of the 12 ancient individuals who lived in eastern and
south-central Africa between !8,100 and !400 BP form a
gradient of relatedness to the eastern African Hadza on the
one hand and southern African Khoe-San on the other (Fig-
ure 1A). The genetic cline correlates to geography, running
along a north-south axis with ancient individuals from Ethiopia
(!4,500 BP), Kenya (!400 BP), Tanzania (both !1,400 BP),
and Malawi (!8,100–2,500 BP), showing increasing affinity to
southern Africans (both ancient individuals and present-day
Khoe-San). The seven individuals from Malawi show no clear
heterogeneity, indicating a long-standing and distinctive popula-
tion in ancientMalawi that persisted for at least!5,000 years (the
minimum span of our radiocarbon dates) but which no longer
exists today.
We constructed a model where ancient and present-day

African populations trace their ancestry to a putative set of
nine ancestral populations. As proxies for these populations,
three different ancient Near Eastern populations and six African
populations were used that, according to our analyses, harbor
substantial ancestry related to major lineages present in Africa
today. The Mende from Sierra Leone are used in this model to
represent a component of ancestry that exists in high propor-
tions in western African populations, the ancient southern
African genomes (South_Africa_2000BP) are used to represent
the ancestry of southern Africa before agriculture, the Ethiopian
individual (Ethiopia_4500BP) is used to represent northeastern
African ancestry before agriculture, the Mbuti are used to repre-
sent central African rainforest hunter-gatherer ancestry, the indi-
vidual from an eastern African pastoralist context (Tanzania_
Luxmanda_3100BP) is used to represent an early pastoralist
lineage from eastern Africa (see below; Figure 2), and the Dinka
(from Sudan) are used to represent distinctive ancestry found in
Nilotic speakers today. The ancient Near Eastern populations
were representative of Anatolia, the Levant, and Iran,
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Table 1. Summary of Ancient DNA from 15 Prehistoric Individuals Newly Reported in This Study

ID Population label

Date (BP denotes calibrated years

before present [defined as 1950],

while ‘‘uncalibrated BP’’ denotes

the radiocarbon age)* Location Lat. Long.

Y chromosome

haplogroup

mtDNA

haplogroup

Damage rate

at 50 CpG

dinucleotides

SNPs hit on 1.2M

autosomal targets

I9028 South_Africa_2000BP 2241-1965 BP (2330 ± 25

uncalibrated BP, UGAMS-7255)

St. Helena, South Africa "32.8 18.0 A1b1b2a L0d2c1$ 28% 731,098 (1.1X

shotgun)

I9133 South_Africa_2000BP 2017-1748 BP (2000 ± 50

uncalibrated BP, Pta-5283)

Faraoskop Rock Shelter,

South Africa

"32.0 18.5 A1b1b2a L0d1b2b1b 33% 1,028,904 (2.3X

shotgun)

I9134 South_Africa_1200BP 1282-1069 BP (1310 ± 50

uncalibrated BP, Pta-4373)

Kasteelberg, South Africa "32.8 17.9 Female L0d1a1a 21% 641,971 (0.8X

shotgun)

I4427 Malawi_Fingira_

6100BP

6175-5913 BP (5270 ± 25

uncalibrated BP, UCIAMS-186346)

Fingira, Malawi "10.8 33.8 BT L0d1b2b 37% 99,341

I4468 Malawi_Fingira_

6100BP

6177-5923 BP (5290 ± 25

uncalibrated BP, UCIAMS-186347)

Fingira, Malawi "10.8 33.8 BT L0d1c 49% 30,257

I4421 Malawi_Chencherere_

5200BP

5400-4800 BP (radiocarbon dating

was unsuccessful; the date is

based on context of other materials

from the same site)

Chencherere, Malawi "14.4 33.8 Female L0k2 28% 59,470

I4422 Malawi_Chencherere_

5200BP

5293-4979 BP (4525 ± 25

uncalibrated BP, UCIAMS-186348)

Chencherere, Malawi "14.4 33.8 Female L0k1 42% 9,355

I2966 Malawi_Hora_8100BP 10000-5000 BP (radiocarbon

dating was unsuccessful; the date

is based on context of other

materials from the same site)

Hora, Malawi "11.7 33.6 BT L0k2 (PMDS > 3) 54% 610,605 (+0.26X

shotgun)

I2967 Malawi_Hora_8100BP 8173-7957 BP (7230 ± 60

uncalibrated BP, PSUAMS-2535)

Hora, Malawi "11.7 33.6 Female L0a2 48% 65,686 (+0.03X

shotgun)

I4426 Malawi_Fingira_

2500BP

2676-2330 BP [2676-2343 BP

(2425 ± 20 uncalibrated BP,

PSUAMS-1734), 2483-2330 BP

(2400 ± 20 uncalibrated BP,

PSUAMS-1881)]

Fingira, Malawi "10.8 33.8 Female L0f 39% 635,427

I3726 Tanzania_Luxmanda_

3100BP

3141-2890 BP (2925 ± 20

uncalibrated BP, ISGS-A3806)

Luxmanda, Tanzania "4.3 35.3 Female L2a1 65% 845,016

I0589 Tanzania_Zanzibar_

1400BP

1370-1303 BP (1479 ± 23

uncalibrated BP, OxA-31427)

Kuumbi Cave, Zanzibar

Island, Tanzania

"6.4 39.5 Female L4b2a2c 22% 752,917

I1048 Tanzania_Pemba_

1400BP

1421-1307 BP (1520 ± 30

uncalibrated BP, Beta-434912)

Makangale Cave, Pemba

Island, Tanzania

"4.9 39.6 Female L0a 42% 168,117

I2298 Tanzania_Pemba_

600BP

639-544 BP (623 ± 20

uncalibrated BP, Wk-43308)

Makangale Cave, Pemba

Island, Tanzania

"4.9 39.6 Female L2a1a2 29% 695,242

I0595 Kenya_400BP 496-322 BP (388 ± 27

uncalibrated BP, OxA-30803)

Panga ya Saidi, Kenya "3.7 39.7 E1b1b1b2 L4b2a2 30% 150,383

*Table S2 provides detailed information on the direct radiocarbon dating measurements.
$Consistent with previously published mtDNA sequence by Morris et al. (2014).
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respectively (Lazaridis et al., 2016; Mathieson et al., 2015). We
used qpAdm (Haak et al., 2015), a generalization of f4 symmetry
statistics, to successively test 1-source, 2-source, or 3-source
models and admixture proportions for all other ancient and pre-
sent-day African populations, with a set of 10 non-African popu-
lations as outgroups (STAR Methods).

We find that ancestry closely related to the ancient southern
Africans was present much farther north and east in the past
than is apparent today. This ancient southern African ancestry
comprises up to 91% of the ancestry of Khoe-San groups today
(Table S5), and also 31% ± 3% of the ancestry of Tanzania_
Zanzibar_1400BP, 60% ± 6% of the ancestry of Malawi_
Fingira_6100BP, and 65% ± 3% of the ancestry of Malawi_
Fingira_2500BP (Figure 2A). Notably, the Khoe-San-related
ancestry in ancient individuals from Malawi and Tanzania is
symmetrically related to the two previously identified lineages
present in the San (Z < 2; Figure S2), estimated to have
diverged at least 20,000 years ago (Mallick et al., 2016;

Pickrell et al., 2012; Schlebusch et al., 2012), implying that
this was an ancient divergent branch of this group that lived
in eastern Africa at least until 1,400 BP. However, it was not
present in all eastern Africans, as we do not detect it in the
!400-year-old individual from coastal Kenya nor in the pre-
sent-day Hadza.

Displacement of Forager Populations in Eastern Africa
Both unsupervised clustering (Figure 1B) and formal ancestry
estimation (Figure 2B) suggest that individuals from the Hadza
group in Tanzania can be modeled as deriving all their ancestry
from a lineage related deeply to ancient eastern Africans
such as the Ethiopia_4500BP individual (Figure 3A; Table S5).
However, this lineage appears to have contributed little ancestry
to present-day Bantu speakers in eastern Africa, who instead
trace their ancestry to a lineage related to present-day western
Africans, with additional components related to the Nilotic-
speaking Dinka and to the Tanzania_Luxmanda_3100BP

A

B

Figure 1. Overview of Ancient Genomes and African Population Structure
(A) Map of sampling locations in Africa and principal component analysis of all individuals. Present-day individuals are indicated with gray circles.

(B) Automated clustering of key ancient and present-day populations (for K = 7 cluster components). Present-day populations are labeled in gray.
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pastoralist (see below; Figure 2). The Sandawe, another popula-
tion that like theHadza uses click consonants in their spoken lan-
guage, are modeled as having ancestry similar to the Hadza but
also admixture related to that of neighboring populations (Fig-
ure 3A; Table S5) consistent with previous findings (Henn et al.,
2011; Tishkoff et al., 2009). Population replacement by incoming
food producers appears to have been nearly complete inMalawi,
where we detect little if any ancestry from the ancient individuals
who lived !8,100–2,500 BP. Instead, present-day Malawian in-
dividuals are consistent with deriving all their ancestry from the
Bantu expansion of ultimate western African origin (Figure 3).

Among the ancient individuals analyzed here, only a !600 BP
individual from the Zanzibar archipelago has a genetic profile
similar to present-day Bantu speakers (Figure 1). Notably, this
individual has even more western-African-related ancestry
than the present-day Bantu speakers we analyzed from Kenya,
who also derive some of their ancestry from lineages related to
Dinka and Tanzania_Luxmanda_3100BP (Figure 1B). Using
linkage disequilibrium, we estimate that this admixture between
western- and eastern-African-related lineages occurred an
average of 800–400 years ago (STAR Methods). This suggests
a scenario of genetic isolation between early farmers and

A B C

D E F

Figure 2. Ancestral Components in Eastern and Southern Africa
We show bar plots with the proportions inferred for the best model for each target population. We used a model that inferred the ancestry of each target

population as 1-source, 2-source, or 3-source mixture of a set of potential source populations.

(A)We show an example of the inferredmodel for South_Africa_1200BP, an early pastoralist. A filled circle symbol in each panel indicates the geographic location

of the sample that we use as a representative of the source population. We show five sources:

(B) South_Africa_2000BP, representing forager populations in southern Africa and a component of prehistoric Malawi and Tanzania that is no longer extant;

(C) Ethiopia_4500BP, which is today found in the Hadza but in the past was characteristic of eastern African hunter-gatherers;

(D) The Mende from Sierra Leone, which is related deeply to the western African ancestry that was spread with the Bantu expansion of agriculturalists;

(E) The Savanna Pastoral Neolithic sample Tanzania_Luxmanda_3100BP, a missing-link pastoralist population that almost certainly is responsible for having

spread ancestrymost closely related to the ancient Levant to southernAfrica andwhich is also closely but not exclusively related topresent-dayCushitic speakers;

(F) Ancestry more closely related to early Iranian farmers (Iran Neolithic) thanwhat is found in Tanzania_Luxmanda_3100BP andwhichmay have entered the Horn

of Africa in later migrations.
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previously established foragers during the initial phase of the
Bantu expansion into eastern Africa (Crowther et al., 2017; Ri-
bot et al., 2010), a barrier that broke down over time as mixture
occurred. This parallels the patterns previously observed in
genomic analyses of the Neolithic expansion into Europe
(Haak et al., 2015; Skoglund et al., 2012) and the East Asian
farming expansion into Remote Oceania (Skoglund et al.,
2016). However, this process of delayed admixture did not al-
ways apply in Africa, as is evident in the absence of admixture
from previously established hunter-gatherers in present-day
Malawians.

Early Levantine Farmer-Related Admixture in an
~3,100-Year-Old Pastoralist from Tanzania
Western-Eurasian-related ancestry is pervasive in eastern Africa
today (Pagani et al., 2012; Tishkoff et al., 2009), and the timing of
this admixture has been estimated to be !3,000 BP on average

(Pickrell et al., 2014). We found that the !3,100 BP individual
(Tanzania_Luxmanda_3100BP), associated with a Savanna
Pastoral Neolithic archeological tradition, could be modeled as
having 38% ± 1% of her ancestry related to the nearly 10,000-
year-old pre-pottery farmers of the Levant (Lazaridis et al.,
2016), and we can exclude source populations related to early
farmer populations in Iran and Anatolia. These results could be
explained by migration into Africa from descendants of pre-pot-
tery Levantine farmers or alternatively by a scenario in which
both pre-pottery Levantine farmers and Tanzania_Luxmanda_
3100BP descend from a common ancestral population that lived
thousands of years earlier in Africa or the Near East. We fit the
remaining approximately two-thirds of Tanzania_Luxmanda_
3100BP as most closely related to the Ethiopia_4500BP
(p = 0.029) or, allowing for three-way mixture, also from a source
closely related to the Dinka (p = 0.18; the Levantine-related
ancestry in this case was 39% ± 1%) (Table S4).

A B C

D E

Figure 3. Mixture Events in the Deeper Population History of Continental African Lineages
(A) Maximum likelihood tree of genome sequences from present-day and ancient populations, excluding populations with evidence of asymmetrical allele sharing

with non-Africans indicative of recent gene flow (Table S6). Nodes with bootstrap support >95% are indicated with a circle.

(B) A symmetry test of the hypothesis that ancient southern Africans are an outgroup lineage to other African populations, which can be rejected for most pairs.

(C) Asymmetry between western African Mende and Yoruba in the 1000 Genomes Project data is maximized in the Yoruba’s excess affinity to eastern Africans

and non-Africans but highly significant also for groups as distant as southern Africans.

(D) Admixture graph solution where Mende from Sierra Leone and Yoruba from Nigeria have ancestry from a basal western African lineage. The other source of

western African ancestry is most closely related to eastern Africans and non-Africans (Figure S5D), which could be consistent with an expansion from eastern

Africa. Note that the exact proportion ‘‘West Africa A’’ ancestry is not well constrained by the model, but the difference between Yoruba and Mende is highly

significant (C).

(E) Admixture graph solution where the Yoruba have gene flow from a population related to both southern and eastern Africa, which could be consistent with a

more complex pattern of isolation-by-distance on the continent.
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While these findings show that a Levant-Neolithic-related pop-
ulation made a critical contribution to the ancestry of present-
day eastern Africans (Lazaridis et al., 2016), present-day Cushitic
speakers such as the Somali cannot be fit simply as having
Tanzania_Luxmanda_3100BP ancestry. The best fitting model
for the Somali includes Tanzania_Luxmanda_3100BP ancestry,
Dinka-related ancestry, and 16% ± 3% Iranian-Neolithic-related
ancestry (p = 0.015). This suggests that ancestry related to the
Iranian Neolithic appeared in eastern Africa after earlier gene
flow related to Levant Neolithic populations, a scenario that is
made more plausible by the genetic evidence of admixture of
Iranian-Neolithic-related ancestry throughout the Levant by the
time of the Bronze Age (Lazaridis et al., 2016) and in ancient
Egypt by the Iron Age (Schuenemann et al., 2017).

Direct Evidence of Migration Bringing Pastoralism to
Eastern and Southern Africa
In contrast to the Malawi and Zanzibar individuals, all three
ancient southern Africans show affinities to the ancestry pre-
dominant in present-day Tuu speakers in the southern Kalahari
more than to present-day Juj’hoan speakers in the northern
Kalahari (Figures S2B and S2C). However, the !1,200 BP sam-
ple from the western Cape that is found in a pastoralist context
has a specific similarity in clustering analyses to present-day
Khoe-Khoe-speaking pastoralist populations such as the
Nama (Figure 1B), and like them it has affinity to three groups:
Khoe-San, western Eurasians, and eastern Africans. This sup-
ports the hypothesis that a non-Bantu-related population carried
eastern African and Levantine ancestry to southern Africa by at
least around 1,200 BP, providing direct evidence for claims pre-
viously made based on analysis of present-day populations
(Pickrell et al., 2014).
We used our modeling framework to show that the South_

Africa_1200BP pastoralist individual from the western Cape is
consistent with being a mixture of just two streams of ancestry
relative to non-southern African populations, with 40.3% ± 2.3%
ancestry related to the Tanzania_Luxmanda_3100BP individual
(54% ± 7%when restricting analysis to sequences with postmor-
tem damage) and the remainder being related to the South_
Africa_2000BP hunter-gatherers (Table S5). This supports the
hypothesis that the Savanna Pastoral Neolithic archaeological
tradition in eastern Africa is a plausible source for the spread of
herding to southern Africa. Even the Juj’hoan San group with
the least genetic affinity to eastern Africans (Ju_hoan_North),
have 9% ± 1%of their ancestrymost closely related to Tanzania_
Luxmanda_3100BP, consistentwithpreviousfindings that thean-
cestries of all present-day San and Khoe were affected by agro-
pastoralistmigrations in the last twomillennia (Pickrell et al., 2014).

The Earliest Divergences among Modern Human
Populations
Previous studies have suggested that the primary ancestry in
the San is from a lineage that separated from all other lineages
represented in modern humans today, before the latter sepa-
rated from each other (Gronau et al., 2011; Veeramah et al.,
2012). Such a model emerges when we automatically fit a tree
without admixture to the data (Figure 3A), but we also find
that a tree-like representation is a poor fit (Figure S4A), in the

sense that ancient southern Africans who lived !2,000 BP
were not strictly an outgroup to extant lineages in other parts
of sub-Saharan Africa. In particular, we find that ancient south-
ern Africans, who have none of the eastern African admixture
that is ubiquitous today, share significantly more alleles with
present-day and ancient eastern Africans (including Dinka,
Hadza, and Ethiopia_4500BP) than they do with present-day
western Africans (Figure 3B; Table S6). Even within present-
day western Africans, the genetic differences between Yoruba
from Nigeria and the Mende from Sierra Leone are inconsistent
with descent from a homogeneous ancestral population iso-
lated from ancient southern Africans. The asymmetry between
Yoruba and Mende is also observed with non-Africans but is
no stronger than in eastern Africans (the most closely related Af-
ricans to the ancestral out-of-Africa population), and thus these
signals are not driven by admixture from outside Africa and
instead likely reflect demographic events entirely within Africa
(Figure 3C; Table S6).
We carried out admixture graph modeling of the allele fre-

quency correlations and found two parsimonious models that fit
thedata. Thefirst posits that present-daywesternAfricansharbor
ancestry froma basal African lineage that contributedmore to the
Mende than it did to the Yoruba, with the other source of western
African ancestry being related to eastern Africans and non-
Africans (Figures 3D, S4, and S5; Table S7). The second model
posits that long-range and long-standing gene flow has con-
nected southern and eastern Africa to some groups in western
Africa (e.g., the ancestors of the Yoruba) to a greater extent
than to other groups in western Africa (e.g., the ancestors of the
Mende) (Figure 3E) (Pleurdeau et al., 2012). The possible basal
western African population lineage would represent the earliest
known divergence of a modern human lineage that contributed
a major proportion of ancestry to present-day humans. Such a
lineage must have separated before the divergence of San
ancestors, which is estimated to have begun on the order of
200–300 thousand years ago (Scally and Durbin, 2012). Such a
model of basal western African ancestry might support the hy-
pothesis that there has been ancient structure in the ancestry of
present-day Africans, using a line of evidence independent from
previous findings based on long haplotypes with deep diver-
gences from other human haplotypes (Hammer et al., 2011; La-
chanceet al., 2012;Plagnol andWall, 2006).Onescenario consis-
tent with this result could involve ancestry related to eastern
Africans (and the out-of-Africa population) expanding into west-
ern Africa andmixing there withmore basal lineages. Our genetic
data do not support the theory that this putative basal lineage
diverged prior to the ancestors of Neanderthals, since the
African populations we analyze here are approximately symmet-
rically related to Neanderthals (Mallick et al., 2016; Prüfer
et al., 2014).

A Selective Sweep Targeting a Taste Receptor Locus in
Southern Africa
The availability of ancient African genomes provides an oppor-
tunity to search for genomic footprints of natural selection, man-
ifested as regions of greater allele frequency differentiation be-
tween ancient and present-day populations than predicted by
the genome-wide background. We compared the two ancient
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southern African !2,000 BP shotgun sequence genomes to six
present-day high-coverage San genomes with minimal recent
mixture. The small number of ancient individuals does not permit
inference of changing allele frequencies at single loci, so we per-
formed a scan for high allele frequency differentiation in 500 kb
windows with a step size of 10 kb. Using !500 windows spaced
at least 5 million base pairs apart as a null distribution, we found

that the most differentiated locus was 15 standard deviations
from the observed genome-wide mean and overlapped a cluster
of eight taste-receptor genes on chromosome 12 (Figure 4A;
Table 2). Taste-receptor genes have previously been identified
as targets of natural selection in humans, as they modulate the
ability to detect poisonous compounds in plants (Campbell
et al., 2012).

A

B C

Figure 4. Ancient Genomes Provide Evidence of Natural Selection in Present-Day Southern African San Populations
Wecomputed branch-specific allele frequency differentiation in six present-day high-coverage San genomes compared to a pool of two!2,000 BPSouth African

genomes as an outgroup using two approaches.

(A) We computed the statistic in windows of 500 kb separated by 10 kb. We also estimated genome-wide average and standard deviation of the statistic using

windows separated by at least 5 Mb, and we transformed the genome-wide distribution of the sliding windows to be approximately normal (right). We observe

outliers 15 standard deviations from themean in a taste-receptor gene cluster on chromosome 12 and a secondary peak in the Keratin Associated Protein 4 gene

cluster. The outgroup used was 4 Central African Mbuti genomes. See Table 2 for details on all major outlying regions.

(B) Illustration of the branch-specific allele frequency differentiation approach.

(C) y axis: We computed the statistic and block jackknife standard errors for 208 gene ontology categories with at least 50 genes each. The outgroup used was

western Africans. x axis: As a control to confirm that outlier categories do not show larger magnitudes of allele frequency differentiation across populations, we

replaced the present-day San with the central African Mbuti.
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Polygenic Adaptation
Natural selection on phenotypic traits in humans is expected to
only occasionally take the form of sweeps on a single locus,
instead acting on multiple genes simultaneously to drive pheno-
typic adaptation (Coop et al., 2009).While a lack of genome-wide
association studies in eastern and southern Africans has left the
genetic basis of phenotypic traits far less well documented than
it is for other populations, a variety of studies have linked broad
functional classes of genes to phenotypic traits. To test for evi-
dence of selection on specific functional categories of genes in
present-day San since the divergence of the two ancient ge-
nomes from southern Africa (Figure 4B), we estimated allele fre-
quency differentiation for 208 gene ontology categories with 50
or more genes in each, and we computed weighted block jack-
knife standard errors. The functional category that displays the
most extreme allele frequency differentiation between present-
day San and ancient southern Africans is ‘‘response to radiation’’
(Z = 3.3 compared to the genome-wide average). To control for
the possibility that genes in this category show an inflated allele
frequency differentiation in general, we computed the same sta-
tistic for the Mbuti central African rainforest hunter-gatherer
group but found no evidence for selection affecting the response
to radiation category (Figure 4C). Instead, the top category for
the Mbuti is ‘‘response to growth,’’ suggesting the possibility
that the small stature of rainforest hunter-gatherer populations
such as the Mbuti may be an acquired adaptation (although we
have no ancient central African genome and thus no information
about the time frame of selection). We speculate that the signal
for selection in the response to radiation category in the San
could be due to exposure to sunlight associated with the life of
the zKhomani and Juj’hoan North people in the Kalahari Basin,
which has become a refuge for hunter-gatherer populations in
the last millenia due to encroachment by pastoralist and agricul-
turalist groups (Morris, 2002).

DISCUSSION

This study, which multiplies by 16-fold the number of individ-
uals with genome-wide ancient DNA data from sub-Saharan Af-
rica, highlights the power of ancient African genomes to provide
insights into prehistoric events that are difficult to discern
based solely on analysis of present-day genomes. We reveal
the presence of a hitherto unknown cline of geographically

structured hunter-gatherer populations stretching from Ethiopia
to South Africa, which we show existed prior to the great pop-
ulation transformations that occurred in the last few thousand
years in association with the spread of herders and farmers.
We also document deeper structure in western Africa, possibly
predating the divergence of the ancestors of southern African
hunter-gatherers from other population lineages. We finally pro-
vide case examples of how populations in eastern and southern
Africa were transformed by the spread of food producers and
show how the process gave rise to interactions with the previ-
ously established hunter-gatherers, with the outcomes ranging
from no detectable mixture in present-day populations to sub-
stantial mixture. Our documentation of a radically different land-
scape of human populations before and after the spread of
food producers highlights the difficulty of reconstructing the Af-
rican past based solely on analysis of present-day populations
and the importance of using ancient DNA to study deep African
population history in an era in which technological improve-
ments have now made this feasible. It is clear that ancient
DNA studies with larger sample sizes and covering a broader
chronological and geographic range have the potential to
make major progress in improving our understanding of African
prehistory.

STAR+METHODS

Detailed methods are provided in the online version of this paper
and include the following:

d KEY RESOURCES TABLE
d CONTACT FOR REAGENT AND RESOURCE SHARING
d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Terminology
B Panga ya Saidi Cave, Kilifi County, Kenya (n = 1)
B Makangale Cave, Pemba, Tanzania (n = 2)
B Kuumbi Cave, Zanzibar, Tanzania (n = 1)
B Luxmanda, Babati District, Tanzania (n = 1)
B Hora, Malawi (n = 2)
B Fingira, Malawi (n = 3)
B Chencherere II, Malawi (n = 2)
B St. Helena Bay, South Africa (n = 1)
B Faraoskop, South Africa (n = 1)
B Kasteelberg, South Africa (n = 1)

Table 2. Top Five Candidate Regions Identified in Genome-wide Scan for Selective Sweeps in Present-Day San Populations in
Southern Africa Compared to Ancient Genomes

Rank Chrom. start-end f3-statistic Z-score Genes in top 500 kb window in peak region

1 12 11,123,548-11,623,548 0.163 14.3 TAS2R43, PRH1-PRR4, TAS2R20, TAS2R50,

TAS2R42, TAS2R46, TAS2R30, TAS2R31, PRB1,

PRB2, PRB3, PRB4, LOC100129361, TAS2R19

2 11 71,208,258-71,708,258 0.125 10.8 LOC100129216, KRTAP5-7, DEFB108B, KRTAP5-8,

NADSYN1, KRTAP5-9, FAM86C1, RNF121, ALG1L9P,

LOC100133315, KRTAP5-10, KRTAP5-11

3 10 46,069,893-46,569,893 0.113 9.7 DQ577099, PTPN20B, PTPN20A, ZFAND4, AGAP4,

DQ588224, FAM21C

4 1 224,960,062-225,460,062 0.095 8.0 DNAH14

5 5 82,375,629-82,875,629 0.08 6.6 VCAN, XRCC4
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B Ancient DNA sample processing in Leipzig: St. Helena
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B Ancient DNA sample processing in Tübingen: Faraos-
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B Ancient DNA sample processing in Dublin: Malawi
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B Data processing and preparation

d QUANTIFICATION AND STATISTICAL ANALYSIS
B Principal component analysis and ADMIXTURE clus-

tering analyses
B Symmetry statistics and admixture tests
B Y chromosome and mitochondrial haplogroups
B Ancestry model and estimates with qpAdm
B Maximum likelihood tree model
B Testing a tree-like model of African population history
B Testing admixture graph models of African population

history
B Automated grafting of populations onto a skeleton

admixture graph
B Support for a single out-of-Africa founding population
B Date of admixture between expanding agriculturalists

and previously established foragers
B Evidence for selective sweeps in the ancestry of pre-

sent-day San
B Evidence for polygenic selection
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