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Genomic Variation in Seven Khoe-San
Groups Reveals Adaptation and
Complex African History
Carina M. Schlebusch,1*† Pontus Skoglund,1† Per Sjödin,1 Lucie M. Gattepaille,1

Dena Hernandez,2 Flora Jay,3 Sen Li,1 Michael De Jongh,4 Andrew Singleton,2

Michael G. B. Blum,5 Himla Soodyall,6 Mattias Jakobsson1,7*

The history of click-speaking Khoe-San, and African populations in general, remains poorly
understood. We genotyped ∼2.3 million single-nucleotide polymorphisms in 220 southern Africans
and found that the Khoe-San diverged from other populations ≥100,000 years ago, but population
structure within the Khoe-San dated back to about 35,000 years ago. Genetic variation in various
sub-Saharan populations did not localize the origin of modern humans to a single geographic
region within Africa; instead, it indicated a history of admixture and stratification. We found
evidence of adaptation targeting muscle function and immune response; potential adaptive
introgression of protection from ultraviolet light; and selection predating modern human
diversification, involving skeletal and neurological development. These new findings illustrate
the importance of African genomic diversity in understanding human evolutionary history.

G
enetic, anthropological, and archaeolog-

ical studies provide substantial support

for an African origin of modern humans,

but the process by which modern humans arose

has been vigorously debated (1, 2). African pop-

ulations show the greatest genetic diversity, with

genetic variation in Eurasia, Oceania and the

Americas largely being a subset of the African

diversity (3–6), with limited contribution from ar-

chaic humans (7). Within Africa, click-speaking

southern African San and Khoe populations

[“Khoe-San” from here on, following the San

Council recommendations] harbor the deepest

mitochondrial DNA lineages (5), have great ge-

nomic diversity (8–10), and probably represent the

deepest historical population divergences among

extant human populations (11, 12). However,

African populations have been underrepresented

in genome-wide studies of genetic diversity, in-

cluding assessment of the ethnic diversity within

the Khoe-San in southern Africa, where previous

studies have focused either on single-locus mark-

ers (13) or a few individuals from one or two

populations (3, 4, 8–10).

We genotyped, quality-filtered, and phased

∼2.3 million single-nucleotide polymorphisms

(SNPs) in 220 individuals representing 11 popula-

tions from southern Africa: Ju/'hoansi, !Xun, /Gui

and //Gana, Karretjie People (hereafter “Karretjie”),

≠Khomani, Nama, Khwe, “Coloured” (Colesberg),

“Coloured” (Wellington), Herero, and Bantu-

speakers (South Africa) [Fig. 1A, (14), and table

S4]. These data were analyzed together with pub-

lished data (4, 9, 10, 15) after the removal of

related and recently admixed individuals (14).

To minimize the potential effect of ascertainment

bias on results, we used several approaches that

have previously been shown to be robust to these

biases, including analyzing haplotypes, usingmi-

nor allele frequency filtering within populations,

and comparing results to available sequence data

(14). In a principal components analysis (PCA),

the first two PCs closely recapitulate many aspects

of a geographicmap of Africa [Fig. 1B, Procrustes

correlation: 0.585, P < 10−5 (14)], with the first

PC representing a north-south axis that separates

southernAfricanKhoe-San populations from other

populations, and the second PC representing an

east-west axis that separates east African pop-

ulations (including Hadza and Sandawe hunter-

gatherers) from central African hunter-gatherers

(Mbuti andBiakaPygmies) andNiger-Kordofanian

speakers (Fig. 1B). In this two-dimensional repre-

sentation of sub-Saharan genetic diversity, hunter-

gatherer populations from southern, central, and

eastern Africa constitute three extremes, respec-

tively, of a scaffold, where the fourth extreme is

represented by all Niger-Kordofanian–speaking

groups from across theAfrican continent. Although

Niger-Kordofanian–speakingpopulations havebeen

sampled from southern, eastern, and western Af-

rica, they all cluster closely in the vicinity ofWest

African populations (Fig. 1B), a consequence of

the recent “Bantu expansion.” If Bantu-speaking

populations are removed from the analysis, the

correlation between the first two PCs and geo-

graphy increases to 0.715 (P < 10−5). In addition

to geography, genetic structure can also be corre-

latedwith language and subsistence strategies, and

we assessed the capacity of these factors to predict

genetic components in sub-Saharan Africa (14).

Geography predicted genetic components better

than either language or subsistence, but combin-

ing geographic information with subsistence and

especially linguistic information improved the predic-

tion (Fig. 1E), suggesting that all of these factors

contribute to genetic structure in sub-Saharan Africa.

Genetic cluster analysis (16) showed sub-

stantial structure among sub-Saharan individuals

and reiterated the substructure among Khoe-San

populations, Niger-Kordofanian speakers, east Af-

rican populations, and central African hunter-

gatherers (Fig. 2B) (14). Increasing the number

of allowed clusters distinguishes finer levels of

population substructure (Fig. 2B), including dis-

tinct non-African ancestry components for indi-

viduals who self-identify as “Coloured” (figs. S16,

S18, and S21). Within the Khoe-San group, there

was a distinct separation of Northern San pop-

ulations (Ju speakers: !Xun and Ju/'hoansi) and

1Department of Evolutionary Biology, Uppsala University,
Norbyvägen 18D, 752 36 Uppsala, Sweden. 2Laboratory of
Neurogenetics, National Institute on Aging, National Insti-
tutes of Health, Bethesda, MD 20892, USA. 3Department
of Integrative Biology, University of California, Berkeley, CA
94720, USA. 4Department of Anthropology and Archaeology,
University of South Africa, Pretoria, South Africa. 5Laboratoire
TIMC-IMAG UMR 5525, Université Joseph Fourier, Centre
National de la Recherche Scientifique, Grenoble, France. 6Hu-
man Genomic Diversity and Disease Research Unit, Division of
Human Genetics, School of Pathology, Faculty of Health Sci-
ences, University of the Witwatersrand and National Health
Laboratory Service, Johannesburg, South Africa. 7Science for
Life Laboratory, Uppsala University, Uppsala, Sweden.

*To whom correspondence should be addressed. E-mail:
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Southern Khoe-San populations [Tuu and Khoe

speakers: Karretjie, ≠Khomani, andNama; Figs. 1C

and 2, B and C (14)]. Genetic differentiation (mea-

sured by Wright’s FST) between Northern San and

Southern Khoe-San groups was ∼0.015 to 0.025

(Fig. 1D and fig. S25), similar to that betweenNilo-

Saharan (Maasai) and Niger-Kordofanian (Yoruba)

groups.

Assuming a population divergence model, we

reconstructed the demographic history of sub-

Saharan populations using genealogical concor-

dance (17), which is robust to substantial levels

of recent admixture and genetic drift (14). The

inferred population history resembled the popu-

lation structure results (Figs. 1B and 2, B and C),

and six of seven Khoe-San groups shared a com-

mon history that was separate from that of all

other extant populations. This division forms the

deepest divergence among extant humans (Fig.

2A and fig. S32), and assuming an effective pop-

ulation size (Ne) of 21,000 individuals (11, 12),

the maximum likelihood divergence time is Ts =

0.083 × 2 Ne generations (95% maximum like-

lihood confidence interval: 0.075 to 0.091), cor-

responding to ∼100,000 years ago (14), which is

in agreement with previous estimates of 110,000

to 160,000 years ago (11, 12). The second deepest

divergence involved central African pygmies and

was estimated to be less than half of the deepest

divergence time (0.45 Ts), and the subsequent

population split involving East African hunter-

gatherers and Maasai was even younger [compare

with (6)]. The deep divergence between Northern

and Southern Khoe-San groups corresponded to

25,000 to 43,000 years (14), which is similar to

estimates between West Africans and Eurasians

(11). Strict divergence models are unlikely to cap-

ture all features of human history; for instance,

gene flow, which has probably been weak given

the observed level of population structure but

which was inferred even between isolated hunter-

gatherer groups (12, 14), could affect these diver-

gence estimates (11, 12, 14).

The origin and ancestry of the Khwe, who

speak the “Central Khoisan” language Khoe-

Kwadi, is uncertain (14). The genetic makeup of

the Khwe was distinct from that of other Khoe-

San groups [Fig. 2, (14), and fig. S5] but could

be explained by high levels of (nonrecent) ad-

mixture between Bantu-speaking and Khoe-San

groups. In contrast to the Khwe, the /Gui and

//Gana, who also speak “Central Khoisan” lan-

guages, clustered with other Khoe-San groups

but also formed a distinct group [Fig. 2 and fig.

S5 (PC5)]. They had the third greatest level of

private haplotypes among all sub-Saharan pop-

ulations (figs. S42 and S43), despite the fact that

the dense sampling of Khoe-San groups decreases

private haplotypes in these groups. These ob-

servations show that the /Gui and //Gana repre-

sent a distinct San group. Furthermore, the only

San individual (KB1) whose complete genome

has been sequenced (9) was most closely related

to the /Gui and //Gana (Figs. 1C and 2, B and

C), despite the fact that this individual speaks a

Southern San language (Tuu).

The Nama also speak a “Central Khoisan”

language and are a Khoe group that traditionally

had a pastoralist lifestyle, in contrast to the hunter-

gatherer lifestyle of the San groups. The Nama

showed great genetic similarity to the Southern

San groups, such as the ≠Khomani and Karretjie

(Figs. 1 and 2), and shared a small, but distinct,

genetic ancestry component with East African

groups, specifically the Maasai (Fig. 2B), and

direct tests showed gene flow from the Maasai

to the Nama (14). This “East African” compo-

nent was also present at lower levels in the two

≠Khomani groups but was basically absent (<1%)

from the !Xun, the Ju/'hoansi, and the /Gui and

//Gana. The Nama also had a high frequency of

a haplotype putatively associated with lactase per-

sistence in the Maasai (14), which was rare in

southern African Bantu-speakers, suggesting that

Fig. 1. (A) Sampling locations. (B) PCA of African individuals showing
PC1 and PC2 rotated to fit geography. (C) PCA for Khoe-San populations
(∼2.3 million SNPs). (D) Pairwise FST for sub-Saharan populations (exclud-
ing the Hadza; see fig. S24 for comparison). (E) Prediction of the genetic

components from geographic, linguistic, and subsistence covariates. The pre-
dictive error relative to geography is given for each combination of co-
variates (values <1 show improved predictive capacity as compared to that
of geography).
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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 FSTwith

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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Fig. 3. (A) Expected heterozygosity of 5 SNP hap-
lotypes as a function of haplotype length. (B) Hap-
lotype richness for 5 SNP haplotypes as a function
of haplotype length. (C) LD, represented as r2, as a
function of distance. (D) Cumulative RoHs for each
population (0.5- to 1-Mb runs and averaged across
individuals). (E to H) Heat maps of the summary
statistics indicated in (A) to (D). (E) and (F) show
the results at 50-kb windows; (G) shows r = 4 Ne × c,
where r is estimated from fitting r

2-decay curves
to simulated data from a constant-size model (14)
and c is the unscaled recombination rate; and (H)
shows the population cRoHs (0.5- to 1-Mb class)
averaged across 50 replicates of subsampling. For
(A) to (C), the colors of the African populations
are as in Fig. 1, and gray lines represent various
non-African groups. For (A) to (H), all populations
were randomly downsampled to seven individuals
(without replacement), and SNPs with minor allele
frequency < 10% were excluded.
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Fig. 4. (A) iHS values for each SNP on chromosome 10 in Ju/'hoansi, surrounding
themuscle geneMYPN, and (B) on chromosome 6 in≠Khomani, surrounding the
immune system genes PRSS16 and POM121L2. The empirical P values (14) for
200-kb regions centered on the peak are given for each population. Locations of
genes are shown by blue rectangles. (C) The greatest FST values for particular SNPs
and pairwise population comparisons versus genome-wide FST estimates for the
same population comparison. The top pairwise comparisons involving the Nama
and another Khoe-San population (yellow) are found in the same region, sep-
arated by less than 4000 bp. (D) Proportion of genome-local ancestry (14, 24)

for chromosome 16 in the Nama assigned to Khoe-San, Herero, or Bantu-
speakers (South Africa). The population-specific chromosome-wide means are
shown as dashed horizontal lines. The 99 percentile for Bantu-speakers (South
Africa) ancestry, and the 1 percentile for the Khoe-San ancestry are shown as
dotted horizontal lines. The two top SNP FST values are highlighted in yellow in
(C) and (D). (E) Illustration of the aPBS approach for detecting selective
sweeps in early modern humans. AMH, anatomically modern humans. (F)
Stretches of consecutive positive aPBS values, with the top aPBS value plotted
against the size of the stretch.
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populations: the ancestral population branch sta-

tistic (aPBS) (Fig. 4E) (14). The top candidate

for selection in early modern humans was located

in a region immediately upstream of the ROR2

gene (Fig. 4F and fig. S84), which is involved in

regulating bone and cartilage development, and

the SPTLC1 gene, which is involved in heredi-

tary sensory neuropathy (14). Mutations in ROR2

cause recessive brachydactyly (shortening of dig-

its) and Robinow syndrome (skeletal abnormal-

ities). The second greatest aPBS value (fig. S81)

was observed immediately upstream of SULF2,

which regulates cartilage development, and phe-

notypes associated with mutations in SULF2 in-

clude skeletal malformations and distorted brain

development (14, 25). The largest of all regions

(∼900 kb), containing the fourth-highest aPBS

value (Fig. 4F), comprises the RUNX2 gene (fig.

S87), which is implicated in craniocladial dys-

plasia. Thus, three of the top five regions con-

tain genes involved in skeletal development, and

syndromes associated with mutations in these

genes display similar morphological features.

RUNX2 variation has been associated with phe-

notypic differences between anatomically mod-

ern and archaic humans, such as frontal bossing,

clavical morphology, a bell-shaped rib cage (26),

and regulating the closure of the fontanel, which

is crucial for brain expansion (27). The region

spanning RUNX2 was also identified in a scan

for selected regions with the draft Neandertal

genome (7). Because gracile modern human mor-

phology appeared abruptly as compared to pre-

vious rates of morphological change in the human

lineage (2), it is possible that selection on a few

morphology genes, perhaps including these can-

didates, was involved in the emergence of ana-

tomical modernity.

The remaining two of the top five regions for

putative selection in early modern humans com-

prise SDCCAG8 (fig. S86), involved in micro-

cephaly (28), and LRAT (fig. S88), associated with

Alzheimer’s disease (29). Including SULF2, three

of the top five candidate regions are thus asso-

ciated with neuronal function.

Our study demonstrates substantial stratifica-

tion among sub-Saharan populations, including

among Khoe-San, and both population structure

and the geographic distribution of genetic varia-

tion suggest a complex human population history

within Africa. It remains unclear whether modern

humans originated from a single randomlymating

population or emerged from a geographically struc-

tured population (2, 30), potentially exchang-

ing genetic material with archaic humans (6).

The finding of several genes involved in skeletal

development as candidates for selection in the

ancestral human population of Khoe-San and

Bantu-speakers, and the fact that no currently

studied population diverged from the ancestral

human population before the ancestors of the

Khoe-San, suggest that anatomical modernity

appeared before this first modern human diver-

sification event. However, the complex patterns of

genetic diversity, admixture, and selection; deep

population structure; historically large effective

population size; and ancient divergence of Khoe-

San populations described in this study highlight

the complexity of human evolutionary history in

Africa and suggest that genomic studies in Africa

hold some of the keys to the main questions sur-

rounding modern human origins.
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Cold-Inducible RNA-Binding Protein
Modulates Circadian Gene Expression
Posttranscriptionally
Jörg Morf,1 Guillaume Rey,2* Kim Schneider,1 Markus Stratmann,1 Jun Fujita,3

Felix Naef,2 Ueli Schibler1†

In mammalian tissues, circadian gene expression can be driven by local oscillators or systemic signals
controlled by the master pacemaker in the suprachiasmatic nucleus. We show that simulated body
temperature cycles, but not peripheral oscillators, controlled the rhythmic expression of cold-inducible
RNA-binding protein (CIRP) in cultured fibroblasts. In turn, loss-of-function experiments indicated that
CIRP was required for high-amplitude circadian gene expression. The transcriptome-wide identification
of CIRP-bound RNAs by a biotin-streptavidin–based cross-linking and immunoprecipitation (CLIP)
procedure revealed several transcripts encoding circadian oscillator proteins, including CLOCK.
Moreover, CLOCK accumulation was strongly reduced in CIRP-depleted fibroblasts. Because ectopic
expression of CLOCK improved circadian gene expression in these cells, we surmise that CIRP confers
robustness to circadian oscillators through regulation of CLOCK expression.

T
he mammalian circadian timing system

is composed of a central pacemaker lo-

cated in the brain’s suprachiasmatic nu-

clei (SCN) that synchronizes subsidiary clocks

present in most peripheral tissues (1, 2). The

various phase-resetting signals controlled by

www.sciencemag.org SCIENCE VOL 338 19 OCTOBER 2012 379

REPORTS

 o
n
 O

c
to

b
e
r 

1
9
, 
2

0
1
2

w
w

w
.s

c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

View publication statsView publication stats

http://www.sciencemag.org/
https://www.researchgate.net/publication/247941085_The_Peoples_of_Southern_Africa_and_Their_Affinities?el=1_x_8&enrichId=rgreq-a60a2a46e615d4d8d5be37cfd3330e81-XXX&enrichSource=Y292ZXJQYWdlOzIzNTI0NTYyMTtBUzo5ODQ2OTkzOTI1MzI0OUAxNDAwNDg4NDcxMDM2
https://www.researchgate.net/publication/247941085_The_Peoples_of_Southern_Africa_and_Their_Affinities?el=1_x_8&enrichId=rgreq-a60a2a46e615d4d8d5be37cfd3330e81-XXX&enrichSource=Y292ZXJQYWdlOzIzNTI0NTYyMTtBUzo5ODQ2OTkzOTI1MzI0OUAxNDAwNDg4NDcxMDM2
https://www.researchgate.net/publication/247941085_The_Peoples_of_Southern_Africa_and_Their_Affinities?el=1_x_8&enrichId=rgreq-a60a2a46e615d4d8d5be37cfd3330e81-XXX&enrichSource=Y292ZXJQYWdlOzIzNTI0NTYyMTtBUzo5ODQ2OTkzOTI1MzI0OUAxNDAwNDg4NDcxMDM2
https://www.researchgate.net/publication/235245621



