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The genetic structure of the indigenous hunter-gatherer peoples of
southern Africa, the oldest known lineage of modern human, is
important for understanding human diversity. Studies based on
mitochondrial' and small sets of nuclear markers” have shown that
these hunter-gatherers, known as Khoisan, San, or Bushmen, are
genetically divergent from other humans"’. However, until now,
fully sequenced human genomes have been limited to recently
diverged populations*®. Here we present the complete genome
sequences of an indigenous hunter-gatherer from the Kalahari
Desert and a Bantu from southern Africa, as well as protein-coding
regions from an additional three hunter-gatherers from disparate
regions of the Kalahari. We characterize the extent of whole-genome
and exome diversity among the five men, reporting 1.3 million novel
DNA differences genome-wide, including 13,146 novel amino acid
variants. In terms of nucleotide substitutions, the Bushmen seem to
be, on average, more different from each other than, for example, a
European and an Asian. Observed genomic differences between the
hunter-gatherers and others may help to pinpoint genetic adapta-
tions to an agricultural lifestyle. Adding the described variants to
current databases will facilitate inclusion of southern Africans in
medical research efforts, particularly when family and medical
histories can be correlated with genome-wide data.

Four indigenous Namibian hunter-gatherers |Gubi, G/aq’o, D#kgao
and A1 (referred to here as KB1, NB1, TK1 and MDS, respectively), each
the eldest member of his community, were chosen for genome sequen-
cing based on their linguistic group, geographical location and Y-
chromosome haplogroup representation (Fig. 1 and Supplementary
Table 1). The Bantu individual is Archbishop Desmond Tutu (ABT),
who represents Sotho-Tswana and Nguni speakers (from the broad
Niger—Congo languages), the two largest southern African Bantu groups.

As the genomes of our study participants were expected to diverge
more from the human reference genome than do the publicly accessible
Yoruban, European and Asian genomes*®, we aimed to generate a

genome sequence that would provide sufficient quality for both
mapping against the human reference and de novo assembly.
Therefore, the genome of KB1 was sequenced to 10.2-fold coverage
using the Roche/454 GS FLX platform with Titanium chemistry,
giving an average read length of 350 base pairs (bp). To address aspects
of genome structure, additional long-insert libraries for KB1 were
sequenced using the Roche/454 Titanium paired-end technology,
with insert sizes up to 17 kilobases (kb) and 12.3-fold non-redundant
clone coverage. The genome of NB1 was sequenced using the same
platform to twofold coverage. The genome of ABT was sequenced to
over 30-fold coverage using Applied Biosystems’ short-read techno-
logy, SOLID 3.0. In addition, all five of the study participants’ genomes
were sequenced to at least 16-fold coverage in protein-coding regions
(exomes) that were enriched by Nimblegen sequence capture (2.1 M
array) and subsequently sequenced on the Roche/454 Titanium plat-
form (1.5-1.9 gigabases (Gb) of sequence per individual). Sup-
plementary Table 2 reports the volume of data obtained, whereas
Supplementary Table 3 gives exome statistics.

The sequence data were validated by a variety of techniques, includ-
ing comparison of the whole-genome and exome sequences, whole-
genome sequencing by another platform (Illumina, 23.2-fold for KB1
and 7.2-fold for ABT), high-density genotyping (Illumina 1 Million
SNPs), comparison of read-depth information with comparative
genomic hybridization data, as well as validation of selected variants
using TagMan allelic discrimination and/or Sanger sequencing. We
estimate the false-positive rate of our final single nucleotide poly-
morphism (SNP) calls for KB1 as 0.0009, and the false-negative rate
as 0.09 (see Supplementary Information for details).

We created a de novo assembly of the KB1 genome, using the
Phusion assembler’. The assembled contigs total 2.79 Gb, with an
N50 contig size of 5.5 kb. The total scaffold size, including estimated
gaps, is 3.09 Gb, with an N50 scaffold size of 156 kb. The largest
scaffold assembled spans 3.2 Mb. Frequently, the Roche GS FLX
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Figure 1| Map of southern Africa. The figure shows ethnic grouping and
localities of study participants, KB1, NB1, TK1, MD8 and ABT

(a—e, respectively), areas of arid and desert climates and the geographic
distribution of the Khoisan and Niger—Congo languages™. The Khoisan

sequence data resulted in contigs and scaffolds that do not map
against the human reference genome. Many of these scaffolds corre-
sponded to gaps in the current human reference assembly, including
gaps over 200,000 bp in length (see Supplementary Information).
Single-nucleotide differences from the human reference genome
assembly (NCBI Build 36, also known as hg18) were identified for the
five southern African genomes and compared with those from eight
available personal genomes*®. In what follows, the term ‘SNP” means
a single-nucleotide difference from the human reference assembly, not
including insertions/deletions of a base, and without restrictions on allele
frequency in a population. SNPs were called using the software Newbler
(for Roche/454), Corona Lite (for SOLiD) and MAQ" (for Illumina).
Consistent with the view that southern Africans are among the most
divergent human populations, we identified more SNPsin KB1, and toa
lesser extent in ABT, than have been reported in other individual human
genomes (Fig. 2 and Table 1), although a portion of the variation in SNP
numbers may stem from differences in technology and levels of
coverage. The number of SNPs that are novel (that is, not previously
seen in other individuals) is far higher for KB1 and ABT than for other
individual whole genomes (Table 1). KB1 and ABT each have approxi-
mately 1 million SNPs that are not shared with each other or with the
published Yoruban, Asian or European complete genomes*™* (Fig. 2). In

KB1 3,761

KB1 3,761

N

N

292; |
/ . 958 |
 ABT 3,323 v / YH2,738
NA19240 3,250
J.C. Venter 2,738

Figure 2 | Three-way relationships among SNPs. SNPs from KBI are
compared with those of the Yoruban NA19240 and ABT (left panel), and with
an American of European descent (J. C. Venter) and a Chinese individual
(YH) (right panel). Numbers are given in thousands. Variant positions that
appear in all eight previous genomes were ignored, leading to a slightly
smaller number of total SNPs (for example, 3,761,019 differences from the
reference assembly for KB1, compared to 4,053,781 if they are included) and
fewer SNPs in each three-way intersection. Similar relationships are found
when other individuals from the geographical groups are examined.
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languages are characterized by clicks, denoting additional consonants. The !
is a palatal click; / is a dental click; and # is an alveolar click®®. Note that the
ABTY chromosome haplogroup was determined using both genotyping and
sequencing data generated by this study.

the 117 megabases (Mb) of sequenced exome-containing intervals, the
average rate of nucleotide differences between a pair of the Bushmen
was 1.2 per kilobase, compared to an average of 1.0 per kilobase
differing between a European and Asian individual. The higher SNP
rate in Bushmen is reflected by the offset of the red and black lines in
Fig. 3b. The autosomal diversity of the study participants is mirrored
by the diversity of the mitochondrial genomes. Whereas Europeans
on average show approximately 20 differences from the Cambridge
reference sequence (CRS)", our southern African participants show
up to 100 mitochondrial SNPs relative to the CRS (Supplementary
Tables 4 and 5 and Supplementary Figs 1 and 2). More importantly,
despite all mitochondrial sequences belonging to the same hap-
logroup LO, up to 84 differences are observed between pairs of parti-
cipants’ mitochondrial genomes (Supplementary Table 4).

To determine whether the novel SNPs represent ancestral alleles or
arose since Bushmen separated from other populations, we examined
the homologous nucleotide in the chimpanzee genome. SNPs that
match the chimpanzee genome indicate that the difference is ancestral,
whereas differences from chimpanzee indicate a derived allele. Of the
743,714 novel SNPs in KBI1, the human reference genome matches
with the chimpanzee genome for 87% of these, whereas the KB1
genome matches chimpanzee for only 6%. For the remaining 7%,
the chimpanzee nucleotide could not be determined (6%) or differed
from both the Bushman and the reference (1%). These fractions are
essentially unchanged if we account for the estimated 3,600 false-
positive SNP calls (that is, 0.0009 of 4 million), which can be assumed
to appear as novel variants. Thus, very few of the novel differences in
KB1’s genome are ancestral nucleotides retained in the Bushmen;
instead, the vast majority are changes that accumulated since the
Bushmen lineage diverged from other human populations.

The large number of novel SNPs raises concerns regarding the ability
of current genotyping arrays to capture effectively the true extent of
genetic diversity and haplotype structure represented in southern
Africa. Assessing percentage heterozygosity for 1,105,569 autosomal
SNPs using current-content [llumina arrays, we were surprised to find
lower heterozygosity in KB1 compared to a region-matched European
control (Supplementary Data and Supplementary Fig. 3a,b), because it
is well known that genetic diversity is highest in Africa. However,
analysis of whole-genome sequencing data for KB1 and ABT revealed
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Table 1| Number of SNPs in the genome and the sequenced exome-con-
taining regions

Individual Genomic SNPs Novel SNPs Coding-exon SNPs
KB1 4,053,781 743,714 22,119
NB1 1,181,663 181,427 19,593
MD8 125,848 25,485 17,739
TK1 136,985 30,963 19,226
ABT SOLID 3,624,334 412,754 17,342
ABT exome 121,383 20,294 18,994
NA18507 2,639,169 115,843 16,431
NA19240 3,586,490 216,968 17,268
J. Watson 2,060,544 98,926 11,868
J. C. Venter 3,074,574 160,370 15,079
NA12891 2,968,312 35,575 13,375
NA12892 2,972,120 36,120 13,317
Chinese 3,074,061 84,786 15,759
Korean (SJK) 3,439,097 130,566 16,637

Novel means that an SNP is not in dbSNP126, other personal genomes (except that it can be
shared between our participants), PhenCode, ENCODE resequencing, the Environmental
Genome Project, or the 1000 Genomes data set. NA18507 and NA19240 are Yoruban; NA12891
and NA12892 are of Caucasian origin.

high percentages of heterozygous SNPs (59% and 60%, respectively),
as expected. This discrepancy underscores the inadequacy of current
SNP arrays for analysing southern African populations.

The local density of SNPs identified in KB1 varies considerably
across the genome (Supplementary Fig. 4), and this variation in density
is also seen in other individual genomes (data not shown). Some of the
hotspots are common to all individuals examined, whereas others show
striking local differences among individuals, such as the statistically
significant (P < 10~>; see Supplementary Information) KB1 hotspot
shown in Fig. 3a. This region corresponds to the 17q21.3 inversion'?,
which contains several genes, including those encoding CRHRI (a
corticotropin-releasing hormone receptor) and MAPT (microtubule-
associated protein tau). Analysis of diagnostic sequence variants as well
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Figure 3 | Variation in SNP densities. a, An SNP hotspot for KB1 and

J. Watson on chromosome 17; both individuals are heterozygous for the
17q21.3 H2 haplotype. On either side are repetitive regions where SNPs
cannot be called (grey). Local SNP rates are divided by the individual’s
autosome-wide rate, so the expected rates are 1.0 (horizontal dotted line).
KB1 has a nearly 2.5-fold enrichment of SNPs for 650,000 bases.

b, Distribution of SNPs from Bushmen genomes (red line) and non-
Bushmen genomes (black line), compared with nucleosome positions (filled
grey plot), indicating the nucleosome-free region (NFR) and the -1 and +1
nucleosomes. TSS, transcription start site.
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as direct typing of a 238-bp indel"’ (Supplementary Fig. 5) confirm that
KB1 is heterozygous for the 17q21.3 H2 haplotype, a surprising finding
because the H2 allele is found at low frequencies in non-European
populations'>. Read depth and array-CGH indicate that the H2 allele
carried by KB1 does not contain the 75-kb duplication present on all
analysed European H2 alleles'*'® (Supplementary Fig. 6a, b). The KB1
H2 haplotype may represent the ancestral sequence and structure of the
H2 haplotype that was present in African populations before its
increased frequency in European and Middle Eastern populations'?.

We also observed a genome-wide trend for elevated SNP levels in
promoter regions (Fig. 3b). Promoter regulatory elements tend to be
enriched near nucleosome borders, which are where we observed
peak SNP levels, particularly in the composite Bushmen genomes.
It is possible that increased SNP frequency in these genomic regions
could drive phenotypic changes in humans.

We identified 27,641 distinct amino acid substitutions among our
five participants, compared to the human reference sequence, many
occurring in more than one individual. Of these, 10,929 appear in one
or more of the previously sequenced personal genomes considered
here, an additional 3,566 are found in public databases (see Sup-
plementary Information) and the remaining 13,146 are novel and
distributed among 7,720 distinct genes. The following discussion of
putative phenotypes for the genotypes found in Bushmen is intended
to illustrate how the presence of observed SNPs and their previous
association with phenotypes can lead to testable hypotheses. These
are only candidates for the suggested functions, and experimental tests
must be conducted to investigate them further.

Of the 14,495 (that is, 10,929 + 3,566) previously identified amino
acid SNPs, 621 were found in databases providing disease associa-
tions or other phenotypic information. Some of these are easily
related to the Bushmen lifestyle, such as lack of the European-derived
lactase persistence allele (a functional promoter variant in the LCT
gene) and of the SLC24A5 allele associated with light-coloured skin.
In other instances, agreement with the human reference sequence is
informative, such as the lack of the African-specific Duffy null
(DARC) malaria-resistance allele'”. The lack of malaria-resistance
alleles in the Bushmen populations might have significant con-
sequences on an already dwindling population of well-adapted
foragers, when forced into a farming lifestyle that brings increased
pathogen loads'”. Therefore, these genetic markers may allow for the
tracing of the rate of human adaptation in changing environments'®
(see Supplementary Information).

Although a number of SNPs observed in the Bushmen have been
related to phenotypes in other ethnic groups in the literature and online
databases, one should remain sceptical about the validity of untested
associations. In the Supplementary Information, we illustrate this point
with dbSNP entry rs1051339 for the LIPA gene, which is annotated in
one public database as associated with ‘Wolman’s syndrome’, a devas-
tating failure in lipid metabolism (Supplementary Fig. 7).

We observed SNPs reported to be associated with enhanced physi-
ology (Supplementary Table 6). KB1, MD8, TK1 and ABT are homo-
zygous for an allele of VDR associated with higher bone mineral density;
KB1 is homozygous for an allele of UGTIA3 associated with increased
metabolism of endo- and xenobiotics; KB1, NB1 and ABT are homo-
zygous for an allele of ACTN3 associated with increased sprint and
power performance; KB1 is heterozygous for an allele of CLCNKB
encoding a chloride channel that has a greater ability to reabsorb
chloride ions from the renal glomerulus—a property that would
probably be advantageous in the desert. Other interesting SNPs
include one that retains the function of the CYP2G gene (Sup-
plementary Fig. 8a, b), and two at positions in the taste receptor gene
TAS2R38 conferring the ability to taste a bitter compound (phenylthio-
carbamide), which may reflect a need in hunter-gatherers to avoid toxic
plants (see Supplementary Information for detailed discussion).

The 13,146 novel amino acid SNPs reported here will be a rich
resource for future work, providing many new candidate functional
sites that have not been included in whole-genome association studies
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so far. Approximately 25% of these SNPs are predicted to have func-
tional implications by a suite of computational methods (see Sup-
plementary Information). The Gene Ontology categories that are
prominently represented in the 6,623 genes with one or more novel
Bushmen SNP (that is, excluding from the 7,720 genes with novel SNPs
those unique to ABT) include many functions that are known to evolve
quickly in humans, such as immune response, reproduction and
sensory perception (Supplementary Table 7). See the Supplementary
Information for detailed descriptions of computational analyses of
genes related to lipid metabolism and sensory perception.

As all of our study participants are of old age (~80years) and
seemingly in good health, the novel coding variants described in this
study can be correlated to health status and phenotypes over the entire
human lifespan. The Bushmen participants have reached their
advanced age despite living under harsh conditions due to periodical
famine and untreated illnesses. As some of the Bushmen coding alleles
have been associated in the published literature with disease, our results
may help to reassess those earlier reports, as well as help to identify
potential population-specific pharmacogenetic incompatibilities of
certain drugs that are globally prescribed.

Segmental duplications were detected in 17,601 distinct autosomal
genes in the KB1 genome and copy numbers estimated following pro-
cedures described earlier'” (Supplementary Fig. 6a, b). Copy numbers
estimated from read depth are more reliable for longer segments, so
we specifically targeted regions larger than 20 kb. In total, we detected
886 intervals (each >20kb) of autosomal segmental duplication
(93.5 Mb), which includes 100 intervals (3.9 MDb) that are not predicted
to be duplicated in sample NA18507 (a HapMap sample from Yoruba,
Nigeria)"”. Using array-CGH, 58 of these intervals (2.6 Mb) had
increased copy numbers in KBI relative to NA18507, the only other
published African genome. The set of validated duplications includes a
140-kb interval on chromosome 10 spanning the CYP2EI gene, which
encodes a cytochrome P450 protein that is induced by ethanol and
metabolizes many toxicological substrates™ (Supplementary Fig. 6a).

Next, we specifically estimated copy numbers for all autosomal
RefSeq genes and designed a custom oligonucleotide array targeting
genes where KB1 and NA18507 are predicted to differ by at least one
copy. This validated 193 genes as differing in copy number between
KB1 and NA18507 (53 where NA18507 has more copies and 140
where KB1 has more copies; Supplementary Table 8). For 26 of these
genes, KB1 is estimated to have at least two copies more than in
NA18507, Han Chinese YH, and European-descent J. Watson. This
gene set includes salivary amylase (AMY1A, KB1 copy number estim-
ate = 15; this may be consistent with a forager lifestyle*'), the alpha
defensins (DEFAI, KB1 copy number estimate = 12.5) and y-gluta-
myltransferase 1 (GGT1, KB1 copy number estimate = 13.2).

Sequencing and extensive genotyping revealed genetic relation-
ships among our participants and other human groups. Placement
of complete mitochondrial genomes (Supplementary Table 9),
including additional Tuu (KB2) and Juu (NB8) females on the mater-
nal tree of ref. 1 (Supplementary Fig. la—c) positioned our partici-
pants within the clade LO basal branch. Surprisingly, ABT was placed
in clade LOd, a Bushmen-specific mitochondrial lineage. We iden-
tified 75 (of 1,220) Bushmen-informative SNPs on the Y chro-
mosome (Supplementary Fig. 9). In contrast to the other
Bushmen, MD8 showed a Bantu Y-chromosome lineage consistent
with ABT. Clade A (Supplementary Table 10), B (Supplementary
Table 11) and E (Supplementary Table 12) Y-marker analysis allowed
for haplogroup validation and ABT’s E1bla8a classification (http://
ycc.biosci.arizona.edu/)*.

We performed principal component analysis (PCA) using the
EIGENSTRAT software® on 174,272 autosome-wide SNPs common
across the data sets (generated using 1M or 610K Illumina, or
Affymetrix SNP6.0 arrays). Data on 10 Bushmen and 20 Xhosa** were
projected with 20 Yoruba and 20 Europeans from available (HapMap
and Coriell) data, and 5 Bushmen (SAN) from the Human Genome
Diversity Panel (HGDP) data. Population-wide PCA defines the
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Bushmen as distinct from the Niger-Congo populations as from
Europeans (Fig. 4a). Within-Africa analysis separates Bushmen from
the divergent western and southern African populations (Fig. 4b),
whereas ABT clearly falls within the Southern Bantu cluster. Variable
relatedness of the Xhosa to Yoruba may suggest past admixture and/
or historical diversity within this broadly defined population™.
Within the Bushmen group, we predict that the Ju/’hoansi and
HGDP San are essentially the same population. Divergence of KB1
and MD8 may be explained by recent Bantu admixture (assumed for
MDS8) or by unique sub-populations with a small percentage of ancient
Bantu admixture. Although limited by sample size, a four population
test'” suggests weak and/or inconclusive admixture in KB1 and our Ju/
’hoansi participants. A different test (see Supplementary Table 14)
shows gene-flow between ancestors of KB1 and ABT, confirming the
mitochondrial results, but without determining the direction of flow.
In contrast to KB1, NB1 and TK1, gene flow between Bushmen and
southern African Bantu could be confirmed through ABT’s LO type
mitochondria and the Bantu-specific Y-chromosomal markers in
MD8. Whether the migrations underlying these instances followed a
general pattern of either patri- or matrilocality”® will have to await a
detailed population-structure analysis based on novel-content arrays
that include the 1.3 million new genetic markers from this study.
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Figure 4 | Three-way population structure based on 174,272 autosomal SNPs
using PCA. a, b, The PCA of Europeans, Africans (Niger—Congo) and Bushmen
(@) and African populations only (b) distinguishes the Bushmen from Yorubans
and Bantus. The fraction of the variance explained in a is 0.09 for eigenvector 1
and 0.04 for eigenvector 2, whereas in PCA b it is 0.06 and 0.02, respectively,
with a Tracy-Widom P value <10~ ', ABT, sequenced Bantu; CEU, European
HapMap; JHO, Juu speakers (including NB1 and TK1); MD8, sequenced
Kung; NOH, Tuu speakers (including KB1); SAE, South African European;
SAN, HGDP San; XHO, South African Xhosa; YRI, Yoruba HapMap.
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As the Bushmen hunter-gatherers have never adopted agricultural
practices throughout their cultural history®, the sequence variants found
in their genomes may reflect an ancient adaptation to a foraging lifestyle.
In the case of the Kalahari Bushmen, adaptation to life in arid climates
must have occurred as well, as several phenotypic traits have been noted
that are absent in other human groups, such as the ability to store water
and lipid metabolites in body tissues. These physiological and genetic
differences may guide future studies into the much debated question of
whether population replacement, rather than cultural exchange, has
driven the expansion of agriculture in the southern regions of Africa®,
as was observed for late Stone Age populations in Europe**?.

METHODS SUMMARY

Using guidelines approved by the Institutional Review Board of Penn State
University, USA, (IRB 28460 and IRB 28890), the University of Limpopo
Ethics Committee, South Africa (Limpopo Provincial Government #011/
2008), and the Human Research Ethics Committee of the University of New
South Wales, Australia (HREC 08089 and HREC 08244), all participants con-
sented either in writing (ABT) or via video-recorded verbal consent (Bushmen).
The collection of human DNA in Namibia was conducted under a permit by the
Ministry of Health and Social Services (MoHSS) of the Namibian Government.
None of the Bushmen participants had any previously known genetic conditions.
ABT is a survivor of poliomyelitis, tuberculosis and prostate cancer.

Several whole-genome shotgun DNA libraries for KB1 and NB1 were prepared
and sequenced using methods previously described for the Roche/454 platform.
Exome sequences for the five participants and whole-genome sequence for ABT
were obtained as described in the paper. Mapping of the 454 sequencing reads to the
human reference sequence (NCBI Build 36) was performed using a locally pro-
duced aligner called lastz (http://www.bx.psu.edu/miller_lab) and in-house scripts.
Access to our data. It is challenging to provide convenient access to the large and
complex data sets resulting from the sequencing and analysis of a human genome.
In addition to submitting data to standard repositories, we provide all data sets in
an immediately useful form through the Galaxy bioinformatics platform (http://
usegalaxy.org), a web application designed to integrate data with analysis tools. In
addition to downloading, data sets can be transformed in a variety of ways and
compared with existing annotations (see ‘Data and analysis user’s guide’ at http://
galaxycast.org). The positions of the SNPs for each Bushman and ABT can be
viewed in a customized installation of the UCSC Genome Browser (http://main.
genome-browser.bx.psu.edu/), along with supporting evidence (number of reads
for each allele and hyperlinks to the actual reads) and computationally predicted
phenotypic consequences for SNPs in coding regions.
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