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Little is known about the history of click-speaking populations in Africa. Prior genetic studies revealed that the click-
speaking Hadza of eastern Africa are as distantly related to click speakers of southern Africa as are most other African
populations. The Sandawe, who currently live within 150 km of the Hadza, are the only other population in eastern
Africa whose language has been classified as part of the Khoisan language family. Linguists disagree on whether there is
any detectable relationship between the Hadza and Sandawe click languages. We characterized both mtDNA and Y
chromosome variation of the Sandawe, Hadza, and neighboring Tanzanian populations. New genetic data show that the
Sandawe and southern African click speakers share rare mtDNA and Y chromosome haplogroups; however, common
ancestry of the 2 populations dates back >35,000 years. These data also indicate that common ancestry of the Hadza and
Sandawe populations dates back >15,000 years. These findings suggest that at the time of the spread of agriculture and
pastoralism, the click-speaking populations were already isolated from one another and are consistent with relatively
deep linguistic divergence among the respective click languages.

Introduction

Comparison of linguistic similarity, geographic prox-
imity, and genetic similarity among populations can pro-
vide insights into both human population history and the
events and processes underlying language change. Here
we examine the genetic diversity of speakers of one set
of languages, those with a repertoire of phonemes called
“click” consonants. Click languages, spoken only in Africa
with the exception of the extinct Damin ritual language of
Australia (Hale 1992), are among the richest of all human
languages in terms of the number of distinct phonemes
(Gtildemann and Vossen 2000). Greenberg included all lan-
guages with click consonants in the Khoisan (or “Khoe-San”)
language family. Although they share the element of click
consonants, African click languages are highly divergent
in other respects, leading some linguists to suggest that the
languages do not constitute a single language family
(Sands 1998; Giildemann and Vossen 2000) and others
to suggest that the Khoisan language family dates back
to at least 20,000 years (Ehret 2000). African click lan-
guages have been classified into 5 groups: Ju, !Ui-Taa,
Khoe, Sandawe, and Hadza (Ehret 2000; Giildemann
and Vossen 2000; fig. 1). Linguists often group the Ju,
Khoe, and !Ui-Taa languages into a southern African
Khoisan (SAK) branch and consider the eastern African
Hadza and Sandawe click languages to be more distantly
related (Heine and Nurse 2000; fig. 1).

The presence of Khoisan linguistic groups in Tanzania
was earlier considered to support a paleobiological-based
model, indicating that Khoisan populations inhabited all
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southern Africa and much of eastern Africa (as far north
as Egypt; Tobias 1964; Briuer 1978). This model of a con-
tinuous distribution of Khoisan populations in southern
and eastern Africa has been criticized (Stringer et al. 1985;
Morris 2002). Instead, the Hadza and Sandawe are thought
either to be population isolates or to resemble their Tanzanian
neighbors genetically (Cavalli-Sforza et al. 1994).

Scholars suggest that the ancestors of present day
Hadza and Sandawe speakers resided in the region now
known as Tanzania long before the arrival of neighboring ag-
ricultural and pastoral populations (Iliffe 1979; Newman
1995). Herding and cultivating Cushitic (Afro-Asiatic)
speakers, originating from Ethiopia, first reached northern
Tanzania roughly 4000 years ago, followed by largely
pastoral Nilotic (Nilo-Saharan) speakers, originating from
southern Sudan (Newman 1995). Agricultural Bantu (Niger-
Kordofanian) speakers, originating from West Africa,
reached northwestern Tanzania ~2,500 years ago (Newman
1995). According to Iliffe (1979), the linguistically and cul-
turally divergent groups of Tanzania interacted extensively
following their arrival in the region, and ethnic labels have
been highly fluid, suggesting that there might be little genetic
divergence among any of the Tanzanian populations.

Today, the Hadza and Sandawe live only ~150 km
apart. The Hadza comprise a relatively small number of in-
dividuals (~1,000) living near Lake Eyasi in the Arusha
district of north-central Tanzania (Blurton Jones 1992).
The Sandawe, living primarily in the Kondoa district south-
east of Arusha, are more numerous (~30,000 individuals;
Newman 1970). Traditionally, both populations subsisted
through hunting and gathering; many Hadza continue to
do so, whereas the Sandawe currently subsist via agricul-
ture, which was recently introduced by the neighboring
Bantu-speaking Turu (Newman 1970).

Despite the long history of anatomically modern hu-
mans in Africa, our knowledge of human population pro-
cesses within Africa, particularly prior to the spread of
agriculture within the past ~5,000 years, remains relatively
patchy because of poor preservation of archaeological re-
mains in some areas and because genetic studies of certain
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Fic. 1.—Click-language speaking groups considered in this study (italics) and suggested historical relationships among click languages, including
several controversial groupings. Solid lines indicate well-accepted linguistic relationships. Thick dashed lines indicate controversial/possible
relationships between Kwadi and Khoe (central SAK) languages and between fHoa and Ju (northern SAK) languages (Giildemann and Vossen 2000).
Intermediate dashed lines indicate possible relationships between Sandawe and Khoe languages (Giildemann and Vossen 2000) and between Ju and
!Ui-Taa (southern SAK) languages. Fine dashed lines indicate suggested deeper links (Greenberg 1963; Wood et al. 2005). Spelling of linguistic terms
reflects published and unpublished proposals by several linguists. Inclusion of the Hadza language within Macro Khoisan remains particularly
controversial (Sands 1998), as does the relationship among the SAK languages (Giildemann and Vossen 2000).

regions, such as eastern Africa, have been limited (Tishkoff
and Williams 2002; Reed and Tishkoff 2006). Although
few click-speaking populations have been studied for
mitochondrial (mt) DNA (Chen et al. 2000) and Y chromo-
some (Cruciani et al. 2002; Semino et al. 2002)
variation, available data indicate consistently that genetic
lineages found among the Ju (including groups called
San, !Kung, Zhul’twasi, or Jul’hoansi in previous publica-
tions) and Khoe (including Khwe, Dama, and Nama) speak-
ers comprise the most basal clades in global phylogenetic
trees. Prior studies of mtDNA (Vigilant et al. 1991; Knight
et al. 2003) and Y chromosome variation (Knight et al.
2003) in the Hadza and Jul’hoansi San indicated a deep sep-
aration between the 2 groups (>40 kya; Knight et al. 2003).
The currently small size of the Hadza population raises the
possibility, however, that the population divergence esti-
mate reflects a high level of genetic drift and lineage loss.

The primary focus of the current study is the genetic
relationship among individuals from 3 click-speaking
groups: the Sandawe, Hadza, and SAK. Several linguists
argue for a genealogical relationship between the Sandawe
language and some SAK languages (Ambrose 1982; Elderkin
1982; Giildemann and Vossen 2000). The Hadza language
is now considered by some linguists to be a linguistic iso-
late, genealogically unrelated to other click languages
(Ruhlen 1991; Sands 1998), although others have suggested
that Hadza may have similarities with Afro-Asiatic lan-
guages (Elderkin 1982). Overall, proposed linguistic rela-
tionships among the click languages (fig. 1) predict deep

genetic divergence between these 3 groups (Cavalli-Sforza
et al. 1988).

Given the linguistic similarities between the Sandawe
and SAK, the Sandawe constitute a key population for recon-
structing the history of African click-speaking populations.
Previously, the Sandawe were studied at the population level
only for a small number of classical protein polymorphisms,
which revealed no particularly close relationship with any
other population (Cavalli-Sforzaetal. 1994). Here, we present
mtDNA and Y chromosome genetic data for the Sandawe, in
addition to novel data for neighboring Tanzanian populations
(including the Hadza) and from SAK-speaking populations.

We evaluate 2 models for the relationships among
these populations. The first model is suggested by the lin-
guistic relationships described above, which predict a closer
genetic relationship between the Sandawe and SAK speak-
ers than between either of these groups and the Hadza. The
second model, based on the observation that genetic distan-
ces often correlate with geographic distances among pop-
ulations (Cavalli-Sforza et al. 1994; Rosenberg et al. 2002),
predicts that the Hadza and Sandawe populations, who re-
side within 150 km of one another, will be genetically more
similar to each other and to neighboring Tanzanian popu-
lations than either is to the SAK, who reside >2,000 km
away. By evaluating the consistency between the genetic
data and each of the above models, we can assess the rela-
tionships between geographic distance, linguistic differen-
tiation, and genetic diversity as well as the extent of
isolation of click-speaking populations of Africa.
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FiG. 2.—Maps indicating locations of populations considered in this study.

Methods
Population Samples

We generated Y chromosome and mtDNA data for the
Sandawe, Hadza, and neighboring Tanzanian populations
and for SAK speakers represented by Ju speakers (Jul‘hoan-
si) and a mixed sample of Ju (!Xun) and Khoe (Khwe)
speakers, referred to here as !Xun/Khwe (fig. 2). DNA sam-
ples were collected from the following populations (lan-
guage classification in parentheses): Hadza and Sandawe
(Khoisan), Burunge (Afro-Asiatic: Cushitic), Datog
(Nilo-Saharan: Nilotic), Turu (who reside near the Sandawe;
Niger-Kordofanian: Bantu), and Sukuma (who reside near
the Hadza; Niger-Kordofanian: Bantu) in the Arusha and
Dodoma provinces of Tanzania. The Ju-speaking ! Xun (also
known as Vasekela) and Khoe-speaking Khwe samples were
collected from individuals in the area of Schmidtsdrift in the
North-West Cape region of South Africa and were provided
by Dr M. J. Kotze. Individuals were grouped according
to self-identified ethnicity, and only samples from un-
related individuals who could trace ancestry to the same
ethnic group as far back as the grandparents were included
in the study. Written informed consent was obtained from
all donors, and Institutional Review Board approval and
permits from Commission for Science and Technology
and National Institute for Medical Research in Tanzania were
obtained prior to sample collection. In the field, ared cell lysis
buffer (1 mMNH4HCO3, 115 mM NH,4CL)wasadded to9 ml
of whole blood DNA. White blood cells wereisolated viacen-
trifugation and suspended in a white cell lysis buffer (100 mM
Tris—HCI [pH 7.6], 40 mM ethylenediaminetetraacetic acid
[pH 8.0], 50 mM NaCl, 0.2% sodium dodecyl sulfate, 0.05%
sodium azide) and were stored at ambient temperature. DNA
was isolated in the laboratory using a Purgene kit (Gentra,
Minneapolis, MN). Additional DNA samples used in some
comparative analyses (Yoruba: Niger-Kordofanian, Defoid,
and SAK speakers) were obtained from the Centre d’Etude du
Polymorphisme Humain—Human Genome Diversity Cell
Line Panel collection (Cann et al. 2002). The geographic

distribution of populations and total number of individuals
included in this study are shown in figures 2—4.

Y Chromosome and mtDNA Data Collection

We generated nucleotide sequence data for 649 bp of
the mtDNA control region, including hypervariable region I
(HVRI; position 16027-16363) and hypervariable region II
(HVRIL; position 073-379), as well as single-nucleotide
polymorphism (SNP) genotypes at sites outside the control
region that were used to define haplogroups (fig. 3; sup-
plementary Table 1, Supplementary Material online). All
sequences have been deposited in GenBank (accession
numbers EF999432-EF999757). For the nonrecombining
portion of the Y chromosome, we genotyped 15 unique event
polymorphisms (UEPs; fig. 4) and 12 short tandem repeat
(STR) polymorphisms. Y-STR markers include: DYS391,
389Iand II, 439,438, 437, 19,392, 392, 390, and 385a/b us-
ing the Promega PowerPlex Y System. DYS385a/b consists
of a duplicated tetranucleotide STR region (Kayser et al.
2001) and was omitted from some analyses. Y chromosome
genotype data for all individuals are given in supplementary
Table 1 (Supplementary Material online).

Analyses

Haplotype networks were generated for human mtDNA
haplogroups LO, L1, L2, and L3 and for the Y chromosome
STRs on UEP backgrounds via the median-joining algorithm
of Network 4.1.1.1 (http://www.fluxus-engineering.com).
Because it allows for reticulation, the median-joining
approach to the inference of haplotype relationships is
appropriate for the analyses of human mtDNA control region
sequences and Y chromosome short tandem repeat poly-
morphism haplotypes, which exhibit high levels of homo-
plasy (Bandelt et al. 1999; Posada and Crandall 2001). For
the mtDNA data, hypermutable sites were identified by
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Population Location LOd LOk LoOf LOoa L1* Lib Lic L5 L2* L2a L2b L2c L2d L4g L3* L3b L3d L3e L3f L3h N _EA+ Total Study
Khoisan
Hadza Il Tz 5 1 1 1 10 60 8 4 1 5 1 1 1 79 Present
Sandawe Tz 5 4 17 5 1 48 13 2 4 82 Present
Hadza | Tz 17t 83t 12 Knight (2003)
Xun/Khwe SA 61 22 17 18 Present
Xun Nm 51 26 2 16 5 43 Vigilant (1991)
Kung Bo 96 4 26 Vigilant (1991)
Niger-Kordofanian
Sukuma Il Tz 9 18 9 9 27 9 18 11 Present
Turu Tz 14 10 3 3 7 28 10 7 3 3 3 3 3 3 29 Present
Mozambicans Mz 5 25 1 5 1 1 38 1 1 1 3 6 15 2 416 Pereira (2001), Salas (2002)
Sukuma | Tz 29t 9t 621 21 Knight (2003)
Mbenzele CA 4 97 57 Destro-Bisol (2004)
Biaka CA 24 77 17 Vigilant (1991)
Bakola CA 100 30 Present
Nigerians WA 1 1 15 3 1 20 1 4 13 12 15 6 1 3 4 137 Watson (1997), Vigilant (1991)
Guineans WA 5 1 _ 5 2 17 8 16 3 8 9 7 2 4 1 2 3 372 Rosa(2004)
Nilo-Saharan
Datoga Tz 5 28 3 8 13 16 1 8 8 39 Present
Mbuti CA 30 15 55 20 Vigilant (1991)
Afro-Asiatic
Burunge Tz 3 30 25 3 8 18 3 8 3 3 38 Present
Ethiopia Et <1 <1 7 2 13 20 3 5 1 17 3 28 270 Rosa (2004)
Mixed
Kenya/Sudan Ky/Su 1 1 16 16 7 25 3 8 5 2 6 88 Watson (1997)

FiG. 3.—Schematogram of phylogency of major mtDNA haplotype lineages based on Gonder et al. (2007) and frequencies (%) of major mtDNA
haplogroups in a set of African populations. mtDNA haplotype fequencies determined within the current study are shown in bold: Burunge, Datog,
Hadza, Sandawe, Sukuma, Turu, !Xun/Khwe, and Bakola Pygmies. Locations of populations are abbreviated as: Bo, Botswana; CA, Central Africa; Et,
Ethiopia; Mz, Mozambique; Nm, Namibia; SA, South Africa; Tz, Tanzania; and WA, western Africa. Haplogroup designations for samples produced
for this study follow Salas et al. (2002; 2004) and Kivilsild et al. (2004). Samples classified as EA (column heading) were defined as Eurasian by Rosa
et al. (2004); these sequences are all non-L’s, M1, or U6 sequences. L1*, L2*, and L3* from previous studies indicate samples that were not further
subdivided into subhaplogroups. L2* and L3* from this study indicate samples that were tested for SNP variation but did not fit into known haplogroup
classifications. Samples labeled Sukuma I (Knight et al. 2003) were combined with Sukuma II samples for additional analyses by MDIV.

postprocessing using the Steiner maximum parsimony (MP)
algorithm within Network 4.1.1.1 (Polzin and Daneschmand
2003). These sites were, in most cases, confirmed to be hy-
permutable in previous studies (Hasegawaetal. 1993; Wake-
ley 1993; Meyer et al. 1999) and were excluded from the
network analyses. When estimating the age of mtDNA hap-
lotypes and times of population divergence, we assumed
a mtDNA mutation rate of 1 = 2.5 x 10~° per nucleotide
per generation over 649 bp (based on a substitution rate of
11%/Myr [Ward et al. 1991], bracketed by higher [Forster
et al. 1996] and lower [Horai et al. 1995] rate estimates,
a 6 Myr divergence between humans and chimpanzees,
and assuming a female generation time of 25 years). Genetree
9.0 (http://www.stats.ox.ac.uk/~griff/software.html) was
used to estimate the time to most recent common ancestor
(Tmrcea) of haplogroups (L4g, LOd) via Markov chain coa-
lescent simulation (a constant population size was assumed
with 10 million step chains to estimate the likelihood surface;
Griffiths and Tavaré 1997).

For the Y chromosome data, we generated median-
joining networks for Y chromosome STR haplotypes on
each of the following UEP backgrounds: E3a-M2, B2-
M60, B2b-M112, and E3b1-M35 (Bandelt et al. 1999). Ep-
silon (reticulation permissivity) was set to zero in order to
generate the most parsimonious networks. Because of the
high level of reticulation in the E3a-M2 sample, data were
preprocessed using the star contraction option in Network
4.1.1 (Forster et al. 2001). In order to assign an ancestral
haplotype for p estimates, we rooted networks using hap-
lotypes from closely related UEP-defined clades. When
available, published mutation rates specific to a locus were
assumed (Forster et al. 2000). STR loci were subdivided

into 3 mutation rate classes based on observed STR allelic
variance (low: DYS437, DYS438, DYS391, DYS392; in-
termediate: DYS389I, DYS389II, DYS439, DYSI19,
DYS392,DYS390;orhigh: DYS385a/b). Whenno published
mutation rate was available, we assumed a mutation rate
of 0.0009/generation for a rapidly mutating locus, 0.0008/
generation for an intermediate-rate locus (Zhivotovsky et al.
2004), and 0.00018/generation for a slowly mutating locus
(Forster et al. 2000). In generating networks, loci were
weighted as follows: low (4):intermediate (2):high (1). Across
11 loci, the average mutation rate was assumed to be
0.00059/locus/generation, with an average generation time
of 30 years. The ages of Y chromosome haplogroups and
subhaplogroups were estimated via the p statistic (i.e.,
the average number of STR mutations from derived hap-
lotypes to a haplotype designated as ancestral for the
haplogroup or subhaplogroup), using the software package
Network 4.1.1 (Forster et al. 1996).

A Markov Chain Monte Carlo approach was used to
determine the likelihood of values of population divergence
times and migration rates for the mtDNA HVRI/HVRII se-
quence data and linked Y-SNPs and Y-STRs, in the context
of the isolation with migration (IM) model (Nielsen and
Wakeley 2001). For pairs of populations, we conducted
the analysis via the software packages MDIV for mtDNA
and IM for the Y chromosome, estimating the scaled mu-
tation rate (6 = N, where N, is the effective population
size, assuming an equal sex ratio, and [ is the per generation
locus mutation rate), the migration rate (M = N.m, where m
is the per generation migration fraction), and the time of
population divergence (¢, in units of N, generations). For
the mtDNA analyses, runtime parameters included
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: I
M1
M60
YAP
M89
M51 M13 RPS4Y
| I M150 M112 M2 M35 |

Population Location A3b1 A3b2 A* B2a B2b B1,B* E3a E3b E*D C,F-R Total Study
Khoisan

Hadza | Tz 52 30 13 4 23  Knight (2003)

Hadza Il Tz 51 9 24 16 57 Present

Sandawe Tz 4 1 13 43 34 5 68 Present

Khwe SA 12 54 31 4 26  Cruciani (2004)

Dama Nm 6 6 6 55 18 12 18  Wood (2005)

Nama Nm 55 9 18 9 9 11 Wood (2005)

IKung SA 28 8 8 39 11 6 64  Cruciani (2004)

Khoisan-mixed SA 28 15 28 18 10 39  Underhill (2001)
Niger-Kordofanian

Yoruba Ng 8 92 13 Present

Turu Tz 5 50 15 30 20 Present

Mbugwe Tz 7 33 20 40 15 Present

Wairak Tz 7 2 5 42 37 2 43 Luis (2004)

Hutu Rw 3 1 83 3 8 69  Luis (2004)

Tutsi Rw 1 14 80 1 4 94  Luis (2004)

Sukuma Tz 9 6 63 6 16 32  Knight (2003)

Biaka CA 5 30 65 20  Underhill (2001)

Lissongo CA 25 75 4 Underhill (2001)

Herero Nm 71 29 24  Wood (2005)

Ambo Nm 82 5 10 5 22  Wood (2005)

Xhosa SA 5 5 54 5 32 80 Wood (2005)

Bamileke Cm 4 96 48  Cruciani (2004)

Mossi BF 2 90 2 6 49  Cruciani (2004)
Nilo-Saharan

Datog | Tz 13 63 25 8  Knight (2003)

Datog Il Tz 3 3 11 54 23 6 35 Present

Maasai Ky 27 8 16 50 26  Wood (2005)

Mbuti Co 8 25 42 25 12 Underhill (2001)
Afro-Asiatic

Burunge Tz 25 4 33 29 8 24 Present

Iraqw Tz 17 33 17 33 6 Knight (2003)

Mixed Cm 2 4 13 4 7 70 54  Cruciani (2004)

Mixed Mo 2 2 78 1 17 113  Cruciani (2004)

Fi6. 4—Y chromosome UEP-defined haplogroup frequencies (%) in 30 African population samples, with haplogroup nomenclature as outlined by
Y Chromosome Consortium (International Human Genome Sequencing Consortium 2002). Language family and subfamily are assigned according to
Nurse et al. (1985). Locations of populations are abbreviated as: BF, Burkina Faso; CA, Central African Republic; Cm, Cameroon; Co, Democratic
Republic of Congo; Ky, Kenya; Mo, Morocco; Ng, Nigeria; Nm, Namibia; Rw, Rwanda; SA, South Africa; Se, Senegal; Tz, Tanzania. “N” indicates
the number of Y chromosomes studied. Column “A*” includes the frequencies of those Y chromosomes that are M91 positive, M13 negative, and M51
negative. Column “B1, B*” includes all individuals of haplogroup B except for those of B2a and B2b haplogroups. Column “E*, D” includes
individuals in haplogroups E1, E2, E* plus D only. Individuals identified in Underhill et al. (2000) as Khoisan are more accurately identified as a mixed
sample of Jul‘hoansi and !Xun (~50% each). Both groups belong to the Northern Khoisan “Ju” language family. Individuals described here as “!Xun”
are also known by the Bantu derived term “Sekele” or “Vasekele.” None of the E3b mutations (M78, M81, M123, V6) or B2b mutations (P6 or P7)
were observed among the Tanzanian samples, with the following exceptions—Datog: one M78+ individual, one V6+ individual; Mbugwe: one M78+
individual. Previously published data originate from Cruciani et al. (2002), Knight et al. (2003), Luis et al. 2004, Underhill et al. (2001), and Wood et al.
(2005).

a maximum migration rate of Nm = 10, a maximum diver-
gence time of 5 N, generations, a burn in time of 1,000,000
steps followed by a run length of 10,000,000 steps, and
an HKYY mutation model. A high correlation among runs
was observed (mode parameter value estimates were corre-
lated with an 7> = 0.90 or higher). Confidence intervals
(CIs) were estimated assuming a standard chi-square/2

approximation (i.e., —2 log likelihood units from the
mode). In cases where the upper tail of the posterior distri-
bution does not decline greater than 2 log likelihood units
from the mode, we presumed an upper bound of 100 kya for
population divergence (see supplementary figure 1, Sup-
plementary Material online). For the Y chromosome anal-
yses, run-time parameters included a maximum migration
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rate of Nm = 10, a maximum divergence time of 10 N,
generations, and a burn in of 200,000 steps followed by
a run of 2,000,000 steps with 5 genealogy updates per step
under the HapSTR mutation model for 13 SNPs and 10
STRs (Hey and Nielsen 2004). Y chromosome runs used
5 coupled chains with a linear heating scheme of increment
0.1. All pairwise population sample comparisons were rep-
licated with different random number seeds. The mode of
each marginal posterior distribution was considered a point
estimate of the corresponding parameter value. Note that
the publicly available MDIV and IM-type computer simu-
lation package is limited to models with 1) two populations
only 2) a one population split occurring at time, ¢, in the
past, and 3) migration occurring at a constant rate following
the split (Nielsen and Wakeley 2001; Hey and Nielsen
2004). These simplified models do not take into account
the effect of shared third-party migration, which can result
in overly high estimates of migration and overly recent es-
timates of divergence time if both the 2 populations under
consideration have exchanged genes with the same neigh-
boring populations. Nor do these models take into account
the possibility of changing migration rates. For example,
high levels of ancient gene flow between populations
followed by population divergence could result in an esti-
mate of ¢ that reflects the time at which gene flow stopped
occurring (Hey J, personal observation). To complete
the large number of MDIV simulations required for this
study, we used Grid computing (Myers and Cummings
2003; Cummings and Huskamp 2005) through The Lattice
Project (Bazinet and Cummings, forthcoming). A Grid ser-
vice for the MDIV analyses was developed using a special
programming library and associated tools (Bazinet et al.
2007).

Genetic distances between populations were estimated
from Y chromosome STR variation according to Goldstein
et al. (1995). Distances were summarized graphically ac-
cording to the Neighbor-Joining algorithm (Saitou and
Nei 1987).

The presence of the Y chromosome haplogroup E3a-
M2, very frequent among Bantu speakers of western Africa,
in both the Hadza and Sandawe populations suggested that
gene flow from Bantu-speaking groups into both the Hadza
and the Sandawe populations might obscure the historical
relationships between these 2 populations. Therefore, for
the Y chromosome data, we investigated models incor-
porating 3 populations with gene flow: 2 click-speaking
populations (representing Hadza and Sandawe) and 1
Niger-Kordofanian-speaking population (represented in
this analysis by the Yoruba to eliminate the impact of
recent gene flow into Tanzanian Bantu-speaking pop-
ulations). Because no standard approaches allow for
evaluation of 3-population models and multiple migration
rates, we used a rejection-sampling approach, generating
simulated likelihoods (Pritchard et al. 1999). We used an
extended version of the software, SIMCOAL (Excoffier
et al. 2000), that allows the user to simulate mutations gen-
erating UEPs and STRs on the same gene genealogy, as is
appropriate for the Y chromosome.

Specifically, we generated distributions of STR-based
summary statistics conditioned on UEP frequencies that re-
sult from simulating a particular demographic history. We
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then estimated the probability of the observed summary sta-
tistics given these distributions. The product of these prob-
abilities for all summary statistics, combined with the
frequency of simulations with UEP frequencies near those
observed, provides a simulated likelihood for a given model
of population history. Simulated data were accepted if ob-
served UEP frequencies (f) met the following ascertain-
ment criteria: Hadza: fiM112) > 0, AiM2) > 0, fAIM35)
> 0, fIM112)-f(M2)-f(M35) > 0, fiIM112) > f(M2),
and f(M112) > fiM35); Sandawe: fi(M112) > 0, fiM2)
> 0, iAM35) > 0, fM112)-f(M2)-f(M35) > 0, iM2) >
fM112), and f(M2) > fiM35); Yoruba: fiM2) > 0,
JM112)-f(M2)-f(M35) > 0, and fiM2) > 50%. For each
accepted simulation, 12 STR-based summary statistics were
calculated—E3a-M2 background: (& u)z between Hadza and
Sandawe, (6“)2 between Hadza and Yoruba, (Su)2 between
Yoruba and Sandawe, Hadza allelic variance, Sandawe
allelic variance, and Yoruba allelic variance; B2b-M112
background: (6u)2 between Hadza and Sandawe, Hadza al-
lelic variance, and Sandawe allelic variance. E3b1-M35
background: (8u)2 between Hadza and Sandawe, Hadza al-
lelic variance, and Sandawe allelic variance. We evaluated
a set of 24 population history models via this simulation-
based approach by considering all ascertained models that
generated summary statistics ([6“]2 and allelic variance)
within £10% of the observed statistics. Specifically, the sim-
ulated likelihood (Lg;,,) for any given population history
model was estimated via the product of the frequency of as-
certainment (f;,) and the frequency of ascertained simula-
tions with acceptable summary statistics (fi). Models
were then ranked according to Lg;,, values.

Results
Mitochondrial DNA

Frequencies of the major mtDNA haplogroups in each
population, plus previously published data for comparison,
are shown in figure 3. Networks indicating genealogical re-
lationships of haplotypes are shown in figure 5. The LO plus
L1 clades, which are basal in the global mtDNA tree and are
specific to Africa (Salas 2002; Chen 2000; Gonder 2007),
are common in our data set (figs. 3 and 5a). We observe the
LO0d haplogroup at low frequency in the Sandawe (and in
one individual from the neighboring Burunge population)
but not in the Hadza (figs. 3 and 5a,b). Prior to the current
study and a recent study of complete mtDNA genomes in
Tanzania (Gonder 2007), the mtDNA LOd haplogroup was
detected at very high frequencies only in SAK-speaking
populations (61-96%); the haplogroup was detected at
low frequencies in neighboring Mozambique populations
that are likely to have exchanged individuals with the
SAK speakers (Salas et al. 2002) and in one Turkana indi-
vidual from Kenya (Watson et al. 1997; Salas et al. 2002).
Network analysis of the HVRI region, for which there is
a comparative data set, indicates that the Tanzanian and
Kenyan LOd lineages form a monophyletic subclade of
the LOd haplogroup (fig. 5b). Based on analysis of the con-
catenated HVRI/HVRII data, Tanzanian and SAK LOd lin-
eages differ by a minimum of 6 mutations, and coalescent
analysis indicates that the youngest clade to include both
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FiG. 5.—Median-joining networks (Bandelt et al. 1999) derived from mtDNA sequences of (a) LO plus L1, (b) LOd, (¢) L2, and (d) L3/L4
haplogroups. LO/L1/L2/L3/L4 haplogroups were defined based on SNPs shown in supplementary Table 1 (Supplementary Material online;

hypervariable sites are excluded).

SAK and Tanzanian LOd lineages has a coalescent-based
Tymrcea estimate of ~58 kya (95% CI 33.7-90.1 kya).
The Tyrcea of the Tanzanian LOd lineages is ~23.4 kya
(95% CI 9.4-50.7 kya), whereas the Tyjrca of the SAK
LOd lineages is ~59 kya (95% CI 18.5-145 kya).

Haplogroup L4g (previously designated L3g) is pres-
ent in both Tanzanian click-speaking populations at high
frequencies (60% Hadza, 48% Sandawe) but is absent in
the SAK. The L4g haplogroup is most frequent in eastern
and northeastern Africa and was previously dated to ~40-
45 kya (Salas et al. 2002; Kivisild et al. 2004). We observe
very little HVRI/HVRII nucleotide diversity within the L4g
haplogroup in the Hadza sample, consistent with previous
studies of this population (fig. 5d; Vigilant et al. 1991;
Knight et al. 2003). The “star-like” pattern of variation
in the Hadza (with identical HVRI/HVRII haplotypes in
36 of 46 individuals) is consistent with an expansion of this
subhaplogroup ~4 kya. Our sample of the Sandawe also
reveals a high frequency of L4g but with somewhat greater
HVRI/HVRII nucleotide variation than in the Hadza. The
most common Sandawe and Hadza L4g lineages differ by 3
mutations (fig. 5d), and the estimated Tyrca for this line-
age in these populations is 24.5 kya (95% CI of 11.2-47.6
kya). The Hadza and Datog share several L4g haplotypes
(after removal of hypervariable sites); the Sandawe, Turu,
and Burunge share other L4g haplotypes (fig. 5d).

Both the Hadza and Sandawe have a high frequency
of the mtDNA L3 haplogroup that is common in eastern
African populations (figs. 3 and 5d; Salas et al. 2002).
The Hadza, unlike the Sandawe, have a high frequency
of the L2 haplogroup that is most common in western
African populations, although not uncommon in eastern

Africa (Salas et al. 2002; figs. 3 and 5¢). We observed
few shared haplotypes between the Hadza and Sandawe
(and none that are identical when hypervariable sites are in-
cluded), suggesting limited recent gene flow between the
Hadza and Sandawe (fig. 5).

Maximum likelihood estimates of migration rates ()
and dates of population divergence (f), inferred from the
mtDNA data (Nielsen and Wakeley 2001), are given in
table 1. Figure 6 provides graphical summaries of these es-
timates. These joint estimates of ¢ and m indicate that the
Hadza and Sandawe diverged ~23 kya (CI 13-37 kya)
and have had relatively low levels of genetic exchange with
each other (M = 1.15 [CI 0.08-2.5 M], suggesting approx-
imately one migrant per generation) and moderate levels of
genetic exchange with neighboring Tanzanian populations
(mode estimates range from 1.53 < M <3.88). The San-
dawe sample shows evidence of very low levels of migra-
tion with the Jul’hoansi (M = 0.32 [CI 0.02-1.12 M] or an
average of one migrant every 3 generations) and with the
!Xun/Khwe (M = 0.49 [CI 0.04—1.68 M]). The Sandawe
and SAK-speaking populations share no identical mtDNA
haplotypes, suggesting that any genetic exchange was not
recent. Neither the Jul’hoansi sample nor the!Xun/Khwe
sample reveals mtDNA evidence for any migration between
the SAK speakers and the Hadza (M = 0.02 [CI 0-0.66 M
and 0-0.40 M, respectively]; table 1 and fig. 6). A neighbor-
joining tree constructed from the pairwise matrix of 7 values
is shown in figure 6b. The Pygmy populations show a rel-
atively recent time of divergence, as do the 2 SAK popu-
lations, and both groups of populations are highly divergent
from all the Tanzanian populations, which cluster together.
However, the Hadza and Sandawe cluster more closely with
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Estimates of Migration Rates (1) and Time of Divergence between Population Pairs Based on MDIV Analysis for mtDNA

HVRI/HVRII Sequences

Population® Ju XK. Sandawe Hadza Turu Mbugwe Sukuma Burunge Datog
Ju — 1.04 0.32 0.02 0.02 0.02 0.05 0.29 0.15
IX./K. 5.2 — 0.49 0.02 0.02 0.34 0.41 0.38 0.32
Sandawe 50 44 — 1.15 3.88 1.53 3.04 2.86 2.58
Hadza 56 56 23 — 2.3 2.06 291 2.29 3.19
Turu 43 45 8.2 15 — 2.75 9.95 9.87 4.92
Mbugwe 55 58 27 21 40 — 9.99 3.16 2.24
Sukuma 64 69 19 14 2.6 2.9 — 7.13 9.94
Burunge 49 48 23 23 2.9 14 9.6 — 6

Datog 57 53 23 31 23 52 34 15 —

“ Estimates of M are shown above the diagonal (values larger than 1 are in bold). Estimates of time of population divergence in thousands of years is shown below the

diagonal (values less than 30 kya are in bold).
b ! Xun/Khwe.

each other than with other Tanzanian populations and more
closely with the SAK-speaking populations relative to any
other Tanzanian populations. The estimated time of diver-
gence between the Sandawe and SAK speakers is ~44-50
kya (CI 21-100 kya for the Jul’hoansi and 29-100 kya for
the !Xun/Khwe), whereas the Hadza are estimated to have
diverged from the SAK-speaking populations ~56 kya
(CI 33-100 kya for the Jul’hoansi and 40-100 kya for
the !Xun/Khwe; table 1).

Y Chromosome

Frequencies of the major Y chromosome UEP-defined
haplogroups are presented in figure 4; STR-based networks
are presented in figure 7. Although both the Sandawe and
SAK populations have Y chromosome haplogroup A-M91
lineages, the Sandawe share subhaplogroup A3b2-M13
with other eastern Africans to their north but lack any sub-
haplogroup A3b1-MS51 lineages observed in the SAK-
speaking populations (Scozzari et al. 1999; Cruciani
et al. 2002; Wood et al. 2005). Therefore, the sharing of
the A haplogroups by the Sandawe and SAK speakers can-
not be taken as evidence of a particularly close relationship.

In the Hadza, Sandawe, and SAK populations, we ob-
serve 3 relatively basal Y chromosome haplogroups: B2b

(defined by the M 112 mutation), E3b1 (defined by the M35
mutation), and E3a (defined by the M2 mutation; figs. 4 and
7). Estimates of Y UEP haplogroup ages derived from STR
variation are presented in table 2. The relatively old (>55
kya, table 2 and fig. 7c¢) B2b-M112 haplogroup is unre-
ported outside of sub-Saharan Africa and is most common
in hunter/gatherer populations across sub-Saharan Africa,
notably the central African Pygmies and the SAK-speaking
Jul’hoansi (fig. 4; Knight et al. 2003; Wood et al. 2005). We
detected the B2b haplogroup at a high frequency in the
Hadza and at a moderate frequency in the Sandawe (figs.
4 and 7c¢). Tanzanian populations do not, however, harbor
the P6 and P7 mutations that define the subhaplogroups of
B2b that are found among SAK speakers and central Afri-
can Pygmy populations (Wood et al. 2005). The frequency
of B2b in the Hadza (51%) is higher than reported in any
other population (fig. 4). In addition, the B2b lineages in the
Hadza have higher STR diversity than any of the other sur-
veyed populations, and STR haplotypes are shared with on-
ly one Datog individual (fig. 7c). Sandawe and SAK B2b
lineages appear to be similarly distinct from those of other
populations (fig. 7c¢). STR variation of B2b subclusters that
include primarily SAK speakers, Hadza, and Sandawe in-
dicates that these groups shared a common ancestor ~35
(+4) kya (table 2 and fig. 7¢).

b) Bakola
Biaka

Xun/Khwe

Burunge

Hadza

FiG. 6.—Graphical representations of pairwise population estimates of migration and time of population divergence from table 1 for mtDNA. (a)
Migration rates among the populations (M) are represented by a web, where M > 1 line width is proportional to M estimates. Migration rate estimates of
0.3 < M < 1 are plotted as dashed lines, and estimates of M < 0.3 are not plotted. (b) A neighbor-joining tree derived from estimates of the time of

population divergence (table 1).
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Fi6. 7—Median-joining networks (Bandelt et al. 1999) for 3 SNP-defined NRY clades generated on the basis of variation at 12 'Y chromosome
STR loci. (a) E3a: M2 positive; (b) E3b: M35 positive; (¢) B2b: M 112 positive. Black arrows indicate the ancestral root of each network inferred from
adding STR data from respective NRY sister clades. Gray arrows indicate the haplotype in each network that led to the minimum p estimate. Jul’hoansi
haplotypes (CEPH set sample) were available only for B2b (M112)-positive individuals.

The younger (>27 kya, table 2 and fig. 7b) E3b1 hap-
logroup is most frequent in eastern Africa but is also found
in northern Africa and southern Europe (fig. 4; Cruciani
etal. 2004). E3b1-M35 is found at relatively high frequency
in the Sandawe (34%) and SAK/Khwe speakers (31%) but
is less common (~10-15%) in the Hadza and in the other
SAK speakers (fig. 4). Most of the Tanzanian E3b1-M35
lineages are undifferentiated (indicated by M35*) and do
not contain mutations which define subhaplogroups common
in Afro-Asiatic and Nilo-Saharan populations from Ethio-
pia and Kenya (i.e., -M78, -M81, -M123, -M281, -V6;
Cruciani et al. 2004). The Datog population from Tanzania
carries exceptionally high frequencies of E3b1-M35 (54—
63%) and the Burunge population has moderate frequencies
of this haplogroup (21%) (fig. 4), the vast majority of which
are M35%*. Given the high frequency of E3b1-M35%* in these
populations, it is possible that the Hadza and Sandawe
have acquired M35* through admixture with neighboring
Nilotic- and Cushitic-speaking populations. This is sup-
ported by 2 shared Y-STR haplotypes between the Hadza
and Datog (fig. 7b). However, as indicated in the network
shown in figure 7b, there are several E3b1-M35* STR hap-
lotypes in the Hadza and Sandawe that are highly divergent
and separated by a large number of mutations from the rest
of the E3b1-M35%* cluster.

Although STR-based networks for Y chromosome
haplogroups A-M91, B2b-M112, and E3b1-M35 reveal
no haplotype sharing between the Hadza and Sandawe,
these 2 populations share one STR haplotype on the
E3a-M2 background (fig. 7a). The E3a haplogroup appears
to be relatively young (>21 kya, table 2 and fig. 6a) and is

most frequent in Bantu-speaking populations of western
Africa (Underhill et al. 2001; Wood et al. 2005).
Maximum likelihood estimates of migration rates (1)
and dates of population divergence (f) were inferred from
the Y chromosome data (Hey and Nielsen 2004). In several
cases, estimation of divergence time consistently yielded
multimodal distributions, and hence, estimates of ¢ are
not presented here. Estimates of migration rate appeared

Table 2

Estimates of Dates (7) of Y-Chromosome Nodes Derived
from Associated STR variation on Each UEP background via
p estimates (Forster et al. 1996)

Standard
UEP Nodes N p Error T  Bound
M112 Sister clade root 64 14.22° 0.47 69,900 Upper
Minimizing root 64 11.25° 042 55,300 Upper
Hadza versus Sandawe
versus SAK? 25 7.042 0.53 34,600 Upper
M35  Sister clade root 60 6.263° 032 30,800 Upper
Minimizing root 60 5439 030 26,700 Upper
M2 Sister clade root 89 7.402° 029 36,400 Upper
Minimizing root 89 4.256° 022 20,900 Upper

Note.—Bounds refer to divergence time for all study populations that include
individuals with the UEP, unless otherwise specified.

# Date in years assuming a mutation rate of 0.0061 mutations per 11 STR loci
and a 30-year male generation length.

® p estimate based on rooting the UEP network with a sister clade.

¢ Minimum p estimate.

4 Average p for 2 clusters in the M112 network; p indicates the average
number of mutations from SAK, Sandawe, and Hadza haplotypes to the MRCA for
all 3 populations.
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Fic. 8.—Graphical representations of pairwise population estimates of migration and genetic distance. (a¢) Migration rates (from IM analysis)
among the populations (M) are represented by a network, with M < 0.3 not shown, 0.3 < M < 1 indicated with dashed lines, and M > 1 indicated with
a line whose thickness is proportional to the M estimates. (b) Neighbor-joining tree generated from 8p? estimates of population divergence derived from

Y chromosome STR data (Supplementary Table 2).

more robust and are presented in figure 8. Those estimates
indicate low levels of exchange between the 2 Tanzanian
click-speaking groups but relatively high levels of genetic
exchange between each of the click-speaking populations
and the Bantu-speaking populations.

In order to investigate the possibility that the sharing
of an E3a lineage by Hadza and Sandawe reflects gene flow
from Bantu speakers into each of these populations, we
conducted a coalescent-based simulation study, generating
and comparing simulated likelihoods for a range of demo-
graphic models (Pritchard et al. 1999). Table 3 provides
simulated likelihoods given Y chromosome UEP and
STR data for 24 models with varying population divergence
times and migration rates. This analysis allowed us to rule
out the models involving complete isolation of the 3 pop-
ulations, as well as models involving a constant rate of mi-
gration between the populations since divergence. The
models with the highest likelihoods are those involving sep-
aration of the Hadza and Sandawe ~15 kya followed by
recent (last 5 kya) unidirectional gene flow from Bantu-
speaking populations into each click-speaking population.
Note that the small male sample size for the SAK-speaking
population precluded consideration of that population in the
simulated likelihood analysis.

A neighbor-joining tree derived from genetic distances
(8p?) inferred from the Y-STR data is consistent with lin-
guistic relationships in that all Bantu-speaking populations
are united by a single branch as shown in figure 8. Diver-
gence among the click-speaking populations is far higher
than the divergence among the Bantu-speaking popula-
tions, with the branch leading to the SAK-speaking group
particularly long. As observed for mtDNA, the Hadza and
Sandawe cluster more closely with the other Tanzanian
populations than with the SAK-speaking group but are lo-
cated nearer in the tree to the SAK-speaking group relative
to the other Tanzanian populations.

Discussion
Relationships among the Click-Speaking Populations of
Africa

The SAK speakers and the 2 eastern African click-
speaking populations share ancient mtDNA and Y chromo-
some haplogroups; all 3 populations share an ancient Y
chromosome haplogroup (B2b) that is rare elsewhere,
and the SAK speakers and Sandawe share additional an-
cient haplogroups (Y chromosome A-M91, mtDNA L0d)
not found among the Hadza (figs. 3 and 4). Although
the Sandawe have a low frequency of the ancient Y chro-
mosome A-M91 haplogroup, the Sandawe Y chromosomes
belong to the M13-defined subhaplogroup of A present in
other eastern/northeastern African populations rather than
to any of the subhaplogroups of A specific to SAK speakers
(e.g., defined by the M51 or M6 mutations; Underhill et al.
2001; Semino et al. 2002; fig. 4). Additionally, neither the
Hadza nor Sandawe samples include the Y chromosome
B2b subhaplogroups defined by mutations P6 and P7 that
are frequent among the SAK speakers and Pygmy popula-
tions, respectively.

The mt LOd haplogroup, relatively frequent in most
SAK-speaking populations, is present in our Tanzanian
sample at low frequency in the Sandawe and in one indi-
vidual from the neighboring Burunge population, with
whom the Sandawe have exchanged individuals (fig. 3).
The LOd lineages in Tanzania form a monophyletic
subclade (fig. 5) with a Tyrca of 23.4 kya (95% CI
9.4-50.7 kya), suggesting (coupled with monophyly), a
minimum time of population divergence from the SAK-
speaking populations. This estimate is slightly more recent
than that obtained from whole-mtDNA genome sequences
in these same individuals (Tyrca of LOd in Tanzania of
30.6 £ 17.8 kya; Gonder et al. 2007). The Tyrca of the
2 most similar Tanzanian and SAK LOd lineages is
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Table 3
Simulated Likelihoods for a Range of 3-Population Models of Population History

fw Lsim
Model* Ho S° Ho Y Se Y 1. (x107 15y (x10719)¢ Rank
CI 0 0 0 0 0 0 <0.00001 — — —
M1 1 1 1 1 1 1 0.00012 — — —
M2 2 2 2 2 2 2 0.00016 — — —
M3 2 2 0 2 0 2 0.00054 0.010 0.052 8
M4 1 1 0 2 0 2 0.00053 0 0 —
IM5 2 2 0 2 0 2 0.00020 0 0 —
M6 5 5 0 2 0 2 0.00010 — — —
M7 2 2 0 5 0 5 0.00004 — — —
M8 0 0 0 5 0 5 0.00002 — — —
CIRM1 2 2 0 2 0 2 0.00002 — — —
CIRM2 1 1 0 2 0 2 0.00004 — — —
CIRM3 0 0 0 2 0 2 <0.00001 — — —
CIRM4 5 5 0 5 0 5 0.00030 0.040 0.119 6
CIRMS 2 2 0 5 0 5 0.00040 0.088 0.356 3
CIRM6 0 0 0 5 0 5 0.00016 0 0 —
CIRM7" 0 0 0 5 0 5 0.00022 4.460 9.380 1
CIRM&?® 0 0 0 5 0 5 0.00020 0.075 0.151 5
CIRM9 0 2 0 5 0 5 0.00022 0.021 0.046 9
CIRM10 1 1 0 5 0 5 0.00026 0 0 —
CIRM11 0 1 0 5 0 5 0.00014 0 0 —
CIRM/IM1 1 1 0 5 0 5 0.00044 0 0 —
CIRM/IM2 2 2 0 5 0 5 0.00040 0.017 0.068 7
CIRM/IM3 0 1 0 5 0 5 0.00022 0.126 0.279 4
CIRM/IM4 0 2 0 5 0 5 0.00024 0.436 1.050 2

Note.—H, Hadza; S, Sandawe; Y, Bantu-speaking Yoruban population.

# Models are abbreviated as follows: CI, complete isolation of all populations after divergence; IM, isolation followed by continuous migration; CIRM, period of
complete isolation of all populations followed by recent migration among all populations; CIRM/IM, complete isolation of Bantu-speaking population followed by recent
migration into click-speaking populations (3 kya); continuous migration between click-speaking populations.

® Unless otherwise indicated, the population ancestral to H and S split from Y at 60 kya; H and S split at 20 kya. Columns 2—7 indicate migration rate from source

population (left column) to sink population (right column).
¢ Frequency of ascertainment.

4 For a given summary statistic, the frequency of ascertained runs within £10% of the observed statistic.

f Product of £, and f;,.
 Hadza—Sandawe split at 15 kya.
¢ Hadza-Sandawe split at 10 kya.

estimated at ~58 kya, suggesting an upper bound for the
time of population divergence between the SAK speakers
and the Sandawe. Although the presence of LOd in the San-
dawe and SAK establishes a unique connection between
these populations, it is possible that LOd could be a shared
ancestral trait, or symplesiomorphy, rather than a shared,
derived character. This pattern is similar to that observed
for the Y chromosome A-M91 haplogroup. The absence
of the LOd haplogroup in the Hadza suggests a lack of con-
tact and gene flow between the Hadza and the SAK-speak-
ing populations; however, the absence of LOd may also
reflect a recent population bottleneck in the Hadza sug-
gested by demographic data (Blurton Jones et al. 1992). Be-
cause of their antiquity, these haplogroups (mtDNA LOd
and Y chromosome A) provide no evidence of recent ex-
change or recent common ancestry (prior to ~35 kya) of
these southern and eastern African populations.

The point estimates from maximum likelihood ana-
lyses of mtDNA variation indicate more migration be-
tween the Sandawe and SAK-speaking populations than
between the Hadza and SAK speakers (M = 0.32-0.49
for Sandawe, M = 0.02 for Hadza), although the estimated
time of divergence is quite ancient for all pairs of pop-
ulations (r = ~44-50 kya for the Sandawe and 2 SAK-
speaking populations and ~56 kya for the Hadza and each

SAK-speaking population; table 1 and fig. 6). Interestingly,
the neighbor-joining tree inferred from genetic distances
based on Y chromosome data indicates that the Hadza
are more genetically similar to the SAK-speaking group than
are the Sandawe, although the Y chromosome sample is par-
ticularly small for the SAK-speaking population (fig. 8).

Both mtDNA and Y chromosome likelihood analyses
are consistent with a closer genetic relationship between the
Hadza and Sandawe than between either Tanzanian click-
speaking group and the SAK click speakers (figs. 6 and 8).
The mtDNA-based maximum likelihood estimate for the
population divergence time of the Hadza and Sandawe is
21 kya (table 1), similar to the estimate of a divergence
~15 kya from the Y chromosome—simulated likelihood
analysis (table 3). However, estimates of migration rates
between the Hadza and Sandawe for both the mtDNA
and Y chromosome data are quite low compared with other
Tanzanian populations (figs. 6 and 8). Estimates of Tyrca
for specific mtDNA and Y chromosome haplogroups such
as mtDNA L4g and Y chromosome B2b/E3bl* are also
consistent with divergence of the Sandawe and Hadza
>15 kya with very little recent migration.

The genetic data presented here suggest consideration
of 3 scenarios of population history for the 3 click-speaking
groups (fig. 9), none of which reflects the effect of gene
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Fic. 9.—Simplified diagrams of population relationships suggested
by mtDNA and Y chromosome data. Diagrams do not indicate migration
that is estimated to have occurred within the last 5,000 years between
click-speaking and nonclick-speaking populations. SAK, populations
speaking languages classified as belonging to the Southern African
Khoisan language families (see fig. 1); Sw, Sandawe; and Hd, Hadza. (@)
Model in which initial divergence (~35-55 kya) is between the ancestor
of SAK-speaking populations and a population ancestral to both Hadza
and Sandawe. The Hadza and Sandawe diverge ~15-20 kya with little
subsequent genetic exchange. (b) Model in which divergence among
click-speaking populations is so ancient (~35-55 kya) that the sequence
of initial divergence events is uncertain. In both models (@) and (b),
sharing of LOd lineages by Sandawe and SAK speakers may reflect the
loss of this lineage in the Hadza due to genetic drift. After a period of
divergence, Hadza and Sandawe populations come into contact and
experienced gene flow ~15-20 kya and then diverged again with little
subsequent genetic exchange. (¢) Model in which the Sandawe and SAK
share a common ancestor ~35-50 kya. The Hadza originate from
a lineage that diverged from the SAK/Sandawe lineage at least 55 kya,
but came into contact with the Sandawe and experienced gene flow ~ 15—
21 kya, and then diverged with little subsequent genetic exchange.

flow from neighboring populations, discussed below. Our
results (specifically mtDNA MDIV analyses, L4g- and
E3b1-M35%*-based date estimates [Su]z, and simulated like-
lihood analyses for the Y chromosome) are consistent with
the possibility that the SAK speakers diverged from a pop-
ulation ancestral to both Hadza and Sandawe populations
over 35 kya, and then the latter population split to form
the Hadza and Sandawe population lineages ~15-21
kya, with little subsequent gene flow (fig. 9a). The results
are also consistent with scenarios that consider the possibil-
ity of changing rates of migration between the Sandawe and
Hadza, a possibility neglected by the IM analysis models.
For example, the 3 populations may have diverged from
one another >35 kya (where population divergences oc-
curred so close to one another that the events can be sum-
marized as a trifurcation), then the Hadza and Sandawe
came into contact with one another and exchanged alleles
roughly 15-20 kya, with little subsequent gene flow (fig.
9b). In both these scenarios, the mtDNA LOd lineages
would have existed in the populations ancestral to all 3
groups and were lost subsequently in the Hadza. The latter
lineage loss is quite likely given the estimated time depth of
LOd common ancestry between the Sandawe and SAK
(>58 kya) and the likelihood of a recent bottleneck in
the Hadza population (Blurton Jones et al. 1992). Addition-
ally, the observation in a Turkana population from northern
Kenya of an LOd lineage that is phylogenetically close to
the Tanzanian LOd lineages (fig. 5b) suggests that at one
time the LOd haplogroup may have been more widespread
across eastern Africa (Watson et al. 1997). A third possi-
bility (fig. 9¢; consistent with the sharing of the LOd hap-
logroup by the Sandawe and SAK speakers and the IM
analyses for mtDNA) is that the SAK-speaking and San-
dawe populations diverged from one another more recently,
although still >35 kya, than either split from the Hadza
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population (>55 kya). As in model 9b, our estimates of
common ancestry of the Hadza and Sandawe at 15-20
kya may reflect longer term isolation of these 2 populations
with high levels of interaction (gene flow) around 15-20
kya, and little subsequent gene flow. Under this scenario,
either the Sandawe and SAK speakers share the LOd hap-
logroup through a common ancestral population >35 kya
(after separation from the Hadza) or they share the LOd hap-
logroup through a population ancestral to all click-speaking
populations and the LOd haplogroups was lost subsequently
in the Hadza population. These data provide no insight into
whether populations ancestral to present day click-speaking
populations originated in eastern Africa and migrated south,
or vice versa. Although these 3 scenarios (¢—c) differ, par-
ticularly in terms of the nature of the relationship between
the Hadza and Sandawe, under any of the scenarios diver-
gence of these 3 click-speaking populations occurred very
deep in time.

The genetic pattern for the 3 click-speaking groups
corresponds loosely with their geographic distribution,
in that the 2 most geographically proximate populations
(Hadza and Sandawe) are most genetically similar. How-
ever, the divergence time estimates for the 2 Tanzanian
click-speaking populations are remarkably high given their
geographic proximity; despite currently living only ~150
km apart, the Hadza and Sandawe appear to have had very
low levels of genetic exchange for ~15-20 kya. Our data
suggest that the Sandawe and Hadza hunter-gatherer pop-
ulations were isolated prior to the arrival of agriculturalist
and pastoralist populations into Tanzania within the last
4,000 years. The latter finding is consistent with con-
clusions reached by Destro-Bisol, Coia, et al. (2004)
who proposed that western and eastern Pygmy populations
were separated >18 kya, well before the arrival of Bantu-
speaking groups. The difference between the Pygmy and
Tanzanian cases is that the geographic distance separating
the Hadza and Sandawe is far smaller than that separating
the 2 Pygmy populations. Combined, these studies suggest
that hunter-gatherer populations in sub-Saharan Africa
became isolated from one another at some point between
15 and 60 kya, when the region was far more sparsely pop-
ulated than today. A number of factors could have contrib-
uted to isolation of the southern and eastern African click-
speaking groups, including a marked dry period in southern
Africa at the height of the last glacial maximum, ~17-24
kya (Stokes et al. 1997; Lahr and Foley 1998; Mitchell
2002).

Impact of Recent Migration

Phylogeographic analyses of mtDNA and Y chromo-
some lineages indicate recent gene flow between both the
Hadza and Sandawe and their neighboring populations. For
example, we observe mtDNA LOa lineages shared by the
Sandawe and Burunge (fig. 5a), and we observe several
L3 lineages shared by the Hadza and Sukuma (fig. 5d).
We also observe L4g lineages shared by the Hadza and
Datog and other L4g lineages shared by the Sandawe, Turu,
and Burunge (fig. 5d). Given the relatively high haplotype
frequencies of the L4g haplogroup in the Hadza and
Sandawe, it is possible that these lineages originated in
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the Hadza and Sandawe populations and then were intro-
duced via females into the neighboring agriculturalist
and pastoralist populations. By contrast, the Y chromosome
data suggest gene flow from the neighboring groups into the
Hadza/Sandawe (e.g., E3a-M2). For example, the Hadza
and Sandawe populations appear to have absorbed Y chro-
mosome E3a lineages associated with Bantu speakers, and
yet have contributed little in terms of the B2b lineages to
their neighbors (fig. 7). These data suggest the possibility of a
biased migration pattern, with higher female migration from
hunter-gatherer groups into neighboring agriculturalist/
pastoralist populations and higher male migration from agri-
culturalists/pastoralist populations into the hunter-gatherer
populations. This pattern is consistent with other studies
of hunter-gatherer populations in central Africa (Destro-
Bisol, Donati, et al. 2004).

Likelihood analyses of both the mtDNA and Y chro-
mosome data also indicate moderate levels of gene flow be-
tween the Hadza and Sandawe and their neighboring
populations (table 1 and figs. 6 and 8). The Bantu-speaking
populations are known to have had a geographically broad
impact: archaeological remains record the spread of ances-
tors of today’s Bantu-speaking peoples from western Africa
throughout sub-Saharan Africa within the past 4,000 years
(Newman 1995). Both mtDNA and Y chromosome data
have been taken as evidence of the extensive genetic impact
of these migrations (Salas et al. 2002; Destro-Bisol, Coia,
et al. 2004). Indeed, the Hadza and Sandawe have mtDNA
lineages (within L2a, L.3b, L3e haplogroups) as well as Y
chromosome lineages (within the E3a-M2 haplogroup) that
likely reflect recent gene flow from Bantu-speaking popu-
lations into these groups. In addition, simulated likelihood
analysis indicates that the Y chromosome data are consis-
tent with gene flow from Bantu-speaking populations into
both the Hadza and Sandawe population during the last few
thousand years.

The SAK speakers are also likely to have experienced
gene flow from neighboring Bantu-speaking populations.
Barnard (1992) notes that the Khwe have morphological
similarities with Bantu speakers, suggesting gene flow be-
tween these groups at some point in the past. The Jul’hoansi
sampled from the Kalahari Desert have been more isolated,;
previous Y chromosome and mtDNA studies revealed little
admixture with Bantu-speaking populations (Lee 1993;
Underhill et al. 2001). This difference between the
Jul’hoansi and Khwe suggests that SAK-speaking popula-
tions vary in the extent of genetic exchange with neigh-
boring Bantu-speaking populations. Within the last few
thousand years, click-speaking populations of both south-
ern and eastern Africa have been the recipients of gene
flow from neighboring Bantu-, Cushitic-, and/or Nilotic-
speaking populations. Such gene flow may have obscured
the relationships among the click-speaking groups, at least
partially. For example, the mtDNA-based estimate of a low
level of migration (M < 0.40) between the ! Xun/Khwe and
several Tanzanian populations, including the Sandawe
(table 1 and fig. 7), may reflect gene flow from Bantu-
speaking groups into both eastern and southern African
populations.

Despite genetic exchange with neighboring popula-
tions, the Hadza and Sandawe populations each have main-

tained not only their respective click languages but also
indigenous genetic lineages and, in the case of the Hadza,
a hunting and gathering subsistence pattern. The Sandawe
and Hadza are also fairly divergent from each other, espe-
cially in light of their geographic proximity. This genetic
divergence is consistent with their deep linguistic diver-
gence and may reflect greater geographic separation of
the 2 populations in the more distant past.

History of African Click Languages

This study, based on 2 highly informative and inde-
pendently inherited genetic regions (the mtDNA and Y
chromosome), indicates that any connections between
African click-speaking populations, in the form of common
ancestry and/or migration, were quite ancient: >15 kya for
the Sandawe and Hadza and between 35 and 55 kya for the
Sandawe/Hadza and SAK. In addition, the Hadza and
Sandawe are genetically more similar to their Nilotic-,
Cushitic-, and Bantu-speaking neighbors than they are to
the SAK-speaking population. However, they are also
genetically more similar to the SAK speakers than are
any of the other Tanzanian populations (figs. 6 and 8).

The Hadza sample introduced here is larger than, and
largely independent of, the Hadza sample of Knight et al.
(2003). This new Hadza data set supports the previous find-
ing, based on mtDNA and Y chromosome analyses, that the
Hadza are highly divergent from the SAK speakers with no
evidence of genetic exchange over the past 40 kya (Knight
et al. 2003). On the basis of the high level of genetic diver-
gence between the Hadza and SAK speakers, Knight et al.
(2003) concluded that if clicks arose only once, then they
arose tens of thousands of years ago. However, the possi-
bility remained that the Hadza acquired clicks through rel-
atively recent interaction with a neighboring click-speaking
population such as the Sandawe, who had never previously
been studied at the DNA level.

Our analyses of mtDNA and Y chromosome variation
of the Sandawe, and of a larger set of Hadza individuals,
indicate very little recent genetic exchange between the
Hadza and Sandawe or between either of these groups
and the SAK-speaking population. These results are consis-
tent with several scenarios for the relationships among
click-speaking populations, as summarized above and in
figure 9. If populations can influence each other linguisti-
cally without significant genetic exchange, then population
history is not expected to correlate with models of linguistic
history. However, the coupling of linguistic and genetic his-
tory is expected under a demographic—subsistence model of
linguistic and genetic exchange (Renfrew 1992; Cavalli-
Sforza et al. 1994). For example, in well-accepted cases
of click borrowing, the southern African Bantu languages
have borrowed click phonemes and have experienced ac-
companying gene flow from Khoisan populations, reflected
by the presence of the A3b1-M51 haplogroup among the
Zulu and Xhosa (Wood et al. 2005) and the LOd haplogroup
among the Ronga and Tswa (Salas et al. 2002).

If we assume that click phoneme acquisition is un-
likely to have occurred without common ancestry and/or
genetic exchange, then inferences of population genetic
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relationships have implications for linguistic history. Under
any of the population history models described in figure 9, if
clicks arose only once, then they are likely to have arisen over
35 kya. Under model 9c, clicks could have arisen in a popu-
lation ancestral to the Sandawe and SAK, and subsequent ge-
netic and linguistic exchange between the Hadza and
Sandawe, on the order of 15-20 kya, then led to the current
existence of click phonemes in both the Hadza and Sandawe
languages. A second possibility (fig. 9a and ¢), although less
likely given that click languages have arisen only once out-
side of Africa, is that clicks arose twice: once in the ancestral
SAK population and once in the language of either the ances-
tral Sandawe/Hadza (fig. 9a) or Hadza (fig. 9¢) populations
sometime before 15 kya. More recent origins of clicks require
atleast3 independentorigin events in languages of each of the
3 populations. The most parsimonious interpretation of these
data is that click phonemes arose on the order of tens of thou-
sands of years ago in sub-Saharan Africa.

Interestingly, recent linguistic analyses suggest that
the Sandawe language is distantly related to the Khoe (Cen-
tral SAK) language family (Ambrose 1982; Elderkin 1982;
Giildemann and Vossen 2000; Giildemann and Elderkin,
forthcoming). Sharing of the mtDNA LOd haplogroup by
the Sandawe and SAK speakers, as well as maximum likeli-
hood estimates of time of population divergence and migra-
tion based on mtDNA, are consistent with a genetic
connection, albeit deep, between these 2 groups (fig. 9¢).
The model presented in figure 9c is also consistent with lin-
guistic data, indicating that the Hadza language is highly
divergent from both the Sandawe and SAK languages
(fig. 1; Heine and Nurse 2000). Note that the estimated time
of divergence between the Sandawe and SAK based on ge-
netic data, ~35-50 kya, is much older than the time depth at
which most linguists are comfortable making language con-
nections (i.e., <10 kya; Comrie 2000).

In summary, our data indicate that the southern and
eastern African click-speaking populations share relatively
rare Y chromosome and mtDNA haplogroups. However,
our analyses suggest that population divergence and/or ge-
netic exchange among SAK-speaking and eastern African
click-speaking populations was quite ancient (>35 kya).
Even within Tanzania, divergence of click-speaking popu-
lations is inferred to be remarkably old (~15-20 kya),
consistent with linguists’ conclusions (fig. 1) that any rela-
tionship between the Hadza and Sandawe languages is very
deep, if detectable at all.

Supplementary Materials

Supplementary Tables 1 and 2 and Figure 1 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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