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REPORT
Ancient Substructure in Early mtDNA
Lineages of Southern Africa
Chiara Barbieri,1,7,* Mário Vicente,3,4 Jorge Rocha,4,5 Sununguko W. Mpoloka,6 Mark Stoneking,2
and Brigitte Pakendorf1,8
Among the deepest-rooting clades in the human mitochondrial DNA (mtDNA) phylogeny are the haplogroups defined as L0d and L0k,
which are found primarily in southern Africa. These lineages are typically present at high frequency in the so-called Khoisan populations
of hunter-gatherers and herders who speak non-Bantu languages, and the early divergence of these lineages led to the hypothesis of
ancient genetic substructure in Africa. Here we update the phylogeny of the basal haplogroups L0d and L0k with 500 full mtDNA
genome sequences from 45 southern African Khoisan and Bantu-speaking populations. We find previously unreported subhaplogroups
and greatly extend the amount of variation and time-depth of most of the known subhaplogroups. Our major finding is the definition of
two ancient sublineages of L0k (L0k1b and L0k2) that are present almost exclusively in Bantu-speaking populations from Zambia; the
presence of such relic haplogroups in Bantu speakers is most probably due to contact with ancestral pre-Bantu populations that harbored
different lineages than those found in extant Khoisan. We suggest that although these populations went extinct after the immigration of
the Bantu-speaking populations, some traces of their haplogroup composition survived through incorporation into the gene pool of the
immigrants. Our findings thus provide evidence for deep genetic substructure in southern Africa prior to the Bantu expansion that is not
represented in extant Khoisan populations.

Sub-Saharan Africa harbors the deepest-rooting lineages of
human mitochondrial DNA (mtDNA), in agreement with
an African origin of modern humans supported by both
fossil and genetic evidence.1–4 Several studies concurred
in placing the root of the mtDNA phylogeny in the
southern half of the continent,5–7 and two deep-rooting
clades of this phylogeny—haplogroups L0d and L0k—
have been unanimously associated with so-called Khoisan
populations.6–9 The generic term ‘‘Khoisan’’ covers huntergatherer and pastoralist populations of southern Africa
who speak non-Bantu indigenous languages and share
some linguistic features (one of the most characteristic
being the heavy use of click consonants in their languages); however, these similarities might be the effect of
contact.10 Haplogroups L0d and L0k are present nearly
exclusively in Khoisan populations and neighboring
Bantu-speaking populations that have been in documented close contact with them;11–14 the only known
exceptions are sporadic occurrences of haplogroup L0d
in East Africa (e.g., in the Sandawe from Tanzania)7 and
in an individual from Yemen6 as well as an individual
from Kuwait6 who belongs to haplogroup L0k. Specialists
recognize three independent language families among
Khoisan, namely Tuu, Kx’a, and Khoe-Kwadi,15–17 which
are spoken by a large number of different ethnolinguistic
groups comprising both foragers and pastoralists. The
forager populations of the central Kalahari, who speak
languages belonging to the Tuu and Kx’a families, are

assumed to be the descendants of autochthonous Late
Stone Age populations, whereas the Khoe-Kwadi languages
may have been brought to the area by pastoralist populations around 2,000 years ago.18–20 The populations
speaking Bantu languages, in contrast, are known for
their expansion over almost half the African continent
and are associated with the concomitant spread of the
Bantu language family, an agricultural lifestyle, and iron
technology.3,21,22 Archeological data suggest that they
may have reached southern Africa not earlier than 2,000–
1,200 years ago,3,23,24 where they met populations who
were probably ancestral to current Khoisan populations.
The most recent comprehensive study that focused on
the deepest-rooting lineages of the mtDNA phylogeny
was undertaken by Behar et al.,6 who analyzed a total
of 624 full mtDNA sequences belonging to haplogroup
L*(xM,N). Although this was the first substantial collection
of complete mtDNA genome sequences from Africa, some
limitations arose from the inclusion of a large number of
sequences from diverse published sources that were not
always of high quality; furthermore, for some sequences
the source population or the country of origin was not
clearly specified. Nevertheless, the sequences considered
in that study still represent the vast majority of the haplogroup L*(xM,N) data set included in the most recent
version of Phylotree (Build 15, September 201225), a comprehensive database of mtDNA genome sequences that is
periodically updated when more data become available.
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It thus represents the most accessible resource for studying
mtDNA variation and is a widely used reference for mtDNA
nomenclature.26
Behar et al.6 focused particularly on the root of the
phylogeny, i.e., the age and variability of the Khoisanspecific haplogroups L0d and L0k, with the aim of investigating the most likely model of origin and isolation of
Khoisan populations. With their data they were able to
suggest a time frame for the dispersal of the main lineages
and the split of Khoisan and other modern humans, which
they dated not later than 90 thousand years ago (kya);
furthermore, they suggested that the early human settlement of Africa was matrilineally structured. These hypotheses are relevant for the interpretation of early human
demography and evolution; however, their results were
substantially limited by the fact that only one ethnolinguistically undefined ‘‘Khoisan’’ sample of 38 individuals was
included, thereby missing the potentially immense variability of the different ethnolinguistic populations subsumed under the generalized label Khoisan. In addition,
only 30 sequences from haplogroup L0d and 7 from L0k
were included, representing only a small and probably
incomplete fraction of the overall variation in these
haplogroups.
We here report analyses of 500 mtDNA genome
sequences belonging to haplogroups L0d and L0k, of
which 15 have already been published in Barbieri et al.,14
leading to a more than 10-fold increase in the available
complete mtDNA genome sequences from southern Africa
(Phylotree ver. 1525). With this rich data set, we aim to
elucidate the phylogenetic relationships, the patterns of
diversity, and the distribution of these relatively understudied haplogroups that represent some of the deepestrooting lineages in the maternal phylogeny of modern
humans. The broader data set from which the subset of
L0d and L0k sequences was chosen consists of mtDNA
genome sequences generated from saliva samples collected
in Botswana, Namibia, Zambia, and Angola after prior
approval by the relevant institutional review boards and
with the consent of the donors after the aims of the
study had been explained to them with the help of local
translators, where necessary. Details of the samples have
been described elsewhere.11,27,28 The sequence data set
analyzed here comprises 45 ethnolinguistic groups, who
speak Khoisan languages belonging to all three accepted
language families as well as different Bantu languages;
individuals were assigned to populations on the basis
of the ethnic affiliation of their maternal grandmother
(Table S1 available online).
Libraries enriched for mtDNA29,30 were sequenced on
the Illumina GAIIx platform, resulting in an average 400fold coverage. Sequences were manually checked with
BioEdit and read alignments were screened with ma31
to exclude alignment errors and confirm indels. The
two poly-C regions (np 303–315, 16,183–16,194) were
excluded from the analysis. To minimize the impact
of missing data, we applied imputation and resolved

unknown positions by comparison to at least two otherwise identical haplotypes in the data set. Before imputation, 74 sequences included positions with missing data;
after imputation, only 26 sequences still had missing positions. In the final alignment, 32 positions were left with an
unknown nucleotide call (26 of which corresponded to
polymorphic sites) and were excluded from the analyses
(see Table S2 for a list of the excluded positions). Basic haplogroups were defined with the web tool Haplogrep.26
Mutations that did not fit the overall phylogeny were
checked manually in the read alignments to exclude the
possibility of erroneous base calls. Although we took into
account published data on the frequency of haplogroups
L0d and L0k, only the 500 sequences that were generated
with the same technology and from individuals for
whom we know the place of sampling and ethnicity were
included in the phylogenetic analyses. We did not include
previously published sequences, because they do not add
substantial information to our analysis and often pose
problems because of missing positions6 or missing
ethnolinguistic information. The only exceptions are the
L0k2 sequence from Yemen6 and the six L0d3 sequences
from South Africa, Kuwait,6 and Tanzania,5 which we
included to clarify the structure in L0k and L0d3 discussed
below.
First, we compared the frequency and distribution of
haplogroups L0d and L0k in our data set and in the
available literature (where in most cases haplogroups
were assigned based on partial mtDNA sequence variation
and/or RFLP typing; cf. Table S1 and Figure S1 for details)
and plotted the frequencies of each haplogroup (Figures
1A and 1B) with the software Surfer ver. 10.4.799 (Golden
Software). The maps show a concentration of both L0d
and L0k in the southern part of the continent, with L0d
present in high frequency in populations from South
Africa, Namibia, and Botswana, and sporadically (<5%)
in some populations of Zambia, Mozambique, and Angola,
as well as in the Sandawe from Tanzania. The highest
frequencies (90%–100%) are found in Khoisan foragers of
central Botswana, as well as in South African populations
with Khoisan ancestry.32,33 In general, other studies did
not distinguish between L0d and L0k as typical ‘‘Khoisan’’
lineages; and yet, interestingly, the distribution of haplogroup L0k is far more restricted than that of L0d, with
a maximum frequency of 33% in the !Xuun foragers of
Namibia; it is also found in frequencies >10% in several
populations of foragers in Botswana and Namibia who
speak languages belonging to all three Khoisan linguistic
families (see Table S1), as well as in the Bantu-speaking
Fwe from southwestern Zambia.
We next reconstructed a phylogeny of the L0d and L0k
mtDNA genome sequences from the most probable tree
out of 10 million MCMC chains with BEAST (v1.7.234)
and identified the mutations defining different branches
by viewing the aligned sequences in BioEdit in comparison
to the Reconstructed Sapiens Reference Sequence (RSRS35).
The node branches were dated with the mutation rate of
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Figure 1. Surfer Maps Displaying the Spatial Distribution of Haplogroup Frequencies
Dots indicate sample locations.
(A) Haplogroup L0d.
(B) Haplogroup L0k. Note that the scale in (B) is different from that in (A).
(C) Presence of haplogroups L0k1b and L0k2 in southern Africa (large black dots). The actual sampling location of one Topnaar
Nama individual with haplogroup L0k1b is shown here; in (A) and (B) this individual was included with the general Nama population
sample.

1.26 3 108 for the coding region only,36 which makes our
estimates comparable to those from Behar et al.6 The
complete tree of sequences showing mutations that characterize the major branches is available in the Supplemental Data (Figure S2); further discussion of some of
these mutations is found in Table S3. Figure 2 summarizes
the tree topology and the TMRCA of lineages, with confidence intervals indicated for the major nodes.
The tree coalesces 145 kya (95% C.I.: 118–179 kya), corresponding to the time of split between L0d and L0k.
From the topology of the tree, different sublineages can
be distinguished for both the L0d and L0k haplogroups.
For L0d, three main branches (L0d3, L0d1, and L0d2) separate around 95 kya (95% C.I.: 79–121 kya), whereas L0k
splits into L0k1 and L0k2 approximately 40 kya (95%
C.I.: 28–53 kya). The first branch of L0d is the uncommon
L0d3, which is found in a population with South African
Khoisan ancestry (Karretjie People) at 13% and in a Coloured population at 10%,32 as well as being attested in
one undefined Khoi and one individual from Kuwait6
and three Sandawe and one Burunge from Tanzania (our
identification, based on sequences from Gonder et al.5).
In our data set, it is found in only five individuals (two
Nama and one Haijjom, who speak Khoe languages, and
two Kgalagadi, who speak a Bantu language). As can be
seen from the tree (Figure 2), L0d3 splits into two branches
(L0d3a and L0d3b) 45 kya (95% C.I.: 30–61 kya), with
eight mutations defining L0d3b (Figure S2 and Table S3).
Interestingly, this split reflects geographic substructure:
L0d3a is restricted to East Africa and the Middle East, being
found in the individuals from Kuwait and Tanzania, and

L0d3b is restricted to southern Africa, being found in
the five individuals of our data set plus the Khoi sequence
published by Behar et al.6
L0d1 is the most common subhaplogroup: it is present
in all Khoisan populations, all Bantu-speaking populations
of our data set from Botswana and Namibia, and a few
individuals from Bantu-speaking populations of Zambia
and Angola. It coalesces approximately 55 kya (95% C.I.:
44–68 kya) and comprises two branches, of which the
first includes haplogroups L0d1a and L0d1c. L0d1a is a
monophyletic clade; however, two sites, namely T199C
and C16266A, previously assumed to define this clade,
pose problems for reconstructing the history of mutations
(see Table S3 for details).
In L0d1c, substantial variation emerges from our expanded data set that pushes the coalescence date back
to 32 kya (95% C.I.: 24–41 kya), 10 ky older than previously estimated.6 A low posterior probability is associated
with the first nodes; these are represented by paraphyletic
clades that are characterized by a large number of private
mutations. In addition to the paraphyletic clades, L0d1c
contains two monophyletic clades. The first is the previously attested L0d1c1, which is defined by only two of
the mutations previously associated with it (Figure S2
and Table S3). The second monophyletic clade in L0d1c,
which we here define as L0d1c2a, is represented by six
haplotypes and supported by four mutations (Figure S2).
The second basal branch of L0d1 is subhaplogroup
L0d1b, which coalesces approximately 45 kya (95% C.I.:
35–56 kya) and is thus 10 ky older than previously estimated.6 As shown by our data, this is characterized by
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Figure 2. Simplified Tree Topology for
the Major Lineages of L0d and L0k, Based
on Coding Region Sequences and with
Time Scale Indicated
Previously undetected branches are
labeled in bold font; when a previously reported branch is renamed, the old label is
given in brackets. Confidence intervals
for the TMRCA of the major nodes are
indicated by vertical bars. The red shading
highlights the time span that was associated with the deterioration of climate in
the central Kalahari area.

only one mutation, T3618C, splitting immediately into
several subhaplogroups. Because the haplogroup previously labeled L0d1b1 is only the second of three hierarchical splits, the nomenclature is revised as follows: we
propose to assign the label L0d1b1 to the first branch,
which is characterized by four mutations (Figure S2). This
is followed by a branch that we label L0d1b2, which is
defined by several of the mutations previously assigned
to L0d1b (Figure S2). This splits into L0d1b2a—represented
by a monophyletic clade labeled in the latest version of
Phylotree (ver. 1525) as L0d1b2—and L0d1b2b, which
was previously defined as L0d1b1 and again contains two
subclades: L0d1b2b1 and L0d1b2b2 (Figure 2).
Haplogroup L0d2, which coalesces around 65 kya (95%
C.I.: 52–78 kya), is less common than L0d1 and is found
at frequencies >10% only in populations from Botswana
(mainly Khoisan foragers, but also the Bantu-speaking
Tswana and Kgalagadi) and in the pastoralist Nama and
forager Haijjom of Namibia (Table S1). With our data the
diversity of this part of the tree is substantially increased:
the earliest splits appear almost simultaneously, and we
are unable to cleanly resolve the phylogeny (with a very
low posterior probability for each of the nodes). From these
splits arise four monophyletic clades: the previously
defined L0d2a, L0d2b, and L0d2c, as well as a previously
unreported branch that we here define as L0d2d. Although
the clade previously defined as L0d2c is not changed by
our data, subhaplogroup L0d2a is much more diverse
than previously known, as is also reflected by our TMRCA
estimate of approximately 40 ky (95% C.I.: 30–54 kya)
versus the previous estimate of 9 ky.6 Some of the mutations
previously thought to be characteristic of L0d2a actually
define a subclade of L0d2a (Figure S2), which we here call
L0d2a1, whereas the branch previously called L0d2a1 is
shown to be a subclade of L0d2a1 and is therefore correspondingly labeled L0d2a1a (Figure 2). Two further previously undetected branches emerge from our data: L0d2a2,
a sister clade of L0d2a1, and the very divergent subclade
of L0d2 mentioned above, which we here define as L0d2d.

L0k separated from L0d approximately 145 kya (95% C.I.: 118–179
kya) and has a TMRCA of approximately 40 ky (95% C.I.: 28–53 kya).
The majority of L0k lineages can be
unambiguously assigned to the branch previously defined
as L0k1;6 however, with our expanded data set we are now
able to identify variation within L0k1, which consists of
two sister clades: L0k1a (proposed in the latest version of
Phylotree based on a sequence from Barbieri et al.14) and
L0k1b (defined here), which we find in four individuals
of our data set (Figure 2). Haplogroup L0k2 had previously
been found in only one ethnolinguistically undefined
individual from Yemen;6 in our data set, nine individuals
from Bantu-speaking populations of Zambia and northeast
Botswana belong to this haplogroup (Table S1).
The branching structure of the mtDNA phylogeny may
have been shaped by events of climate change occurring
at different periods in southern Africa. Thus, the deep splits
in haplogroups L0k, L0d1b2, and L0d1c and the diversification of haplogroups L0d1a, L0d1b1, and L0d2c, which
all happened approximately 30–40 kya, might be associated with the deterioration of climate in the central
Kalahari area ~35–27 kya.37 The aridification of this area,
which was partly concurrent with a milder and more moist
climate in the Eastern Cape,38 would have led to the
dispersal of foragers to more suitable environments, with
the subsequent separation and isolation of populations
leading to the diversification of the mtDNA tree. Conversely, the shallow branches of L0k1a, L0d1c1, and
L0d2a1a (Figure S2), which started to diversify 15–10 kya,
suggest population expansions that may be associated
with the postglacial amelioration of the climate and
concomitant environmental diversification.39 Such expansions are also visible in the Bayesian Skyline Plots generated with BEAST34 (Figure S3): thus, L0k shows a signal
of expansion at ~5 kya and L0d1 and L0d2 expand ~3–4
kya. Archeological evidence suggests an increase in population size beginning approximately 14 kya that peaked
~4 ky,18 in good accordance with the genetic evidence.
The separation between L0k1a, L0k1b, and L0k2 is
particularly evident from a network (Figure 3), where
different patterns of diversity characterize the three haplogroups: whereas L0k1a has short branches and shows
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Figure 3.

MJ-Network of L0k Based on Full Sequences

signals of expansion in its star-like pattern, L0k1b and
especially L0k2 are composed of long separate branches
and unique haplotypes that might represent the remains
of an ancient and richer diversity. Although L0k was previously tentatively associated with a relatively late immigration of pastoralist Khoe populations rather than with
central Kalahari foragers,40 our more comprehensive data
demonstrate that this haplogroup, together with L0d, is
in fact characteristic of the central Khoisan genetic profile,
being absent only from South Africa. Seventy sequences
are identified as belonging to L0k1a, coming predominantly from the Khoisan populations of Botswana (plus
the Khoe-speaking Haijjom of Namibia) that also carry
high frequencies of L0d1. In contrast, the distribution of
L0k1b and L0k2 is highly restricted, being found only in
the northern range of the L0d/L0k distribution, predominantly in Zambia (Figure 1C). Interestingly, and in contrast
to L0k1a, L0k1b and L0k2 are found almost exclusively in
Bantu-speaking populations (Figure 3; Table S1), who probably acquired it after contact with Khoisan groups; the
only exceptions are an individual from Yemen with L0k2
and a Topnaar Nama (speaking a Khoe language) with
L0k1b.
The near-exclusive presence of L0k1b and L0k2
haplotypes in Bantu-speaking populations rather than in
Khoisan groups requires an explanation. The early separation from L0k1a of L0k2 (almost 40 kya) and L0k1b
(around 30 kya) and the absence of recent diversification
and branching might in principle suggest a very ancient
incorporation into Bantu-speaking populations and subsequent isolation of these relic haplotypes. However, because
there is no evidence for people speaking Bantu languages
in southern Africa before 2,200 years ago,3 and because
L0k is not found in the place of origin of the ancestors of
the Bantu-speaking populations in western and central
Africa,41,42 the contact between Khoisan and Bantu is
unlikely to predate this period.
There are two possible alternative explanations. (1)
These L0k1b and L0k2 lineages were incorporated into
the Bantu-speaking populations through contact with
now-extinct populations whose mtDNA haplogroup composition differed from that found in extant Khoisan groups

in that they possessed the divergent L0k types. (2) The
ancestors of extant Khoisan populations did possess the
divergent L0k types and thus contributed them to Bantuspeaking populations (along with L0d and L0k1a lineages),
but the haplogroup composition of the ancestral Khoisan
groups was subsequently affected by drift, leading to the
loss of L0k1b and L0k2.
We investigated these two alternative scenarios by
assessing the probability that L0k1b and L0k2 would be
lost from a Khoisan population by drift while being
retained in Bantu-speaking populations after incorporation through contact. To do this, we assumed a relatively
small effective population size for the Khoisan foragers,
who throughout their history have lived in small nomadic
bands,18,43 and a 10- to 100-fold higher effective population size for the Bantu-speaking food-producing groups.
We simulated the variation in frequency of L0k1b/L0k2
for both the Khoisan and the Bantu virtual populations
under three scenarios: (1) assuming Ne ¼ 50 for Khoisan
and Ne ¼ 5,000 for Bantu speakers; (2) assuming Ne ¼
100 for Khoisan and Ne ¼ 1,000 for Bantu speakers; and
(3) assuming Ne ¼ 1,000 for Khoisan and Ne ¼ 10,000 for
Bantu speakers. All the tests were iterated 10,000 times
over 71 generations (about 2,000 years assuming 28 years
per generation44), and the final haplogroup composition
was checked in a random sample of 30 individuals from
each population.
First we evaluated the likelihood of losing L0k1b/L0k2
for a range of initial frequencies of L0k1b/L0k2 in Khoisan
(Table 1). The probability of losing L0k1b/L0k2 in the
Khoisan is at least 95% for initial frequencies of not more
than 3% for Ne ¼ 50, 1.5% for Ne ¼ 100, and 0.3% for
Ne ¼ 1,000. We next investigated the minimum amount
of unidirectional migration from the Khoisan population
necessary to ensure the presence of L0k1b/L0k2 in Bantuspeaking populations in more than 5% of the 10,000 simulated cases (Table 2). To do so, we chose three initial
frequencies of L0k1b/L0k2 from Table 1 for Ne ¼ 50,
Ne ¼ 100, and Ne ¼ 1,000 that resulted in loss in more
than 90% of the simulations, and we created hypothetical
ancestral Khoisan populations carrying those frequencies;
the rest of the population was assumed to carry other
Khoisan haplogroups (i.e., L0d or L0k1a). Finally, we determined the frequency of Khoisan haplogroups other than
L0k1b/L0k2 in the Bantu population after 71 generations
(Table 2).
Overall, the results of these analyses indicate that there
is a high probability of loss of L0k1b/L0k2 lineages in
ancestral Khoisan populations if their initial frequency
was not more than 1.5% (for Ne ¼ 100, Table 1). With
this initial frequency, a Bantu-speaking population with
Ne ¼ 1,000 could have retained the L0k1b/L0k2 lineages
with a migration rate of 0.012 (Table 2). However, with
this migration rate we would expect to find other Khoisan
haplogroups (L0d or L0k1a) at a frequency of at least 57%
in extant Bantu-speaking populations—and yet the frequency of L0d/L0k1a haplogroups in the Bantu-speaking
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Table 1. Values of the Initial Frequency of L0k1b/L0k2 in the Simulated Khoisan Population with Associated Probabilities of Losing Them
after 71 Generations, Based on 10,000 Iterations
Initial Frequency of L0k1b/L0k2 in Khoisan
0.05

0.03

0.02

0.015

0.01

0.006

0.005

0.004

0.003

0.002

Ne ¼ 50

93.3

96.3

96.9

100

100

100

100

100

100

100

Ne ¼ 100

86

91.4

94.1

97.2

97.2

100

100

100

100

100

Ne ¼ 1,000

45

63.4

74.3

80

85.8

91.9

92.9

94.3

95.4

97

Three hypothetical cases are considered, with an Ne for Khoisan of 50, 100, and 1,000. Probabilities are expressed in percent.

populations with L0k1b/L0k2 haplotypes is significantly
lower in all cases (chi-square test p values < 0.05 for all
Bantu-speaking populations). The scenario based on an
Ne of 1,000 for Khoisan (Tables 1 and 2) appears even
more unlikely. Here the maximum frequency of L0k1b/
L0k2 in the ancestral Khoisan population that could be
lost by drift with a probability >95% is 0.3% (Table 1);
a migration rate of 0.023 is needed in order to retain
L0k1b/L0k2 haplogroups in the Bantu-speaking group,
which would in turn lead to the incorporation of at least
87% other Khoisan haplogroups (Table 2). The only
scenario that would lead to an incorporation of L0d/
L0k1a in the Bantu-speaking immigrants compatible
with the observed values are that of a Khoisan population
of size 50 in contact with a Bantu-speaking population of
size 5,000. In this case, if the initial frequency of L0k1b/
L0k2 in the Khoisan group was 3%, it could have been
incorporated into the Bantu-speaking population with
a migration rate of 0.002 and subsequently been lost by
drift in the Khoisan group. With such a migration rate,
one would expect to find 13% other Khoisan haplogroups
in the Bantu speakers, a value compatible with what is
found in the Bantu-speaking populations carrying the
divergent L0k lineages (Table S1). However, this scenario
is based on an implausibly small Ne for the ancestral
Khoisan population—because even though these foraging
groups live in small bands, the bands are in contact with
each other and exchange marriage partners.43 This ethnographic evidence in favor of a larger effective population
size in Khoisan is supported by Bayesian Skyline plots for
individual Khoisan populations, which show consistent
population sizes of at least 1,000 (data not shown).

Overall, the results of this analysis indicate that it is
very unlikely that the highly divergent L0k1b/L0k2 lineages were incorporated into the Bantu-speaking populations via gene flow from a population that was ancestral
to a Khoisan population in our sample but subsequently
lost from the Khoisan population via drift. Instead, these
results support the hypothesis that the ancestors of the
Bantu-speaking populations carrying the divergent L0k
lineages (who now live mainly in Zambia) experienced
gene flow from a pre-Bantu population that is nowadays
extinct. Alternatively, it is possible that descendants from
this pre-Bantu population do exist but have not yet been
included in population genetic studies; however, our extensive sampling of populations from Botswana, Namibia,
and West Zambia (which includes representatives of nearly
all known Khoisan groups) makes it highly unlikely that
this pre-Bantu Khoisan population has not yet been
sampled. Our data thus indicate the existence of considerable genetic substructure in southern Africa prior to the
Bantu expansion (cf. Barbieri et al.14) that is not represented in Khoisan groups today. Unfortunately, individuals from the relevant geographic areas have not yet
been included in studies of autosomal DNA variation,
making it impossible to assess the overall impact of this
substructure on modern genetic diversity in southern
Africa. However, from existing Y chromosomal data it
appears that the admixture between the pre-Bantu autochthonous groups and the Bantu-speaking immigrants was
restricted to the maternal line: the Y chromosome haplogroups found in the Zambian populations included
here are not distinct from other sub-Saharan African
groups.27 These findings highlight the importance of

Table 2. Migration Rates from Khoisan into Bantu Required to Retain L0k1b/L0k2 in Bantu with a Probability of at Least 5% over 10,000
Iterations, and Corresponding Estimates of the Frequency of Other ‘‘Khoisan’’ Haplogroups Retained in the Bantu
Khoisan Ne ¼ 50, Bantu
Ne ¼ 5,000

Khoisan Ne ¼ 100, Bantu
Ne ¼ 1,000

Khoisan Ne ¼ 1,000, Bantu
Ne ¼ 10,000

Initial frequency of L0k1b/L0k2
in Khoisan

0.05

0.03

0.02

0.03

0.02

0.015

0.004

0.003

0.002

Minimum migration rate

0.001

0.002

0.0025

0.0015

0.003

0.012

0.01

0.023

–a

Frequency of other ‘‘Khoisan
haplogroups’’

5%

13%

18%

13%

18%

57%

55%

87%

ND

a
The migration rate necessary to incorporate L0k1b/L0k2 into the Bantu-speaking group would be higher than 0.1, so the number of migrants would be larger
than the Ne of the Khoisan population.
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investigating in more detail other relic haplogroups in
more regions of sub-Saharan Africa that might testify to
a wider genetic variation in the cradle of modern humans.
In conclusion, with this extensive data set of L0d and
L0k sequences, we considerably increase our knowledge
of the variation in these basal haplogroups. Our results
concerning the geographic and genetic structure within
haplogroups L0d and L0k reveal interesting patterns.
Whereas L0d1 is common to all the Khoisan populations
of our data set and in published sources,6,7,32,33 L0d2 and
L0k show a restricted distribution. The presence of divergent L0k haplotypes in populations speaking Bantu
languages and their absence from Khoisan populations
indicates that it will be possible to learn more about the
prehistoric distribution of southern African pre-Bantu
peoples by studying Bantu-speaking populations. Several
promising areas of southern Africa have yet to be sampled
in detail, most notably Zimbabwe, Malawi, and parts of
South Africa, Zambia, and Angola; with the retrieval of
genetic data from populations located in these areas, we
should be able to gain a more complete picture of the
genetic variation in southern Africa and better understand
the ancient genetic structure.
Supplemental Data
Supplemental Data include three figures and three tables and can
be found with this article online at http://www.cell.com/AJHG/.
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Ciências Biológicas, Lda., and by the Portuguese Ministry for
Science, Technology and Higher Education through PhD grant
SFRH/BDE/51828/2012.
Received: October 22, 2012
Revised: November 29, 2012
Accepted: December 19, 2012
Published: January 17, 2013

Web Resources
The URLs for data presented herein are as follows:
BioEdit Software, http://www.mbio.ncsu.edu/BioEdit/bioedit.html
GenBank, http://www.ncbi.nlm.nih.gov/genbank/
HaploGrep, http://haplogrep.uibk.ac.at/
Phylotree, http://www.phylotree.org/

Accession Numbers
The GenBank accession numbers for the 485 sequences reported
in this paper are KC345764–KC346248.

References
1. Campbell, M.C., and Tishkoff, S.A. (2010). The evolution of
human genetic and phenotypic variation in Africa. Curr.
Biol. 20, R166–R173.
2. Blum, M.G.B., and Jakobsson, M. (2011). Deep divergences of
human gene trees and models of human origins. Mol. Biol.
Evol. 28, 889–898.
3. Phillipson, D.W. (2005). African Archaeology (Cambridge:
Cambridge University Press).
4. Tattersall, I. (2009). Out of Africa: modern human origins
special feature: human origins: out of Africa. Proc. Natl.
Acad. Sci. USA 106, 16018–16021.
5. Gonder, M.K., Mortensen, H.M., Reed, F.A., de Sousa, A.,
and Tishkoff, S.A. (2007). Whole-mtDNA genome sequence
analysis of ancient African lineages. Mol. Biol. Evol. 24,
757–768.
6. Behar, D.M., Villems, R., Soodyall, H., Blue-Smith, J., Pereira, L.,
Metspalu, E., Scozzari, R., Makkan, H., Tzur, S., Comas, D.,
et al.; Genographic Consortium. (2008). The dawn of human
matrilineal diversity. Am. J. Hum. Genet. 82, 1130–1140.
7. Tishkoff, S.A., Gonder, M.K., Henn, B.M., Mortensen, H.,
Knight, A., Gignoux, C., Fernandopulle, N., Lema, G., Nyambo,
T.B., Ramakrishnan, U., et al. (2007). History of click-speaking
populations of Africa inferred from mtDNA and Y chromosome
genetic variation. Mol. Biol. Evol. 24, 2180–2195.
8. Chen, Y.S., Olckers, A., Schurr, T.G., Kogelnik, A.M., Huoponen, K., and Wallace, D.C. (2000). mtDNA variation in the
South African Kung and Khwe-and their genetic relationships
to other African populations. Am. J. Hum. Genet. 66, 1362–
1383.
9. Knight, A., Underhill, P.A., Mortensen, H.M., Zhivotovsky,
L.A., Lin, A.A., Henn, B.M., Louis, D., Ruhlen, M., and Mountain, J.L. (2003). African Y chromosome and mtDNA divergence provides insight into the history of click languages.
Curr. Biol. 13, 464–473.
10. Güldemann, T. (1997). The Kalahari basin as an object of areal
typology: A first approach. In Language, Identity and Conceptualization among the Khoisan, M. Schladt, ed. (Köln: Rüdiger
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