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Summary

The ability to digest milk into adulthood, lactase persistence
(LP), as well as specific genetic variants associated with LP,
is heterogeneously distributed in global populations [1-4].
These variants were most likely targets of selection when
some populations converted from hunter-gatherer to pasto-
ralist or farming lifestyles [5-7]. Specific LP polymorphisms
are associated with particular geographic regions and
populations [1-4, 8—10]; however, they have not been exten-
sively studied in southern Africa. We investigate the LP-reg-
ulatory region in 267 individuals from 13 southern African
populations (including descendants of hunter-gatherers,
pastoralists, and agropastoralists), providing the first
comprehensive study of the LP-regulatory region in a large
group of southern Africans. The “East African” LP single-
nucleotide polymorphism (SNP) (14010G>C) was found
at high frequency (>20%) in a strict pastoralist Khoe popu-
lation, the Nama of Namibia, suggesting a connection
to East Africa, whereas the “European” LP SNP (13910C>T)
was found in populations of mixed ancestry. Using
genome-wide data from various African populations, we
identify admixture (13%) in the Nama, from an Afro-Asiatic
group dating to >1,300 years ago, with the remaining fraction
of their genomes being from San hunter-gatherers. We also
find evidence of selection around the LCT gene among
Khoe-speaking groups, and the substantial frequency of
the 14010C variant among the Nama is best explained
by adaptation to digesting milk. These genome-local and
genome-wide results support a model in which an East Afri-
can group brought pastoralist practices to southern Africa
and admixed with local hunter-gatherers to form the ances-
tors of Khoe people.
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Results and Discussion

We sequenced 360 bp of the lactase persistence (LP)-regula-
tory region, encompassing all known LP-regulatory variants
in 267 individuals representing 13 southern African popula-
tions (Table 1, Table S1 available online, Figure 1, and the Sup-
plemental Experimental Procedures). The sample includes
San, Khoe, and Bantu-speaking groups, which historically
occupied southern Africa. The Khoe and San represent the
original inhabitants of the region. Ancestors of current-day
Khoe and San (hereafter referred to collectively as Khoe-San)
diverged at least 100 thousand years ago from the ancestors
of all other current-day humans, although subsequent admix-
ture occurred [11]. Bantu-speaking farmers arrived in the
northern parts of southern Africa 1-2 thousand years ago
[12] and reached the southeastern Cape some 1.3 thousand
years ago (Figure 1). Archaeological traces of domesticated
animals in the southwestern Cape from about 2 thousand
years ago and onward, however, point to an introduction of
pastoralism by Khoe populations. Recent history indicates
that the investigated groups cover diverse subsistence
modes: the San were hunter-gatherers, the Khoe were pasto-
ralists, and the Bantu-speakers practiced pastoralism and
cultivated crops.

LP-Associated Polymorphisms in Southern African
Groups
The single-nucleotide polymorphisms (SNPs) present in the
LP-regulatory region with the greatest allele frequencies
in southern African groups are 13910C>T (rs4988235) and
14010G>C (rs145946881; Table 1, Figure 1, and the Supple-
mental Experimental Procedures). These SNPs were shown
to be directly associated with the LP phenotype, and the
former was found at high frequencies in Europe and the latter
at high frequencies in East Africa [4, 8, 13, 14]. Additionally, we
found a 13913G>C SNP at population frequencies up to 7.5%
(Table 1), which was found in Ethiopian populations, but its
association with LP is unclear [15]. Three additional singleton
SNPs were detected in the region (14156C>A, 14091C>T,
and 13937G>A; Supplemental Discussion). The frequencies
of the observed SNPs vary considerably among the study
groups (Table 1). The 13910C>T allele was found in seven
out of 13 groups. Its frequency is particularly high in the
“Wellington Coloured” (17.5%), a group with mixed ancestry
(people of mixed ancestry in South Africa often use “Coloured”
as self-identification; they have, among others, European an-
cestors [11]). Although 13910C>T is the LP-associated SNP
found in Europe, it was also identified in African groups,
including the nomadic Fulani from Mali [10], Sudan [16], and
Cameroon [9]. The Nama, who show low levels of European
admixture [11, 17], also display a low frequency (6.8%) of the
13910C>T variant. Indeed, once individuals with recent Euro-
pean and Bantu-speaking admixture were removed (based
on whole-genome data; see [11]), the 13910T allele was no
longer present in the remaining Nama sample (Table 1).

The frequency of the “East African” LP variant 14010C varies
from 0% in Bantu-speaking groups to 20% in the Nama (Khoe)
and 22.5% in the Askham Coloured group (Table 1). This
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Table 1. Population Groups and Allele Frequencies of the Three Most Frequent Polymorphisms in the LP-Regulatory Region in Various Southern African

Groups
Individuals with Genome-Wide
All Individuals Sequenced Data (Recently Admixed
for the LP-R lat Region . Indivi Is Remov
ey "2 P gt et Removed
Place of Origin LP-Phenotype
Group Name Main Group (Country)® n 13910T 13913C 14010C Frequency (%)° n 13910T 13913C 14010C
Askham Coloured Coloured (descendants Askham (SA) 20 0.05 0.050 0.225 45 8 - - -
of the #=Khomani,
Nama, and Griqua)
Wellington Coloured Coloured Wellington (SA) 20 0.175 0.000 0.100 45 0o - - -
/Gui and //Gana” San (Khoe speaking) Kutse Game 20 0.000 0.000 0.075 15 7 0.000 0.000 0.071
Reserve (BT)
Ju/’hoansi San Tsumkwe (NM) 20 0.000 0.025 0.025 5 17 0.000 0.029 0.029
Colesberg Coloured Coloured Colesberg (SA) 20 0.050 0.025 0.025 15 0o - - -
Karretjie People San (most likely Colesberg (SA) 20 0.000 0.025 0.100 20 12 0.000 0.042 0.083
descendants of
the /Xam)
#* Khomani San (descendants of Askham (SA) 20 0.025 0.075 0.050 20 9 0.000 0.000 0.11
San and Khoe groups)
Khwe San (Khoe speaking) Caprivi strip and 19 0.000 0.000 0.026 5 17 0.000 0.000 0.029
surrounding regions
(AN, BT, NM)
Manyanga Bantu speakers Luozi (DRC) 11 0.000 0.000 0.000 0 0o - - -
Nama Khoe Windhoek (NM) 22 0.068 0.023 0.205 50 7 0.000 0.071 0.357
Southeastern Bantu  Bantu speakers various (SA) 41 0.024 0.000 0.073 17 19 0.000 0.000 0.079
speakers
—Sotho-Tswana® (16) 0.000 0.000 0.063 (13) (99 0.000 0.000 0.056
-Zulu® (25) 0.040 0.000 0.080 (20) (10) 0.000 0.000 0.100
Herero (southwestern Bantu speakers Windhoek (NM) 14 0.000 0.000 0.000 0 8 0.000 0.000 0.000
Bantu speakers) (Herero)
Xun San region surrounding 20 0.000 0.050 0.050 10 13 0.000 0.077 0.038

Menongue (AN)

See also Tables S1 and S2.

2Country abbreviations are as follows: AN, Angola; BT, Botswana; DRC, Democratic Republic of Congo; NM, Namibia; and SA, South Africa.
The /Gui and //Gana group is a mixed group of San and Bantu-speaking people who had ancestries from both the /Gui and //Gana San groups and the

Kgalagari Bantu-speaking group.

°Phenotype frequencies of LP were calculated from genotype frequencies, and no direct phenotypes were available for this study.

9Sotho-Tswana and Zulu are subgroups of the southeastern Bantu speakers.

variant was originally identified in East Africans from Kenya
and Tanzania [4] and reported at high frequencies (58%)
among the Maasai [7]. In southern Africa, it was found at lower
frequencies in Herero from Angola [18] and Xhosa from South
Africa [19]. We found the 14010C allele in all investigated
groups, including Khoe, San, Coloured, and Bantu speakers.
If we remove recently admixed individuals, the frequency
of the East African allele 14010C increases to 35.7% in the
Nama, who then display the largest population frequency
of this allele among our sample populations (Figure 1 and
Table 1). The allele frequency in the Khoe (represented
by the Nama) is significantly greater than in the San (Fisher’s
exact test: p = 0.0049 [all individuals], p = 0.0013 [recently
admixed individuals removed]), the southeastern Bantu
speakers (p = 0.043 [all individuals], p = 0.025 [recently ad-
mixed individuals removed]), and the southwestern Bantu
speakers (p = 0.010 [all individuals]). The relatively high fre-
quencies observed in the Coloured groups might be due to
their large Khoe ancestry, which is historically well known
[20]. During sampling, Coloured people from Askham reported
themselves to have high incidences of Khoe ancestry (Nama
and Griqua), and this was confirmed genetically [11].

A few southern African populations have been investigated
for LP-phenotype frequencies, including some Khoe-San
groups (Ju/’hoansi and Nama) [21, 22] and southeastern Bantu
speakers [23]. The Nama, a pastoralist Khoe group, were found

to have high levels of LP (50%), in contrast to the Ju/’hoansi, a
San hunter-gatherer group (LP = 10%), and Bantu-speaking
groups (LP = 22%). On the basis of genotype frequencies of
known LP mutations (13910T and 14010C), we calculated pre-
dicted phenotype frequencies (Table 1 and the Supplemental
Experimental Procedures), which were similar to previous
empirical phenotype data of LP [21-23] among the Nama,
Ju/’hoansi, and southeastern Bantu speakers.

Haplotype Background of the LP Variants among Southern
African Individuals

High frequencies of the 14010C variant in some southern
African populations suggest a connection to East African
groups; however, it might also indicate a recurrent mutation.
We merged the sequence data from the LP control region
with SNP data from a genome-wide, very dense SNP data
set [11], targeting 220 individuals in this study. The data were
phased and further merged with phased SNP data from 50
individuals of northwestern European descent (the HapMap
CEU) and 25 individuals from the East African Maasai [24]
(Supplemental Experimental Procedures and Supplemental
Discussion). The gene copies of southern African individuals
that carry the East African LP variant (Figure 2) show the
same haplotype background (stretching some 52 kb) as the
East African Maasai (Figure S1A), which is also supported by
local ancestry estimates of the region (Figure S2). Similarly,
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Figure 1. LP Genotype Frequencies and Human Migrations Connected to the Spread of Pastoralist Practices to Southern Africa

The pie charts display the allele frequencies of the three most frequent LP-associated variants in the LP-regulatory region in various groups of southern
Africans (the pie charts display the frequencies after removal of recently admixed individuals; see Table 1 for full display of allele frequencies).

the gene copies of southern African individuals that carry the
European LP variant display the same haplotype background
as Europeans (Figures S1B and S1C). Therefore, the 13910T
variant was most likely introduced among southern Africans
through recent admixture with European colonists, whereas
the 14010G variant was likely introduced by gene flow from
East Africans to the Khoe.

East African Connections and Characterization of

Admixture Events Based on Whole-Genome Data

To detect admixture from East Africans in various Khoe-San
populations, we used a formal test of admixture (three-popu-
lation f test [25]) on genome-wide SNP data (produced in [11]
and [26]; Supplemental Experimental Procedures). The great-
est support (low f values and highly significant Z scores) for
admixture from an East African group into various Khoe-San
groups was observed for the Khwe (but note the complex
ancestry of this group [11]), followed by the Nama; both are
Khoe-speaking groups (Table S3). The f test supported East
African admixture into the Nama with various East African
groups (Maasai, Afar, Amhara, and Tigray) used in conjunc-
tion with the Ju’/hoansi as parental populations. All Khoe-
San groups have indications of East African admixture,
except the Ju’/hoansi. Using a model-based approach of
painting a population history allowing admixture (Treemix
[27]), we confirm the finding of a specific East African
admixture component in the Nama, distinct from potential
Bantu-speaking and European contributions (Supplemental
Discussion and Figure S4). This evidence of widespread
East African admixture into Khoe-San groups explains the
fact that the East African LP variant 14010C was recorded in

all Khoe-San groups and that it was particularly high in the
Nama (Table 1).

We further investigated the genome-wide East African
contribution in the Nama by estimating admixture proportions
[28] and population stratification (principal component analysis
[29, 30]; Supplemental Discussion and Figure S5) in a large
collection of East African [26] and southern African populations
[11] (Table S4). Several African groups with specific geograph-
ical ranges stand out as having distinct genetic ancestry
(Figures 3 and S3), i.e., southern African Khoe-San (red), central
African Pygmys (gray), and Niger-Congo groups with West
African ancestry (light blue). There are also three more specif-
ically East African components: green, yellow, and blue. The
green component most likely corresponds to the “Ethiopian-
specific” component described in [26]. The two remaining
components are interlocked, but the yellow component seems
associated to Afro-Asiatic groups, whereas the blue is more
dominant in Nilo-Saharan groups. The three East African-spe-
cific components are present in several Khoe-San groups and
are the largest in the Nama (13% in total).

Of the different East African components, the Afro-Asiatic
component is largest in the Nama (11%); other components
contribute less (1.1% each). The East African ancestry
does not exceed 6% in the other southern African groups.
To better characterize the potential admixture event be-
tween the Nama and an East African group, we compared
the “Ethiopian-specific/Afro-Asiatic,” “Ethiopian-specific/
Nilo-Saharan,” and “Afro-Asiatic/Nilo-Saharan” ratios for the
Nama and the different East African groups (assuming that
admixture occurred with a single East African group and that
past East Africa populations are represented by contemporary
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Chromosome 2 positions

Figure 2. Display of Haplotypes over a 54.6 kb Region of Chromosome 2, Showing a Haplotype Block Surrounding the East African LP Variant

All individuals that carry at least one copy of the East African variant, 14010C, at position 136,608,746 on chromosome 2 were extracted. The haplotypes
were sorted according to the variant they contain at position 136,608,746. The top sequence shows the major allele in the Nama population. Variants that

differ from the Nama consensus sequence are shown red, while variants identical to the Nama consensus sequence are shown in blue for every SNP. The y
axis displays the population group of the individual haplotypes and the x axis shows the SNP position on chromosome 2. The East African LP variant is

highlighted in green on the x axis. A green block outlines the common haplotype background associated with the East African LP variant. See also Figure S1

(for inclusion of the Maasai haplotypes) and Figure S2.
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Figure 3. Genetic Clustering Analysis

(A) Clustering of 766 individuals (based on 233,363 SNPs) assuming 11 clusters (see Figure S3 for additional choices of clusters).
(B) Zoomed-in view of southern African populations that were sequenced for the LP-regulatory region.

See also Figures S3-S5 and Table S4.

groups). The best match to the ratios of the East African
components (considering five to 11 allowed clusters) in the
Nama was found for three Ethiopian groups, the Afar, Amhara,
and Tigray. These populations originate from northern
Ethiopia, speaking Afro-Asiatic languages from the Cushitic
and Semetic divisions, and the Afar are traditionally pastoral-
ists. Khoe ancestors probably admixed with a group related
to and/or ancestral to these populations. The comparison of
the ratios were similar among Askham Coloured and # Kho-
mani, which is consistent with a first admixture event involving
Khoe and an East African group, and subsequent gene flow
among Khoe-San groups (accordant with low frequencies of
the East African LP variant among all Khoe-San).

We furthermore estimated the date of East African admix-
ture into the Nama using patterns of linkage disequilibrium
decay [25] (Table S3). With the Maasai and Ju/’hoansi as
potential parental populations to the Nama, we obtain an
admixture date of 39.4 generations ago (1,143 years ago, SE
74 years, assuming 29 years per generation). If we use the
Afar, Amhara, and Tigray (albeit for a data set containing fewer
SNPs), admixture dates were somewhat older (around 43 gen-
erations and 1,255 years ago). The date of 39-43 generations is
distinctly older than the estimated 7-24 generations (Table S3)
of the inferred admixture events between Bantu speakers and
Khoe-San. Furthermore, small amounts of Bantu-speaking
admixture into the Nama and/or the East African parental pop-
ulation(s) will reduce the estimated time of admixture for the
East African component in the Nama such that the true admix-
ture time could be somewhat older than ~1.3 thousand years
ago. In addition, continuous East African gene flow (after the
initial event) into the Nama would also yield an underestimation
of the first admixture time.

These admixture-time estimates are more recent than
archeological evidence of livestock in southern Africa. The
earliest goat bones in central Namibia date to 2190 + 40 before
present (BP) and 2270 =+ 40 BP [31]. There were sheep in north-
ern Namaqualand (South Africa) by 1625 = 25 BP [32], and
possibly by 2105 = 65 BP [33]. In the southern Cape, sheep
were present at Blombos Cave by 1960 + 50 BP, the earliest
evidence of domesticated animals in the southernmost
regions of Africa [34].

Our estimated admixture dates of humans associated with
pastoralism fit well with an archaeological hypothesis [35] sug-
gesting that early evidence of domesticated animals in south-
western Africa represents hunter-gatherers with sheep and/or
goats, rather than full-scale pastoralism. According to this
scenario, hunter-gatherers obtained livestock through cultural
diffusion and a gift-giving system, but were not pastoralists in
the strict sense. The pastoralist lifeway of the Khoe probably
only developed later, possibly after infiltration by an East African
group around 1.3 thousand years ago [35]. This infiltration
changed pottery styles, and, subsequently, more robust and
frequent evidence of pastoralism appeared in the southern
African archeological record [35]. The later date agrees well
with our estimated time of admixture (but the genetically esti-
mated admixture time could be downwardly biased; see above).

Selection on LP Variants in Southern African Populations

A selective advantage of being LP in societies whose members
consume fresh milk from domestic animals is evident [3, 4],
and LP-associated variants were under strong positive selec-
tion in some groups, displaying one of the strongest selection
signals in the human genome [5-7]. In the southern African
groups, we found evidence of selection at the LCT region
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in the Nama (enrichment of extreme integrated haplotype
score values [iHS] [36]: p = 0.035), Khwe (p = 0.013), and /Gui
and //Gana (p = 0.019) (Supplemental Experimental Proce-
dures and Figure S6); all three groups are Khoe-speaking
groups (Tables 1 and S1). The signal, however, is distinctly
weaker than in, e.g., the Maasai [5], which is possibly related
to the shorter time of pastoralism in southern Africa compared
to East Africa [12].

Given a frequency of 57.8% of the 14010C allele in the
Maasai [4] and the 13% East African admixture fraction in
the Nama, the expected frequency of the 14010C allele in the
Nama is 7.5%. The observed frequency of the 14010C allele
in the Nama is much greater: 35%, with recently admixed indi-
viduals removed. We investigated whether the observed high
frequency of 14010C in the Nama sample could be explained
by genetic drift alone, but found this to be highly unlikely (Sup-
plemental Discussion). We also estimated the selection coeffi-
cient necessary to explain the fast increase in the frequency of
14010C since the admixture event, finding it comparable to
estimates for particular East African populations [4] (Supple-
mental Discussion and Figure S7). Cumulatively, the data
are best explained by a scenario in which adaptation to LP
occurred both among East African groups (prior to southward
migration) and in the Nama (after admixture with incoming East
Africans).

An Afro-Asiatic East African Group Brought Pastoralism to
Southern Africa

The introduction of pastoralism to southern Africais vigorously
debated, and our study assists in deciphering the processes. It
is widely accepted that pastoralism spread from North to East
Africa, and later to southern Africa [12, 35]. Europeans, who
reached the Cape of Good Hope in the 1600s, encountered
hunter-gatherers (San) and various pastoralist groups (Khoe)
[12, 20, 35]. Several hypotheses aim to explain how the Khoe
developed pastoralism. These range from the demic-diffusion
model (in which an East African or another external group with
livestock migrated south and were the ancestors of the Khoe)
to the cultural-diffusion model (in which indigenous southern
African hunter-gatherers adopted a pastoralist lifestyle, e.g.,
through a gift-giving system). Arguments for both scenarios
(and several intermediary variations) are drawn from archaeo-
logical and linguistic records [12, 31, 32, 35, 37, 38], as well as
opinions that Bantu speakers brought cattle herding to the an-
cestors of the Khoe [39]. However, recent discovery of a cow
horn core at an archaeological site in the western Cape, South
Africa, dated to >1.6 thousand years ago [32], makes it too old
to have been introduced by Bantu speakers.

In Africa, genetic variants associated to LP are mainly found
in pastoralist populations; therefore, study of LP-associated
variants in different groups helps to generate knowledge about
past relationships [18, 19]. We demonstrate that the East
African LP variant is present at greater frequencies in tradition-
ally pastoralist Khoe groups, here represented by the Nama,
compared to San hunter-gatherers and Bantu-speaking
farmers. The haplotype background for the East African LP
variant in southern Africans was the same as the East African
haplotype background. The presence of the East African LP
variant in the Khoe suggests an admixture event, probably
associated with the spread of pastoralism into southern Africa.
This hypothesis is supported by analyses of genome-wide
data that detect a 13% admixture fraction (most similar to
East African Afro-Asiatic groups) in the Nama. Given the small
but significant East African genetic component in the Nama, an

exclusive cultural- or demic-diffusion model seems unlikely.
Our results support an interpretation of a small group of
Afro-Asiatic pastoralists from East Africa who migrated to
southern Africa where they became assimilated by a local
San hunter-gatherer group. This group adopted a pastoralist
lifestyle and was the ancestors of the Khoe. Thus—consistent
with some linguistic hypotheses on the origin of the Khoe lan-
guages [37] and with Y chromosome haplogroup similarities
[40]—our analyses of the LCT region and genome-wide data
among southern Africans show that the pastoralist Khoe orig-
inate from a San group that adopted pastoralism, with intro-
gression from an East African Afro-Asiatic group that migrated
south prior to ~1.3 thousand years ago.
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