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ABSTRACT East Africa (EA) has witnessed pivotal
steps in the history of human evolution. Due to its high
environmental and cultural variability, and to the long-
term human presence there, the genetic structure of mod-
ern EA populations is one of the most complicated puzzles
in human diversity worldwide. Similarly, the widespread
Afro-Asiatic (AA) linguistic phylum reaches its highest
levels of internal differentiation in EA. To disentangle
this complex ethno-linguistic pattern, we studied mtDNA
variability in 1,671 individuals (452 of which were newly
typed) from 30 EA populations and compared our data
with those from 40 populations (2970 individuals) from
Central and Northern Africa and the Levant, affiliated to
the AA phylum. The genetic structure of the studied pop-
ulations—explored using spatial Principal Component
Analysis and Model-based clustering—turned out to be
composed of four clusters, each with different geographic

distribution and/or linguistic affiliation, and signaling dif-
ferent population events in the history of the region. One
cluster is widespread in Ethiopia, where it is associated
with different AA-speaking populations, and shows
shared ancestry with Semitic-speaking groups from
Yemen and Egypt and AA-Chadic-speaking groups
from Central Africa. Two clusters included populations
from Southern Ethiopia, Kenya and Tanzania. Despite
high and recent gene-flow (Bantu, Nilo-Saharan pastoral-
ists), one of them is associated with a more ancient
AA-Cushitic stratum. Most North-African and Levantine
populations (AA-Berber, AA-Semitic) were grouped in a
fourth and more differentiated cluster. We therefore con-
clude that EA genetic variability, although heavily
influenced by migration processes, conserves traces of
more ancient strata. Am J Phys Anthropol 000:000–000,
2013. VVC 2013 Wiley Periodicals, Inc.

Populations from East Africa (EA) are one of the most
compelling puzzles in human diversity worldwide, both
from a genetic and a linguistic perspective. In light of
the long-term hominid occupation attested by the local
fossil record, the Horn of Africa is very likely to have
had a major role in the emergence of anatomically mod-
ern humans. Furthermore it is one of the most probable
gateways for Eurasian colonization by Homo sapiens.
However, EA complexity could also be the result of more
recent events. Ethiopia, for instance, has been involved
in a broad net of people movements that extends from
the Levant and Arabian Peninsula—via the Bab-el-Man-
deb strait—to Central Africa and the Chad Basin—via
the Sahel and Southern Sahara (Kivisild et al., 2004;
Cerný et al., 2007; 2009; Tishkoff et al., 2009; Cruciani
et al., 2010; Musilova et al., 2011; Pagani et al., 2012).
Southwards, the area approximately comprised between
Kenya, Tanzania, Uganda and Sudan was affected by
Bantu expansions and gene flow from Nilo-Saharan-
speaking pastoralists starting from �3,000 years before
present (Castrı̀ et al., 2008, 2009; Tishkoff et al., 2009;
de Filippo et al., 2011; Gomes et al., 2010). Northwards,
the Nile basin has been a privileged way of access to
North-Eastern Africa for Neolithic technological innova-
tions (i.e., pastoralism and agriculture) (Newman, 1995).
Language diversity in EA fits well with its complicated

genetic history. In Fleming words, ‘‘Ethiopia by itself has
more languages than all of Europe, even counting all the
so-called dialects of the Romance family’’ (Fleming, 2006).
All African linguistic phyla are found in EA: Afro-Asiatic

(AA), Nilo-Saharan, Niger-Congo and Khoisan (however,
the genealogical unit of Khoisan is no longer generally
accepted). Among them, AA is the most differentiated,
being represented by three (Omotic, Cushitic, Semitic) of
its six major clades (the others being Chadic, Berber and
Egyptian). Omotic and Cushitic are considered the deep-
est clades of AA, and both are found almost exclusively
in the Horn of Africa, along with the linguistic relict
Ongota that is traditionally assigned to the Cushitic
family but whose classification is still widely debated
(Fleming, 2006). These observations are in agreement
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with a North-Eastern African origin of the AA lan-
guages, most probably in pre-Neolithic times (Ehret,
1979, 1995; Kitchen et al., 2009). The main contender to
the African hypothesis is the farming-language dispersal
theory (Diamond and Bellwood, 2003), according to
which AA languages originated in the Levant and spread
in Africa after the Neolithic revolution, along with agri-
culture and cattle rising. However, this view might con-
trast with evidence for a local development of farming
packages in East Africa such as the Ethiopian ensete, tef
and coffee (Phillipson, 1998). Despite the fact that rela-
tionships between linguistics and genetics are often elu-
sive, the fact that both languages and genes are influ-
enced by the same kind of evolutionary factors, together
with the correlations between genetic and linguistic vari-
ation that were observed in several studies, make the
use of linguistic affiliations a reasonable way of grouping
populations for genetic studies (Scheinfeldt et al., 2010).
This research therefore aims to provide a better

knowledge of the mitochondrial genetic structure of
populations from EA by taking in consideration both
geography and linguistics. More precisely, we are trying
to address the following questions: first, is the mtDNA
genetic structure of EA more related to geography or
linguistics? Second, does the East African high genetic
diversity have recent (\3,000 years before present) or
ancient origins? Third, from a molecular perspective,
which of the two hypotheses about the AA origin is more
plausible? To answer all these questions, we have inves-
tigated mtDNA variability in individuals belonging to
three AA linguistic families (Omotic, Cushitic, Semitic)
and two linguistic phyla (Nilo-Saharan, Niger-Congo).
We decided not to take into consideration EA Khoisan-
speakers, which would behave both as linguistic and
genetic outliers in our sample, potentially flattening the
diversity observed within AA populations. In addition,
these populations are not relevant to the specific pur-
poses of this study. Moreover, in order to better explore
the genetic relationships among AA speakers, samples
from the Chad basin (Chadic family), North Africa
(Berber and Semitic families) and Levant (Semitic fam-
ily) are included in our analyses, reaching a total of
4,641 EA and AA samples. Materials include 452 HVS-I
unpublished sequences from nine populations settled in
EA, among which individuals speaking the little known
– from the genetic perspective – AA-Omotic family
(Dawro Konta, Hamer) and of the controversial AA
Ongota language.

MATERIALS AND METHODS

Population samples and locations

Buccal swabs were collected from 167 Ethiopian and
285 Kenyan unrelated apparently healthy individuals
belonging to nine ethnic groups and two linguistic phyla:
Dawro-Konta (137, AA-Omotic), Hamer (11, AA-Omotic),
Ongota (19, AA-Cushitic), Rendille (17, AA-Cushitic),
Elmolo (52, AA-Cushitic), Luo (49, Nilo-Saharan), Maasai
(81, Nilo-Saharan), Samburu (35, Nilo-Saharan) and
Turkana (51, Nilo-Saharan). Their geographic location,
linguistic affiliation, census size and subsistence patterns
are detailed in Table 1. Census sizes greatly vary between
groups, spanning from Kenyan Luo, who exceed
4,000,000, to Elmolo and Ongota, whose sizes are around
700 and only 89, respectively. Not surprisingly, languages
spoken by these groups are nowadays almost extinct,
Elmolo having shifted to Samburu (Nilo-Saharan) and
Ongota to Tsamai (AA-Cushitic). All the considered
groups are basically patrilineal and clan systems and/or
age-grade institutions of governance are widespread,
coupled with exogamy (marriage outside clan) and poly-
gyny, with varying degrees of intensity. For instance,
Dawro-Konta people have a very strong clan system,
while this is less important among Turkana. As for sub-
sistence patterns, seminomadic pastoralism is frequent in
the Lake Turkana area (Turkana, Samburu, Rendille) as
well as among Maasai from Kenya. An important excep-
tion is represented by Elmolo, who are mainly fishermen
(but formerly they were pastoralists, too). Dawro-Konta
and Hamer from Ethiopia are agro-pastoralists (with an
emphasis on the first term for Dawro-Konta, vice versa
for Hamer). Ongota are the only case of hunter-gatherers.
Ethnic origin, birthplace and up-to-grandfathers maternal
and paternal pedigrees of all individuals were ascertained
by oral interview performed in collaboration with local
consultants. The collection of biological samples was per-
formed during several expeditions conducted from 1999 to
2010. Written ethical approval for the use of samples
from Kenya in this study was provided by the ethics com-
mittee of the University of Bologna (record of 2 March
2011; hard copies are available upon request). Samples
from Ethiopia were procured in 2007 (Dawro-Konta) and
2010 (Hamer, Ongota) with individual informed consent
and following the ethical guidelines stipulated by the
research institutions involved in this project. The confi-
dentiality of personal information for each participant to
the study was assured.

TABLE 1. List of the sampled ethnic groups from Ethiopia and Kenya with their geographic location, linguistic affiliation, approxi-
mate census size and subsistence patterns

Population Code
Sample
Size

Approximate
Census size Country

Language
affiliation Long. Lat.

Subsistence
Patterns

Dawro-Konta 37 137 259,633 Ethiopia AA-Omotic 37.16676 7.08454 Agro-pastoralists
Ongota 38 19 89 Ethiopia AA-Cushitic 36.98167 4.83278 Hunter-gatherers,

small-scale agriculture
Hamer 39 11 42,466 Ethiopia AA-Omotic 36.48333 4.96667 Agro-pastoralists
Rendille 40 17 34,700 Kenya AA-Cushitic 37.46613 2.80588 Seminomadic pastoralists
Elmolo 41 52 700 Kenya AA-Cushitic 36.71906 2.74827 Fishing
Luo 42 49 4,270,000 Kenya Nilo-Saharan 34.4751 -0.53832 Agro-pastoralists, fishing
Maasai 43 81 590,000 Kenya Nilo-Saharan 36.85089 0.70036 Seminomadic pastoralists
Samburu 44 35 174,000 Kenya Nilo-Saharan 37.06512 1.25783 Seminomadic pastoralists
Turkana 45 51 451,000 Kenya Nilo-Saharan 35.11231 4.46691 Seminomadic pastoralists

Census size information was extracted from the ethnologue web site (www.ethnologue.com).
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Reference data from EA include 1,219 HVS-I sequen-
ces from individuals belonging to 21 different ethnic
groups. A further set of 2,970 HVS-I sequences from
North Africa (NA) (1,600), Central Africa (CA) (275) and
the Levant (1,095) was established in order to explore
the genetic variability of AA-speakers outside EA. The
complete reference dataset includes 4,641 HVS-I sequen-
ces from 79 different populations. Geographic locations
and linguistic affiliations of each of the considered
groups are detailed in Supplementary Table 1.

HVS-I sequencing

DNA was extracted by means of a salting out modified
protocol (Miller et al., 1988). mtDNA variability was
investigated with a focus on the first hypervariable seg-
ment (HVS-I), by sequencing a total of 360 base pairs
(bp), encompassing nucleotide positions from 16,024 to
16,383.
Polymerase chain reaction (PCR) of the HVS-I region

was performed in a T-Gradient Thermocycler (Whatman
Biometra, Gottingen, Germany) using L15996 and
H16401 primers and following the standard protocol
(Vigilant et al., 1991). PCR products were purified by
ExoSap-IT1 (USB Corporation, Cleveland, OH) and
sequenced on an ABI Prism 3730 Genetic Analyzer
(Applied Biosystem), using a Big-Dye1 Terminator v1.1
Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA), according to the manufacturer’s instructions and
with the aforementioned primers. To reduce ambiguities
in sequence determination the forward and reverse pri-
mers were used to sequence both strands of HVS-I.
Sequences were then aligned to the reference sequence
(Anderson et al., 1981; Andrews et al., 1999) using the
DNA Alignment Software 1.3.0.1 (http://www.fluxusengi-
neering.com/align.htm).
To ensure data quality, all sequences were aligned and

edited by two researchers independently. The final con-
sensus sequence was then generated by comparing the
two independent results. No ambiguities were found.
In order to fit our data with the most updated mtDNA

phylogeny (PhyloTree build 15; van Oven, 2009), haplo-
type motifs were obtained comparing sequences with
both the Cambridge Reference Sequence (CRS) and the
new Reconstructed Sapiens Reference Sequence (RSRS,
Behar et al. 2012). Both CRS- and RSRS-based haplo-
types, as well as the corresponding haplogroups, are
detailed in Supporting Information Table 2. For compari-
son purposes, we used the level of phylogenetic resolu-
tion adopted in Poloni et al. (2009).

Statistical methods

All following analyses are based on haplotypes and nu-
cleotide differences among haplotypes are taken into
account.
Nucleotide diversity and Analysis of Molecular Variance

(AMOVA) were calculated using the software Arlequin 3.5
(Excoffier and Lischer, 2010). A Non-Metric Multi-Dimen-
sional Scaling bi-dimensional plot of the examined popu-
lations was obtained calculating Nei’s distance (Nei, 1972)
and using the function isoMDS implemented in the R
software package MASS (Cox and Cox, 2001; Venables
and Ripley, 2002; R Development Core Team, 2008).
Relationships between geographic coordinates of the

populations and genetic variation (HVS-I allelic frequen-
cies) were explored by means of a spatial Principal

Component Analysis (sPCA) performed using the R soft-
ware package adegenet (Jombart, 2008; Jombart et al.,
2008; R Development Core Team, 2008). Differently from
classic PCA, where eigenvalues are calculated by maxi-
mizing variance of the data, in sPCA eigenvalues are
obtained maximizing the product of variance and spatial
autocorrelation (Moran’s I index). In order to include
spatial information in the analysis, we used a weighting
procedure based on a Delaunay connection network.
Eigenvalues obtained by sPCA are both positive and
negative, depending from Moran’s I positive or negative
values. The most informative components are those iden-
tified by eigenvalues with the highest absolute values.
Large positive components correspond to global structures
(i.e., cline-like structures), whereas large negative compo-
nents correspond to local structures (i.e., marked genetic
differentiation among neighbors). Only scores from the
most informative components (up to �80% of the sum of
the eigenvalues absolute values) were retained. Therefore,
we excluded from downstream analyses those components
that convey scarce spatial information and low variance.
A Model Based Clustering algorithm, as implemented in
the Mclust function included in the R software Mclust
package (Fraley and Raftery, 2002; 2006), was then
applied to sPCA scores. Mclust explores a set of ten differ-
ent models for Expectation-Maximization (EM) – each
characterized by a different parameterization of the
covariance matrix – and for different number of clusters
and chooses the best one according to the highest Bayes-
ian Information Criterion (BIC). The output includes the
parameters of the maximum-BIC model and the corre-
sponding classification (i.e., affiliation of each population
to one of the inferred clusters).
An independent evaluation of membership probabil-

ities for each population to the Mclust-inferred clusters
was obtained by means of Discriminant Analysis of
Principal Components (DAPC). It is important to note
that a certain population – attributed by the above
sPCA-Mclust procedure to a certain cluster – not neces-
sarily has its highest DAPC-based membership probabil-
ity for the same cluster. Actually, DAPC membership
probabilities are here used as indicators of how clear-cut
genetic clusters are. Accordingly, low values can be inter-
preted as evidence of admixture with populations from
other clusters. The DAPC method (Jombart et al., 2010)
aims to describe the diversity between pre-defined
groups of observations. Analyses were performed using
the R software adegenet package (Jombart 2008; R
Development Core Team 2008). Despite being designed
to investigate individual genetic data, the method can be
easily adapted to population data (and in general to all
kinds of tabular data). Briefly, the DAPC procedure
consists of two steps. First, original data (e.g., allele fre-
quencies) are centered and submitted to a PCA. Second,
the retained PCs are passed to a Linear Discriminant
Analysis. As a result, discriminant functions are con-
structed as linear combinations of the original variables
which have the largest between-group variance and the
smallest within-group variance. Membership probabil-
ities are based on the retained discriminant functions.
Concerning the first step, it is important to observe that
retaining too many PCs with respect to the number of
populations can lead to over-fitting the discriminant
functions, meaning that membership probabilities may
become drastically inflated for the best-fitting cluster,
resulting in apparent perfect discrimination. The optimal
number of retained PCs is evaluated calculating the
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a-score, which is the difference between the proportion of
successful reassignment of the analysis (observed dis-
crimination) and values obtained using random groups
(random discrimination). The procedure relies on repeat-
ing DAPC with different randomized groups (the default
setting is ten) for different numbers of retained PCs. The
‘best’ number of retained PCs is the one that optimizes
the mean a-score (i.e., the closest to one). The same prob-
lem would hold also for the second step, e.g., the number
of retained discriminant functions. In our case, given
that the number of inspected clusters is low (three), all
the discriminant functions were retained.
Surface plots of nucleotide diversity in Africa and the

Levant and macro-haplogroup frequencies in EA were
obtained with the software Surfer 8 (Golden Software,
Golden, CO).
The BayeSSC software (Excoffier et al., 2000; Ander-

son et al., 2005) was used to perform coalescent simula-
tions of multiple sets of HVS-I mtDNA sequences
assuming different demographic scenarios. Simulation
sets were used to test the following hypotheses: (1)
whether the high genetic EA nucleotide diversity is
mainly the result of recent (from �3,000 YBP) or more
ancient events; (2) whether mtDNA results are consist-
ent with an EA origin of AA or with a Levantine one.
In both cases, we considered 25 years generations,
HVS-I substitution rate of 1.64723 3 1027 mutations
per nucleotide per year (Soares et al., 2009), a Kimura
2-Parameter model with Gamma correction of 0.4 and a
transition/transversion bias of 0.91 (Poloni et al., 2009).
For hypothesis (1), we proceeded as follows. We simu-
lated four populations corresponding to the four clus-
ters (A, B1, B2, C; see Results) identified using the
above described method (sPCA, Mclust); sample sizes
are equal to the number of individuals affiliated to each
cluster. As a basic demographic model, we assumed
three African Sub-Saharan populations (A, B1, B2)
splitting from each other �5,000 generations ago
(�125,000 YBP; Garrigan et al., 2007). Experiments
with higher values did not yield significant changes in
results (not shown). For these clusters we assumed a
constant population size. A fourth population (C)—sim-
ulating a Levantine/North African cluster—was
assumed to split from A 2,400 generations ago (�60,000
YBP) according to a bottleneck scenario (followed by
re-expansion) compatible with the parameter space esti-
mated by Gravel et al. (2011). Effective population sizes
were introduced in the model as prior uniform distribu-
tions varying between 1,500 and 6,500. Within this
model, we tested four scenarios with different degrees
of population mobility: (a) no migrations (only popula-
tion splits); (b) instant gene flow (33%) at 120 genera-
tions ago (�3,000 YBP) following the direction C ? A
? B1 ? B2; (c) continuous gene flow from 120 genera-
tions ago to the present (migration matrix based on
mean DAPC membership probabilities per cluster); (d)
sum of (b) and (c). For each of the four tested scenarios,
we performed 2,000,000 preliminary simulations in
BayeSSC. Simulated nucleotide diversity values were
further processed for calculating most likely estimates
(MLE) of model parameters (population effective sizes)
using Approximate Bayesian Computation and retain-
ing the best 5% simulations (Beaumont, 2008). A second
set of 100,000 simulations per scenario was run based
on MLE. Finally, we calculated AIC (Akaike Informa-
tion Criterion) for each scenario by comparing simu-
lated and observed nucleotide diversity values.

Simulations for hypothesis 2 assume substantial identity
between genes and language evolution processes. In other
words, these experiments may be read as a mean to under-
stand if mtDNA variability is able to distinguish between
two different scenarios (EA or Levantine origin of AA) in a
fully idealized case. We simulated 200 HVS-I sequences
equally shared between two populations—representing EA
and the Levant—evolving independently from a common
proto-AA-speaking ancestor. Based on results from prece-
dent simulations, effective population sizes were set to
2,000 and 1,000, respectively, while we assumed a constant
population size. We tested two scenarios: (a) EA origin of
AA with split between the two populations at 480 genera-
tions ago (�12,000 YBP), (b) Levantine origin of AA with
split between the two populations at 200 generations ago
(�5,000 YBP). 100,000 simulations per scenario were run
and empiric distributions for standard genetic parameters
(haplotype diversity, nucleotide diversity, Tajima’s D) and
Nei’s distance were compared.

RESULTS

Nucleotide diversity in the whole dataset (Supporting
Information Table 1) varies between 0.0115 6 0.0064
(Libyan Tuareg, 22) and 0.0305 6 0.0156 (Datoga, 55),
the mean being 0.0206. Values higher than the third
quartile of the empiric distribution (0.0244) are found
almost exclusively in EA, the only exception being a
Chadic-speaking population from CA (Hide, 73). The
highest values are observed in Kenya and Tanzania,
with a decreasing gradient moving towards NA and the
Levant (Supporting Information Fig. 1).
As a first overview of mtDNA genetic landscape in the

considered populations, we performed a MDS analysis
(Fig. 1). Results show that Levantine populations are

Fig. 1. Non-Metric MDS representation of the 79 examined
populations. The plot is rotated right by 908 to better fit the rep-
resentation with geographic coordinates. Ethiopian samples are
enclosed by the dashed-dotted line. Nilo-Saharan and Niger-
Congo groups from Kenya are represented by black bordered
symbols. Labels in the plot indicate the position of outlier popu-
lations (ON: Ongota, IR: Iraqw). Stress value is lower than the
cutoff threshold according to Sturrock and Rocha, 2000 (38.8%
for two dimensions and 79 objects).
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separated from EA ones along the first dimension, while
the second dimension highlights a West-East gradient.
Berber and Semitic groups from NA are undistinguish-
able from the mtDNA point of view, being interspersed
between each other. Chadic-speaking populations from
CA form a tight and fairly homogeneous group. On the
contrary, EA populations show a remarkable degree of
variability. Among them, Cushitic speakers are particu-
larly heterogeneous, sometimes behaving as outgroups
(Ongota, 38; Iraqw, 53). Groups from Ethiopia fall in the
center of the plot (dashed-dotted line), behaving like a
bridge between the Levant, NA and EA. Nilo-Saharan
and Niger-Congo samples from Kenya form a homogene-
ous cluster.
sPCA and Mclust analyses were performed at two dif-

ferent geographic scales: (a) on the whole African and
Levantine dataset (including all AA-speaking popula-
tions); (b) on populations from EA.
In the first case, after having performed sPCA on

allelic frequencies data, we retained the first three global
sPCs, explaining respectively 73.30%, 10.17%, and 4.37%
of the sum of the absolute values of eigenvalues, for a
total of 87.83%. sPC scores were fed to Mclust, that set-
tled (as a best model) to an ellipsoidal model with equal
shape (VEV) and three clusters (Supporting Information
Fig. 2a). Figure 2a shows the geographic distribution of
the three inferred clusters (A, B, C).
Cluster A (green) is frequent in EA, mostly in Ethio-

pia, and in CA. Interestingly, one Yemenite and two
Egyptian populations are included in this cluster. Clus-
ter B (black) occupies a relatively tighter area, spanning
from Tanzania to Southern Ethiopia. From a linguistic
point of view, cluster B includes non-AA speakers
(namely Nilo-Saharan and Niger-Congo), as well as AA-
Cushitic and Omotic speakers. Cluster C (blue) collects

populations from NA and the Levant. From a linguistic
point of view, these populations are affiliated to AA-Se-
mitic and AA-Berber families.
The corresponding membership probabilities were

calculated using DAPC and retaining eight principal
components. Results are detailed in Supplementary
Table 1. Cluster C shows the highest mean membership
probability (0.897 6 0.003); individual lowest values are
found in a group from Tunisia (14), one from Yemen (59)
and two from Saudi Arabia (64, 65). All of them show
relevant contributions from cluster A, which can be
interpreted as traces of probably recent events of admix-
ture. Mean membership probability in cluster A is 0.810
6 0.007. It includes two Egyptian populations (25 and
26) that show evidence of admixture with cluster C.
Cluster B is characterized by the lowest mean member-
ship probability (0.773 6 0.015); accordingly, great part
of its populations show evidence of admixture with other
clusters, most notably with A (in particular 28, 33, 39,
40, 44, 57).
Focusing on EA, and including one population from

Yemen (58, cluster A), we retained four sPCs encompass-
ing for 59.32%, 8.23%, 5.40% and 4.82%, respectively, of
the sum of the absolute values of eigenvalues, for a total
of 77.77%. In that case, Mclust found that the best model
was a diagonal, equal shape (VEI) with three clusters
(Supporting Information Fig. 2b). As for the geographic
location of the clusters, (Fig. 2b) we observe that the
‘green’ cluster coincides exactly with the EA distribution
of cluster A, hence we maintain the same label. More
interestingly, cluster B from previous analysis here
diverges in two groups, which we call clusters B1 and
B2. Cluster B2 (dark red) shows a discontinuous
geographic pattern, being divided into a northern portion
– located on the border between Ethiopia and Kenya –

Fig. 2. Geographic distribution of the sPCA-Mclust-based clusters calculated on the whole dataset (a) and on East Africa
only (b).
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and a southern one, located in Tanzania. Cluster B2
collects most of the AA-Cushitic speaking populations
from these areas (including Ongota). Cluster B1, on the
contrary, includes AA-Omotic and non-AA (Nilo-Saharan
and Niger-Congo) speaking populations.
Concerning DAPC-based membership probabilities

(eight PCs retained), cluster B1 shows the highest mean
value (0.949 6 0.005) and conversely the lowest traces of
admixture with other clusters. The opposite is true for
cluster B2, revealing low mean membership probability
(0.700 6 0.052) and strong evidences of introgressions
from cluster B1 (40, 53, 56). Cluster A is characterized
by a mean membership probability equal to 0.863 6
0.024, showing some relevant contributions from cluster
B1 (35).
To further test the reliability of the above clusters, we

performed AMOVA at both the full dataset level and the
EA level (Table 2). Results were compared with geogra-
phy- and language-based groupings. In both cases, the
highest proportion of variance among groups (9.04%, p\
0.001 and 3.84%, p\ 0.001, respectively) is reached with
the Mclust inferred groups. At the full dataset level, sig-
nificant results were obtained also with geography- and
language-based groupings, albeit with lower values. At
the EA level, language-based groupings did not yield sig-
nificant (or only marginally significant, but not after
Bonferroni correction) results, while a better score is
obtained with geography-based groupings.
Coalescent simulations under different scenarios were

performed to test whether the observed patterns of nu-
cleotide diversity within the identified clusters were con-
sistent with recent (� 3,000 YBP) gene flow. Among the
considered scenarios (Table 3, Supporting Information
Fig. 3), the least-fitting one (AIC 5 1.17) is characterized
by absence of migration between populations. Notably,
the lowest AIC figure (0.214) was obtained for the sce-

nario involving the highest degree of population mobility,
i.e., instant gene flow at 120 generations ago followed by
continuous migrations (with rates based on DAPC mem-
bership probabilities).
Assuming identity between processes leading to lan-

guage and genetic variability, a second set of simulations
was performed to test whether mtDNA variability may
help to discern between an EA and a Levantine origin of
AA. Empiric distributions for standard genetic parame-
ters (haplotype diversity, nucleotide diversity, Tajima’s
D) and Nei’s distance (Supporting Information Fig. 4) for
the two scenarios show that their confidence intervals
are largely overlapping.
Table 4 details distributions of the considered

haplogroups in the tree EA clusters, while frequencies
for each single EA population are included in Supple-
mentary Table 3. Cluster A is characterized by high
frequencies of L2a, M and R0a haplogroups, with lower
frequencies of the L0 and L3 lineages, except for L3f.

TABLE 2. AMOVA results according to geographic-, linguistic-, and mclust-based groupings; (a) whole dataset; (b) East Africa only

Grouping
N8 of

Groups
N8 of
Pops

Proportion of variation (%)

Among
Groups

Among Populations
Within Group

Within
Populations

(a) Whole Data Base
All populations 1 79 - 8.80*** 91.20***

Geography 4a 79 7.66*** 3.19*** 89.15***

Geography (AA populations only) 4a 64 6.22*** 3.12*** 90.66***

Language 3b 76 8.87*** 6.17*** 84.96***

Language (AA clades) 7c 76 7.17*** 3.55*** 89.28***

Language (AA clades only) 5d 64 5.51*** 3.88*** 90.61***

Mclust 3 79 9.04*** 2.96*** 88.01***

(b) East Africa Only
All populations 1 31 – 4.91*** 95.09***

Geography 7e 31 2.49*** 2.90*** 94.61***

Geography (AA populations only) 5f 16 3.41* 3.38*** 93.21***

Language 3b 28 1.06* 4.56*** 94.38***

Language (AA clades) 5g 28 0.92 4.44*** 94.63***

Language (AA clades only) 3h 16 -0.25 6.18*** 94.07***

Mclust 3 31 3.84*** 2.43*** 93.73***

*** P-value\ 0.001; **P-value\ 0.01; *P-value\ 0.05.
a North Africa, East Africa, Levant, Central Africa.
b AA, Nilo-Saharan, Niger-Congo.
c AA-Semitic, AA-Berber, AA-Cushitic, AA-Omotic, AA-Chadic, Nilo-Saharan, Niger-Congo.
d AA-Semitic, AA-Berber, AA-Cushitic, AA-Omotic, AA-Chadic.
e Ethiopia, Kenya, Sudan, Somalia, Rwanda, Tanzania, Yemen.
f Ethiopia, Kenya, Somalia, Tanzania, Yemen.
g AA-Semitic, AA-Cushitic, AA-Omotic, Nilo-Saharan, Niger-Congo.
h AA-Semitic, AA-Cushitic, AA-Omotic.

TABLE 3. Akaike Information Criterion (AIC) values calculated
comparing observed and simulated nucleotide diversity values

assuming four different demographic scenarios

Scenario

Splits Gen. Flow. Mig. Mat. AIC

a Y N N 1.178
b Y Y N 1.062
c Y N Y 0.617
d Y Y Y 0.214

Each scenario is characterized by the presence/absence (Y/N) of
the following demographic events: population splits (Splits),
instant gene flow (33%) at 120 generations ago (Gen. Flow), con-
tinuous gene flow from 120 generations ago to the present (Mig.
Mat.). For details see the Methods.
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Cluster B2 shows the highest frequencies of L0a
(reaching 29.6%), L0f, L3a, L3h and I, while it has the
lowest frequencies of L2 and L5 lineages, as well as M
and R0a. Cluster B1 occupies an intermediate position
between A and B2, while showing the highest frequen-
cies of L4 lineages. Contour maps of the most frequent
macro-haplogroups (L0, L2, L3, L4, M) are reported in
Supporting Information Figure 5.

DISCUSSION

In their mtDNA-based survey of East African variabili-
ty, Poloni and colleagues found ‘‘no strong association
between linguistically-defined and genetically differenti-
ated groups’’. Furthermore, they observed that EA ‘‘com-
bines a high level of within population-diversity with
strong genetic structure among populations’’. They argue
that such results ‘‘may be explained [as a consequence of]
periodical episodes of admixture in these populations,

separated by periods of isolation and genetic drift’’ (Poloni
et al., 2009). Our results largely agree with these observa-
tions and, in addition, we were able to uncover traces of
an underlying and as yet uncovered genetic structure.
Anyway, a possible drawback of our procedure relies

on the fact that sPCA may minimize the role of drift and
isolation on single populations, while DAPC maximizes
between-group variability, hence underestimating the
component of variance generated by gene flow. Another
possible source of distortion, however independent from
the statistical methods used, could be due to discrepan-
cies in the sampling criteria used in reference studies.
Although we cannot exclude some minor effects, we do
not observe any detectable relationship between different
data sources (i.e., reference studies) and our results.
Our analyses indicate that the structure of EA mtDNA

diversity is characterized by three population clusters:
A, B1 and B2 (Fig. 2, Supporting Information Table 1).
Such structure appears to be related both with geogra-
phy and linguistic affiliation. On the contrary, to the
best of our knowledge there is no evidence of relation-
ships with other socio-cultural variables such as mating
behavior (patrilocality is widespread in EA, as well as
clan exogamy), social structure (clan-based structures
are present in almost all of our samples) and subsistence
patterns. The same can be said for demographic dimen-
sions, given that each cluster does include populations
with widely differing census sizes (Table 1). Cluster A is
centered in Ethiopia and highlights long-range connec-
tions of Ethiopian Semitic- and Cushitic-speaking groups
with Chadic ones from Central Africa, and Semitic ones
from Egypt and the Arabic peninsula. This finding is
highly consistent with the role of Ethiopia as a primary
hub for recent human migrations already detected in
other studies. In fact, movements between Ethiopia and
the Arabian peninsula via the Bab-el-Mandeb strait
were revealed by mtDNA analyses (Kivisild et al., 2004;
Musilova et al., 2011), confirming ancient links between
the two coasts of the Red Sea (at least since 8,000 –
9,000 YBP). A reconstruction of the phylogeny of the Se-
mitic linguistic family suggested a single, presumably
Levantine origin for Semitic languages in the Horn of
Africa (Ethiosemitic), dating their diversification at
approximately 2,850 YBP (Kitchen et al., 2009). Eviden-
ces of introgressions from the Levant to Ethiopia in the
same time frame were indeed revealed by a very recent
whole genome study (Pagani et al., 2012). Further popu-
lation movements along the Nile Valley are suggested by
the affiliation to cluster A of two Egyptian populations
(25, Gurna and 26, Upper Egypt). They could be related
to the spread of Neolithic technologies – according to
Newman (1995), the first evidences of pastoralism and
agriculture in highland Ethiopia date to �5,000 YBP –
or as the remnants of an ancient AA unity (Egyptian is
an extinct branch of AA) extending from EA to Egypt
(Stevanovitch et al., 2004). Furthermore, mtDNA (Cerný
et al., 2009) revealed traces of ancient movements
between EA and Central Africa. (Based on Y-chro-
mosome, Cruciani et al., 2010, instead proposed
a different route linking Central Africa with North-
Eastern Africa). These last migrations were suggested to
be responsible for the introduction of Chadic languages
(along with their speakers) in the Chad basin area. The
high frequencies of haplogroups M and R0a and, to a
lesser extent, of T and U (Table 4) – all of them related
with the Levant and Asia (Rosa and Brehem, 2011) – fit
well with the high mobility patterns detected for this area.

TABLE 4. Frequencies of the considered mtDNA haplogroups in
East African clusters A, B1, and B2

A B1 B2

N (%) N (%) N (%)

H 15 (2.1) 0 (0) 1 (0.4)
HV 20 (2.8) 7 (0.8) 6 (2.7)
I 5 (0.7) 5 (0.6) 16 (7.2)
J 15 (2.1) 2 (0.2) 2 (0.9)
K 20 (2.8) 9 (1.1) 0 (0)
L0 0 (0) 5 (0.6) 0 (0)
L0a 40 (5.6) 108 (12.8) 66 (29.6)
L0b 0 (0) 8 (0.9) 1 (0.4)
L0d 1 (0.1) 2 (0.2) 1 (0.4)
L0f 5 (0.7) 39 (4.6) 32 (14.3)
L0g 0 (0) 5 (0.6) 0 (0)
L0k 2 (0.3) 0 (0) 0 (0)
L1 0 (0) 2 (0.2) 0 (0)
L1b 6 (0.8) 7 (0.8) 0 (0)
L1c 2 (0.3) 11 (1.3) 1 (0.4)
L2 0 (0) 4 (0.5) 0 (0)
L2a 103 (14.4) 78 (9.2) 8 (3.6)
L2b 12 (1.7) 11 (1.3) 1 (0.4)
L2c 2 (0.3) 1 (0.1) 0 (0)
L2d 3 (0.4) 6 (0.7) 0 (0)
L2e 1 (0.1) 0 (0) 0 (0)
L3 2 (0.3) 7 (0.8) 1 (0.4)
L3a 6 (0.8) 17 (2) 23 (10.3)
L3b 6 (0.8) 38 (4.5) 2 (0.9)
L3c 0 (0) 2 (0.2) 2 (0.9)
L3d 20 (2.8) 18 (2.1) 1 (0.4)
L3e 15 (2.1) 36 (4.3) 1 (0.4)
L3f 39 (5.5) 35 (4.1) 2 (0.9)
L3h 19 (2.7) 53 (6.3) 18 (8.1)
L3i 26 (3.6) 36 (4.3) 1 (0.4)
L3x 22 (3.1) 41 (4.8) 2 (0.9)
L4 2 (0.3) 3 (0.4) 0 (0)
L4a 20 (2.8) 11 (1.3) 0 (0)
L4b2 14 (2) 87 (10.3) 22 (9.9)
L5 1 (0.1) 17 (2) 0 (0)
L5a 7 (1) 23 (2.7) 0 (0)
L5b 3 (0.4) 2 (0.2) 0 (0)
L5c 4 (0.6) 29 (3.4) 0 (0)
L6 25 (3.5) 12 (1.4) 4 (1.8)
M 85 (11.9) 41 (4.8) 2 (0.9)
N 34 (4.8) 8 (0.9) 5 (2.2)
R 3 (0.4) 0 (0) 0 (0)
R0a 52 (7.3) 9 (1.1) 1 (0.4)
T 16 (2.2) 2 (0.2) 1 (0.4)
U 28 (3.9) 8 (0.9) 0 (0)
Others 12 (1.7) 1 (0.1) 0 (0)
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Contrarily to cluster A, clusters B1 and B2 are re-
stricted to EA only, at least in our panel of populations.
This means that groups belonging to these clusters do
not have ‘relatives’ among AA-speaking populations out-
side EA, but maybe they could have them in non-AA
groups that were not included in our study. Cluster B2
shows an interesting association with southern Cushitic
groups, including the Ongota (38), who are problematic
from a linguistic point of view. In fact, the Ongota
language, despite being traditionally assigned to the
Cushitic family, is suspected to be the remnant of an in-
dependent clade of AA (Fleming, 2006), while other
scholars (Savà and Tosco, 2003) propose that it may be
considered a Cushitic language retaining a Nilo-Saharan
substratum. Notably, this last hypothesis implies mixed
ancestry for the Ongota, helping to explain their outly-
ing position in genetic space (Fig. 1). In addition, B2
encompasses populations as Rendille (40) and Elmolo
(41), that, despite sharing Cushitic languages and the
same geographic area (Marsabit district, North-Eastern
Kenya), are at present characterized by different subsist-
ence strategies (pastoralism and fishing, respectively,
but Elmolo were formerly herders, too). Elmolo’s affilia-
tion to cluster B2 is of particular interest, given their
current reduced census size (�700) and the fact that
their language is almost extinct, being largely substi-
tuted by Samburu (44, cluster B1). A second group of B2
populations is located far more south, in Tanzania (53,
Iraqw; 54, Burunge; 55, Datog; 56, Turu). Indeed, the
association between B2 and AA-Cushitic seems particu-
larly relevant given the discontinuous geographic distri-
bution of the cluster and the fact that Cushitic is consid-
ered one of the deepest and most ancient clades of AA
(Ehret, 1995); cluster B2, also, shows the highest fre-
quencies of L0 lineages (in particular L0a and L0f), the
deepest clade of the human mtDNA phylogeny (Rosa and
Brehem, 2011).
Cluster B1 is widespread from the Ethiopian-Kenyan

border to Tanzania (Fig. 2), almost encapsulating cluster
B2, that, in turn, shows strong signals of admixture
with B1. To add other elements to the picture, various
studies demonstrated that EA was involved in Bantu
expansions (�3,000 YBP, Scheinfeldt et al., 2012), acting
both as a point of arrival of migrations from the West
and as a starting point for further movements directed
to the south, while contributing largely to the diffusion
of Niger-Congo languages (Castrı̀ et al., 2008, 2009; de
Filippo et al., 2011). Furthermore, a recent Y-chromo-
some study (Gomes et al., 2010) showed that Kenya and
Tanzania (along with Uganda and Sudan) were also
affected by a dispersal of pastoralist people speaking
Nilo-Saharan languages around 3,000 YBP. Looking at
the big picture, it seems reasonable to hypothesize that
cluster B1 may be, at least in part, the result of migra-
tions from West of non-AA groups. These migratory
processes may have caused both disruption of the geo-
graphic distribution of Cushitic cluster B2, as well as
admixture, and, at a certain extent, language shifts.
For instance, Ehret (1998) argues for a number of now
extinct South Cushitic languages in Tanzania on the
basis of loan word evidence in local Bantu languages.
Further investigations are needed to clarify this impor-
tant issue.
Omotic speakers, despite the fact that Omotic is gener-

ally considered the deepest branch in AA (Blench, 2006),
do not show any particular pattern of differentiation, at
least from the mtDNA perspective. In fact, they are

included in cluster B1, suggesting that wide and ancient
phenomena of admixture and/or language shift may
have occurred in the area between southern Ethiopia
and Kenya. Indeed, high mobility rates are one of the
most likely keys to explain the elevated nucleotide diver-
sity observed in EA (Supporting Information Tab. 1, Sup-
porting Information Fig. 1), as well as its (up to now)
almost undecipherable genetic structure. Our coalescent
simulation experiments reveal indeed that the most
likely scenario is the one that implies the most elevated
degree of population mobility (Table 3). Such scenario
assumes major migration events around 3,000 YBP (cor-
responding to Bantu and Nilo-Saharan migrations in
EA) followed by continuous migratory flows (whose rates
are based on DAPC membership probabilities).
Nearly all populations from Northern Africa and the

Levant, corresponding to the Semitic and Berber families
of AA, are affiliated to cluster C. This finding agrees
with contacts and bi-directional migratory exchanges
involving the wide corridor between the Maghreb and
the Near East already detected for Y-chromosome, auto-
somal STRs and SNPs (Semino et al., 2004; Tishkoff et
al., 2009, Scheinfeldt et al., 2012; Henn et al., 2012).
Cluster C is also the most divergent one, showing the
highest mean value of membership probability and, con-
sequently, only very limited signals of admixture with
other African clusters. These last observations are con-
sistent with the postulated Western Eurasian origin of
large part of North African mtDNA lineages (Maca-
Meyer et al., 2003; Cherni et al, 2008; Ennafaa et al.,
2009, Coudray et al., 2009).
Our results are largely consistent with those of Tishk-

off et al. (2009), who adopted a different clustering
method using multilocus autosomal data. As in our case,
they observe that within EA, clustering is primarily (but
not exclusively) associated with language phyla (AA,
Nilo-Saharan, Niger-Congo, Khoisan). For instance, their
results show that AA-Cushitic-speaking populations
from Tanzania as Iraqw (53) and Gorowa cluster with
Nilo-Saharan Datoga (55), who are close geographically,
mirroring almost perfectly the southern portion of our
B2 cluster. Interestingly, according to their results
Elmolo (41, cluster B2) are related with formerly Cush-
itic-speaking groups as Yaaku from Kenya and Akie
from Tanzania (not available for our study), strengthen-
ing our interpretation of B2 as a Cushitic-specific cluster.
As for AA-Chadic speaking groups, Tishkoff et al. (2009)
find some shared ancestry between these populations
and AA groups from EA, but they conclude that their
spread in Central Africa ‘‘was not accompanied by large
amounts of AA gene flow’’.
Coming back to the three questions that introduced

our study, we are now able to point out the following
answers. Concerning the relationships between EA
genetic structure and geographic/linguistic affiliations,
we observe that both of them contribute to explain our
results. Clusters A and B1 are both related to geography,
the first being mainly located in Ethiopia and Central
Africa, the second in Kenya and Tanzania. Nevertheless,
cluster B2 shows an interesting association with some
Eastern and all Southern Cushitic populations; cluster A
itself is exclusively associated with AA language fami-
lies, namely Chadic, Cushitic and Semitic. If the arrival
of Semitic in EA is relatively recent (�2,850 YBP;
Kitchen et al., 2009), Cushitic seems much older (at least
�7,000 YBP, according to Ehret, 1979) and the
same holds for proto-Chadic expansions in Central Africa
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(�7,000 YBP, according to Ehret, 2002). The fact that
Cushitic groups are separated into two different clusters
(A and B2) may be an indirect proof of their antiquity.
On the whole, these observations indicate that languages
had an important role in shaping the matrilineal genetic
structure of EA.
As a second point, we asked whether the high mtDNA

genetic diversity observed in EA (Supporting Informa-
tion Table 1, Supporting Information Fig. 1) may be
interpreted as the outcome of recent events. According to
our results, the answer is yes. It has to be mentioned
here that our method for detecting clusters enhances the
geographic structure of mtDNA variability, by retaining
only those sPCA components with the highest absolute
value of eigenvalues. For instance, Ethiopia-centered
cluster A can be read as the outcome of recent and
repeated migration events, which, from a longitudinal
point of view, extend from the Arabian Peninsula to Cen-
tral Africa (being likely related to the spread of Chadic
languages), and from a latitudinal point of view, reach
Egypt through the Nile Valley. This is consistent with
the local linguistic structure, overlapping in the very
same area an ancient and autochthonous AA clade (i.e.,
Cushitic) with a more recent and exogenous one (i.e.,
Semitic). Similarly, cluster B, spreading from Southern
Ethiopia to Tanzania, was affected by different migration
events. In particular, cluster B1 may be interpreted as
the result of recent contributions (starting from �3,000
YBP) from Bantu (Niger-Congo) and Nilo-Saharan pas-
toralists. Cushitic-specific cluster B2 itself shows clear
traces of the same migration events, as suggested by its
low mean membership probabilities, as well as by evi-
dences of introgression from B1 (Supporting Information
Table 1). In addition, coalescent simulation experiments
(Table 3, Supporting Information Fig. 3) suggest that the
observed nucleotide diversity patterns can be best
explained assuming high population mobility. Neverthe-
less, our results showed that all these migrations did not
manage to completely delete more ancient genetic struc-
tures. In particular, cluster B2 seems to be the remnant
of an ancient Cushitic continuity between Kenya and
Tanzania. On the whole, EA has functioned both as a
contact point between already differentiated populations
and languages, and as an ancient center of expansion.
Concerning the third point, i.e., the place of origin of

AA (EA or the Levant), our results do not allow us to
make conclusive statements. Indeed, coalescent simula-
tions of different genetic parameters (Supporting Infor-
mation Fig. 4) according to the two mentioned hypothe-
ses show that—even assuming complete correlation
between languages and mtDNA variability—their confi-
dence intervals largely overlap. Thus, we limit ourselves
to the following observations. First, EA shows the
highest levels of nucleotide diversity among the studied
populations with a decreasing cline towards NA and the
Levant (Supporting Information Fig. 1 and Supporting
Information Table 1). This is true not only for the Ethio-
pian cluster A, but also, and especially, for groups
belonging to clusters B1 and B2. Second, EA hosts the
two deepest clades of AA, Omotic and Cushitic. These
families are found exclusively in EA, while the presence
of Semitic in this area is much more recent. Third,
cluster C – collecting Berber- and Semitic-speaking
populations from NA and the Levant – shows only mod-
est signals of admixture with clusters A and B (Fig. 2,
Supporting Information Table 1). None of these points,
taken by itself, is conclusive, but undoubtedly the

hypothesis of origin of AA in EA is the most parsimoni-
ous one, if compared to the Levant.

CONCLUSIONS

This study confirms the central role of EA and the
Horn of Africa in the genetic and linguistic history of a
wide area spanning from Central and Northern Africa to
the Levant. Our results confirm high mtDNA diversity
and strong genetic structuring in EA. We were indeed
able to identify three population clusters (A, B1, B2)
that are related both to geography and linguistics, and
signaling different population events in the history of
the region. The Horn of Africa (cluster A), in accordance
with its role as a major gateway between sub-Saharan
Africa and the Levant, shows widespread contacts with
populations from CA (AA-Chadic speakers), the Arabian
peninsula and the Nile Valley. Southwards, Kenya, and
Tanzania (clusters B1 and B2), despite being both heav-
ily involved in Bantu and Nilo-Saharan pastoralist
expansions, reveal traces of a more ancient genetic stra-
tum associated with Cushitic-speaking groups (cluster
B2). Conversely, Berber- and Semitic-speaking popula-
tions of NA and the Levant show only marginal traces of
admixture with sub-Saharan groups, as well as a differ-
ent mtDNA genetic background, making the hypothesis
of a Levantine origin of AA unlikely. In conclusion, EA
genetic structure configures itself as a complicated pal-
impsest in which more ancient strata (AA-Cushitic-
speaking groups) are largely overridden by recent differ-
ent migration events. Further explorations of AA-Cush-
itic-speaking populations – both in terms of sampled
groups and typed genetic markers – will be of great im-
portance for the reconstruction of the genetic history of
EA and AA-speakers.
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