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SUMMARY

North Africa is located at the crossroads of the
Mediterranean Sea, the Middle East, and the Sahara
Desert. Extensive migrations and gene flow in the re-
gion have shaped many different cultures and ances-
tral genetic components through time [1–6]. DNA
data from ancient Moroccan sites [7, 8] has recently
shed some light to the population continuity-versus-
replacement debate, i.e., the question of whether
current North African populations descend from Pa-
laeolithic groups or, on the contrary, subsequent mi-
grations swept away all pre-existing genetic signal in
the region. In the present study, we analyze 21 com-
plete North African genomes and compare them
with extant and ancient genome data in order to
address the demographic continuity-versus-replace-
ment debate, to assess whether these demographic
events were homogeneous (including Berber and
Arabic-speaking groups), and to explore the effect of
Neolithization and posterior migration waves. The
North African genetic pool is defined as a melting pot
of genetic components, including an endemic North
African Epipalaeolithic component at low frequency
that forms a declining gradient from Western to
Eastern North Africa. This scenario is consistent with
Neolithization having shaped most of the current ge-
netic variation in the region when compared to poste-
rior back-to-North-Africamigrationwaves such as the
Arabization. A common and distinct genetic history of
the region is shown,with internal different proportions
of genetic components owing todifferential admixture
with surrounding groups aswell as to genetic drift due
to isolation and endogamy in certain populations.

RESULTS AND DISCUSSION

Genetic Components and Population Structure in North
Africans
Seventeen North African genomes were sequenced together

with sixteen sub-Saharan and Eurasian individuals. In total,

10.86 million SNPs were called, using Illumina HiSeq 2000 at a

mean coverage of 263. All analyses were restricted to a high-

confidence, 2-Gbp fraction of the genome obtained after

applying quality control filtering (see STAR Methods). As a vali-

dation process, seven samples were independently genotyped

through Affymetrix 6.0 SNP array (see STAR Methods). See

Table S1 for extra information and summary statistics.

The initial dataset was merged with other available datasets

(see STAR Methods), providing ten current and four ancient

North African groups (Figure S1). A first exploration of the data

was performed using principal component analysis (PCA). The

first component (PC1, accounting for 3.5% of the variation) cap-

tures the genetic differentiation between sub-Saharan Africans

and non-African populations, with ancient and current North Af-

ricans placed in an intermediate position (Figure 1A). PC2 (0.7%

of the variation) splits Middle Easterns and Europeans, with

North Africans closer to the former. Regarding ancient North Af-

ricans, while Canary Guanches (�5th century BCE) cluster with

current North Africans (in agreement with their putative Berber

origin [9]), Moroccan Epipalaeolithic samples from Taforalt clus-

ter independently, while Moroccan Early (IAM) and Late Neolithic

(KEB) have intermediate positions in the PC.

Population structure and ancestry components were deter-

mined by ADMIXTURE (Figures 1B and S2). The lowest cross-

validation errors were found in the range between K = 4 and

K = 7, which depicts North African ancestry as a mosaic of com-

ponents that are consistently conserved across different values

of K (Figure 1C): (1) a sub-Saharan component derived from

trans-Saharan gene flow (black); (2) European and Anatolian

Neolithic component (white); (3) an ancient Middle Eastern

component, prevalent in Natufian and Levant Neolithic and
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also present in current Levantine populations, particularly in

Bedouin groups (blue); (4) a component coming from Caucasus

hunter-gatherers and Iran Neolithic (purple); and, (5) a North Af-

rican autochthonous Epipalaeolithic component prevalent in the

Moroccan Epipalaeolithic from Taforalt and Early Neolithic sam-

ples (orange), observed at low proportions in Moroccan Late

Neolithic, Guanches, and in current Canary Islanders. The North

African autochthonous component is absent in any other popu-

lation outside North Africa from K = 7 onward, while its presence

for lower K in sub-Saharan population values might be explained

by the presence of a sub-Saharan ancestral component in North

African Palaeolithic populations, as pointed out by [8].

Haplotype-based methods also point to the presence of a ge-

netic component coming from Epipalaeolithic times in current

North African populations. Taforalt samples cluster together

with current North Africans in the fineSTRUCTURE haplotype-

sharing-based tree (Figure S3), while the ChromoPainter coan-

cestry matrix results point to higher levels of genomic tracts in

current North Africans coming from their Epipalaeolithic ances-

tors than in any other extant population. Most North African

current populations cluster together in a single cluster, although

genetic groupswithin theNorthAfrican cluster donot correspond

to geographical or linguistic-based populations, in agreement

with certain degree of genetic heterogeneity ([1] and others).

Even though a sudden genetic change comparing early and

late Neolithic samples in Morocco has been recently proposed

[7], our data show that there are still traces of the Epipalaeolithic

ancestors in the genomes of extant North Africans, as shown by

A B

C

Figure 1. Principal Component Analysis and ADMIXTURE Analysis for K = 6

(A) Principal component analysis of North African samples together with a worldwide panel described in STAR Methods. Ancient samples (represented by tri-

angles) are projected on top of current samples (circles). Filled circles and triangles correspond to sequence data, and empty shapes correspond to array data.

(B and C) ADMIXTURE analysis (K = 6) of North African samples together with a broad panel of worldwide ancient and current populations from Africa, Europe,

Middle East, and Caucasus (B) with a zoom-in on North African current and ancient populations (C).

See Figure S2 for ADMIXTURE results from K = 2 to K = 12.
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the admixture components and the amount of shared haplo-

types between ancient and present North African genomes.

Our results confirm that gene flow in the area, coming for

surrounding regions such as Europe, the Middle East or sub-

Saharan Africa did not completely erase the ancient background

of autochthonous North Africans in the last 15,000 years. This

Palaeolithic autochthonous genetic component might correlate

with the Maghrebi component as a result of a back-to-Africa

gene flow defined by [6], and its presence is not distributed

following a uniform pattern in the area.

Genetic Heterogeneity within North Africa
Internal differences can be observed in both the ADMIXTUREand

ChromoPainter results; in particular, someancestral components

present geographical gradients across the region. The gradients

observed in the previous analyses were tested with f3(X, Taforalt;

Ju/’hoanNorth), f3(X, Yoruba-Mandenka; Ju/’hoanNorth), and

f3(X, CHG-Iran_N; Ju/’hoanNorth) (Figure S4).

Saharawi and Berber groups show the highest outgroup-f3
values for the Epipalaeolithic Taforalt component (0.218–

0.222). The ancient samples IAM (0.322), KEB (0.235), and

Guanche (0.227) show a higher North African Epipalaeolithic

component than current populations (in agreement with the

ADMIXTURE analysis), whose decrease is compatible with a

dilution of the Taforalt component through time. This component

is significantly more frequent in Western (Saharawi, Moroccan,

Algerian) and Berber-speaking individuals (Saharawi, Moza-

bites, Moroccan, and Moroccan and Tunisian Berbers) (Mann-

Whitney U test, p value = 4.52e�15), suggesting a continuity of

this autochthonous North African component in Berber-

speaking groups. Although no perfect correlation between cul-

ture (i.e., Arabic- and Berber-speaking groups) and genetics

can be claimed ([1]), the consideration of the Berber-speaking

groups as the autochthonous peoples of North Africa [10] is re-

inforced by the present results.

Zenata, Mozabite, Saharawi, and Moroccan groups show the

highest proportions of sub-Saharan ancestry, which could be

attributed to the slave trade routes carried out during Roman

and Arab presencemainly in northwest Africa [11, 12]. The Tafor-

alt and Moroccan Early Neolithic have a higher sub-Saharan af-

finity than most current North Africans (as stated by [8]), whereas

the Moroccan Late Neolithic and the Guanches have a similar

level of sub-Saharan affinity to most current groups analyzed

in the present study.

Egyptian and Libyan show the highest proportion of the Cau-

casus-Iran component, in agreement with their geographical

proximity to southwest Asia. A high f3 value is also estimated

for KEB (0.250), in contrast to the lower estimated values found

for Taforalt and IAM (0.206, 0.216), suggesting that this compo-

nent might have entered North Africa during the late Neolithic

coming from Iran and may have been posteriorly diluted in west-

ern North Africa.

Admixture Models in North Africa
North African populations have been described as having a ma-

jor influence from outside the African continent, together with a

sub-Saharan component coming from trans-Saharan migrations

[6]. In order to determine to which extent the North African ge-

nomes can be modeled as an admixture of sub-Saharans and

out-of-African components, f3 admixture test was performed

as f3(Sub-Saharan, West Eurasian; X), with Yoruba and Man-

denka as sub-Saharan populations, Basques and Iraqis as

West Eurasians, and X being each North African group analyzed.

f3 results are negative for most North African populations, fitting

a model of admixture between sub-Saharans and Eurasians.

However, some samples, such as some Algerian, Mozabite,

A B

Figure 2. Admixture-f3(Yoruba-Mandenka, Basque-Iraqi; North African) and Runs of Homozygosity Analysis

(A) Admixture-f3 statistic (Z score and standard error) for North African individuals computed as f3(Yoruba-Mandenka, Basque-Iraqi; North African).

(B) Scatterplot of the cumulative length of long (>1 Mbp) versus short (<1 Mbp) runs of homozygosity (ROH) per sample.

See Figure S4 for outgroup-f3 results.
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Zenata, Saharawi, and particularly Tunisian Berbers, show

significantly positive f3 results (Figure 2A) due to extensive ge-

netic drift, as further proved by a TreeMix analysis (data not

shown), which discards a different genetic history of these

groups.

To determine the main Eurasian ancestry sources in North Af-

rica during the back-to-Africa events and test whether these

sources are homogeneous across North African groups, admix-

ture-f3 tests of the form f3(OOA, SS; NA) were performed (OOA,

out of Africa population; SS, Sub-Saharan population; NA, North

African population). The sub-Saharan source was fixed to

Yoruba (no significantly different results were found when

choosing an East African group, such as Dinka, instead; data

not shown). For all groups (with the exception of Tunisian Ber-

bers, for which admixture was not detected through f3, see

above), the most significant results were found for Sardinians,

Basques, andNorth Italians (data not shown).When the analyses

were repeated adding ancient Eurasian populations [13] to the

dataset, the higher significant values were found with the

Neolithic farmers fromEurope and Anatolia and, again, Sardinian

and Basques, which is consistent with their high frequency of

Neolithic component [13]. These results point to the main role

of the Neolithization process when shaping the current North Af-

rican genetic landscape, thus supporting the PCA, ADMIXTURE,

and internal f3 tests, where Eurasian gene flow after Neolithiza-

tion (such as the Arabization process starting in the 7th century

CE) seem to have had a lower impact. The arrival of the Neolithic

to North Africa as a demic diffusion process from theMiddle East

with putative interactions with local groups is widely accepted

[14, 15], although some hypotheses and recent genetic data

also point to direct contacts with Iberia [7, 16]. Despite recent

approximate Bayesian computational based analyses of genetic

data suggesting that the synchronous Neolithic expansion from

the Middle East through both Mediterranean shores (i.e., Europe

and North Africa) had a similar demographic pattern [17], our re-

sults point to a larger demographic replacement in North African

than in European populations. The genomes of current Euro-

peans carry a larger amount of hunter-gatherer components

(up to 50% in Northern Europeans, according to [18]) compared

to those of North Africans, where the Palaeolithic component,

although present in extant populations, it is found at much lower

frequencies (from 18.1% in Western Sahara to 5.2% in Egypt,

according to the crude estimates of ADMIXTURE). This might

suggest that the Neolithic demographic imprint was lower in Eu-

rope than in North Africa, where fewer local hunter-gatherers

were assimilated by Neolithic farmers [13].

Complex demographic scenarios were tested with qpGraph

[19] on a model involving different ancestral components:

sub-Saharan (Yoruba), European (Basque), Middle Eastern

(BedouinB), andNorth African Epipalaeolithic (Taforalt) (Figure 3).

All North African groups fit into the tested model, with varying

proportions of the four ancestral components, yielding compat-

ible results with the admixture-f3 tests (Figure 2A). Admixture

signals in contemporary North African populations were dated

using MALDER. All population triplets of the form (Ref A, Ref B,

Target) were tested, taking the same populations used in the

qpGraph analysis (i.e. Yoruba, Basque, BedouinB, and Taforalt)

as references. Tunisian Berbers were chosen instead of Taforalt

when the latter lacked power to give significant results due to

A

B

Figure 3. Tested qpGraph Model and Proportions of Ancestral

Components in North African Populations

(A) qpGraph model fitting the data for the tested populations. The terminal

node labeled as North African represents any North African group. x, y, z, and p

stand for the proportion of admixture related to the sub-Saharan, Middle

Eastern, Taforalt, and European components, respectively. q corresponds to

the genetic drift parameter for each North African group. The tested models

fitted the real data for all North African populations (Z < 3).

(B) Admixture proportions of ancestral components for each target North Af-

rican population. The number after each population sample name corresponds

to parameter q.

See Table S2 for MALDER results.
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their highmissing data, since Tunisian Berbers have a high North

African component, according to previous studies [1]. Interest-

ingly, only tests involving the Yoruba population passed all the

pre-test steps and yielded statistically significant results. Dates

for these admixture times are shown in Table S2 for Saharawi

and Egyptian, which account for both geographic and genetic di-

versity extremes in North Africa. These results (ranging from

1329 to 1643 AD) are compatible with previous estimates of

the sub-Saharan introduction in North African populations in

recent historical times ([6]).

Relatedness and Effective Population Sizes in North
African Groups
Genetic drift detected in the admixture-f3 analyses was further

studied by computing the runs of homozygosity (ROH). Long

runs of homozygosity are a signal of recent relatedness between

individuals (i.e., interbreeding or consanguinity), which tend to

occur in populations that are isolated or endogamous, while

short runs of homozygosity show historically low effective pop-

ulation sizes. We compared the cumulative length of short ROHs

(shorter than 1 Mb) and the length of long ROHs (longer than 1

Mb) (Figure 2B). North African samples show intermediate levels

of length of short ROHs between sub-Saharan samples and

non-African samples. Long ROHs, on the contrary, group North

Africans with most sub-Saharan and Eurasian samples, with the

exception of Tunisian Berber samples, which have significantly

high values, pointing to high levels of interbreeding. Differences

in the number and cumulative length of long and short ROHs

were not statistically significant between Arabs and Berbers

(Mann-Whitney U tests p > 0.05), pointing to no correlation be-

tween cultural groups and genetic heterogeneity. Genetic

inbreeding might have been frequent and has been claimed in

some North African populations as a result of isolation [20, 21].

Nonetheless, not all North African groups exhibit long ROH or

signals of extensive drift, and these signals are not correlated

by geography or culture, pointing to heterogeneity in the isola-

tion patterns of North African populations [1, 20]. The simplistic

idea of considering Berber-speaking groups as small, isolated,

and inbred not only is misleading but also is not supported by

the present data. Population dynamics in North Africa were

further assessed using multiple sequentially Markovian coales-

cent (MSMC) analyses to estimate population changes in the

effective population size (Ne) through time. North African individ-

uals show similar effective population size patterns to Eurasians

(Figure 4A), with a population decrease after the split with sub-

Saharan Africans (�70 thousand years ago [kya] according to

[22]), suggesting an Ne reduction after the out-of-Africa event.

Almost all North African individuals show a very similar MSMC

pattern, pointing to a relatively homogeneous population size

evolution history (at least during the time period with MSMC

credible interval values). The Zenata Berbers, however, show a

minor Ne decay compared to the rest of North Africans and Eur-

asians analyzed. As pointed out by [22], an extensive admixture

history may affect the coalescent history estimated by models

that use the density of heterozygous sites, such as MSMC.

This might explain why the decay in most North Africans is

almost as sharp as the one observed in Basques (due to the

high proportion of West Eurasian ancestry in North Africans),

and it is moderate in the Zenata, which show a higher proportion

of sub-Saharan ancestry (see for instance PCA, ADMIXTURE, f3
analyses, and qpGraph estimates). To assess the influence of

sub-Saharan admixture on MSMC results, we masked sub-Sa-

haran tracts found in each North African sample and repeated

MSMC analyses. Zenata individuals showed similar Ne decay

as the rest of North Africans (data not shown). The nucleotide

diversity analysis (p, as defined by [23]) (Figure 4B) shows a

similar pattern, with higher values in the Zenata and reduced

values in out-of-Africa populations and in North Africans with

the highest proportions of non-African ancestry, which was

affected by the out-of-Africa bottleneck.

A B

Figure 4. Effective Population Size throughout Time and Pairwise Genetic Differences

(A) Multiple sequentially Markovian coalescent (MSMC) model in North African samples. Sub-Saharan (Yoruba-Mandenka) and European (Basque) samples are

included for comparison.

(B) Heatmap of pairwise nucleotide diversity per callable site.
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Conclusions
The intricate genome landscape in North Africa is shaped

by two factors. The first one is an amalgam of genetic

components resulting of extensive gene flow coming from

different geographical (sub-Saharan Africa, Europe, Middle

East, Caucasus, and North Africa itself) and temporal sources

(Palaeolithic migrations, Neolithization, Arabization, and recent

migrations). The second factor is the result of internal admix-

ture and genetic drift, which have produced an ample genetic

heterogeneity within the region. These two factors of

complexity should be considered in biomedical studies in

which North African samples are included in order to avoid ge-

netic biases and artifacts.
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119 human whole-genome sequences from Simons
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10_24_2014_SGDP_metainformation_update.txt

15 human whole-genome sequences from Pygmy
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[27] Hadza (5), Sandawe (5), Baka (3), Bakola (1), and

Bedzan (1).

5 ancient human genome sequences from Taforalt [8] TAF010, TAF011, TAF012, TAF013, TAF014

4 ancient human genome sequences from Ifri n’Amr

or Moussa (IAM)

[7] IAM3, IAM4, IAM6, IAM7

4 ancient human genome sequences from Kelif el

Boroud (KEB)

[7] KEB1, KEB4, KEB6, KEB8
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Human Origins dataset
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harvard.edu/files/inline-files/NearEastPublic.tar.gz
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data/view/PRJEB29142

ENA: PRJEB29142
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fastqc Babraham Bioinformatics https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

Burrows-Wheeler aligner (bwa) v0.7.7 [28] http://bio-bwa.sourceforge.net/

Picard tools v2.8.3 Broad Institute https://broadinstitute.github.io/picard/

Genome Analysis Toolkit (GATK) v4.0.12 [29] https://software.broadinstitute.org/gatk/

Samtools v1.9 [30] http://www.htslib.org/

BEDTools v2.21 [31] https://bedtools.readthedocs.io/en/latest/

VCFtools v0.1.14 [32] https://vcftools.github.io/index.html
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tabix v0.2.6 [30] http://www.htslib.org/doc/tabix.html

snpEff v4.3 [36] http://snpeff.sourceforge.net/

AdapterRemoval [37] https://github.com/MikkelSchubert/adapterremoval

pileupCaller [9] https://github.com/stschiff/sequenceTools

mapDamage [38] https://ginolhac.github.io/mapDamage/

EIGENSOFT v6.0.1 [19] https://github.com/DReichLab/EIG

ADMIXTURE v1.3 [39] http://software.genetics.ucla.edu/admixture/

pong v1.4.7 [40] https://github.com/ramachandran-lab/pong

AdmixTools v4.1 [19] https://github.com/DReichLab/AdmixTools

MALDER v1 [41] https://github.com/joepickrell/malder/tree/master/

MALDER

ChromoPainter v2 and fineSTRUCTURE v2.1.0 [42, 43] http://www.paintmychromosomes.com/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David

Comas (david.comas@upf.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All biological sampleswere collectedwith the appropriate informed consent and the approval of the IRBCEIC- Hospital delMar 2013/

5429/I. All the sampled individuals were male adults.

METHOD DETAILS

Samples and datasets
Twenty one complete genomes from North African individuals (n = 17), Basque (n = 2), and Iraqi (n = 2) were sequenced for the pre-

sent study. Samples from North Africa belong to Arab- and Berber-speaking groups from Western Sahara (n = 1), Morocco (n = 4,

including two Berbers from the Rif), Algeria (n = 4, including two Zenata Berbers), Tunisia (n = 4, including two Berbers from Chenini),

Libya (n = 2), and Egypt (n = 2). Besides North African samples, eight Eurasian samples (Basques (n = 2), Iraqi (n = 2), French,

Sardinian, Han, and Dai) and eight sub-Saharan samples (Toubou, Laal, Dinka, Mandenka, Yoruba, Kenya Bantu, Mbuti, and San)

were included to the dataset. One sample per group was used unless otherwise stated. The Toubou, Laal, and Kenya Bantu samples

were published by [24] (as Toubou- A408, Laal-A409, EastAfricanBantu-A401). All remaining non-North-African samples (French,

Sardinian, Han, Dai, Dinka, Mandenka, Yoruba, Mbuti, San) were published by [25] (HGDP00521, HGDP00665, HGDP00778,

HGDP01307, DNK02, HGDP01284, HGDP00927, HGDP00456, HGDP01029, respectively).

For some analyses, samples coming from five extra datasets were included:

1. Simons Genome Diversity Project (SGDP) [26]: 119 samples coming from 57 populations from sub-Saharan Africa (40), North

Africa (4, two Mozabite Berbers and two Saharawi), Europe (41), the Middle East (15) and the Caucasus (19). Variant-only in-

dividual VCFs were obtained from https://sharehost.hms.harvard.edu/genetics/reich_lab/sgdp/vcf_variants/vcfs.variants.

public_samples.279samples.tar. After excluding sites out of the defined callable fraction of the genome (see below), all sam-

ples were merged into a single VCF file, and thenmerged with the original dataset. The final dataset was filtered by minor allele

frequency (5%) to avoid batch effect.

2. Hunter-gatherer complete genomes [27]: 15 genomes from five sub-Saharan hunter-gatherer groups: Hadza (5), Sandawe (5),

Baka (3), Bakola (1), and Bedzan (1). Complete Genomics format was converted to VCF and posteriorly merged with the pre-

vious dataset.

3. Five Epipalaeolithic 15,000 year-old genomes from the Taforalt site inMorocco [8]: TAF010, TAF011, TAF012, TAF013 TAF014.

Variants were called from BAM files containing the mapped reads with minimum mapping and base quality of 37 using

SAMtools mpileup and pileupCaller as described in [9].

4. Five ancient Guanche genomes from Tenerife and Gran Canaria (Canary Islands) [9] from between the 7th and 11th centuries

CE; gun002, gun005, gun008, gun011, gun012. Reads were processed using the same pipeline as in the previous dataset.

5. Eight North African Neolithic samples: four samples Early Neolithic from the site of Ifri n’Amr or Moussa (�7,000 ya) (IAM3,

IAM4, IAM6, IAM7) and four Late Neolithic samples from the site of Kelif el Boroud (KEB) (�5, 000 ya) (KEB1, KEB4, KEB6,

KEB8) [7]. The retrieved file format was FASTQ (raw non-mapped reads), which reads were processed with AdapterRemoval

[37] (options –trimns –trimqualities –minlength 30 –mm 3 –minquality 30) and later aligned to the hg19 reference genome using

the Burrows-Wheeler Aligner (BWA) [28] with options aln -l 1024 -n 0.01 -o 2 before variant calling. Duplicates were removed

using SAMtools [30], and post-mortem DNA damage was assessed with mapDamage [38].

6. Human Origins dataset (Affymetrix Human Origins Array) [13]. A subset containing 281 ancient samples from 29 populations

(European Palaeolithic and Neolithic, Middle Eastern Natufian and Neolithic, Anatolia, Caucasus Palaeolithic, Iranian Neolithic

and Eurasian Steppe) and 963 current samples from 69 populations (North Africa, Europe, Middle East, and Caucasus) was

chosen. Duplicated samples in the Human Origins dataset and the Simons Genome Diversity Project dataset were excluded

for the analyses.

Two different final datasets were built; one of them including all datasets previously described, and another one excluding the

Human Origins array data in order to avoid the reduction of the number of SNP due to the merging process with array data.

The two datasets contain 1,359 and 177 samples, and 346, 211 and 4, 015, 113 SNPs, respectively.

Sequencing, mapping, calling and annotation
The sequencing process of the initial dataset was performed using Illumina HiSeq 2000 sequencing platform, producing paired-end

reads. Read mapping and variant calling were performed according to the guidelines from [24]. Read quality was assessed using

fastqc (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and they were subsequently mapped to the hg19 reference

genome using the Burrows-Wheeler Aligner (BWA) [28].
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The mapped reads were merged and PCR duplicates were removed using MarkDuplicates from Picard (https://broadinstitute.

github.io/picard/), indels were realigned and base quality scores were recalibrated using Genome Analysis Toolkit (GATK) [29].

SNPs were called and their quality scores were recalibrated using the Unified Genotyper and the VQSR tools from GATK,

respectively.

In order to get a confident set of variants, we defined a callable fraction of the genome taking into account the following criteria: (i) a

minimumof 5 readsmapped for each locus; (ii) quality score threshold for the assertion of the alternative allele of the variant (minimum

score of 20 in theQUAL field of the VCF file); (iii) genotyping quality threshold (‘PASS’ in the ‘FILTER’ field of the VCF file); (iv) exclusion

of regions covered by structural variants (as in [24]): TandemRepeatMarker repeats of length > 80 bp (UCSCbrowser), RepeatMasker

repeats of length > 80 bp and < 90% identity (UCSC browser), hg19 segmental duplications (UCSC browser), 1000 Genomes Project

copy number variants (https://www.ncbi.nlm.nih.gov/dbvar/studies/, study variants_for_estd199.csv); (v) exclusion of regions adja-

cent to indels (6 bp flanking regions); (vi) exclusion of multiallelic variants.

A 2,059,756,821 bp-long ‘callable genome’ was obtained, containing a total high- confidence set of 10,855,685 SNPs.

The coverage of the mapped genomes was computed using the genomeCoverageBed tool from BEDTools v2.21 [31]. The length

of the reads was obtained using SAMtools.

Several statistics were computed from the final set of variants in order to assess SNP calling quality and are shown in Table S1: the

number of variants for each individual and the proportion of heterozygous and homozygous. Private variants (singletons and private

doubletons) were obtained using VCFtools [32] -singletons switch.

Functional annotation was performed using snpEff [36]. In particular, the following parameters were computed for each sample:

number of known variants (i.e., previously described in dbSNP v138), synonymous and non-synonymous SNPs, missense, nonsense

and silent mutations, intron, exon and intergenicmutations and Ti/Tv ratio. All obtained values fell within the expected range of values.

SNP calling validation
In order to further validate the called variants, a comparison between the sequencing data and an independent genotype analysis

performed in seven individuals with Affymetrix’s Genome-Wide Human SNP array 6.0 data from [1] was performed. The North African

validated samples are BTUN01, BTUN02, BZEN01, BZEN02, LIB02, MOR02 and SAH.

The SNP array datasets, which were filtered using population and frequencies criteria (missing data, minor allele frequency, and LD

pruning), were converted to VCF using PLINK v1.90 beta [33–35], sorted with VCFtools and zipped and indexed with bgzip and tabix

[30].

For each individual sample, only the genomic positions that passedGATK’s filter, found to have been assayed in both the array and

sequencing SNP calling, and that had a genotype assigned to them, were further considered for comparison. Data from sequencing

and array was compared with both BEDTools and own scripts. All identity proportions were found to be high (> 99.30% in hetero-

zygous calls, > 99.86% in homozygous calls, and > 99.74% globally).

QUANTIFICATION AND STATISTICAL ANALYSIS

Principal component analysis
Principal component analysis (PCA) was carried out using the smartpca tool from the EIGENSOFT software package (v6.0.1) [19]. The

data were pruned for linkage disequilibrium between markers using PLINK v1.90 [33–35] and the parameters–indep-pairwise 200 25

0.4. Principal components were computed using current samples and the ancient ones were projected on top of them (using the pop-

listname and lsqproject options).

ADMIXTURE analysis
ADMIXTURE v1.3 [39] was applied on the whole dataset, which was previously pruned for linkage disequilibrium between markers

using PLINK v1.9, after assigning an r2 threshold of 0.4 in every continuous window of 200 SNPs with a step of 25 SNPs (i.e., –indep-

pairwise 200 25 0.4). ADMIXTURE in unsupervised mode was run assuming a number of ancestral clusters ranging from K = 2 to

K = 12 with 10 independent runs for each K using different randomly generated seeds for each run.

The cross-validation error was assessed for each run, with K = 3 to K = 6 giving the minimum error. pong [40] in greedy mode was

run in order to identify common modes among different runs for each K to align clusters across different values of K.

To further assess and validate the nature of the ancestral clusters found with ADMIXTURE in the North African samples, we per-

formed a supervised analysis (– supervised) for K = 6 taking as reference populations the proxies for themajor com- ponents detected

in North Africans, i.e., Yoruba/Esan/Mandenka/Mende; Natufian; Europe_EN/Anatolia_N; CHG/Iran_N; Taforalt; and WHG/SHG,

since 6 it is the lowest K value showing the five components that repeatedly appear in North Africans through different values of

K. The result of the supervised analysis is virtually identical to the non-supervised analysis, implying that the defined clusters do

correspond to the previously identified ancestral components.

f -statistics
Admixture-f3, outgroup-f3, and F4-ratio statistics were computed using the qp3Pop and qpF4ratio tools from AdmixTools v4.1 [19].

Standard errors were assessed using weighted block jackknife with block size of 5 Mb.
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MALDER analysis
MALDER v1 [41], a modification of ALDER v1.3, was used with the default parameters and the ‘‘multiple admixture tests’’ mode in

order to date admixture events.

Runs of homozygosity
Runs of homozygosity (ROH) were computed with PLINK using the whole genome sequences dataset. Runs were identified with

PLINK using sliding windows of 50 SNPs across the genome and were defined as chunks containing at least 50 SNPs and

100 kbp, with no more than 2000 kbp between consecutive SNPs and with no more than one heterozygous site and 5 missing sites.

Differences between Arabs and Berbers were computed with a Mann-Whitney U test using several ROH counts: total number of

ROH, cumulative length of ROH, average length of ROH, number of short ROH, cumulative length of short ROH, number of long ROH,

and cumulative length of long ROH.

ChromoPainter and fineSTRUCTURE
ChromoPainter v2 and fineSTRUCTURE v2.1.0 [42, 43] were used in order to study haplotype sharing between pairs of samples.

The dataset was phased using SHAPEIT v2.12 [46] against the phased reference panel of the 1000 Genomes Project Phase 3

(build 37) downloaded from https://mathgen.stats.ox.ac.uk/impute/1000GP_Phase3.tgz and using the genetic map from the 1000

Genomes Project Phase 3 as well.

Chromopainter was run in two runs for computational efficiency reasons. The first run estimated global mutation probability and

average switch rate parameter using an expectation-maximization algorithm across chromosomes 1, 4, 17 and 20. These two pa-

rameters were then fixed in the second run, in which ChromoPainter inferred the coancestry matrix, composed by the number of

shared chunks (chunk counts) and their length (chunk lengths) between all pairs of individuals. Chromo- Combine was used to

combine all chromosomes and individuals into a single final matrix.

This coancestry matrix was used by fineSTRUCTURE to classify the individuals into genetically homogeneous clusters using Mar-

kov Chain Monte Carlo (MCMC) with 1,000,000 burn-in iterations, 2,000,000 sample iterations, from which 1 in every 10,000 was

recorded, and 100,000 additional hill-climbing moves to reach the final inferred tree.

Population size inferences
MSMC2 [44] was applied to the phased whole genome sequences dataset, four haplotypes at a time (two haplotypes per individual

and two individuals per population) to estimate the evolution of effective population size using 32 time segments (parameters ‘‘-p

1*2+25*1+1*2+1*3’’), a mutation rate of 1.2 10�8 [47] and an average generation time of 35 years. MSMC analysis provided estimates

for cross- population and within-population coalescence rates. The relative cross-coalescence rate was computed by dividing the

cross-population coalescence rate by the average of within-population coalescence rates. In order to assess the effect of admixture

on the MSMC results, MSMCwas performed after sub-Saharan tracts were masked from each North African sequence. Tracts were

inferred using RFMix [45], considering 1,007 samples from sub-Saharan Africa (YRI, LWK, GWD, ESN, MSL) and European (CEU,

GBR, IBS, TSI, FIN) populations from the 1000 Genomes Project Phase 3 panel as references.

DATA AND CODE AVAILABILITY

The accession number for the newly generated whole-genome data reported in this paper is ENA: PRJEB29142 (https://www.ebi.ac.

uk/ena/data/view/PRJEB29142).
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Figure S1: North African samples used for this study. Related to STAR
Methods.

North African samples used for this study. Berber groups (�): Moroccan Berbers
(BMOR), Algerian Mozabite Berbers (BMOZ), Algerian Zenata Berbers (BZEN)
and Tunisian Berbers (BTUN). Arab groups (•): Western Sahara (SAH), Morocco
(MOR), Algeria (ALG), Tunisia (TUN), Libya (LIB) and Egypt (EGY). Ancient
groups (N): Guanche (Canary Islands, 7th-11th centuries CE), KEB (Morocco,
5,000 ya), IAM (Morocco, 7,000 ya), and Taforalt (Morocco, 15,000 ya).
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Figure S2: ADMIXTURE analysis of North African samples and worldwide
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samples and worldwide ancient and current populations from Africa, Europe, Mid-
dle East and Caucasus.
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Figure S3: ChromoPainter chunk counts coancestry matrix. Related to
STAR Methods.

ChromoPainter chunk counts coancestry matrix. Donor samples are displayed in
the left column and recepients are at the bottom. The dendogram of the Chro-
moPainter chunk counts coancestry matrix inferred by fineSTRUCTURE is show
at the top.



0.20

0.21

0.22

0.23

0.24

f3

0.19

0.20

0.21

0.22

f3

f3(Mbuti; X, Taforalt)

0.117

0.118

0.119

0.120

f3

f3(Mbuti; X, Yoruba−Mandenka)

f3(Mbuti; X, CHG−Iran_N)

Figure S4: Outgroup-f3 results for North African groups. Related to Figure
2.

(A) Results for f3(X, Taforalt; Ju/’hoanNorth), (B) f3(X, Yoruba-Mandenka;
Ju/’hoanNorth), and (C) f3(X, CHG-Iran_N; Ju/’hoanNorth)



Sample Population Region Mean Coverage (X) Read length SNPs Unique SNPs Singletons Private Doubletons Ref. homozygous Heterozygous Alt. Homozygous Heterozygous ratio Known SNPs Known SNPs ratio
DAI Dai East Asia 23.87 100,101,94,95 2,411,885 107,761 102,741 5,020 8,443,800 1,366,964 1,044,921 0.5668 2,348,444 0.9737
HAN Han East Asia 25.56 100,101,94,95 2,423,071 108,622 103,621 5,001 8,432,614 1,364,465 1,058,606 0.5631 2,363,550 0.9754
BAS01 Basque Europe 26.23 101 2,394,574 58,375 56,675 1,700 8,461,111 1,423,402 971,172 0.5944 2,350,015 0.9814
BAS02 Basque Europe 25.48 101 2,394,909 55,684 53,547 2,137 8,460,776 1,431,911 962,996 0.5979 2,349,854 0.9812
FRE French Europe 24.47 100,101,94,95 2,404,916 62,184 60,771 1,413 8,450,769 1,439,695 965,221 0.5986 2,357,844 0.9804
SAR Sardinian Europe 22.58 100,101,94,95 2,402,878 58,212 56,830 1,382 8,452,807 1,434,186 968,692 0.5969 2,354,076 0.9797
IRQ01 Iraqi Middle East 26.37 101 2,473,674 74,454 72,256 2,198 8,382,011 1,519,753 953,921 0.6144 2,402,735 0.9713
IRQ02 Iraqi Middle East 26.66 101 2,482,819 77,271 75,651 1,620 8,372,866 1,525,795 957,024 0.6145 2,413,004 0.9719
SAH Western Saharawi North Africa 20.03 100 2,529,332 74,141 70,902 3,239 8,326,353 1,549,056 980,276 0.6124 2,452,474 0.9696
MOR01 Moroccan North Africa 28.24 101 2,500,538 73,170 71,463 1,707 8,355,147 1,554,181 946,357 0.6215 2,434,480 0.9736
MOR02 Moroccan North Africa 27.47 101 2,634,439 95,653 93,087 2,566 8,221,246 1,700,631 933,808 0.6455 2,547,897 0.9671
ALG01 Algerian North Africa 27.05 101 2,573,951 85,140 83,169 1,971 8,281,734 1,631,028 942,923 0.6337 2,496,968 0.9701
ALG02 Algerian North Africa 26.52 101 2,579,482 85,582 84,023 1,559 8,276,203 1,652,080 927,402 0.6405 2,502,214 0.9700
TUN01 Tunisian North Africa 26.66 101 2,543,016 76,389 74,677 1,712 8,312,669 1,597,082 945,934 0.6280 2,467,994 0.9705
TUN02 Tunisian North Africa 26.30 101 2,537,091 72,988 72,341 647 8,318,594 1,598,154 938,937 0.6299 2,466,893 0.9723
LIB01 Libyan North Africa 26.02 101 2,521,242 79,089 76,110 2,979 8,334,443 1,546,163 975,079 0.6133 2,445,293 0.9699
LIB02 Libyan North Africa 20.99 100 2,543,844 76,764 75,106 1,658 8,311,841 1,612,654 931,190 0.6339 2,468,282 0.9703
EGY01 Egyptian North Africa 26.62 101 2,558,156 87,301 85,643 1,658 8,297,529 1,622,030 936,126 0.6341 2,477,162 0.9683
EGY02 Egyptian North Africa 26.05 101 2,632,906 105,006 103,656 1,350 8,222,779 1,707,079 925,827 0.6484 2,539,558 0.9645
BMOR01 Moroccan Berber North Africa 23.11 101 2,474,791 50,435 46,609 3,826 8,380,894 1,479,580 995,205 0.5979 2,415,681 0.9761
BMOR02 Moroccan Berber North Africa 26.38 101 2,558,247 74,053 73,435 618 8,297,438 1,618,507 939,740 0.6327 2,485,679 0.9716
BZEN02 Zenata Berber North Africa 26.75 101 2,597,358 98,549 93,278 5,271 8,258,327 1,608,931 988,426 0.6194 2,512,842 0.9675
BZEN01 Zenata Berber North Africa 26.58 101 2,782,951 141,256 137,454 3,802 8,072,734 1,853,390 929,561 0.6660 2,680,433 0.9632
BTUN01 Tunisian Berber North Africa 27.22 101 2,419,114 50,274 46,270 4,004 8,436,571 1,349,271 1,069,843 0.5578 2,351,058 0.9719
BTUN02 Tunisian Berber North Africa 26.40 101 2,463,450 52,163 49,495 2,668 8,392,235 1,427,940 1,035,510 0.5797 2,393,851 0.9717
TOU Toubou Sub-Saharan Africa 19.50 101 2,756,120 139,659 133,454 6,205 8,099,565 1,756,456 999,664 0.6373 2,638,003 0.9571
LAA Laal Sub-Saharan Africa 16.23 101 2,913,363 202,714 195,685 7,029 7,942,322 1,897,329 1,016,034 0.6513 2,770,671 0.9510
DNK Dinka Sub-Saharan Africa 22.89 100,101,94,95 2,879,818 197,905 191,149 6,756 7,975,867 1,855,877 1,023,941 0.6444 2,714,725 0.9427
KBAN Kenya Bantu Sub-Saharan Africa 16.72 100 2,891,879 205,139 198,694 6,445 7,963,806 1,915,632 976,247 0.6624 2,736,631 0.9463
MAN Mandenka Sub-Saharan Africa 22.53 100,101,94,95 2,931,978 226,853 217,933 8,920 7,923,707 1,912,826 1,019,152 0.6524 2,791,760 0.9522
YOR Yoruba Sub-Saharan Africa 29.33 100,101,94,95 2,914,217 228,745 218,230 10,515 7,941,468 1,881,916 1,032,301 0.6458 2,796,174 0.9595
MBU Mbuti Pygmy Sub-Saharan Africa 22.13 100,101,94,95 3,071,156 412,306 375,438 36,868 7,784,529 1,888,456 1,182,700 0.6149 2,721,851 0.8863
SAN Khoisan Sub-Saharan Africa 29.38 100,101,94,95 3,155,830 562,522 513,936 48,586 7,699,855 1,954,991 1,200,839 0.6195 2,747,483 0.8706



Sample Synoymous Non-synonymous Non-synonymous - synoymous ratio Missense Nonsense Silent Missense-Silent ratio Intron Intergenic Exon Ti/Tv
DAI 19,370 15,779 0.8146 15,838 96 19,886 0.7964 5,181,669 1,142,868 95,334 2.0870
HAN 20,050 15,989 0.7975 16,053 107 20,577 0.7801 5,218,342 1,145,468 96,998 2.0873
BAS01 19,340 15,838 0.8189 15,909 96 19,915 0.7988 5,138,773 1,131,460 95,617 2.0939
BAS02 19,209 15,671 0.8158 15,731 87 19,776 0.7955 5,162,132 1,133,067 94,335 2.0969
FRE 19,486 16,193 0.8310 16,250 99 20,026 0.8114 5,206,961 1,131,848 96,384 2.0958
SAR 19,033 15,999 0.8406 16,063 113 19,539 0.8221 5,209,040 1,131,292 95,219 2.1006
IRQ01 20,017 16,471 0.8229 16,550 93 20,612 0.8029 5,370,818 1,166,751 99,027 2.0963
IRQ02 19,760 16,631 0.8416 16,694 109 20,323 0.8214 5,341,036 1,176,031 99,538 2.0952
ALG01 20,993 16,659 0.7936 16,725 106 21,521 0.7771 5,561,913 1,217,002 102,826 2.0967
ALG02 20,509 17,003 0.8291 17,069 87 21,087 0.8095 5,587,792 1,213,869 102,859 2.0969
EGY01 20,259 16,936 0.8360 17,006 103 20,818 0.8169 5,520,109 1,207,653 100,782 2.1003
EGY02 21,126 17,225 0.8153 17,315 127 21,744 0.7963 5,704,192 1,241,615 104,913 2.0947
LIB01 20,244 16,686 0.8242 16,751 93 20,858 0.8031 5,458,554 1,190,045 100,522 2.0972
LIB02 21,150 16,972 0.8025 17,042 111 21,696 0.7855 5,505,842 1,197,321 103,459 2.0965
MOR01 20,223 16,330 0.8075 16,392 99 20,818 0.7874 5,446,802 1,175,225 99,640 2.0953
MOR02 21,041 17,434 0.8286 17,516 114 21,621 0.8101 5,700,833 1,243,515 105,433 2.0945
BMOR01 19,566 16,063 0.8210 16,122 116 20,138 0.8006 5,409,242 1,161,865 97,982 2.1130
BMOR02 20,878 16,553 0.7928 16,623 103 21,475 0.7741 5,509,923 1,207,241 101,414 2.0986
TUN01 20,251 16,774 0.8283 16,840 98 20,830 0.8084 5,491,598 1,200,098 100,968 2.0945
TUN02 20,042 16,670 0.8318 16,738 108 20,599 0.8126 5,439,064 1,203,051 99,939 2.0943
BTUN01 19,263 16,115 0.8366 16,178 86 19,839 0.8155 5,215,156 1,142,775 96,475 2.0959
BTUN02 19,595 16,397 0.8368 16,472 113 20,135 0.8181 5,340,170 1,158,602 98,130 2.0939
SAH 20,592 16,736 0.8127 16,816 101 21,141 0.7954 5,493,726 1,189,767 102,782 2.0968
BZEN02 21,185 17,083 0.8064 17,156 86 21,894 0.7836 5,661,078 1,220,893 105,051 2.0958
BZEN01 22,518 17,733 0.7875 17,813 119 23,120 0.7705 6,014,726 1,313,923 110,281 2.0915
DNK 23,357 18,928 0.8104 19,010 113 24,087 0.7892 6,234,587 1,361,009 114,945 2.0895
KBAN 23,073 18,929 0.8204 18,992 104 23,801 0.7980 6,284,168 1,362,441 114,961 2.0903
SAN 25,811 20,069 0.7775 20,148 136 26,651 0.7560 6,891,268 1,480,134 125,490 2.0833
LAA 22,988 18,898 0.8221 18,982 109 23,645 0.8028 6,311,457 1,370,939 114,773 2.0894
MAN 23,441 18,946 0.8082 19,028 106 24,194 0.7865 6,404,481 1,378,152 117,026 2.0879
MBU 24,983 20,193 0.8083 20,286 121 25,712 0.7890 6,681,061 1,444,168 123,504 2.0868
TOU 21,802 17,485 0.8020 17,559 111 22,451 0.7821 5,955,782 1,300,258 108,916 2.0925
YOR 23,741 19,122 0.8054 19,194 137 24,399 0.7867 6,322,794 1,370,000 117,027 2.0885

Table S1: SNP calling and functional annotation statistics by sample. Related to STAR Methods.
SNP calling and functional annotation statistics by sample. The number of SNPs refers to the number of sites with a non reference
homozygous genotype (i.e., heterozygous + alternative homozygous).



test_pop ref_A ref_B p-value Z-score Mean admixture time (generations) 95% CI (generations) Mean admixture time (year) 95% CI lower bound (year) 95% CI upper bound (year)
Egyptian Yoruba BedouinB 0.000064 4 12.94 3.24 1643.74 1549.78 1737.7
Egyptian Yoruba Basque 0.0000023 4.72 17.98 3.81 1497.58 1387.09 1608.07
Egyptian Yoruba Berber_Tunisian 0.00000087 4.92 17.65 3.59 1507.15 1403.04 1611.26
Saharawi Yoruba BedouinB 7.60E-09 5.78 13.96 2.42 1614.16 1543.98 1684.34
Saharawi Yoruba Basque 1.50E-07 5.25 14.94 2.85 1585.74 1503.09 1668.39
Saharawi Yoruba Berber_Tunisian 1.90E-05 4.27 23.79 5.56 1329.09 1167.85 1490.33

Table S2: MALDER results. Related to Figure 3.
MALDER test results for Saharawi and Egyptian as test populations and Yoruba, BedouinB, Basque, Berber_Tunisian and Taforalt
as reference populations. Only tests with statistically significant results are shown.
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