Genetic structure of North African
human populations

A complex history of admixture

Lara Rubio Arauna

TESI DOCTORAL UPF /2017

DIRECTOR DE LA TESI

Dr. David Comas

DEPARTAMENT DE CIENCIES EXPERIMENTALS |
DE LA SALUT

Universitat
upf Pompeu Fabra

Barcelona







"There is no barrier, lock or bolt that you can impose
on the freedom of my mind "

Virginia Woolf

A Room of One’s Own






Agradecimientos

“A woman must have money and a room of her own if she is to write
fiction.”

Virginia Woolf

Virginia Woolf expuso de manera excelente en “A Room of One’s Own”
porqué una mujer necesita dinero y una habitacién propia para escribir
ficcion. Espero que el tema y las conclusiones de esta tesis no resulten ser
ficcidn, pero nos servira de metafora.

Quiero agradecer a todas las personas que de una manera u otra me han
aportado los recursos econdmicos y académicos necesarios, llamémosle
dinero, para desarrollar y llegar a concluir esta etapa. Gracias a David por
ayudarme con esta parte y por apoyarme con paciencia. Y gracias a mis
compafieros por crecer juntos entre poblaciones.

Sobre todo, quiero agradecer a todos los que me habéis ayudado a crear un
espacio de pensamiento donde aprender y desarrollar conocimiento.
Gracias por ayudarme a construir mis propias ideas, mi habitacion propia.

En la misma obra Virginia Woolf afirma que uno no puede pensar bien,
amar bien, dormir bien, si no ha comido bien. No podria estar mas de
acuerdo, y ahora no es metaforico, gracias a los que cada dia me dais y me
habéis dado de comer para que pueda seguir intentando hacer las cosas
bien.






Abstract

North African populations show a complex genetic structure characterized
by the admixture of at least four different components: Middle Eastern,
sub-Saharan, European and autochthonous North African. However, there
are few genome-wide studies focused on North Africa and only two
Berber groups have been included in those analyses. In this thesis
genotype array data that increases the number of available Berber samples
is introduced. This data shows a heterogenous genetic structure of North
African populations, including Berbers, and a lack of genetic
differentiation between Berber and Arab groups. Admixture is the main
process shaping North African diversity. In the results of this thesis
different admixture events are described, mainly related to sub-Saharan
gene-flow and Middle Eastern expansions. Furthermore, North African
gene-flow into coastal surrounding populations is analyzed, showing a
recent historical North African contribution from different geographical
places in the European coast and the Canary Islands populations.

Resumen

Las poblaciones del norte de Africa presentan una estructura genética
compleja caracterizada por la mezcla genética de al menos cuatro
componentes: Oriente Medio, Africa subsahariana, Europa y autoctono
del norte de Africa. Sin embargo, pocos estudios a escala gendémica se
centran en el norte de Africa y sélo dos grupos de bereberes han sido
incluidos en los analisis. En esta tesis se presentan datos genotipados con
chip que aumentan el nimero de muestras disponibles de bereberes. Estos
datos genéticos muestran una estructura heterogénea de las poblaciones
del norte de Africa, incluyendo los bereberes, y una falta de diferenciacién
genética entre grupos bereberes y édrabes. La mezcla genética es el
principal proceso que moldea la diversidad norte africana. En los
resultados de esta tesis se describen diferentes procesos de mezcla,
principalmente relacionados con flujo genético de Africa subsahariana y
expansiones de Oriente Medio. Ademas, también se analiza el flujo
genético desde el norte de Africa a poblaciones costeras circundantes,
mostrando una contribuciéon durante la historia reciente de zonas
geograficas diferentes en la costa europea y en las Islas Canarias.






Preface

Different types of data contribute to an accurate and exhaustive
reconstruction of human history. Although historical written records are
many times biased and incomplete, they are a good guide and a valuable
source of hypothesis. Archaeology and anthropology have produced a
high amount of data that has solved plenty of questions regarding human
origins and evolution. Linguistic evidence has also helped in the
understanding of humans, particularly in the movement of people and the
relation between the populations. In the last decades, genetic studies have
joint efforts with these fields and have contributed extensively to the
human history knowledge.

The large number of samples for which genetic data is currently available
has allow the study of many different human populations. Genetically
closeness of populations is explained by a similar history. In this sense,
genetically close populations may be related because of a common
ancestral origin or because of extensive gene-flow between them. Taken
into account this principle and the information available, a detailed and
rigorous reconstruction of human history and evolution has been possible
at a worldwide scale. Genetic studies have given support and extended the
knowledge about the African human origin, the out-of-Africa dispersal,
and the colonization of new territories. The human population genetics
field is growing rapidly and shedding light to human history. Particularly,
ancient DNA studies are increasing insight into the first stages of human
evolution and dispersal.

The focus of this thesis is the North African human populations. In this
thesis, the genetic structure of those populations has been analyzed using
genome-wide data and novel genomic methods. A special emphasis has
been put in the admixture of the North African individuals with other
populations. In this regard, the main objectives have been the
identification of external genetic contribution to North Africa and the
dating of the gene-flow arrival. Finally, the role of North Africa in the
gene-pool of surrounding populations has been tested, showing an
important contribution.
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“Tenere ti nin

Tenere nekkim

Taqqim tafuk tedu

Teyyed fel shinawan ashni

Itissed ehad hi tismesti”

“The desert is mine

Tenere, my homeland

We come to you when the sun goes down
Leaving a trail of blood across the sky
Which the black night wipes out”

+l0:1 (Tinariwen), Tenere Taqqim Tossam






1 INTRODUCTION







1.1 THE PEOPLING OF NORTH AFRICA: FROM
THE HUMAN ORIGINS TO THE PRESENT

1.1.1 The African cradle

All fields of study agree in an origin of modern humans in the East of sub-
Saharan Africa around 200,000 years ago. Although it is controversial to
determine morphologically whether the oldest fossils are anatomically
modern humans (AMH) (Schwartz and Tattersall, 2010; Stringer, 2003),
the fossil record places the earliest well-dated anatomically modern
humans in southern Ethiopia (Omo I and Omo II) (McDougall et al.,
2008) around 195,000 years ago (ya). However, more recent remains are
also found in Ethiopia (Herto, 160,000 ya) supporting the East African
origin of our species (White et al., 2003). Other ancient remains come
from South Africa around 100,000 ya (Klasies River) (Rightmire et al.,
2006) or Levant (Qafach and Skhul, 120,000 ya) (Vallois and
Vandermeersch, 1975). The African recent origin of modern humans has
been demonstrated using a large amount of genetic markers that have also
signaled the larger effective population size of African groups (Armour et
al., 1996; Cann et al., 1987; Ingman et al., 2000; Jorde et al., 1997; Li et
al.,, 2008; Stoneking et al., 1997; Tishkoff et al., 1998, 2009, 1996;
Vigilant et al., 1991). These two facts have been proposed to explain the
high genetic diversity observed in African populations, especially in
hunter-gatherer groups (Henn et al, 2011; Pickrell et al., 2012,
Schlebusch et al., 2012; Tishkoff et al., 2009).However, ancient lineages
of uniparental markers are present in both hunter-gatherers and non-
hunter-gatherer groups (Batini et al., 2011; Mendez et al.,, 2013)
contributing to the controversy of the geographic origin of modern
humans and first population splits within Africa. A recent paper analyzing
hunter-gatherer ancient samples (2,000 ya) from South Africa has pushed
back the estimation of the divergence of modern humans at least 260,000
ya (Schlebusch et al., 2017). Furthermore, linguistics have also supported
evidence from an African origin (Cysouw et al., 2012).



1.1.2 The Green Sahara

The Sahara Desert traces the southern limit of North Africa and has
played a major role for the region. Although nowadays the Sahara
represents rather a barrier, palaeoclimatology and archaeology have
evidenced humid periods when the Sahara was a biological corridor.
During the last Interglacial period, between 130,000 and 117,000 years
ago, the Sahara was dotted of watercourses that flew towards the
Mediterranean (Coulthard et al., 2013; Drake et al., 2011). At least three
major river systems were present: Irharhar, crossing the territory currently
covered by Algeria; and Sahabi and Kufrah, in Eastern Maghreb. The
Irharhar watercourse has been proposed as the most probable route for
hominins dispersion and Middle Stone Age artifacts have been found in
its basin (Coulthard et al., 2013). As a result of this wide range of
corridors, the industries that appeared in the Nile Valley are different from
other North African assemblies (Osborne et al., 2008). The last wet period
of the Sahara was during the Early Holocene, ~11,000 to 8,000 ya, when
the Sahara was covered by a dense paleoriver network and even large
paleolakes. Despite the important Nile corridor, those trans-Saharan
corridors were more effective, which allowed the expansion of many
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Fig 1. Topography of North Africa with the paleohydrology of MIS 5
(~130,000 to 75,000 ya) overlain. The hydrological systems that form
connections throughout the Sahara are shown in brown, in order to highlight
them. The alluvial fans that in some cases allow interconnections between

river systems are also displayed. (Scerri et al., 2014)



different species (Drake et al., 2011).

In accordance to palaeoclimatic evidences, Homo fossils have been found
in North Africa, for example Homo erectus remains are found in Sidi
Abderrahman (Moroccan Eastern coast) and Ternifine (Algerian coast)
archaeological sites (Newman, 1995). Very recently, the cataloging as
AMH of Jebel Irhoud fossils (in the East of Morocco) and their dating
314,000+34,000 ya, has challenged the knowledge about Homo sapiens
origins (Hublin et al., 2017). During some time, studies have pointed to a
higher implication of North Africa in early human prehistory than
previously thought (Balter, 2011; Stringer and Barton, 2008). This latest
study highlights the need of including North Africa in the early steps of
Homo sapiens and building a broader African perspective that takes into
account the geoclimatic knowledge of the region.

The dating of Middle Stone Age sites in North Africa has been
controversial and has changed with the irruption of new methodologies
(Balter, 2006; Jacobs and Roberts, 2007). Before the last results of Hublin
and colleagues (2017), the oldest Homo sapiens fossils dated were also
from Jebel Irhoud. This site has classically produced the oldest dates of
North African Homo sapiens. However, the first estimation dates of the
fossil remains were around 40,000 ya and the remains were related to
Neanderthals (Ennouchi, 1962). Nevertheless, in 2007 the juvenile Irhoud
3 sample was dated 160,000 ya and the Neanderthal association was
discarded, placing the remains closer to Homo sapiens than to other Homo
(Smith et al., 2007).

During the Middle Stone Age the Aterian culture stands out in North
Africa. Previous to the Aterian, the Mousterian was extended in other
parts of the globe; nevertheless, this culture is not well described in North
Africa. The Mousterian was first described in Eurasia and then it was
extrapolated to North Africa; however, the Mousterian in North Africa has
been recently proposed to be closer to Middle Stone Age in Africa than to
European Middle Paleolithic. Moreover, the differences between the
Aterian and the Mousterian cultures have been questioned due to the
technological similarities, and a recent study has considered them as
variants of the same entity (Dibble et al., 2013). As a whole, there is a
poor definition and scanty studies of the pre-Aterian culture and Early
Stone Age in North Africa (Bouzouggar and Barton, 2012; Garcea and
Giraudi, 2006). Due to dating problems, the Aterian was for a long time



dated between 40,000-50,000 ya; however, many studies in the last two
decades have shifted backwards those dates until reaching an oldest date
for the Aterian in the Atlantic Morocco 110,000 ya. The timing, the
spread, and the characteristics of the Aterian culture have linked it to the
dispersal of AMH (Barton et al., 2009). Although the Aterian is a very
flexible technology that presents variations, some characteristics are
remarkable including technological features (pedunculates, tanged pieces,
bifacial foliates, small Llevallois, discoidal cores, blades and bladalets)
and more interestingly symbolic artifacts, as stone-limed hearths, shell
beads for ornamentation and red ochre (Barton et al., 2009; Bouzouggar et
al., 2007).

The symbolic features represent abstract thinking, which is an essential
characteristic of modern humans. Some of these cultural novelties seem to
have developed earlier in Northwest Africa than in East or South Africa,
reinforcing the need of a whole African perspective for understanding the
human origins. For example, shell ornaments have been dated 82,000 ya
(Bouzouggar et al., 2007) and even as far as 150,000 ya (d’Errico et al.,
2009); however, there is a gap of production between 70,000 to 40,000 ya,
showing that discontinuities in cultural transmission occurred 70,000 ya
probably as a result of climatic and environmental changes after the last
Interglacial period (Bouzouggar and Barton, 2012; Bouzouggar et al.,
2007; d’Errico et al., 2009). This evidence could be important for the
understanding of human behavior and evolution, and therefeore, among

Fig 2. Map of North Africa Middle Stone Age sites, marking key
chronometrically dated sites and sites assigned to particular industries in the
literature. Dense concentrations can be observed in the Maghreb, and to a
lesser degree, the Nile Valley, illustrating where research has been most
intensive. (Scerri, 2017)



other North African evidences, it should be taken into account for the
study of early humans.

The transition between the Middle Stone Age to the Later Stone Age
(between 40,000 to 20,000 ya) has been poorly studied in North Africa.
The Late Stone Age is characterized by the use of microlithic technology
and the appearance of the Iberomaurusian culture. The beginning of this
technology has been dated around 25,000 ya in Eastern Algeria, which
places the disappearance of the Middle Stone Age during the Heninrich
Event 2, a climatological event that produced the cooling of the Atlantic
and the Western Mediterranean waters and produced an increase in
continental aridity (Barton et al., 2013; Hogue and Barton, 2016). The
continuity of the human population since the Middle Stone Age has been
under debate and remains not completely unresolved (Bouzouggar et al.,
2008; Irish, 2000). However, recent studies support a population and
cultural continuity in the region (Barton et al., 2008, 2016). A Maghrebian
origin of this new technology has been suggested (the oldest remains have
been found in Eastern Algeria), followed by a subsequent expansion to the
east (towards Tunisia and Lybia) and to the west (towards the Moroccan
coast) (Hogue and Barton, 2016). In any case, it seems that the climate
changes had an important effect in the populations settlement and
adaptation, which produced technological and cultural innovations
(Bouzouggar et al., 2008). Moreover, a lot of local variation has been
found in the Iberomaurusian assemblies. Even a concrete pattern of
differences between coastal rockshelters and hinterlands open-air-sites has
been detected. These differences could suggest adaptations of the same
population to different environments or extensive movement of people
and ideas (Barton et al., 2016; Sari, 2014). A complex and heterogeneous
funerary behavior has been described in Iberomaurusian assemblies
(Humphrey and Bocaege, 2008; Mariotti et al., 2014), which is an
interesting feature of humans from a population and anthropological
perspective. It is important to stress that the preliminary link between the
Iberomaurusian and Iberian cultures was discarded, and this culture has
shown stronger African affinities (Barton et al., 2013).

The arid period that may lead to the Iberomaurusian emergence, was
overcame by a wet period in the Sahara between 11,000 to 8,000 ya.
Again, coincident with a climatic change, a new culture rose around
10,000 ya (Newman, 1995): the Capsian. However, the extension of this
culture is not homogeneous in all North Africa, it is prevalent in Tunisia



and Eastern Algeria, while for example in Cyrenaica, a coastal region in
Eastern Libya, the Dabban, Oranian and Lybicocapsian cultures
succeeded (Newman, 1995). The Capsian sites are known as escargotiéres
because snail shells have been found. In these sites there is also an
accumulation of ashes, burned stones, and knapped flint. (Camps, 1995;
Rahmani, 2004). The Capsian communities were larger and more
sedentary than previous cultures in North Africa (Newman, 1995). Three
periods are usually described: the Upper Capsian, the Typical Capsian,
and the Neolithic Capsian (Irish, 2000; Rahmani, 2004). The
environmental changes around 8,000 ya promoted the changes in
subsistence and technology between the Upper and Typical Capsian
cultures (Jackes and Lubell, 2008). As for every transition in North
Africa, a debate arose around the population continuity with the
emergence of the Capsian. Some authors argue a population replacement
and different origins of the newcomers have been proposed, being
probably an eastern origin the most accepted (Camps, 1995). However,
other authors claim population continuity, arguing gradual and continuous
changes and a shift due to a different subsistence economy, among other
reasons (Barich and Garcea, 2008; Irish, 2000; Peter Sheppard., 1990).

Upper Capsian groups changed from a hunter-gatherer way of life to the
Neolithic later than the populations of the nearby areas. The reason could
be the high adaptation and flexibility of those groups to changing
conditions (Rahmani, 2004). In western Maghreb and Libya, the
Iberomaurisian finished with the transition to the Neolithic (Rahmani,
2004). The beginning of the Neolithic was a gradual process that started
around 7,600 ya in the North African coast (Linstddter et al., 2012). The
oldest date of a domesticated plant is one lentil dated around 7,611 ya in
Morocco (Morales et al., 2013). Moreover, around 7,000 ya Neolithic
pottery, probably adopted from neighboring populations, is found in
hunter-gatherer sites. By 6,000 ya the Neolithic was extended in all the
region (Linstédter et al., 2012).

A demic diffusion model for the Neolithic arrival and/or putative
interactions with local groups is widely accepted (Mulazzani et al., 2016).
A Middle Eastern origin of the newcomers is the most accepted
hypothesis (Morales et al., 2013). In Libya, agriculture might have been
introduced from Egypt and the Nile Valley (Garcea, 2004; Morales et al.,
2013). The similarities between Southern Iberian and Northwest African
Neolithic have been explained by three hypotheses. Two of these



hypotheses imply direct contact between Iberia and North Africa: an
Iberian diffusion to North Africa or a diffusion of some specific traits
through the creation of networks that transported technology, ideas, and
maybe people (Linstadter et al., 2012; Mulazzani et al., 2016). However,
the most accepted hypothesis nowadays is a synchronous arrival of
Neolithic to both places through an east-to-west maritime spread along
both shores of the Mediterranean, followed by acculturation and
integration of the Neolithic elements (Morales et al., 2013; Mulazzani et
al., 2016).

In conclusion, North Africa has been populated since the first stages of
Homo sapiens. Although the North African prehistoric studies are
underrepresented compared to other regions, a large amount of data is
available. The main debates around North African prehistory are about the
population continuity and replacement in different periods of time, and
then the origin of the subsequent cultures.

1.1.3 The Mediterranean: a breeding ground

The Nile river has been the germ of a series of great civilizations. Egypt
has played a major role in the history of North Africa, connecting Africa
to Asia. In the Early Dinastic Period (3,000-2,686 BCE) a trade network
connected Egypt with the Eastern Mediterranean, and probably even
before this period of time, Egypt played an important role in the
dissemination of Neolithic ideas. During the Old Kingdom (2,686-3,260
BCE) rulers linked spiritual and political royal authority and built the
pyramids. After that, a period of uncertainty and instability arrived,
known as the First Intermediate Period (2,160-2,055 BCE). The Middle
Kingdom (2,055-1,650 BCE) restored the order and settled a golden age
for Egypt literature and emphasized social ethics and moral responsibility.
However, the Hyksos (coming from Western Asia) gradually entered into
Egypt provoking a Second Intermediate Period (1650-1550 BCE). The
Hyksos and the Kushites were expelled and the Pharaohs became the
rulers of the New Kingdom (1550-1069 BCE). Once again, Egypt’s
pivotal location drew different peoples (Libyans, Hyksos and Kushites)
which put pressure in the territory and finally the Persian Empire
overwhelmed Egypt (525 BCE). From a population perspective, different
peoples (Canaanites, Hittites, people arriving from the sea, etc.)
converged in Egypt. (Naylor, 2009; Newman, 1995)



The Egyptian declined in the 12" century BCE favored the Phoenician
expansion. The Phoenicians originated in the Levant coast, in Middle
East, and developed a flourishing civilization. The Phoenicians had an
economy based on trade which pushed them to sail through the rest of the
Mediterranean. Their settlements were based on city-sates along the coast,
the most important ones in the Levant were Sidon and Tyre, but they
created many settlements along the Mediterranean coast that catalyzed the
commercial activities. The North African coast was colonized in the 8%
century BCE by Phoenicians. Among the most important city-states in
North Africa were Utica, which is the oldest city and it is dated 1,100
BCE; Lixus, in west Morocco;, and Carthage, which became later
independent and absorbed(Kenrick, 1855; Phoenician commercial
colonies under new Carthaginian rule. (Kenrick, 1855; Naylor, 2009;
Newman, 1995)

The Carthaginians remained in the North African coastline and did not
intended to conquer the interior, which was ruled by Berbers, and both
groups kept good relations. The Carthaginians traded with the Berbers and
acted as middlemen between them and Mediterranean areas. This
commerce facilitated a trans-Saharan trade carried by the Berbers, which
even included slaves. In this commerce, the Carthaginians traded with the
Garamantes (a group of Berbers). The transcultural transmission between
Carthage and Berbers was fluid and influenced the development of
proximate groups, such as the Masaesyli and the Mauri. In the 5™ century
BCE Carthage was defeated by the Greeks from Syracuse in the Battle of
Himera, in Sicily. After that, Carthage changed its policy and extended
hinterland and by the end of the 5" century Carthage dominated the
Western Mediterranean. (Camps and Vela i Aulesa, 1998; Mokhtar, 1981;
Naylor, 2009)

The Greeks colonized some territories of North Africa including the
Cyrene city and cities nearby (631 BCE). They had contact with the
Libyans (the designation they used for North African people) and a
cordial relation with the Carthaginians. In the 332 BCE Alexander the
Great occupied Egypt. This period, known as the Hellenistic North Africa,
had a magnificence development characterized by the splendor of
Alexandria. (Naylor, 2009; Newman, 1995)

In 509 BCE Carthage recognized the Roman independence from the
Etruscans and agreed in free Mediterranean trade for Carthage. However,

10



Rome started to gain power and conquered Sicily in the First Punic War
(246-241 BCE) against Carthage and the Greeks. This fact meant the
beginning of the decline of Carthage. Nevertheless, the Carthaginians still
tried to expand and extended their power to the Iberian Peninsula. That
expansion produced the Second Punic War (218-201 BCE). Despite the
Hannibal (a Carthaginian general) effort to cross the Alps with elephants
(Mahaney et al., 2017) aiming to defeat Rome, Rome succeeded and
subdued the North African colonies. Hannibal army was composed of
men from different origins, such as Gauls, Ligurians, Mauri or Numidians,
which illustrates the Carthaginian interaction with close populations. In
the Third Punic war (149-146 BCE) Carthage lost its last and more
important bastion: Carthage. Numidia acted as ally of Rome in this last
war, but after their victory Rome defeated Numidia and other Berber
kingdoms in the Jugurthine war. Therefore, the Roman domination of the
North African coast and some hinterland regions finished the Hellenistic
Egypt and the Berber Kingdoms rule (1** century BCE). (Naylor, 2009;
Newman, 1995)

The Romans remained mainly in the coast of North Africa, while in the
hinterland different Berber Kingdoms took power. The Berbers provided
the Romans with different goods, as wool and leather, and also slaves,
some of them from sub-Saharan Africa. However, the relationships were
not always cordial, especially with Garamantes. Berber Revolts occurred
since the 1% century CE. Around the 3™ and 4™ century CE a series of
revolts weakened the Roman authority. In the 420 CE the Vandals
(Germanic invaders of the Western Roman Empire) crossed from the
Iberian Peninsula to North Africa. They made good relationships with the
Berbers and promoted transculturalism. The Vandals dominated the
Western Mediterranean and most of its islands with an extraordinary fleet
mainly composed by Berbers. In the 533 CE the Byzantines defeated the
Vandals, but once again the Berbers rebellions challenged the Byzantine
domination. (Brett and Fentress, 1997; Naylor, 2009)

In the 610 CE Muhammad had the revelation that began the Islam. In the
639 CE Egypt, under Byzantine rule, was invaded by the Arabs. Egypt
became the starting point for the North African expansion. Three years
later the Arabs conquered Cyrenaica (West Libya) and soon after
Tripolitania (Northeast Libya). In their expansion wave, the Arabs built
new cities in North Africa. The Umayyad Dynasty (661-750 CE)
continued the expansion thorough the Maghreb and reached the Atlantic.
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Although the Arabs were tolerant toward other religions, there was
discrimination against non-Arabs (even the converted: Mawali). As a
result, the Berbers, allied with the Byzantines, tried to resist the Arab
domination. Dihya (or Al-Kahina for the Arabs) symbolizes the last
Berber resistance to the Ummayad. She was defeated in 698 CE in the
final battle for the domination. In 711 CE Tariq crossed the Mediterranean
and entered Iberia, an expansion that would culminate with the al-Andalus
brilliance. (Camps and Vela i Aulesa, 1998; Naylor, 2009; Newman,
1995)

However, the Berbers were not satisfied with the Arab rule and in 741 CE
a Berber revolt spread into Algeria and al-Andalus. At the same time, the
Abbasids rose up in the east and, supported by the Shi’a, defeated the
Umayyads in the 750 CE. The Abbasid had to assume the descentrality of
their Caliphate. Egypt was ruled by the Tulumids and the Ikshids. Today’s
territoy of Morocco was ruled by the Idrisids, who were not Shi’i and then
were persecuted by the Abbasids. The Idrisids were close to the Berbers,
specially the Awraba. In 808, Idriss II founded the city of Fez. Eastern to
the Idridids territory another persecuted group, the Kharijites, found
shelter among the Berbers. Their good relationships allowed them to rule
the Rustamid dynasty. Their main city was Tahart, which had a valuable
location for the Saharan trade. Finally, the Aghlabids controlled the
Western Mediterranean and some of its Islands in a territory between
today’s Northern Algeria and Tunisia. This period finished with the
arrival of the Fatimids to the power. (Camps and Vela i Aulesa, 1998;
Naylor, 2009)

The Fatimids were the unique Shi’i caliphate in history. They started to
expand from Algeria to the whole North Africa. The Fatimid period was
characterized by the mixture of cultures. Their army was composed of
different peoples, especially Berber (Kutama and Masmuda) that were
engaged by the Fatimids, but also Bedouins, Turks, Persians and sub-
Saharan Africans. In the 11" century CE, the Fatimids experienced a
socioeconomic crisis. At that moment, Arab Bedouins (led by Banu Hilal
and Banu Sulaym) entered the Maghreb and defeated their rulers. This
second wave of Arabs meant an important transformation of the Maghreb.
The Arabic language usage increased and also the intermarriage between
Arabs and Berbers. Theferore, this invasion was probably the most
important event in the mixture of cultures and peoples in the Maghreb.
(Camps and Vela i Aulesa, 1998; Naylor, 2009)
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Soon after the invasion of the 11" century, the Almoravids started a new
period. The Almoravids emerged from the Lamtuna Berbers, in today’s
Mauritania and Western Sahara. They expanded through the Maghreb,
founded Marrakesh in 1062 CE and dominated the al-Andalus until the
1145 CE. However, the Almoravids were soon defeated by the
Almohades. Ibn Tumart founded the Almohades, but the Masmuda and
the Zanata Berbers were close followers. Marrakesh fell in 1147 CE to
Almohade’s power, and the Maghreb and al-Andalus were united in an
apogee of power, culture and influence. (Naylor, 2009; Newman, 1995)

After the fall of the Almohades in the 13" century the Maghreb was
reformed. The Hafsids ruled in the Northern Algeria, Tunisia and Libya.
The Zayyanids, Zanata Berbers, ruled in Central Maghrib and had the
capital in Tlemecen which was a strategic point for trans-Saharan and
Mediterranean trade. At last the Marinids, also Zanata, ruled in Morocco.
(Camps and Vela i Aulesa, 1998; Naylor, 2009)

In the 15 century the conflicts in the Iberian Peninsula extended to the
Maghreb. The Spanish and the Portuguese won coastal strategic positions
(Oran, Tripoli, Tangier, etc.). In Morocco, the Sharifian Dynasty expelled
the Portuguese and the Wattasids, who had the power. In the 17" century
the Alaouites came to power thanks to an army of sub-Saharan African
slaves. (McKenna, 2010; Naylor, 2009)

Meanwhile, in the east, the Ottoman Turks began a new occupation. They
occupied Egypt, Algeria, Tunisia and Libya in the 16" century. Algeria
rebelled in 1689 and achieved some independence from the Ottoman
government. In 1830 internal conflicts and the gain of influence of
European powers favored the French invasion of Algeria. Tunisia also
achieved some independence of government from the Ottoman rule, and
afterwards the Husainid dynasty ruled Tunisia until 1957 as a French
Protectorate. In Libya, the Karamanlis governed until 1835, when the
Ottomans had again the control. During the 18™ and 19™ centuries, the
European colonialism controlled in different ways each North African
region. (McKenna, 2010; Naylor, 2009)

In conclusion, the history of North Africa is extremely complex and the
Mediterranean has been a breeding ground for many civilizations. As a
result, North Africa encompass an amalgam of cultures and peoples. The
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detailed study of history highlights the importance of transculturalism in
the understanding of the North African peoples.

1.1.4 The Berber peoples

The North African population is composed by a high diversity of peoples
with different ancestral origins, languages and cultures. It is an
oversimplification to classify North African populations into only Arab
and Berber peoples; however, many questions arise when these two
groups are compared. The Berbers are usually considered the ancestral
North African population, while the Arab arrived during the last two
millennials.

The origin of the term “Berber” is controversial. It probably comes from
the Latin “barbarus” and was later spread by the Arabs. However, they
call themselves Amazigh (or Imazighen in plural) (Camps, memorie et
identite). The main characteristic that all Berbers share is the Berber
language (Tamazigh). The writing of Berber languages is called Tafineq
and it is thought to have developed during the Carthaginian period
(General history of Africa I). These languages are classified within the
Afroasiatic linguistic family (Camps, 1995; Newman, 1995). The origins
of the Berber peoples are still under debate. The most claimed hypothesis
is that they come from the Capsian culture that emerged around 10,000 ya
(Camps, 1995). Linguistic and genetic data support this hypothesis (Fire
and Disturbance, 2004; Maca-Meyer et al., 2003). The place of origin of
Afroasiatic languages is uncertain, but the Northern Sudan Nile valley is
the most plausible (Newman, 1995). The time of origin is more certain,
dated between 10,000 and 15,000 ya, clearly before the Neolithic (Fire
and Disturbance, 2004; Maca-Meyer et al., 2003). The expansion of the
Afroasiatic languages has been correlated with a demographic expansion
linked to the U6al mitochondrial haplogroup (Maca-Meyer et al., 2003).
Moreover, genome-wide data (Henn et al., 2012) has pointed to a
population replacement in North Africa before 10,000 ya. Taken all
together, a probable origin of proto-Berber people coming from the east
and dragging Afroasiatic language is well supported. However, the
population continuity during pre-history in North Africa has been
questioned at many temporal stages, as stated previously. Demographic or
cultural replacements before or after 10,000 ya could place the Berber
origin in a different stage.
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The proto-Berber, or Libyans as were called by the Romans, were not a
unique group but rather a composite of different populations that inhabited
different regions and had different lifestyles (Camps, 1995; Camps and
Vela i Aulesa, 1998; Naylor, 2009; Newman, 1995). Agriculture was well
spread long before the Phoenician arrival and was practiced by many
groups, while others were nomadic (Ki-Zerbo, 1981). Among the different
Berber groups that were present before the Phoenician arrival were the
Garamantes, Mauri, Gaetuli, Masaesyli, Numidians and many others
(Camps, 1995; Camps and Vela i Aulesa, 1998; Newman, 1995). The
history of Berbers intertwined with that of the Phoenicians and the
subsequent peoples and civilizations that arrived in North Africa, as has
been explained above (Brett and Fentress, 1997; Naylor, 2009). After the
Arab expansion, groups of neoberbers arrived to North Africa coming
from the east and the south. They were the Butr, Zanata, Levatha,
Laguatan and Luwata. Those Berber groups brought nomadism to areas
that were previously cultivated (Camps and Vela i Aulesa, 1998).

Lifestyles, contacts and influences from external populations are
extremely variable depending on the Berber group considered. For
instance, the Tuareg are nomadic Berbers (Camps, 1995), but most of the
Berber groups are not. The Garamantes had continuous contacts with sub-
Saharan Africans through trans-Saharan routes, while other groups may
had other influences (Mokhtar, 1981). Regarding the Arabization and the
adoption of Islam, Berbers also present differences. Although nowadays
most Berbers groups adopt the Sunnism, other Islam branches have been
relevant in different historical periods. For instance, the Kutama played an
important role in the spreading of Islam and adopted the Shiism, and the
Barghwata developed a branch of Khawarij. Overall, during the Middle
Ages the Berbers adopted easily any sociocultural movement that
questioned the established authority (Camps, 1995).

15



o
-
1S
Le I'}L,"—
/

rry

-«
s

Ecuerie

ly»p»r
"2 Licucs Marner do Prance dr 30 andgy
s

-

Brrnod

ou les

Marac, de Fez dAlger de Tunis,ct de Trpohk N
p R -5

avee les Pays Circonvoifins
2 AN .

Y pe BARBARIE

. A JE AN 2 A\ { roft
i 3 d %, ) \ . H»x.

Fig 3. Bonne, Rigobert (1791). Cartes des cotes de Barbarie, ou les Royaumes
de Maroc, de Fez, d'Alger, de Tunis, et de Tripoli avec les pays circonvoisins
(Lattre & Delalain).

16



1.2THE GENETIC PERSPECTIVE OF THE HUMAN
SETTLEMENT IN NORTH AFRICA

The analyses of genetic and genomic data allow the reconstruction of the
populations history. The genetic markers analyzed are the mitochondrial
DNA (mtDNA), the Y chromosome and autosomal markers. MtDNA and
Y chromosome are uniparental markers that are inherited without
recombination from the mother and from the father, respectively.
Autosomal data include a wide variety of markers, from Short Tandem
Repeats (STRs) to whole genome sequence data.

1.2.1 A paleolithic mother

In North Africa mtDNA is the oldest genetic evidence, as some of the
haplogroups present are related to the Middle Stone Age. The analysis of
U6 and M1 mtDNA haplogroups has been interpreted as a back-flow to
Africa during that period (Secher et al., 2014). The mitochondrial U6
haplogroup shows higher frequency (around 10%) and diversity in North
Africa than everywhere else (Plaza et al., 2003), which has been explained
by a North African origin and expansion of this haplogroup (Plaza et al.,
2003). The divergence time of U6 was previously estimated around
35,000 ya (Maca-Meyer et al., 2003; Secher et al., 2014); however, the
analysis of an ancient sample from Romania carrying a basal U6 lineage
pushed back that estimation to 49,600 ya. Therefore, the reviewed history
of U6 haplogroup suggests that it probably emerged in Western Asia, and
afterwards expanded to North Africa (probably around 22,000 ya (Pereira
et al.,, 2010a)), where it constituted a local background, particularly in
Northwest Africa (Plaza et al., 2003). During this expansion, the U6
haplogroup diversified until the emergence of all U6 lineages found
nowadays (Hervella et al., 2016). The effective population size estimated
for the U6 reflects the population growth changes of North African
groups: from 17,000 to 13,000 ya there was a population stasis, and then
13,000 ya it started to grow again (Secher et al., 2014). In parallel to the
U6 expansion, the U5 haplogroup emerged around 29,900 ya and
expanded from Central Asia to Europe (Secher et al., 2014). In Europe,
U5 haplogroup is nowadays frequent in the Baltic and Basque Country
and was common in Mesolithic Europeans (Matisoo-Smith et al., 2016).

A recent study analyzed ancient mitochondrial DNA from 28
Iberomaurusian samples from Algeria and Morocco (7 and 21 samples
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respectively) (Kefi et al., 2016). The Algerian site analyzed (Afalou) is
dated between 23,000 and 10,800 ya, and the Moroccan site (Taforalt)
was dated between 15,000 and 11,000 ya. All the mtDNA haplogroups
found in those samples are classified into Euroasiatic lineages: H, T, JT, J,
V and U. Two samples were identified as U6, which indicate that the U6
lineage was already present in the Iberomaurusian individuals. Moreover,
the lack of sub-Saharan mtDNA haplogroups suggests that the
Iberomaurusian do not have a sub-Saharan origin and that the sub-Saharan
lineages found in current populations might have arrived after 10,000 ya
(Kefi et al., 2016), as previously suggested (El Moncer et al., 2010). The
finding of the U6 lineage in Iberomaurusian samples is in accordance with
previous hypotheses that linked the U6 and the M1 haplogroups
expansions from Southwest Asia to the Iberomaurusian culture (Pennarun
et al., 2012). Moreover, the expansion of mtDNA haplogroups during the
Late Stone Age seems to be correlated with the expansion of Afro-Asiatic
languages in North Africa (Pennarun et al., 2012).

The arrival of other Euroasiatic mtDNA lineages (H, U5, V, etc) has been
hypothesized to be more recent, in Holocene times (Pereira et al., 2010a).
However, the presence of some of those lineages in the ancient
Iberomaurusian samples challenges this previous hypothesis. The study of
Kefi and colleagues (2016) also showed a genetic affinity between the
ancient samples and some modern North African (Berbers from North
Morocco and Jerba Island in Tunisia) and some South European
populations (Valencia, Baleares, Spain, Sardinia an Italy), which the
authors claim to evidence the existence of a common Mediterranean
mitochondrial gene pool. Probably one of the main conclusions of the
study is the support for some genetic continuity in North Africa at least
after the Late Stone Age.

The presence of U6 mtDNA haplogroups in some European
Mediterranean populations has been suggested as evidence for gene-flow
between both shores in different times including prehistoric periods
(Maca-Meyer et al., 2003; Plaza et al., 2003). For instance, the mtDNA
U6a haplogroup radiated from the Maghreb to the east, and might have
reached the Iberian Peninsula (Secher et al., 2014). Moreover, the
mitochondrial DNA of a Phoenician sample from Carthage has been
recently analyzed and assigned to mtDNA haplogroup U5b2cl, which
probes that this haplogroup might be introduced in North Africa from the
European shores at least in the 6™ century BCE, and probably earlier
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(Matisoo-Smith et al., 2016). The mtDNA haplogroup U5b2cl has not
been found in modern Lebanese or ancient samples from the Levant,
which could suggest another Mediterranean origin of that sample, in
accordance with a wide movement of people in the Mediterranean during
the Phoenician period (Matisoo-Smith et al., 2016).

LANGUAGE FAMILIES
Afro-Asiatic

.

5
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e

b) U6, with languages’
phyla. The dots indicate the populations geographic locations. (Pennarun et
al., 2012)
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Despite the importance of U6 haplogroup for the understanding of the
North African populations origin, most of the mitochondrial gene pool in
North Africa is represented by Eurasiatic lineages. One of the most
frequent mtDNA lineages is haplogroup H, which has been linked to
European migrations since the Last Glacial Maximum (around 15,000 ya)
mainly from the Iberian Peninsula. The mtDNA subhaplogroups H1 and
H3 are the most frequent within the H clade in the Iberian Peninsula with
frequencies of 45 and 16%, respectively, and those frequencies decrease
towards Eastern Europe. In North Africa, the frequencies of those mtDNA
subhaplogroups are similar to the ones found in Europe (42 and 13%,
respectively), and these frequencies also decrease towards the east. The
highest frequencies of mtDNA haplogroup H in North Africa are found in
the west, in Morocco, were they reach up to 37%, while in Egypt it ranges
between 21 and 14%. (Ennafaa et al., 2009; Hernandez et al., 2017)

Haplogroups H1 and H3 have been associated to hunter-gatherer
expansions after the Last Glacial Maximum from the Franco-Cantabrian
refuge. The coalescence time in European samples for H1 has been
estimated around 14,000 ya, and for H3 around 10,000 ya. Therefore, the
presence of those haplogroups in North Africa has been hypothesized to
come from paleolithic expansions from the Iberian Peninsula, which could
explain its higher frequency in Western North Africa. The coalescence for
H1 haplogroup in North Africa has been estimated 8,000 to 9,000 ya
(Ottoni et al., 2010), and the H1 phylogeny in North Africa is very diverse
and show an early radiation. This fact supports the Iberia to North Africa
direction of this gene-flow. There are historical evidences of maritime
transport (Broodbank, 2006; Hernandez et al., 2017), which makes
possible the contact between the Iberian Peninsula and the Maghreb by
sea by that time. Some other mitochondrial haplogroups, such as
haplogroup V and US5b, have been suggested as gene-flow from the
Iberian Peninsula during the postglacial expansion (Cherni et al., 2009;
Ennafaa et al., 2009; Hernandez et al., 2017; Ottoni et al., 2010). In
accordance to this finding, archaeological similarities have been described
between the Iberomaurusian and European Magdalenian, which support
the population contact during the Late Stone Age (Hernandez et al., 2017).

In summary, the North African mitochondrial gene pool is predominantly
composed by a back-to-Africa gene-flow in the Paleolithic represented by
haplogroups U6 and M1, and a high frequency of Eurasian haplogroups
that arrived mainly in postglacial times. Historical gene-flow has been
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suggested to have a lower impact in the mitochondrial gene pool in the
region (Hernandez et al., 2017; Ottoni et al., 2010). However, some
lineages are related to historical gene-flow from Middle East and sub-
Saharan Africa.

Sub-Saharan gene-flow into North Africa has been suggested to occur in
more recent times. In Northwest Africa, the sub-Saharan mitochondrial
haplogroups show frequencies of 25.9 + 2.1% (Plaza et al., 2003).
Mitochondrial L haplogroups are traces of that gene-flow. These L
lineages found in North Africa originated in sub-Saharan Africa during
the Holocene (around 10,000 ya) and their coalescence corroborates their
presence in North Africa after the Euroasiatic expansions of the Stone
Age (Harich et al., 2010). Moreover, the geographical distribution of the
mtDNA L subhaplogroups correlates with slave-trade routes from sub-
Saharan Africa which, together with a gradual cline towards the north,
suggests an origin in historical times (Bekada et al., 2013; Brakez et al.,
2001; Harich et al., 2010; Kujanova et al., 2009). The study of ancient
mtDNA from Iberomaurusian samples (Kefi et al., 2016) corroborates the
lack of sub-Saharan haplogroups until 10,000 ya. However, other studies
have suggested a more ancient gene-flow, in pre-Holocean times (Ottoni
et al., 2009). Finally, some mitochondrial haplogroups, such as ROa and
J1b could have arrived to North Africa from Middle East in historical
times, for example with the Arab expansion, although some Middle
Eastern haplogroups may predate that period and could have arrived
during the Neolithic (haplogroups J and T) (Coudray et al., 2009; Ennafaa
etal., 2011; Kujanova et al., 2009).

1.2.2 A late fatherhood

Most Y-chromosome lineages found in North African individuals have
been classified as descendants of the Y-chromosome haplogroup E-M35,
which has been suggested to have an Eastern African origin, and its
derivative lineages might have spread through the rest of the African
continent (Luis et al., 2004; Trombetta et al., 2015). However, the
identification of the geographical origins of some of the derived E-M35
lineages is not straightforward. The derived lineages of E-M35 include E-
M81 and E-M78, among others. Those two lineages are the main substrate
of the Y chromosome gene-pool in North Africa.
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The most frequent Y chromosome haplogroup in North Africa is E-M81
(Solé-Morata et al., in press). Its distribution is not uniform: high
frequencies are found in the west reaching 56.1% in Morocco (Fadhlaoui-
Zid et al., 2013), and its frequency decreases towards the East of Maghreb
(Algeria around 45% (Bekada et al., 2013), Libya 35.88% (Fadhlaoui-Zid
et al., 2013)), and Egypt where the lowest frequencies are found (11.9%
(Bekada et al., 2013)). However, this gradient is not homogeneous and
differences can be found within restricted geographical areas. For
instance, in Tunisia, E-M81 reaches its highest frequency in North Africa
(71-79%) when considering a pool of populations together (Fadhlaoui-Zid
et al., 2011, 2013), but focusing in specific populations the results are
highly variable. In the Berber samples from Chenini and Jradou, this is the
only haplogroup found (100% of frequency); while in a cosmopolitan
Tunisian sample the frequency is not higher than 55% (Fadhlaoui-Zid et
al., 2011). This heterogeneous pattern is shown in other populations, such
as the Tuaregs from Libya where E-M81 shows a frequency up to 81%
(Pereira et al., 2010b), and in general Berbers show the highest
frequencies of E-M81(Cruciani et al., 2004).

The high frequency of E-M81 in North Africa has been the focus of most
Y chromosome studies in the region. Its origin, both temporally and
geographically, has been one of the main debates around the Y
chromosome in North Africa. In a first study by Bosch et al. in 2001, a
Paleolithic origin for E-M81 was suggested (Bosch et al., 2001), but soon
after, in 2004, Arredi and colleagues argued for a more recent origin,
during the Neolithic (Arredi et al., 2004). A recent study by Sole-Morata
and colleagues (Solé-Morata et al., in press) addresses this question using
massive parallel sequencing, which has produced the most extensive and
updated study of E-M81. This study points to even a more recent origin
around 2000 ya. Regarding the geographical origin of E-M81, a Middle
Eastern origin has been proposed as the most probable in different studies
(Arredi et al., 2004; Solé-Morata et al., in press). The east-west gradient
of variation and the higher diversity of this haplogroup in the Middle East
are evidences for this hypothesis. However, though unlikely, a Northwest
African origin cannot be discarded due to the high frequencies of E-M81
in the west and its frequency gradation towards east (Arredi et al., 2004;
Solé-Morata et al., in press).
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E-M78 (another descendant haplogroup of E-M35, as stated above) is also
frequent in North Africa. It is found mostly in the Middle East and
Northeast African populations (in Libya its frequency is around 11% and
in Egypt 36%, while in Morocco is decreases until 6% and in Algeria
estimates are between 6% and 2%) (Bekada et al., 2013; Fadhlaoui-Zid et
al., 2013). Initially, an East African origin was suggested for the E-M78
(Semino et al., 2004); however, a Northeastern African origin is the most
probable hypothesis according to the diversity found for this haplogroup
in that region (Cruciani et al., 2004; Fadhlaoui-Zid et al., 2004). The
coalescence time of E-M215 haplogroup (the ancestral lineage of E-M78)
was estimated around 22,400 ya (Cruciani et al., 2004), and placed the
introduction of the E lineage in Northeast Africa during the Late Stone
Age. The presence of E-M78 lineages in East Africa has been explained
as later back migrations. Altogether highlights the relevance of the Nile
Valley as a pivotal genetic corridor (Cruciani et al., 2007).

Besides the E lineages, J haplogroups are also present in North Africa. J
haplogroup has a Middle Eastern origin (Arredi et al., 2004; Semino et al.,
2004), where it reaches its higher frequencies (Fadhlaoui-Zid et al., 2013).
More specifically, J haplogroup has two main derived lineages: J1-M267
and J2-M172. J1-M267 is more prevalent in the Arabic Peninsula and has
been associated to the Arab expansion (Zalloua et al., 2008), while J2-
M172 is more frequent in the Levant and Anatolia and it is associated to

Fig 5. Frequency of the major Y-chromosome haplogroups in North Africa
and surrounding regions, b)E-M81, c)E-M78, €)J-M267 and f)J-M172. The
intensity of the colors reflects the frequency of each haplogroup in the studied
populations. (Fadhlaoui-Zid et al., 2013)

23



the Phoenician maritime routes (Haber et al., 2011). The TMRCA for the
J chromosomes in North Africa has been estimated between 4,400 and
11,100 ya, around the Neolithic (Arredi et al., 2004). These dates support
a recent demographic event, in accordance with an expansion of
haplogroup J1-M267 during the Arab expansion, but some studies have
also suggested an earlier origin in prehistoric times (Arredi et al., 2004;
Bekada et al., 2013).

Finally, some lineages found in North Africa are related to sub-Saharan
gene flow, in more recent times, probably as a result of slave trade, such
as haplogroups A, B, E-M96, E-M2, and E-M35, which in total represent
the 16.3% of the Tunisian lineages (Ennafaa et al., 2011; Luis et al.,
2004).

1.2.3 The autosomal inherited diversity

a) Classical markers and STRs

The first studies of genetic autosomal data analyzed classical markers
(blood groups, red cell enzymes, serum proteins and HLA antigens), Alu
insertions, and STRs. A compilation of studies focused on classical
markers showed an east-west gradient of genetic differentiation (Bosch et
al., 1997). In summary, these studies showed that Libya and Egypt
differentiate from the rest of the Maghrebi countries and are closer to
Europeans. In order to explain this genetic gradient, a demic diffusion
from the Levant in Neolithic times and subsequent differentiation of
Western populations has been suggested (Bosch et al., 1997). According
to this hypothesis, the closeness of North Africans to Southern Europeans
has been proposed as an indicative of a common origin in the Upper
Paleolithic or the Neolithic (Coudray et al., 2006). Moreover, a north-
south differentiation has also been described when studying specific
Moroccan populations (Harich et al., 2002).

STR and Alu analyses have shown a substantial genetic differentiation
between Iberian and North African populations, which points to the
Gibraltar strait acting as a genetic barrier. However, this genetic barrier
has not been total and limited gene-flow between both shores has been
described. Moreover, continuous sub-Saharan gene-flow has been
detected in North Africa, which might have increased the differentiation
between both Mediterranean shores. The sub-Saharan gene-flow has also
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created a south-north genetic gradient in North Africa. (Bosch et al., 2000;
Comas et al., 2000; Gonzalez-Pérez et al., 2010; E1 Moncer et al., 2010)

Regarding Berbers, a high heterogeneity and a lack of differentiation
between Arab and Berbers was found when analyzing all types of markers
(Amir et al., 2015; Bosch et al., 1997, 2000; Coudray et al., 2006; Harich
et al., 2002; El Moncer et al., 2010). Moreover, low levels of genetic
sharing with Middle Eastern and North African populations has been also
described studying classical markers, Alu insertions, and STRs in
different geographical populations (Bentayebi et al., 2014; Hajjej et al.,
2015; Halima et al., 2014).

b) Genome-wide data

Genome-wide analyses have contributed to valuable knowledge in human
population genetics in the last years (Hellenthal et al., 2014; Lao et al.,
2008; Leslie et al., 2015; Li et al., 2008; Novembre et al., 2008).
Unfortunately, the number of genome-wide studies focused on North
Africa is scanty and have focused to a limited number of populations.
However, some pioneer studies before the ones presented in this thesis
described some general aspects of the genome of North Africans.

The genetic continuity of North African populations has been under a
strong debate from archaeology, anthropology and genetic studies based
on uniparental markers. The first study that included a wide dataset of
North African populations (Henn et al., 2012) showed that those
populations were an amalgam of four different components: European,
Middle Eastern, sub-Saharan and autochthonous North African. The North
African component showed a gradient decreasing from west to east, in
contrast with the opposite pattern for the Middle Eastern component, from
east to west (Henn et al., 2012). The North African component was
proved to come from a back-to-Africa migration in pre-Holocean times
(more than 12,000 ya). Therefore, in this study at least one genetic
replacement from an out-of-Africa population was confirmed (Henn et al.,
2012). Accordingly, Neanderthal admixture has been described in North
African samples independently of their European and Middle Eastern
components. This indicates that the ancestral population from which the
autochthonous North African component derived was already admixed
with Neanderthals (Sanchez-Quinto et al., 2012).
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A genome-wide study of admixture in different populations hypothesized
that African gene-flow in Europe and the Middle East might have come
from North Africa in historical times, maybe during the Roman Empire
(Moorjani et al., 2011). Although this study was not conclusive due to the
lack of North African samples, it predicted the results found in
forthcoming analyses. The study of Henn and colleagues (2012) showed a
sub-Saharan contribution to the North African gene-pool. This admixture
process was continuous and around 1200 ya in South Morocco, but as a
result of a pulse and a more recent (around 700 ya) in Egypt. A recent
analysis of ancient DNA from Egyptian mummies has shown an increase
of sub-Saharan ancestry in modern Egyptian samples (14-21% of the total
ancestry) compared to the ancient samples (6-15%) and, therefore,
confirms sub-Saharan gene-flow in post-Roman times (Schuenemann et
al., 2017). Further studies have shown an extensive admixture with sub-
Saharan Africa along the whole North Africa (Fadhlaoui-Zid et al., 2013).
The North African gene-flow has been also studied in the opposite
direction: from North Africa to external populations. It has been shown
that recent migrations from North Africa have increased the genetic
diversity in Southwestern Europe (Botigue et al., 2013). The studies

Fig 6. Map of samples and population structure of North Africa and
neighboring populations. The barplot shows an ADMIXTURE analysis in
which each color represents one ancestral component most frequent in the
population that match the color in the map. The decreasing proportions of
North African ancestry is indicated in a west-to-east gradient of blue across
North Africa. (Henn et al., 2012)
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presented in this thesis go in depth into this admixture processes with sub-
Saharan populations and expand it to other populations such as the Middle
East.

The North African samples analyzed in genome-wide studies are mainly
from Arab-speaking groups, and a large group of North African Jews that
showed high genetic affinity with other non-African Jewish groups
(Campbell et al., 2012). Before the data presented in this thesis, only
genome-wide data from two Berber-speaking samples were available, the
Mozabites from Algeria (Cann, 2002) and a Tunisian group from Chenini,
both described as isolated and outlier populations (Henn et al., 2012),
which challenged the complete knowledge of the population history of the
region.
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1.3STATE OF THE ART OF POPULATION GENETIC
ADMIXTURE

The completion of the Human Genome Project (Lander et al., 2001;
Venter, 2001) remodeled the functional and association genetic studies,
but also the human population genetics field. Soon after the publication of
the human genome sequences, different projects aiming to study the
human genetic variation from a genome-wide perspective emerged. In
2002 began the implementation of the Human Genome Diversity Project
(Cann, 2002), and in 2003 the HapMap Project (The International
HapMap Consortium, 2005; The International HapMap Project, 2003).
Only seven years later, the 1000 Genomes Phase I was released (Durbin et
al.,, 2010). The availability of this high amount of genomic data was
accompanied by the developing of computational methods for studying
the genetic variation among populations. In 2008, Li and colleagues
published a pioneer study of human genetic variation applying a set of
those novel methods to the HGDP panel that includes a wide number of
populations. The results showed a genetic structure highly explained by
geographic variation and confirmed the sub-Saharan origin of all the
studied populations followed by a serial founder effect (Li et al., 2008).
Several studies followed this line of research applied to different sets of
human populations (Bryc et al., 2010; Lao et al., 2008; Novembre et al.,
2008).

The analytical methods for studying population genetics are rapidly
becoming more complex and diverse. Principal Component Analyses
(PCA) have been widely used in population genetics since the classical
studies of Cavalli-Sforza (Cavalli-Sforza et al., 1995). PCA is a
descriptive method that allows the study of the population genetic
structure. Some conclusions regarding closeness of the populations can be
deduced with PCA. However, although it could suggest specific
demographic events, such as drift and admixture, other methods are
required to probe them. Model-based clustering methods or global
ancestry methods, such as ADMIXTURE, STRUCTURE and FRAPPE,
are used as a complement of PCA to study the grouping of individuals that
share common underlying allele frequencies (Alexander et al., 2009;
Pritchard et al., 2000; Tang et al., 2005). However, to statistically test for
admixture between populations, several methods have been developed. In
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this sense, F statistics’ (f3, D statistic, F4 ratio and qpGraph) are a series
of statistics that allow testing the occurrence or not of admixture based on
the sharing of allele frequencies between populations (Patterson et al.,
2012; Reich et al., 2009).

All the methods described above are based on independent markers,
usually SNPs (Single Nucleotide Polymorphisms). However, the linkage
disequilibrium (LD) between markers can be particularly informative for
admixture. The LD between SNPs along the genome generates an
exponential distribution, whose decay is correlated with the time since
admixture. Methods as Alder and ROLLOFF use this approach (Loh et al.,
2013; Patterson et al., 2012). The combination of LD and phasing
information increases the power of the methods. Local ancestry methods
take profit of these two characteristics and allow us the assignation of
each genomic region of the studied population to one ancestral population.
There are several softwares that use different algorithms in order to infer
the local ancestry: HAPMIX, PCAdmix, LAMP, RFMix, among others
(Brisbin et al., 2012; Maples et al., 2013; Price et al., 2009; Sankararaman
et al., 2008). However, in order to perform a local ancestry analysis, non-
admixed populations that serve as reference of the ancestral populations
that experienced the admixture event should be provided. Finally, other
set of methods benefit from the haplotype information that LD and
phasing produce: ChromoPainter, fineSTRUCTURE and
GLOBETROTTER (Hellenthal et al., 2014; Lawson et al., 2012).

ChromoPainter reconstructs the chromosomes of a recipient individual as
a series of chunks in LD (or haplotypes within a chromosome) from the
other donor individuals in the sample. This information is gathered in a
coancestry matrix that is built under a Hiden Markov Model (HMM). The
values within this matrix count the number of recombination events
leading to one individual being most closely related to another.
ChromoPainter analyses can be performed in two different approaches. In
a first approach, all the individuals can be considered as both recipient and
donors, without providing any population classification. In this analysis
we obtain information of the chunks received by each individual from the
rest of the individuals in the dataset, which can be summarized in a
squared coancestry matrix. In a second approach, individuals are grouped
in clusters or populations and each of the populations can be classified as
recipient, donor or both. In this analysis the coancestry matrix contains
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only the information of the individuals that were included in a recipient
population. (Lawson et al., 2012)

FineSTRUCTURE 1is a clustering analysis that uses a model-based
bayesian approach applied to the coancestry matrix from ChromoPainter.
A Markov chain Monte Carlo (MCMC) algorithm is used to assign the
individual to populations or clusters of individuals. Finally, the
fineSTRUCTURE clustering is recommended to be summarized in a tree,
which is calculated performing hill-climbing from the MCMC iteration.
(Lawson et al., 2012)

GLOBETROTTER models admixture events based on the estimation of
coancestry curves. In order to build the coancestry curves, the information
of the ChromoPainter coancestry matrix is used. The curves represent a
distribution of the relative probability of finding a pair of chunks assigned
to two donors separated by a given distance. The ancestry curves discern
whether there has been or not admixture between the tested donors.
Therefore, when applied to a set of different donor candidates, the most
likely sources of admixture can be inferred. Moreover, recombination
reduces the length of the admixed chunks in each generation and then the
rate of decay of the curves is correlated to the time since admixture. The
original or true admixing groups (sources) sometimes cannot be sampled
because they no longer exist, have admixed or experienced high drift, or
are unknown. GLOBETROTTER allows to infer admixture even if the
original source is not sampled. The admixture events that gave place to
the target or studied population are analyzed though a set of surrogates
(donors), which might be admixed. The surrogates that most probably
contributed to the admixture are classified in the major or the minor
source of admixture. However, the process is sometimes more complex
and more than two sources could contribute to the admixture events.
Although it is difficult to interpret the relation among surrogates in these
cases, the model is able to discriminate when more than two sources
contribute to the admixture. (Hellenthal et al., 2014)

Is the last three year many population genetic studies have applied the
haplotype-based methodology of ChromoPainter, fineSTRUCTURE and
GLOBETROTTER. Montinaro and colleagues (2015) studied admixed
American populations and reported a fine-scale characterization of the
source populations, providing a precise description of the admixture
events. (Montinaro et al., 2015). In another study a broad overview of
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gene-flow and admixture events in Eurasian populations was described
(Busby et al., 2015), showing an accurate performance in the detection of
admixture and specially in the dating. Thanks to the high resolution that
haplotypes allow, the structure of less differentiated samples can be
analyzed. A study focused on British populations showed this ability and
reveal a fine structure of ancestry (Leslie et al., 2015). Moreover, Van
Dorp and colleages (2015) applied studied of Ethiopian populations and
showed how this method can improve the study of populations that have
experienced high genetic drift (van Dorp et al., 2015). Some other studies
have applied this methodology and new studies are implementing widely
(Busby et al., 2016; Patin et al., 2017; Sarno et al., 2017). Ancient DNA
studies are also improving thanks to the application of ChoromoPainter to
datasets (Broushaki et al., 2016; Cassidy et al., 2016).

In conclusion, several methods have been developed for the studying of
human population admixture and each analysis require the application of
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Fig 7. Scheme of an ancestry painting and admixture analysis of simulated
admixture using ChromoPainter and GLOBETROTTER. A) Simulated event.
B) ChromoPainter's painting showing haplotypic segments shared between the
groups. C) The coancestry curves closely fit an exponential decay (green line)
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curve (middle) implies that these donors represent different admixing sources.
D) GLOBETROTTER’s source inference, black diamonds indicate sampled
populations with greatest similarity to true sources and circles other sampled
populations. (Hellenthal et al., 2014)
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those that better fit to the data and the asked questions. Most of the
methods cited above study the admixture between populations and an
accurate combination of them allows a detailed and precise inference of
admixture. Among them, haplotype-based methods are one of the most
valuable tools for studying demographic processes due to the high
resolution that is achieved, and these have been used in the present thesis
to study the admixture processes that have taken place in North African
human groups.
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3.1 NORTH AFRICAN POPULATIONS

3.1.1 Prehistorical evidences

The human settlement in North Africa has been poorly studied and many
questions remain unsolved. As evidenced from the recent study of Hublin
and collaborators (Hublin et al., 2017), and has been pointed before
(Balter, 2011), North Africa may have a crucial role in the emergence and
dispersal of early humans. In this context an extension of the prehistoric
Africa that encompass the Sahara and Northern Sahara regions could help
in the understanding of human evolution.

This perspective is not only supported by archaeological and
anthropological evidences, but also from paleoclimatic studies. According
to this idea, a Eurocentrism perspective has dominated the archaeological
and genetic studies in North Africa. In this regard, the extrapolation of
European paleolithic cultures and tempos to North Africa and the intend
to find similarities and connections with the European Neolithic have
challenged the advance of knowledge (Garcea, 2006).

Moreover, North Africa is sometimes understood as a single unit, while its
geographical extension and diversity suggest the need of understanding
each specific region in order to build the complete view. Nevertheless, the
knowledge about North African prehistory questions the population
continuity in the region. Although there is a lack of consensus, it is
established that at least one population replacement took place in North
Africa before the Holocene (10,000 ya), probably before or during the
Iberomaurusian period. There is also agreement in a demic diffusion
during the Neolithic with admixture with pre-Neolithic populations and
without a complete replacement. However, if more replacements occurred
or whether those were complete or partial it is a question that remains
unsolved. It is interesting to note how climatological changes, such as the
degree of permeability of the Saharan barrier, have played a major role in
population changes. This data should be taken in consideration in further
archaeological and genetic studies.

3.1.2 Genetic structure

Heterogeneity, diversity, and complexity are probably the most frequent
words in North African population genetic studies (Bosch et al., 2001;
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Henn et al., 2012). Indeed, those are the main characteristics of the North
African genetic structure. The complexity of this region is evinced by the
lack of a complete correlation between the genetic structure of the
populations and geography or linguistic and ethnic affiliations, in contrast
to European populations, where a good correlation with geography has
been described (Lao et al., 2008; Novembre et al., 2008). In this sense,
there is not a genetic differentiation between Berber and Arab groups and
a high heterogeneity among Berber groups has been shown (Arauna and
Comas, 2017; Arauna et al., 2016; Bosch et al., 2000).

Many demographic processes, such as genetic drift and inbreeding, have
shaped the genetic structure of those populations and have increased the
heterogeneity of the region. However, admixture is the most relevant of
those processes (Arauna et al., 2016). North African populations are
composed by an amalgam of at least four main components: sub-Saharan,
Middle Eastern, European, and autochthonous North African (Henn et al.,
2012). Those components are present in the individuals of North African
populations in differential frequencies, meaning that the proportion of
each of them varies between populations, but also within populations, for
instance within a Berber group (Arauna et al., 2016; Arredi et al., 2004;
Coudray et al., 2009). Then, the differential admixture is the best
explanation of the genetic landscape observed.

The main sources of admixture occurred in recent historical times, around
the last 2,000 years. The main historical events that might be related to
this admixture process are the Arab expansion and the sub-Saharan
influence probably due to slave trade routes. The Arabization produced a
complex transformation of the genetic structure, not only because of gene-
flow from the Middle East, but also because it dragged gene-flow from
other populations, such as sub-Saharan Africa. Moreover, the arrival of
the Arabs and the Islam produced a deep sociological change that affected
and disrupted the genetic structure mainly through admixture. Therefore,
beyond the incoming external gene-flow, an increase in the admixture
between North African populations took place in this period. Similar
genetic influences might have occurred in other historical events, such as
the Roman control of North Africa, although the genetic impact of
substantial and more recent events might mask the detection of older
processes. It is important to highlight the contact with sub-Saharan Africa
and specially the slave-trade as a source of continuous gene-flow into
North Africa (Arauna et al., 2016; Henn et al., 2012). Admixture and
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population replacement already played an important role in prehistoric
times, as it is attested by mitochondrial and Y chromosome studies
(Arredi et al., 2004; Kujanova et al., 2009; Maca-Meyer et al., 2003).
Overall, North Africa has experienced continuous gene-flow since
prehistoric times that has constantly modified its gene-pool.

This pattern is also observed on a smaller scale, as has been illustrated in
this thesis with the Algerian populations mtDNA study (Bekada et al.,
2015). Algerian populations are a composite of the four main components
in North Africa and also there is no correlation between genetics and
Berber and Arab samples, or a specific genetic structure within linguistic
groups. However, the focus on a local geographical area allows us to
explore some sociological questions. For instance, in our study of mtDNA
Algerian groups, urban populations were highly admixed and this fact
decreases the genetic structure among linguistic groups.

3.2THE FUTURE OF POPULATION GENETIC
STUDIES WITH A FOCUS ON NORTH AFRICA

3.2.1 Methodology

The human population genetics field has experienced a fast growing in the
last years. The number of samples and markers available has increased
significantly, and therefore a large amount of data is being analyzed. In
parallel with the data generation, computational methods for the analyses
have been developed. Many methods are based in the analyses of allele
frequencies (such as the set of F statistics’ (Patterson et al., 2012; Reich et
al,, 2009)). However, haplotype-based methods are growing and
increasing the power of previous methods.

Haplotypes are composed by a set of SNPs in linkage disequilibrium. The
combination of SNPs in haplotypes allows a higher resolution than SNPs
considered as separate units. The comparison of samples through their
haplotypes for instance in a PCA, allows a higher differentiation of
samples than a PCA that captures the allele frequency variation of SNPs
separately. Moreover, haplotypes are less affected by the fixation of
derived alleles through drift. Then, those methods (Hellenthal et al., 2014;
Lawson et al., 2012) are more suitable for studying populations that had
undergone recent demographic events as bottlenecks or founder effects.

119



Most part of this thesis has been focused on the analysis of haplotypes in
human populations of North Africa, which has allowed to refine the
demographic history of these populations. However, the complex
population history of North Africa, with multiple and continuous
migrations from different sources with different genetic impact, represents
also a challenge for these haplotype-based methodologies. The
demographic processes where more than two sources with similar genetic
profiles admixed in recent times are difficult to unravel with the present
methodologies. In addition, present haplotype methodologies have been
proved to be very precise to detect and estimate dates of recent admixture
events, but ancient admixture processes are not estimated with the same
level of precision. Therefore, future haplotype-based methods assessing
for more ancient events and including multiple sources in the admixture
events will allowing us to refine some of the challenges found in North
African populations.

322 Population datasets

The study of North African populations requires a diverse and large
dataset that captures most of the North African diversity. Having a diverse
dataset allows to incorporate most of the genetic heterogeneity found in
North Africa and, therefore, it is a pivotal fact for analyzing the
population structure. Moreover, the North African autochthonous
component might be higher than sometimes estimated due to the lack of
diverse samples in many genetic studies. It is frequent to include only the
Mozabites or one Moroccan population as reference for the whole North
African region, which is not enough to capture all the genetic diversity
due to the heterogeneity of the region (Hellenthal et al., 2014; Mallick et
al., 2016; Moorjani et al., 2011; Rodriguez-Flores et al., 2016). Therefore,
in order the study North African neighbor populations, a large North
African dataset is also important. Furthermore, North Africa is a large
area (its geographic extension is almost the same of Europe), which
explains part of its diversity and justify the need of building larger
datasets.

Admixture analyses usually need ancestral populations as references. A
good ancestral population should show no (or extremely little) admixture,
low levels of inbreeding, and capture most of the population diversity.
Until now, none of the North African populations sampled fulfill these
characteristics. The best solution for the lack of an ancestral population is
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the inclusion of many populations with little admixture, which at least
increase the diversity captured in the study.

North Africa is not the only region that is not well represented in genetic
datasets. The Middle East and the Arabian Peninsula are extremely
important for the study of North Africa and only data from few samples
are available. Those regions are inhabited by many different populations
that are also very heterogeneous. Sub-Saharan Africa is the most diverse
region worldwide (Henn et al., 2011; Tishkoff et al., 2009) and many
times its diversity is reduced to one or two populations. The studies
presented here could be refined with wider Middle Eastern and sub-
Saharan datasets, which should be considered for future studies.

The studies presented in this thesis include a wide North African dataset
that has allowed the understanding of the complex genetic structure.
Despite the lack of a strong correlation between genetic structure and
geography, we have been able to correlate genetic clusters with
geographic areas, such as the Mediterranean coast. The genetic clusters
are partially explained by differential admixture, together with other
demographic effects, such as inbreeding. This dataset has been generated
with a genotyping array platform and it is a good resource for future
studies. However, array data present some limitations. Firstly, the
ascertainment bias due to a non-random and European-biased selection of
SNPs may affect the results. Secondly, arrays only include known and
common SNPs, which challenge the analysis of populations that are not
extensively studied and whose private SNPs are not included in the arrays.
The populations that are underrepresented in the global panels, as it is the
case of North Africa, are the ones that can show more bias in array
analyses. Finally, the merge between different array platforms is
sometimes a problem because the number of overlapping SNPs between
the platforms is small, which reduces the power of the analyses. The
merge between platforms may not only reduce the number of SNPs but
also introduce a bias because of the non-random sharing of SNPs between
two platforms. For instance, one genomic region could be over-
represented while information for another could be missing. Sequence
data might solve most of these limitations and, therefore, whole-genome
sequences of North African samples would improve the dataset and the
analyses. The sequence unbiased data that includes private SNPs could
allow a higher resolution in the differentiation of North African
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populations, as probably most of the North African internal diversity is
not represented in array data.

3.2.3 Future studies

Ancient DNA (aDNA) samples would improve the North African dataset
and shed light in many different aspects of North African population
genetics. There are many open questions about the prehistory of the region
for which aDNA data may be the only source that can provide answers:
whether the origin of the ancestral North African populations is more
related to Europe, the Middle East or sub-Saharan Africa; if admixture has
been constant in prehistoric times or if it has been more frequent in
historical times; the role of the Sahara Desert and sub-Saharan populations
in North Africa during prehistory; among many others.

However, the most valuable answers that aDNA could provide might be
related to population continuity. The continuity of North African
populations has been questioned many times. There are plenty of studies
that hypothesize different populations replacements during prehistory
(Barton et al., 2008, 2013; Hublin, 2012; Irish, 2000) and at least one
replacement has been genetically proved (Henn et al., 2012). Ancient
DNA from different periods of time and modern samples could be
compared in order to address the continuity of populations but also to go
in depth into some demographic parameters. For instance, aDNA might
allow to unravel if a population replacement occurred in pre-Holocean
times and if this replacement was complete or some traces of the upper
Paleolithic North Africans are still present in current or historical samples.

Moreover, aDNA could also solve questions regarding the origin and role
of North African populations in the human early development. The higher
diversity and effective population size of sub-Saharan populations has
supported the sub-Saharan, particularly East African, origin of modern
humans (Tishkoff et al., 2009). The comparison of North African
Paleolithic samples and sub-Saharan populations could help to understand
the relationships between both populations and the role of North Africa in
the early human development.

Ancient DNA could also be useful in the understanding of questions
regarding current genetic structure. As has been stated above, there is a
lack of good North African ancestral samples among modern populations
to use as reference for the North African component as one of the four
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ancestral components described. This is because of the high admixture
that most of the North African populations have experienced in recent
times and also because some populations with lower levels of admixture
show high levels of inbreeding and genetic drift, which make them not
good representatives of the whole diversity of the region. Ancient samples
that predate the most recent admixture events could be good ancestral
references. Therefore, not only prehistoric ancient samples could be
interesting, since samples from different historical periods could be good
resources. For instance, the comparison of samples dated soon before and
after the Arab expansion would help to understand the demographic
impact of the Arabization.

An additional challenge that the human population genetics field is facing
is the agreement among different types of markers. This is particularly
interesting regarding uniparental markers. Sometimes the lack of
agreement between uniparental markers and genome-wide data is
explained because of the intrinsic characteristics of each marker. For
instance, the higher drift and lack of recombination of Y chromosome and
mitochondrial DNA make them more useful for tracing ancient events or
to test population continuity, and may seem discordant with genome-wide
results. However, mitochondrial, Y chromosome, and genome-wide
markers are also revealing different histories for females and males. The
incorporation and interpretation of previous information from uniparental
markers studies in the light of genome-wide studies is important for a
good understanding of the population genetics. Moreover, the generation
of new high quality data for Y chromosome, mitochondrial, and the
understudied X chromosome, could allow comparative analyses that
would explain the differences and similarities in the male and female
separate histories. This perspective is sometimes understudied not only
from genetics but from many other disciplines, and it could help in the
building of an unbiased story, especially for females whose history has
been many times biased and undervalued (Hedenstierna-Jonson et al.,
2017).

Most studies regarding North African populations, including those
presented here, focus on the Arab-Berber dichotomy. However, this is an
oversimplification of the socio-cultural landscape. Dense information
about demography, sociological, cultural, linguistic, and in general
anthropological characteristics is pivotal to improve our knowledge of
North African history. The population genetics evolution cannot be
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summarized in a simple dichotomy or in one sociological aspect such as
language. This idea is applicable to all populations, but North Africa is the
paradigm due to the convergence of cultures and the complex sociological
and historical features. The population genetics field needs to be
multidisciplinary and then to integrate different kinds of data. The
collection of all possible information regarding socio-cultural,
demographic and also phenotypic characteristics is important and opens a
wide field of study.

In conclusion, the consideration of North Africa as a relevant population
in genetic studies would improve the understanding of the modern history
and the genetics of the populations, such as recent admixture inside and
outwards North Africa, but also it would improve the understanding of
prehistory and the early stages of human evolution.
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