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Introduction

1.1 Historical perspective of human population genetics

1.1.1 Luigi Luca Cavalli-Sforza, the pioneer of the field

On 31st August 2018, by coincidence the day I obtained a key result of my thesis, Luigi Luca Cavalli-
Sforza died at age 96. He was a pioneer of the field of human population genetics. A few days later a blog
article "The man who tried to catalogue humanity" [[/4] was published by paleoanthropologist John Hawks.
I begin my thesis manuscript with the description of the career of Cavalli-Sforza as his legacy constitutes
the foundations for my project. His work is best summarised in his encyclopedia-sized book "The history
and geography of human genes" [33], but the blog post mentioned above is a more objective source that
also points out pitfalls in the approach of Cavalli-Sforza (like every human and scientist, many of his ideas
turned out to be wrong in the details). The blog post is more up-to-date too and I write this subsection on
its basis.

Cavalli-Sforza entered the field in the 1950s. He developed ways to test people for invisible traits such
as blood types (Figure [[.1]). These traits became known as "classical markers". Classical markers remained
state-of-the art evidence of human genetic variation until 1980s.

Cavalli-Sforza first studied the population in the Parma Valley in his native Italy. He tried to understand
how inbreeding within this region was connected to the slight differences in frequency of blood groups,
tracing church records of marriages and births. He was able to show that consanguineous marriages were
the main drivers of genetic variation between small towns of Parma Valley. By doing so, he provided one
of the earliest evidence that humans were still being affected by the random change in
frequencies that impacts particularly smaller populations.

Cavalli-Sforza realized that genetic drift might have affected humanity over a much deeper past. He
thought that, as genetic drift is a force that drives populations slowly apart over long period of time, a tree
would be an appropriate illustration of the human evolutionary history.

The tree looked different from the tree obtained by his lab over 40 years later (Figure [I.2). Nowadays
it is known that African populations are the most diverse populations, while in a tree published by Cavalli-
Sforza in 1966 they represented a minor twig. Cavalli-Sforza’s early trees turned out to be wrong due to
a phenomenon called '"lascertainment bias|'. Blood groups were first discovered and studied in people of
European descent. As a consequence, African variation was not fully included in the set of traits that vary
in Europe. Recently, using [mitochondrial DNA (mtDNA), Y chromosome and genome-wide datasets, it
was shown that the deepest branches of human population trees are African. On the other hand, the early
evolutionary trees illustrate one of the limitation of classical markers. Their small number did not provide

13
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Figure 1.1 — Distribution of blood types in native populations of the world. Source of images: [180],
however they were reproduced from [146]].




1.1. HISTORICAL PERSPECTIVE OF HUMAN POPULATION GENETICS 15

Korean —06

English

La Maori —08 d
L M. Amerind | L Bran

New Guingan , 10 .
Australian 5. Amesind |

Ethiop

Bantu [ st
Ghanaian -

Froure 80. Reconstruction of human evolution using a sample of

aka Pygr
fifteen populations tested for five loci (ABO, MNS, Iih, Di, Fy). Wi Pyo

Figure 1.2 — Cavalli-Sforza’s trees, a) published in 1966 [30], b) published in 2008 [118]]. The substantial
difference is in the placement of the root.

enough information to draw the right conclusions. Cavalli-Sforza was willing to assume that migration and
were rare. The main evolutionary force in his model was genetic drift, underestimating other
forces, such as which in today’s understanding play a considerable role.

Subsequently, Cavalli-Sforza used an early computer to run principal component analysis on the genetic
differences between populations. In this way, they could show how the correlations of many gene frequen-
cies, not only single[loci, changed on a map (Figure[I.3)). In Cavalli-Sforza’s vision, a gradient across all the
classical markers could show the migration routes in the past. What the maps with principal components of
genetic variation could not show was how and why the migrations had happened [[153} 53]].

To disentangle this problem, Cavalli-Sforza turned out his attention to Neolithic, the time when agricul-
ture first spread from Near East into Europe. He believed this event should have been the most powerful
to sculpt gene frequencies across Europe. By the early 1970s, the radiocarbon dating of the archaeological
sites with signs of Neolithic traditions revealed a pattern. The Neolithic had spread slowly, around one kilo-
meter a year, from southeast to northwest. It had a clear implication for Cavalli-Sforza: farming spread as
farming populations gradually increased in size, bringing with them a new way of life. He claimed a diffu-
sion of culture together with genes and named it demic diffusion. It was a dominant model of demographic
change for the Neolithic in the 1980s and 1990s. His interpretations of PCA with respect to Neolithic turned
out to be wrong as pointed in 2008 by Novembre and Stephens [153].

One of his further initiatives was the [Human Genome Diversity Project (HGDP)|[32] that aimed to col-
lect genetic samples from over one thousand people from small-scale societies around the world to capture
more closely the breadth of human diversity. The main idea of HGDP was to use a novel technique to
transform samples into immortal cell lines. Unique genetic variation of indigenous people from isolated
populations was preserved in this way and cell lines were made available for distribution to research labo-
ratories. Cavalli-Sforza saw the HGDP as a necessary corrective for Human Genome Project, which at time
was spending billions of dollars on a first draft of the sequences of all 23 pairs of human chromosomes.

I think a reader is now familiar with the seminal ideas of Luigi Luca Cavalli-Sforza. Even though his
ideas and models were not always right, his work helped to set up foundations of our current knowledge of
human variation across the world. Cavalli-Sforza and his colleagues led human population genetics from
the birth of the domain in the mid-1950s to 1990s. In the next subsection I follow a topic of historical
perspective of population genetics, presenting state-of-the-art insights on human evolution.
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Figure 1.3 — The first principal component of genetic variation across Europe, from [31].

1.1.2 Human evolution: insights from human population genetics

Population genetics is a domain that studies the evolutionary forces responsible for generating and
shaping genetic variability within and between populations over time and space. Here, I provide a brief
overview on the current knowledge of the evolutionary history of our species, presenting the most important
discoveries, conclusions and questions remaining in the field.

Human evolution used to be studied with archaeological and palaeontological data. These data facil-
itated inference about the events that led to the emergence and spread of [anatomically modern humans|
[(AMH)| However, they may be insufficient to determine the genetic relationships between different individ-
uals or groups of people. Importantly, interpretation of the evolutionary history and adaptation of humans
is being transformed by analyses of new genomic data [148]]. The power of genomic data from modern
or ancient people is a possibility of direct determination of the genealogical relationships between humans
as well as the elucidation of migration routes, diversification events and genetic admixture among various
groups.

Human population genetics in the 1980s, 1990s and 2000s - uniparental markers

Since 1980s, a popular tool of genomic research was mtDNA. Thanks to it the out-of-Africa hypothesis,
proposing that modern humans originated in Africa, from where they expanded later outwards, was accepted
[218]. Widely rejected alternative hypothesis was the multiregional model, which suggests that evolution
of anatomically modern humans took place simultaneously in multiple locations and was facilitated by
gene flow. Nevertheless, there are drawbacks of the mtDNA approach. First of all, it reflects only female
inheritance. Moreover, mtDNA does not recombine, thus it has the information content of only a single
genetic marker. As a consequence, there is a considerable chance that a phylogenetic tree inferred from only
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one marker is not representative of the overall genomic pattern and history of human evolution. Analysis
of the nuclear genome is thus essential. Subsequently, the study of Y chromosome gained attention, but it
suffers from similar drawbacks to mtDNA.

Genomic analyses conducted in the 1980s, 1990s and 2000s have left several missing puzzles in the
history of human evolution. It has been left unclear if gene flow had occurred between anatomically mod-
ern humans and other hominins [149]. The origins of Native Americans have not been yet deciphered
with confidence as well [143]. Lastly, the relative importance of the movement of people and ideas in
cultural revolutions, such as for example agriculture [S)], often remained unclear. These open questions
about human history and evolution have been addressed recently thanks to considerable advances in DNA
sequencing and methods for the enrichment and extraction of ancient DNA. Year 2010 was a milestone
when the first genomes from ancient humans [[177] as well as other hominins [66]] were retrieved. An-
cient DNA genomes led to numerous scientific breakthroughs in our understanding of human evolutionary
history. A discovery of interbreeding between AMH and extinct hominins, Neanderthals, Denisovans and
possibly others, is probably the most important of them [[66, 168, 155,1179,1198]]. Also, we have learned with
increasing detail and complexity about the dispersal of modern humans out of Africa and their population
expansion worldwide [148]. In the following years numerous ancient DNA studies have been completed.
Overall, the addition of both temporal and geographic aspects to genome sequencing, by including samples
from a wide range of historical times and locations, has provided fresh insights into human evolutionary
history, some of which I summarise further in this subsection.

Brief summary of human evolutionary history

Anatomically modern humans originated in Africa. The earliest evidence comes from fossils located in
Morocco that can be dated to about 300 [thousand years (kyr) ago [89]. Beyond Africa, the eldest fossils
date back as early as about 100 kyr ago in the Middle East [67] and about 80 kyr ago in southern China
[122]]. However, other hominins, such as Neanderthals, which disappeared from the fossil record about
40 kyr ago [80], have been found throughout Eurasia as far back as 400 kyr ago. A recent review [148]
proposes a cartoon with a simplified model of human evolutionary history (Figure [I.4). On the other
hand, Figure [I.5] also from [148], illustrates major human migrations across the world inferred through
analyses of genomic data. Expansion outside of Africa gradually led to colonisation of the rest of the globe,
which was accompanied with a serial founder effect [9, [175]. Divergence times remain under debate, the
deepest split between population of humans is captured by genetic lineages of click-language-speaking San
populations of southern Africa that diverged around 160-110 kyr ago [[166, 192} 168, 193, [216], the out of
Africa bottleneck happenned 50-100 kyr ago [68, 127,165, 117,72, 1190, 189]] and Europeans diverged from
Asians 36-45 kyr ago [127, 173,156, 196].

An exciting topic of research is human-hominin interactions. The ancestors of all contemporary non-
Africans encountered, and admixed with, Neanderthals. A non-African individual contains on average
2% Neanderthal ancestry, with higher levels occurring in East-Asian individuals than in Europeans [221
217, [184]. It suggests that admixture mostly occurred shortly after the dispersal of anatomically modern
humans from Africa and is consistent with a single—dispersal-based out-of-Africa model [127]]. The date
of hybridization has been estimated to be approximately 50-65 kyr ago [185]. At least one other type of
archaic human — the enigmatic Denisovans — lived in Eurasia when the first modern humans started to
appear in the continent. Little is known about the morphology and the geographical dispersal of Denisovans,
who are known only from the genome sequences of a finger bone and three teeth that were found in the
Denisova Cave in Siberia [179, [188| 204]. Last year an extraordinary discovery of half Neanderthal and
half Denisovan genome took place [201]. It was the first time a first generation offspring of interbreeding
hominins was found.
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Figure 1.4 — Simplified model of human evolutionary history, from [[148]. Relationships between contem-
porary populations and the approximate times at which they diverged are shown. These include important
well established (solid lines) and tentative (dashed lines) admixture events between groups of modern hu-
mans and between modern and archaic humans. The model also shows the potential small proportion of
ancestry in Oceanic populations that is derived from an early out-of-Africa migration (turquoise). Studies
of ancient DNA can provide high-resolution insights into the history of populations and have revealed that
present-day Europeans comprise admixture between three ancestral groups [112] (inset). ANE, ancient
north Eurasian; EEF, early European farmer; WHG, west European hunter-gatherer.
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Figure 1.5 — Major human migrations across the world inferred through analyses of genomic data , from
[148]. Some migration routes remain under debate. For example, there is still some uncertainty regarding
the migration routes used to people the Americas. Genomic data are limited in their resolution to determine
paths of migration because further population movements, subsequent to the initial migrations, may obscure
the geographic patterns that can be discerned from the genomic data. Proposed routes of migration that
remain controversial are indicated by dashed lines. CA, Central Anatolia; FC, Fertile Crescent; IP, Iberian
Peninsula; PCS, Pontic—Caspian steppe.

The peopling of Europe

I focus on the peopling of European continent as it is the most relevant to the context of the origins of
the French population. Human evolutionary history in Europe has been studied more extensively than in
other continents.

Palaeolithic The first anatomically modern humans lived in Europe as early as 43 kyr ago [80, 13} 55]].
These early Palaeolithic Europeans have probably made little genetic contribution to the European people
of today [64]. Climate oscillations related to the [Last Glacial Maximum (LGM)|likely caused the turnover
in the genetic composition of Europeans [57] — although the exact contributions from early Europeans is
still under debate [64].

Mesolithic European populations are likely to be composed of at least three genetic components that
entered Europe at different times [200} 112}, (71159, 4] 164] (see again Figures[I.4]and|[L.5]). Western European|
lhunters-gatherers (WHG)| that appeared about 15 kyr ago [S7] and [Eastern European hunters-gatherers|
[(EHG)] attested in European Russia about 8 kyr ago [71, [137], were considerable differentiated. Hunter-
gatherers had low |effective population size| [112]. WHG dominated across much of the mainland Europe
until 7th millennium BC.

Neolithic Around 11 kyr ago, after the LGM had passed, a new way of life based on animal husbandry,
agriculture and sedentism appeared, called a Neolithic lifestyle [[6]. It initiated in the region of Anatolia /
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Near East. Neolithic farmers began to dominate in number over WHG since the 7th millenium BC [1377,185]].
They arrived via southeastern Europe and propagated their ancestry as far as Scandinavia [199] 200] and
Iberia [71]. The WHG populations were, nevertheless, persistent, with individuals with predominant WHG
ancestry found as late as 4th millenium BC [120, [18]].

Neolithic populations had larger effective population size than hunter-gatherers [[199], suggesting that
the Neolithic lifestyle helped to increase the size of populations. Interestingly, current genetic variation
in Europe shows a gradient of decreasing diversity with increasingly northern latitudes, no matter what
diversity measure is used [9], which can be linked to the fact that Neolithic arrived from southeastern
Europe and to the difference in effective population size between WHG and Neolithic population. The
Neolithic populations have larger contributions in modern southern European population and lesser in the
North. For instance, the genetic make-up of present day Sardinians contains high levels of the Neolithic
genetic component [200,112,/199]. Conversely, hunther-gatherers contributed more to present day northern
Europeans rather than southern Europeans.

Neanderthal ancestry in Europe seems to have been reduced over the Ice Age [S7]] by natural selection
against Neanderthal variants [98,,184]. Further reduction of Neanderthal ancestry took place in the Neolithic
period by migration from the near east. Migrants descended from a postulated group of "Basal Eurasians"
that have no Neanderthal ancestry at all [112} [111]. The origins of Basal Eurasians are uncertain. Both
Anatolian farmers and Caucasus hunter-gatherers had ancestry from this population [96] and through them
so do later Europeans.

Steppe related ancestry The third European genetic component is linked to Yamnaya culture. The oc-
currence of this component dates back to the late Neolithic period and the early Bronze Age. Yamnaya
culture was brought by herders from the western Eurasian steppe that migrated to central Europe about 4.5
kyr ago. [71,4]. The herders themselves were a mix of at least two elements [[71]], the EHG and a southern
population element related to present-day Armenians [71], ancient Caucasus hunther-gatherers [96] and
farmers from Iran [111]. This migration is being linked to conquests and technological innovations such as
horseback riding, and possibly caused the spread of Indo-European languages to Europe [71, 4] (although
certain linguistics researchers debate that these languages were already spoken by Neolithic farmers [19]).

Southeastern Europe received steppe-related ancestry before any other population in Europe outside
the steppe itself, as early as 6.7-6.5 kyr ago in Bulgaria [136]]. However, the presence of steppe ancestry
in this part of Europe was low-level, around 30% during Bronze Age, about 5.4-3.1 kyr ago [136]], and
around 15% in the Aegean during the Mycenaean Period about 3.5 kyr ago, but absent in Minoan culture of
Crete [110], which represents the most recent sampled European population without steppe ancestry [109].
The steppe migrants made a massive impact in central and northern Europe [71, 4]. Late Neolithic people
from the Corded Ware material culture from Germany traced 75% of their ancestry to the Yamnaya [71].
People from the Corded Ware culture in the Baltics were genetically similar to those from Central Europe
(144, 182]]. During the Middle Bronze Age about 3.5-3 kyr ago a nearly complete turnover of ancestry
happened in Britain, local Neolithic individuals were 90% replaced by a population that lived in continental
Europe before 2450 BC and bore steppe ancestry [157]]. Steppe ancestry was also present in Bronze Age
Ireland [29] and Iron-Age and Anglo-Saxon England [191]. Steppe ancestry arrived in Iberia too, [135],
but had a lesser impact there [[157]. Today, steppe related ancestry is lower in southern Europe and higher
in northern Europe [71].

Perspective In the next years, ancient DNA research will hopefully address questions of later European
history, such as how did the elements of the populations of Europe combine during Antiquity, the Migration
Period and the following centuries to form the genetic diversity of present-day Europeans.
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1.2 Brief history and geography of France

1.2.1 Modern France description

The territory of modern France is located at the northwestern end of the European platform mostly
surrounded by natural borders: the Atlantic Ocean on the western side, the English Channel on the northern,
the Pyrénées and the Alps on the southwestern and eastern sides, respectively, as well as the Mediterranean
Sea on the southernmost edge. In spite of these natural borders, France has no major mountain barriers
along its eastern border, making it not only the final goal of a large number of migrations (Celts, “Invasions
Barbares™) but also a place of transit either to the North (British Isles) or the South of Europe (Iberian
peninsula) and North Africa. Modern French territory also hosts many sites reporting early human peopling
and the Aurignacian rock shelter of Cro-Magnon gave the name of the species which was later to be called
European Early Modern Humans. As for modern migration, France’s position was also at the crossing of
the assumed expansion era of early Western Hunter-Gatherers (15 kyr ago), Neolithic farmers (7 kyr ago)
and later steppe Eneolithic Age populations [109} [112].

1.2.2 Geographic scope and the people of Pre-Roman Gaul (IInd-Ist century BC)

Gallia est omnis divisa in partes tres [27] was one of the earliest demographic description of antique
France (known as Gaul). These three parts were Aquitania, in the South West, with Garonne and the
Pyrénnées mountains as borders; Belgia in North East, following the Seine as Southern border; and finally
what we know as Celtic Gaul, which spans from the Atlantic Ocean to the Rhine River and Alps (Figure
[I.6). A fourth part of the present-day French territory, already part of Romanized territories at this time,
is Gallia Narbonensis, which is a strip of lands from Italy to Iberia, with Alps and Cevennes mountains as
northern border. Finally, the Cisalpine Gaul was already a Roman province, where populations were a mix
of ancient Celtic tribes, although some of them — like the Boii in 191 BC — were slaughtered, and Roman
citizens (Italians) colonies.

The territory of modern France seems to have been only a part of a larger Celtic territory, spanning
to the Hungarian plains and where differentiation with the so-called German tribes was not as obvious as
the official Roman history reports it. Finally, the southwestern population was identified as different from
the Celtic population, for instance by Strabo [203], who defined them as Aquitani and close to Vascones,
ancestors of present-day Basques.

The part of Gaul which was not initially part of the Roman influence (Gallia Comata or Long-Haired
Gaul), seems to have been organized as a juxtaposition of civitates or pagi, which were the land of Gaul
tribes or nations. Although Figure is representing the Roman provinces from the Ist century AD, the
ancient civitates are also displayed. In terms of peopling, it is thought that Belgae hosted a mixture of Celtic
and Germanic populations.

A long period of incorporation into the Roman Empire led to the flourishing of a Gallo-Roman culture.
Demographically, Roman elements but also elements from the whole Empire (mainly around Mediterranean
Sea) could have been directed to what was Gaul, for instance through the settlement of veterans from Roman
legions. Although such settlement existed, like in Lugdunum (Lyon) [206) [130], it does not seem to have
occurred at a large scale.

1.2.3 Great Invasions (IIIrd-VIth century AD)

Later on, started the Great Invasions which initially consisted in infiltrations of so-called Germanic
tribes. These infiltrations, with various degrees of violence, started around the IIIrd century AD.

Subsequently, the “immigration” of Germanic tribes was organized by the Romans, in order to create
federate kingdoms that could, in turn, take part into the Empire’s defence. Visigoths were settling the South
West, Franks, which were to give their name to the country, in the North East and Burgunds in the South
East. These peoples were soon able to establish independent kingdoms, even before the formal end of
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Figure 1.6 — Map of Gaul in the times of Caesar (Ist century BC).

the Roman Empire. The Franks extended their northern territory to the land between Seine and Loire, the
Visigoths established a vast kingdom spanning from Strait of Gibraltar up to the Loire River; to have a
common border with the Franks. The South East was the land of the Burgunds (and would later become
Burgundy). The extreme south was disputed with the Ostrogoths installed in Italy.

Other tribes, like the Sueves and the Vandals, just crossed Gaul en route to Spain and North Africa.

Although it does not seem that Germanic tribal migrations involved very large groups [76] of people,
they still represented migrations of whole tribes — males and females. Therefore, the impact of such mi-
gration on the French demography remains to be evaluated. It is worth pointing out that non-Germanic
populations, like steppe Alans [11]] and Huns also immigrated in the same lands, along with the previously
described Germanic tribes.
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Figure 1.7 — Map of provinces of Roman Gaul and Germanie at the end of Ist century AD.

1.2.4 Barbarian kingdoms to Merovingians (VIth century — 987 AD)

At the end of the VIth century (See Figure[I.8)), what was to be modern France is divided into two main
Barbarian kingdoms: the Northern Neustria and Austrasia. They were two parts of the initial Clovis Frank-
ish kingdom. Aquitaine, which was previously part of the Visigoth kingdom — and lost to Franks in Vouillé
battle (507) - was at that time mainly part of the Frankish kingdoms (mainly Neustria). Within Aquitaine,
Novempopulania (Latin for "country of the nine peoples") corresponded to the original Aquitaine, inhab-
ited by basque related tribes. In the South, Septimania represented the remains of the Visigoth kingdom and
was even later to be part of the medieval Muslim territory al-Andalus. The Provence was also a territory of
borders (Marches) and a buffer to Saracen raids and Italian Ostrogoth invasions.

Interestingly, the Brittany peninsula, in the North-West, remained independent from the Barbarian King-
doms. It has, moreover, received migration from the British Islands from which Celtic populations that were
fleeing Saxon invasions (and Gaelic raids). These populations mixed with the Romanized Gauls from Ar-

morica.
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Figure 1.8 — Map of Barbarian Kingdoms in the VIIth century AD.

The Merovingian kings of the Frankish kingdom were soon replaced by Carolingian dynasty along
which Charlemagne imprinted the biggest political changes. He was able to create an empire unifying
territories of Modern France and Germany. He reorganized the administration into a system of “counties”,
headed by officials appointed by him bearing the title of counts. He, among others, prepared the future
feudal system which prevailed the following centuries.

At Charlemagne’s son’s death, his empire was divided into three large kingdoms, through the Verdun
treaty in 843 [104]]. The eastern part covered a part of Germany, the central part, Lothringen, was a long
corridor spanning from Netherlands down to Provence and Lombardia. The western part, or Occidental
Francia is covering the West of the modern French territory, without Provence and the Rhone valley and
without the Rhine valley. Brittany was also still independent during this whole period. The central part
(Lothringen) was to disappear, disputed by the kingdoms that would evolve from the West and East Francia
(France and Germany, respectively). Modern France would inherit the East banks of the Rhone, the Alp
Mountains, the Rhine valley and Burgundy, Alsace and Lorraine and part of the North — although these
regions would show in the meantime a fierce spirit of independence (see the Duchy of Burgundy). The
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central authority progressively collapsed with the last Carolingians kings and counties progressively gained
a quasi-independence.

1.2.5 Middle Ages and feudality (987-1643 AD)

When the Capetian dynasty finally replaced the last Carolingian, this process was irreversible. While
the King remained the ultimate overlord, he had limited power over his vassals’ territories, out of the king’s
own land (Domaine Royal).

A few political entities were cohesive and important, like the Viking-created duchy of Normandy and
the Duchies of Anjou, Burgundy, Aquitaine (Figure [I.9).
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Figure 1.9 — Map of France in the XIIth century AD.

While the French kings, until Philippe Augustus, succeeded in gaining political control back, a new
crisis, the Anglo-French Hundred Years war, created a new division. A large part of modern France became
vassal to the English King who was also Duke of Aquitaine. While there was no trans-English Channel
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migration which could have significantly changed the composition of a local population, this political pat-
tern did certainly not favour population mixing. Some of the Gascon lords, for instance, serving the king of
England did not speak a single word of French [42].

The end of the Anglo-French Hundred Years war, approximately in 1453, brought this division to an
end. The King of France gained power over the whole territory.

Still, this royal authority was not uniform over all the entities, which differed in feudal rights and local
institutions, laws and rules until the French Revolution (1789). During this period, language also varied a
lot according to the Provinces (Figure [[.T0) [35]. In spite of political unity, a developed road system and
absence of large political obstacles, different language and cultural borders could have shaped the genetic
structure of modern France. At this point, the extreme North (Artois), Alsace-Lorraine and the Rhine
borders as well as south-east parts were not yet included in the Kingdom.
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1.2.6 Completion of Modern France (1643-1918 AD)

Louis XIV started expanding the French kingdom to reach defensible borders - notably the Rhine border.
His wars allowed recovering Artois, Flanders and nearly the whole Alsace and Lorraine and reached the
Rhine — although this Rhine border was returned to Germany for 48 years (1870-1918). During Wars of
Revolution the French Empire, in spite of a final defeat — following one of the best military campaigns of
Napoleon, in French homeland - secured the Rhine and the North border. Finally, Napoleon III, during
the war for Italian liberation, managed to add Savoy and Nice to what was to be the final draft of modern
continental France.

1.3 The importance of understanding population structure

1.3.1 The importance of population structure from an evolutionary perspective

Humans have long been preoccupied with their past. Out of fascination with their origins they have
created numerous complementary disciplines such as history, linguistics and archaeology. Genetics play
an increasingly important role too in the study of the human past, especially through characterizations of
population structure, just as it was envisioned by Cavalli-Sforza and his colleagues.

Strictly, population structure is a term for non-random patterns of genetic similarity between individuals
from the same species. It manifests itself in systematic differences in allele frequencies. Population struc-
ture would not be present if mating were random throughout the entire population history. Random mating,
though it is often assumed in theoretical models, is not a case for most populations. One of the causes is
physical separation, by geographical barriers such as oceans separating continents, high mountain chains
or simply long distance. Moreover, for human populations specifically, lack of a common language might
be an obstacle to mating and language patterns often coincide with genetic similarity patterns. Population
structure is also influenced by forces such as migration, admixture, natural selection and genetic drift.

Novembre and Peter [[151] state that ignoring population structure would result in only a 5-15% aver-
age error when predicting the proportion of observed heterozygotes at a locus. This example illustrates how
little evolutionary time has passed since the common origin of all humans in Africa. In contrast, the evolu-
tionary time has been much longer for chimpanzees. Their groups within central Africa are more different
genetically than humans living on different continents [20]. The departure from random mating predictions
due to population differentiation has a classic quantitative measure, called Fg7, which approximately takes
on values of 5-15% for common variants in global samples of human populations (see subsection for
more detailed description of Fgp).

Fsp is a dissimilarity measure, thus if we move from a global scale to within continental regions, Fsp
is even lower. It regularly takes values below 1%, which is defined in [[151] as a threshold for “fine-scale
structure”. The study of fine-scale structure is an exciting frontier of contemporary population genetics and
an extensive progress has been made in the last years. Recent works commonly focus on large genome-wide
datasets with samples from a territory of a single country or even a region [115, 210, 134} 101} 63} 136, 99,
20, [7]] (these studies are described in section [I.4)). Within such populations, average F's7 may be lower than
0,01 % (e.g. 0,007% between 30 collection sites in [[115]]). I informally define such threshold as “extremely
fine scale studies”.

In fact, human population structure is fractal-like. It is illustrated in Figure [I.T1] Fascinating patterns
arise at all scales. The coarsest structure is a tree of global human diversity. If we continue to zoom in, we
see respectively continental and local scale of human population structure, and finally the fine detail of a
family.

Surveying structured levels of genetic similarity gives us a scientific perspective on human origins,
informs knowledge on evolutionary processes that shape both human adaptation and disease. It is thus
not only important for fulfilling the curiosity about our past, but also essential for carrying the mission of
medical genetics.
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Figure 1.11 — The fractal-like nature of human population structure, adapted from [[152], which reproduced
images from [[118] — global human diversity, [150] — both continental and local scale.

1.3.2 The importance of population structure from medical genetics perspective
Direct implications of not taking into account population structure

The presence of population structure challenges disease association studies of medical genetics. It is a
problem known since many years 212}, 227, [132].

The most common formulation of the population structure problem is that undetected population struc-
ture can mimic the signal of association and in this way cause either false positive results or lead to missed
real effects. Figure [I.12] illustrates the concern at a [single-nucleotide polymorphism| (SNP) locus and a
case-control study from two populations. The two populations are genetically different and the disease
prevalence differs substantially across them too. In a such scenario, the number of cases and controls re-
cruited for a study from each subpopulation tends to differ too, and so does allele and genotype frequency
at any locus. As a consequence, significant differences in allele and genotype frequencies arise by chance,
mimicking a real signal of association with the disease. The opposite situation when a real effect is masked
is possible too. What is more, it is challenging to distinguish a real signal from abundant random fluctua-
tions when both demonstrate statistical significance.

Importantly, differences of disease prevalence of a factor of two or more are not uncommon, they appear
even within countries [212,145]]. They are likely linked to environmental or geographical risk factors.

In 2004, Marchini et al. [132] examined how this problem affects large-scale studies. Thanks to a
good fit of theoretical model to data, they were able to simulate thousands of samples, which substantially
exceeded the typical sample size in those times and anticipated the scale of future studies. They showed
that with the increase of sample sizes, the confounding effects of population structure become more severe.
Even small levels of population structure can lead to false positive results, undermining a disease associa-
tion study. Interestingly, since the publication of this article sample sizes increased enormously, surpassing
a million participants [94]. (Genome-wide association studies (GWASs) have mostly targeted common vari-
ants, but as sample sizes grew larger, they have become better powered to detect rare variant associations.
However, rare variants show stronger geographic clustering than common variants [[138, 65, 211]. Rare
disease-associated variants are therefore expected to be population specific or to reflect recent population
demography.
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Figure 1.12 — The effects of population structure at a SNP locus, from [132]. If the study population consists
of subpopulations that differ genetically, and if disease prevalence also differs across these subpopulations,
then the proportions of cases and controls sampled from each subpopulation will tend to differ, as will
allele or genotype frequencies between cases and controls at any locus at which the subpopulations differ.
The figure shows an example of this scenario with two populations in which the cases have an excess of
individuals from population 2 and population 2 has a lower frequency of allele A than population 1. In this
example, the structure mimics the signal of association in that there is a significant difference in allele and
genotype frequencies between cases and controls.

Indirect implications of not taking into account population structure

Nowadays the field of medical genetics faces additional open questions. One of them is transferability
of genome-wide association studies (GWAS) results to a global population. To date, GWASs yielded tens
of thousands significant associations between common genetic variants and phenotypes. However, the
vast majority of GWASs was performed in individuals of European ancestry (more than 80% of studied
individuals). Even though the majority of the results have replicated in different ethnic groups
82]), the applicability of associations to the underrepresented populations is increasingly debated [[133] [81]).
Portability of GWAS findings to new populations is dependent on factors such as allele frequency, linkage
disequilibrium and trait genetic architecture [133]].

Serious misinterpretations may happen and one had already happened with hypertrophic cardiomyopa-
thy [[131]]. Multiple African Americans have received misdiagnosis because they carried a variant identified
as pathogenic in a study of mostly European cohorts. It would have been prevented if even a small num-
ber of samples of African ancestry was included, in which the variant has later turned out to be prevalent
and thus unlikely disease-causing. The view on population structure in medical genomics is changing in a
sense that population structure can no longer be approached as a nuisance factor, but a factor that facilitates
a deeper understanding of a disease. The article illustrates this shift in perception and describes the
challenge. The authors focused on admixed populations of the Americas. The study of admixed populations
have proven fruitful in identifying risk loci for diseases that are stratified across diverse ancestral origins
[169] 49,137,154, [15]]. This study modelled subcontinental ancestry and found that heterozygosity is
greatest in European ancestry tracts in two variant reference databases (the GWAS catalog and ClinVar
pathogenic and likely pathogenic sites), while the results across the genome (and theoretical expectations)
are that heterozygosity is the highest in African ancestry tracts (see Figure [I.13). It provides one more
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evidence for strong bias toward Europeans, but this time highlighting imbalance in genome interpretability
across local ancestry tracts in recently admixed populations. Moreover, it shows the advantage of analysing
variants jointly with local ancestry tracts over genome-wide ancestry estimates alone. Additionally, com-
parison of imputation accuracy between local ancestry tract diplotypes revealed lower scores for diplotypes
containing at least one Native American ancestry tract than for tracts with European and/or African ancestry
only.
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Figure 1.13 — Heterozygosity by Continental and Diploid Local Ancestry, from [133]]. Heterozygosity,
estimated here as 2pq, is calculated in admixed populations stratified by diploid local ancestry in (A) the
whole genome, (B) sites from the GWAS catalog, and (C) sites from ClinVar classified as “pathogenic” or
“likely pathogenic.” The mean and 95% confidence intervals were calculated by bootstrapping 1,000 times.

Another issue with GWASs is that peaks meeting genome-wide significance often explain only a small
fraction of the phenotypic variance. Scientist thus attempt to better understand genetic architecture of com-
plex traits. Improvements of methodology include among others polygenic risk scores that take into account
multiple variants. However, polygenic risk scores are sensitive to population structure too. One study has
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shown that prediction accuracy of polygenic risk scores for schizophrenia in East Asians and Africans
based on summary statistics derived from European cohort was reduced by more than 50% in comparison
to Europeans [219]. The article [[133]] continues the topic of polygenic risk score transferability for several
well-studied traits including height and schizophrenia and reveals biased predictions. African populations
are predicted to be considerably shorter than all Europeans and minimally taller than East Asians, which is
contradictory to robust anthropological evidence (excluding indigenous pygmy populations). Furthermore,
schizophrenia shows considerably decreased scores in Africans compared to other populations, while it is
known to have similar prevalence across all populations where it has been studied. Finally, [[133] completed
their study of GWAS findings transferability with coalescent simulations. The correlation between true
risk scores and those inferred from summary statistics from single-ancestry (European) GWAS is generally
low. It is thus imperative to include more diverse individuals in medical genomics studies and critical to
understand the demographic histories of populations, including the multiethnic ones. It has been shown that
the effect size estimates from diverse cohorts tend to be more precise and robust than from single-ancestry
cohorts [28]]. Moreover, the resolution of causal variant fine-mapping is considerably improved too [40],
mainly for the reason of differential [linkage disequilibrium (LD)| between Europeans and Africans. If di-
versity will not be prioritized, genetics may contribute to health disparities [181]].

Overall, understanding the genetic structure of human populations is of fundamental interest to medical
and anthropological sciences. In the next section, I present selected recent studies of population structure
in Europe.

1.4 Recent studies of population structure in Europe

In recent years, studies of fine-scale population structure are often conducted on genome-wide data of
several hundreds or thousands of individuals. In this section I summarise findings of such studies in Europe,
starting from the first continental studies using genome-wide [single nucleotide polymorphism (SNP)| data,
continuing with recent country-level studies and finally describing what is known about population structure
in France.

In the year 2008, several groups used [principal component analysis (PCA)tbased approaches to obtain
a visual summary of the observed genetic variation [75} [150, 107, 213]]. Two dimensional PCA projec-
tions from these studies resemble a geographic map of Europe (example from |[Population Refence Study|
[150] in Figure [I.T4). These results highlight that the genetic structure of European popula-
tions is predicted by geography, with population differentiation following an isolation-by-distance pattern
across the continent. Nevertheless, cultural-driven genetic structure is evident at small scales, for example
Novembre et al. [[150] shows structure within Switzerland, distinguishing between German-, Italian- and
French-speaking populations. An exception to the pattern of genetic structure resembling the geographical
map is Finland — the distance between Finnish population and the remaining European populations suggests
they are an isolate [[107].

Recently, several studies were performed at the scale of a single country or even a part of a country.
Before, a population within a territory of typical European country was often considered homogeneous
and unstructured, but thanks to novel statistical methods, large sample sizes and geo-referenced data, fine-
scale structure has been revealed within the United Kingdom [115] (Figure [I.15]a), the Netherlands [210],
Western France [99]] (Figure [I.17), Ireland [63]|(Figure[I.15]b), Finland [134,101]], Spain [26] (Figure[I.13|
¢) and Sardinia [36]. Overall these studies have shown that genetic structure corresponds to geography, but
differentiation is not always uniform with respect to physical distance: large southern and central part of
England remains homogeneous [115]], whereas differentiation in Spain is along east-west axis, while south-
north direction presents genetic similarity [26]] and in the Netherlands the structure appears along north-
south gradient [210]. Spatial assessment of gene flow, effective migration surfaces were also estimated
in many of these studies, giving results consistent with population structure identified with other methods
and additionally low levels at country borders [63] [134] (Figure [I.16). Using patterns of ancestry sharing,
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Figure 1.14 — Population structure within Europe, from [150]. A statistical summary of genetic data from
1,387 Europeans based on principal component axis one (PC1) and axis two (PC2). Small coloured labels
represent individuals and large coloured points represent median PC1 and PC2 values for each country. The
inset map provides a key to the labels. The PC axes are rotated to emphasize the similarity to the geographic
map of Europe. AL, Albania; AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; BG, Bulgaria; CH,
Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, Denmark; ES, Spain; FI, Finland; FR,
France; GB, United Kingdom; GR, Greece; HR, Croatia; HU, Hungary; IE, Ireland; IT, Italy; KS, Kosovo;
LV, Latvia; MK, Macedonia; NO, Norway; NL, Netherlands; PL, Poland; PT, Portugal; RO, Romania; RS,
Serbia and Montenegro; RU, Russia, Sct, Scotland; SE, Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey;
UA, Ukraine; YG, Yugoslavia.

Bycroft et al. [26] shows that identified clusters are driven by genetic drift with exception to one cluster
that reflects admixture from a group related to Basque population.

Many studies estimate ancestry profiles and detect differential input within a country from other Euro-
pean groups, for example 26]]. Ireland turned out to have distinct ancestry profile compared to British
Isles [63]. The study of Sardinia revealed elevated shared ancestry levels with the Basque population and
subtle variation of ancestry proportions with ancient DNA samples [36]. Presence of recent admixture was
detected, for example admixture from Norway in Orkney dated to 1100 CE linked to Norse vikings [1135]
or from North African population in Spain between 860-1200 CE [26].

The country-specific studies enriched also the understanding of European demographic history. Athanasiadis

et al. [7] reveals that Denmark have a disparate demographic history compared to other Scandinavian coun-
tries. The Genome of the Netherlands study claims south to north gradient of decreasing ancestral

population size and increasing[homozygosityl Excess[haplotype|sharing indicates more severe bottlenecks in
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Figure 1.15 — Results from recent European studies of population structure. (a) Clustering of the 2,039
UK individuals into 17 clusters based only on genetic data, from [115]. (b) 30 clusters of individuals with
Irish and British ancestry based solely on genetics, from a study that focused on Ireland [63]]. (c) Spanish
individuals grouped into clusters using genetic data only, from [26]]. (d) Similarity of ancient samples to
populations across Europe, including Sardinia, indicated by outgroup f3 statistics. From [36].

Eastern Finland than in South-Western Finland [134]]. Chiang et al. [36] found a relatively deep divergence
from mainland European populations which is evidence for Sardinia’s isolation.

France was a part of European datasets published in 2008 [75, (118, [107], but precise birthplaces of
individuals were unknown, which prevented the description of regional differentiation. These studies placed
the French population between its neighbours on the genetic map of Europe and revealed a gradient of
variation (see Figure[I.14). Karakachoff et al. [99] was the first study of genetics of French population with
geo-referenced data. It reveals that fine-scale population structure occurs in Western France (Figure [[.17).
Brittany Region, situated on a peninsula in the North-West of France, is relatively highly differentiated from
the neighbouring regions. Also linkage-disequilibrium is higher in Brittany, suggesting a lower effective
population size. The departments with the highest local genetic differentiation measured in Fsp per 30
km are the departments of Brittany region and additionally the department Vendée. Last but not least, the
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Figure 1.16 — The estimated effective migration surfaces from recent European studies of population struc-
ture. (a) of Ireland and Britain, from [63]. (b) of Finland, Sweden, Estonia and St. Petersburg, Russia; from

[134].

authors also found genetic proximity between Bretons and Irish, both at the genome-wide level and at the
two loci informative about Breton origins, lactase and HLA.
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Figure 1.17 — Population structure in Western France, adapted from [99]. a) Sampling of the study. b)
PCA indicating differentiation of Brittany from neighboring regions. c) Mean ancestry coefficients grouped
by regions of Western France d) Mean IBS statistics between individuals from the French regions and
individuals from the neighboring countries of France. e) Spatial variation of local genetic differentiation

(Fst at 30 km) and f) of LD (at 15 kb).
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1.5 How can we detect population structure?

The results presented in the previous section as well as the results of this thesis would not be obtained
without powerful statistical methods. The majority of the methods I describe in this section can be divided
into two categories: allele-frequency-based and haplotype-based methods. The difference between these
two lies in the way the information contained in dense SNP datasets is used. The first approach relies on
differences in allele frequencies. It does not use all the information contained in dense SNP dataset because
they do not take|linkage disequilibrium|(LD) into account. It is necessary to prune the data, removing linked
markers. In contrast, haplotype-based approaches model recombination and in this way take account of LD.
These approaches are viewed as more comprehensive as it provides additional information about related-
ness beyond allele frequency patterns. The possible drawback of haplotype-based methods is increased
computational cost required to run analysis compared to allele-frequency approaches.

This section is not an exhaustive review of all existing methods. I familiarise a reader with methods
that I used in my work: Fsr, PCA, ADMIXTURE, EEMS, CHROMOPAINTER, [fineSTRUCTURE (FS)|
and IBDNe. Table [I.1] adapted from a review [[194], contains a longer list of approaches (softwares) for
population structure and demographic inference. Certain methods are not applicable in my project, as they
require sequencing data.

1.5.1 Allele-frequency based approaches

For decades, the most common approach to describe population structure and quantify genetic distance
between populations was Wright’s Fgp [[128, 225]], a member of the family of measurements known as
fixation indices or F-statistics, originally defined as ratio of genetic variation between subpopulations to
genetic variation of the total population. Fis7 became widespread thanks to interpretation that it is equivalent
to the proportion of genetic diversity that can be explained by the differences in allele frequencies among
populations [46, 88]].

Another allele frequency-based approach, also in use since only a handful of markers was available, is
principal component analysis (PCA). Briefly, PCA is a multivariate technique that reduces high-dimensional
dataset of correlated variables into a smaller set of uncorrelated variables that explain most of the variation
in the data [93]]. These uncorrelated variables can be plotted. First few PCs ideally separate samples
according to their recent ancestry: with more similar genotypes on average will cluster closer in PC space,
whereas more distantly related individuals will lie further apart. This method thus serves to explore and
summarize visually population structure (see Figure [I.T8] A for schematics for the output). PCA is often
performed as initial exploratory data analysis, because it can also help to identify potential unwanted sources
of variability [194]. A large number of markers in the dataset is crucial to reveal subtle fine-scale structure
[151] (Figure [I.19), which nowadays does not pose a problem anymore with the availability of relatively
low cost genome-wide SNP arrays. One should not limit the exploration of PCA space to the first two
axes, because population structure patterns are sometimes more readily observed in lower-ranked PCs than
in higher-ranked PCs [16]. Care must be taken to not over-interpret PCA results: the disadvantage of
the method is that the results are affected by sampling density [[142, [153]]. Moreover, in populations with
recent, large-scale shifts in demography (such as humans), the directions of highest variability may be
counterintuitive [194]. Although it has been proposed that PCs can be used to understand demographic
processes underlying the data [142]], it has also been shown that mathematical artifacts can arise from
spatial data, thus the historical inferences made from these results need to be taken with caution [[153]].

The next approach developed for allele frequency data is model-based clustering, with the most promi-
nent example being STRUCTURE [[171]. These approaches assign individuals into populations and provide
an estimate of admixture proportions: the fraction of each individual’s genome that comes from each popu-
lation (see Figure[I.18|B for schematics for the output). In principle, they look for groups of individuals that
share common underlying allele frequencies and that are mutually in|Hardy—Weinberg equilibrium|(HWE).
STRUCTURE is Bayesian and uses |[Markov chain Monte Carlo (MCMC)|to average over underlying allele
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Name Inference \ References
STRUCTURE Population structure, admixture [[171]]
FRAPPE Population structure, admixture [207]]
ADMIXTURE Population structure, admixture 3]
fastSTRUCTURE Population structure, admixture [174]
Structurama Population structure, admixture [91]]
HAPMIX Chromosome painting [169]
fineSSTRUCTURE Population structure, admixture, [108]]
chromosome painting
GLOBETROTTER Population structure, admixture, (77
chromosome painting
LAMP Chromosome painting [186]]
PCAdmix Chromosome painting, population structure | [21]
dadi Demographic history [70]
Fastsimcoal2 Demographic history [47,148]
Treemix Admixture graph [167]
fastNeutrino Demographic history [14]
DoRIS Demographic history [159,1160]
IBS tract inference Demographic [72]
PSMC Demographic history [117]
MSMC Demographic history [190]
CoalHMM Demographic history [183L 145, 1125, (84 [126]
diCal Demographic history (197, 202]]
LAMARC Demographic history [1OS]
BEAST Species trees, effective population sizes [41]]
MCMCcoal Divergence times between populations [176]
G-PhoCS Demographic history [68]
Exact likelihoods using | Demographic history (124, 1123]]
generating functions

Table 1.1 — Software for demographic inferences, table adapted from [194].
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Figure 1.18 — Schematics for the output of three approaches discussed in the text are illustrated: (A) PCA,
(B) STRUCTURE-like approaches, (C) CHROMOPAINTER. Adapted from [[194].
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Figure 1.19 — A large number of loci is required to reveal fine-scale population structure using PCA, from
[151]]. Four subsamples with an increasing number of random loci were taken from the [150] dataset. Using
100 loci, Europe appears panmictic, whereas 1.000 loci are sufficient to establish a North-South cline. With
10 000 and 100 000 loci, fine-scale details are revealed.

frequencies and assignments, and thus is too slow for modern genomic data sets [194]. Faster implementa-
tion based on likelihoods, e.g. ADMIXTURE [3]], is recommended for large datasets. In STRUCTURE-like
methods the likelihood of the data will always improve by adding more parameters (that is, more popula-
tions) and at certain point those extra populations are overfitting the noise in the data. Therefore, the choice
of the number of populations (/K’) that best fits allele frequency differences in the data is problematic. The
most popular solution to this problem is a cross-validation procedure that measures the consistency between
different runs at a particular K [2].

EEMS (Estimated Effective Migration Surfaces) [[165] is a method for analysing population structure
from geo-referenced individuals and identifying potential barriers to gene flow. EEMS uses pairwise genetic
dissimilarities and provides a visual representation of spatial patterns in genetic variation (see example
output from recent European studies in Figure[I.16)). It highlights regions where deviations of exact isolation
by distance occur, regions of higher-than average and lower-than average historic gene flow, which were
difficult to discern using previous methods such as PCA and STRUCTURE-like approaches that ignore
sampling locations even if they are known. The term "effective" comes from the fact that EEMS assumes
equilibrium in time. The resulting migration surfaces should be best interpreted as a tool for visualising
patterns of genetic differentiation relative to geographic distance [151]].
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1.5.2 Haplotype-based approaches

Many approaches relating genetic variation to LD are based on the coalescent theory [102] and its
generalization that includes recombination [90]. Although this framework has been useful for simulations,
its computational complexity is still too high for statistical inference. An efficient alternative approximation
was developed in 2003 by Li and Stephens [119]. It captures the essential properties of the coalescent
process and it overcomes the limitations of previous approaches as it relates patterns of LD directly to the
underlying recombination process, considers all loci simultaneously, rather than pairwise and avoids the
assumption that LD necessarily has a "block-like" structure. In Li and Stephens model, every haplotype
of an individual is represented as a mosaic of the haplotypes that are copied from the reference panel.
A possible challenge in this approach is accurate modelling of recombination across the genome and the
ascertainment bias introduced by selecting SNPs based on physical distance [152].

The key information utilised by haplopype-based approaches is related to the fact that recombination
breaks up chromosomes progressively in each transmission of genetic material from parent to offspring.
The length of the haplotype segment shared between two individuals is thus correlated with the time to their
recent ancestor. Longer length of shared haplotypes typically reflects more recent common ancestry (Figure
C). Based on this approach, CHROMOPAINTER computes a coancestry matrix, i.e. the estimates of
the proportion of the genome of each individual that is most closely related to every other individual in the
matrix [[108]. Individuals are in turn donors and recipients of haplotype chunks and a set of donors does not
necessarily have to be the same set as the set of recipients. Summing up, coancestry matrices contain rich
information about population relationships.

Coancestry matrices generated by CHROMOPAINTER can serve as input to other methods. One of
them is fineSTRUCTURE [108]], an MCMC clustering approach that aims to partition individuals into
groups with indistinguishable haplotype similarity profiles (see example output from recent European stud-
ies in Figure [I.T5]a,b,c). After fine subdivision is obtained, fineSTRUCTURE builds a tree (FS-tree) that
aims to capture historical relationships amongst the inferred populations. Thanks to this tree clustering be-
comes hierarchical: at each level two populations with the highest posterior probability among all merges
are joined. One area of concern is that FS-tree results depend significantly on sample size [108]]. To over-
come this limitation, Kerminen et al. [101] proposed an alternative tree building approach based on
variation distance|(TVD) that produces more consistent results across different sample sizes.

[Total variation distance (T'VD)| was defined in Leslie et al [115]. It is calculated based on coancestry
matrix. The coancestry matrix contains copying profiles for each individual i: C; = (¢;1,Ci2,...,Cin)s
1 € 1,...,n (for simplicity, we assume a set of donors identical to a set of recipients). Those values are
then averaged across individuals in a given cluster k£ € 1,..., K (K is a number of clusters) to get cluster
copying vector Xy = (x1,Za,...,T,) as follows:

o Zlek Gl .
= =iek I

i jel ... n.
> Cim
m=1

Given a pair of inferred clusters A and B, with copying vectors (a4, ...,a,) and (by,...,b,), the total
variational distance between the pair is computed as following:

TVD(A,B) =05% > |a; — bjl.

i=1

This value can be interpreted as a measure of the difference between the two clusters. TVD matrix is a
square symmetric matrix containing TVD values for each pair of clusters. Tree built based on TVD matrix
thus uses a measure of genetic differentiation, contrary to FS-tree based on posterior probabilities.

The IBDNe [23] approach makes inference about demography. It is a non-parametric method for esti-
mating recent effective population size. Estimates of historical effective population size reveal such demo-
graphic features as bottleneck events and rates of growth. Similarly to CHROMOPAINTER, the theoretical
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Figure 1.20 — The origin of IBD segments is depicted via a pedigree. Source: Wikipedia.

foundations of IBDNe rely on the correlation between shared haplotype length and the time to the recent
common ancestor. However, it uses inferred identity-by-descent (IBD)| segments length rather than the Li
and Stephens model. A segment is identical-by-descent in two or more individuals if its nucleotide se-
quence shows high levels of similarity and it was inherited from a common ancestor without recombination
(Figure [I.20). In a finite population all individuals are related if traced back long enough in time. There-
fore, in their genomes there are segments that are IBD. During meiosis, segments of IBD are broken up by
recombination. Therefore, the expected length of an IBD segment is negatively correlated with the number
of generations since the most common recent ancestor.

IBD-based estimates for effective population size changes are relatively accurate for recent time inter-
vals (from around 4 generations to around 50 generations ago) for SNP array data [23]. An advantage of
IBDNe is a non-parametric approach that addresses the limitations of parametric methods to model complex
or unanticipated features of population-size history that result from the necessity to pre-specify the class
of models that are considered as well as computational and statistical constraints linked to the number of
parameters considered.

1.6 Thesis aims and structure

My thesis aim is to provide a thorough analysis of the genetic structure of the continental French popu-
lation, in particular Western France, and shed light on the historical, demographic and cultural events that
have shaped it. Along my thesis I address the following questions: 1) is there population structure within
France? and if so, what are the levels of population structure? 2) Does genetic differentiation coincide
with past political or linguistic borders? 3) how population differentiation within France compares to that
described in other European studies? 4) Can we find any evidence of migrations that shaped present pop-
ulation genetic structure? 5) Do the patterns of diversity reflect differences in effective population size?
To achieve these aims, I had to identify, implement and apply a comprehensive set of standard statistical
methods and techniques.

To answer the aforementioned questions, I first employed a genotype marker dataset SU.VIL.MAX.
This dataset often serves as control datasets in disease association studies. The geographical range of
SU.VLLMAX dataset is the whole territory of continental France, thus this dataset enabled me to describe
the genetic structure and differentiation patterns on the level of a country. I corroborated my results by
analogous analysis on second, independent dataset, 3C, performed by collaborators. This dataset is also
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a genotype marker dataset, it has a similar geographical scope and is also often used as control dataset in
disease association studies. Later I focused on a particular subpopulation, North-Western France, to study it
in more detail. It was feasible thanks to the PREGO dataset, which was designed to serve as best as possible
the purpose of extremely-fine scale study of genetic structure.

This manuscript is organised as follows:

— Chapter 2 contains an article summarising the results of the study of a fine-scale structure of the
whole continental France with the use of SU.VI.MAX and 3C datasets, the latter one as a collabo-
ration.

— In Chapter 3 I explore an extremely fine population structure and demographic history of the part of
French territory — Northwestern France with the use of PREGO dataset.

— In the last chapter, Chapter 4, I discuss the relation of the results of the two studies to history,
demography, liguistics and culture, as well as analysis of rare variants as a perspective of the field
and consequences of presence of a population structure for medical studies.
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Introduction

Gallia est omnis divisa in partes tres [commentarii de bello gallico!] was one of the earliest
demographic description of antique France (known as Gaul). These three parts were Aquitania,
in South West, with Garonne and the Pyrenees mountains as borders; Belgia in North West,
following the Seine as Southern border; and finally what we know as Celtic Gaul, that spanned
from the Atlantic Ocean to the Rhine River and Alps. A fourth part of the present-day French
territory, already part of Romanized territories at this time, was Gallia Transalpina, a strip of
lands from Italy to Iberia, with Alps and Cevennes mountains as northern border.

The area that was to be modern France was subject to successive population migrations:
Western Hunter-Gatherers (15 kya), Neolithic farmers (7 kya) and later steppe Enolithic Age
populations®3, Celtic expansion, integration in Roman empire, Barbarian Great migrations,
whose demographical importance remains to be assessed. France’s position in Europe, at the
edge of the Eurasian peninsula, has made it not only the final goal of a large number of,
potentially massive, migrations but also a place of transit either to the North (British Isles) or
the South of Europe (Iberian Peninsula) and North Africa, as well as an important crossroad for
trade and exchanges.

Before France became a single political entity, its territory was divided into various kingdoms
and later provinces, which often displayed fierce independence spirit towards the central power.
The pre-Roman Gaul was divided into politically independent territories. After the fall of
Roman Empire, the modern French territory was divided into Barbarian Germanic kingdoms
(Franks, Wisigoths and Burgunds). After a short period of reunification and extension into the
Carolingian Empire (V1I™ century), the weakening of the central power led to the reduction of
the Occidental France at its western part and the rise of local warlords gaining high
independence within the Kingdom itself. The feudality period created provinces that were close
to independence, although nominally linked through the oath of allegiance to the King of France
(Figure S1).

During centuries, in spite of important backlashes such as the Hundred Years War, the French
Kings managed to slowly integrate the Eastern lands as well as Britanny, enforcing in parallel
the central power until the French Revolution. However, every province kept displaying
political, cultural and linguistic differences, which could have left imprints in the genetic
structure of modern French populations.

Geographically, modern France is a continental country surrounded by natural borders: the
Atlantic Ocean on the West side, the Channel Sea up North, mountains (Pyrenees and Alps)
closing the South-West and East/South-East borders, as well as the Mediterranean Sea on the
South side. The Eastern side has the Rhine as a natural border on less than 500 kilometers while
the Northeastern borders shows no notable obstacle and exhibits a continuum with Germany
and Belgium.

The study of the genetic structure of human populations is of major interest in many different
fields. It informs on the demographic history of populations and how they have formed and
expanded in the past with some consequences on the distribution of traits. Genetic differences



between populations can give insights on genetic variants likely to play a major role on different
phenotypes, including disease phenotypes®. This explains the growing interest of geneticist for
human population studies that aim at describing the genetic diversity and are now facilitated by
the rich genetic information available over the entire genome. In the last decades, several studies
were performed using genome-wide SNP data often collected for genome-wide association
studies. These studies have first shown that there exist allele frequency differences at all
geographic scales and that these differences increase with geographic distances. Indeed, the
first studies have shown differences between individuals of different continental origins®®’ and
then, as more data were collected and marker density increased, these differences were found
within continents and especially within Europe®®. Several studies have also been performed at
the scale of a single country and have shown that differences also exist within country. This
was for instance observed in Sweden, where Humphreys et al.° reported strong differences
between the far northern and the remaining counties, partly explained by remote Finnish or
Norwegian ancestry. Fine-scale stratification was also detected in Western France (mainly Pays
de le Loire and Brittany) where a strong correlation between genetics and geography could be
observed!!. More recent studies have shown structure in the Netherlands'?, Ireland®, UK or
Iberian peninsula®.

In this paper, we used data from two independent cohorts, 3C and SUVIMAX with more than
2,000 individuals whose birthplace covered continental France and genotyped at the genome-
wide level, to assess the genetic structure of the French population and draw inferences on the
demographic history.

Material and Methods

Data SU.VI.MAX & 3C

Genetic data were obtained from two French studies, SU.VI.MAX® and the Three-Cities
study'” (3C). For every individuals, information on places of birth was available, either the
exact location (3C study) or the “département” (SU.VI.MAX). Départements are the smallest
administrative subdivisions of France. There are a total of 101 French départements and 94 of
them are located in continental France. These units were created in year 1789, during French
Revolution, partly based on historical counties.

3C Study: The Three-City Study was designed to study the relationship between vascular
diseases and dementia in 9,294 persons aged 65 years and over. For more details on the study,
see http://www.three-city-study.com/the-three-city-study.php. Analyses were performed on
individuals who were free of dementia or cognitive impairment by the time their blood sample
was taken and who were previously genotyped'®. The geographical locations of individuals
were defined according to the latitude and longitude of their place of birth, declared at
enrolment. Individuals with missing place of birth or born outside continental France were
excluded. A total of 4,659 individuals were included in the present study.

SU.VL.LMAX: The study was initiated in 1994 with the aim of collecting information on food
consumption and health status of French people. A subset of 2,276 individuals born in any of
the 94 continental French départements was included in this study. The geographic coordinates



of each départements were approximated based on the coordinates of the corresponding main
city.

Quiality control

Quality control of the genotypes was performed using the software PLINK version 1.91°20,

3C: raw genotype data were generated in the context of a previous study*® on Illumina
Human610-Quad BeadChip. Following the recommendations from Anderson et al.?,
individuals were removed if they had a call rate < 99%, heterozygosity level + 3 standard
deviations (SD) from the mean or if they were related to another individual from the sample
with an IBD proportion of 0.1875 or above (only one individual was kept from each pair). As
a final quality control to exclude outlier individuals from populations, we performed principle
component analysis (PCA) using the smartpca software from the EIGENSOFT package version
6.0.1%2 and removed outliers across the first 10 eigenvectors. The default procedure was used
for outlier removals with up to 5 iterative PCA runs and, at each run, removing of individuals
with any of the top 10 PCs departing from the mean by more than 6 standard deviations. SNPs
in strong linkage disequilibrium (LD) were pruned out with PLINK 1.9 (described in PCA
section). Outlier individuals were removed prior to performing further analyses. Applying all
these QC filters led to the removal of 226 individuals. To avoid redundant information from
individuals born at the same place, we randomly selected only one individual from each place
of birth. A total of 770 individuals covering the 94 continental French “départements” were
included. All samples failing sample-level QC were removed prior to performing SNPs QC.
Markers were removed if they had a genotype-missing rate > 1%, a minor allele frequency <
1% or departed from Hardy—Weinberg proportion (P < 107). After QC, there were 770
individuals and 490,217 autosomal SNPs.

SU.VI.MAX: Genotype data of the 2,834 samples were available from previous studies using
different SNP chips: 1,978 with Illumina 300k/300kduo and 856 with Illumina 660W.
Individuals with an unknown birthplace or a birthplace outside of continental France were
removed, 1,416 samples were left. Two individuals were removed because of a call rate < 95%.
IBD statistic, calculated in PLINK version 1.9, didn’t identify any related samples with a
threshold of 0.1875. SNPs were removed if they had a genotype-missing rate > 2%, a minor
allele frequency < 10 % or departed from Hardy—Weinberg proportion (P < 10°). After QC,
there were 1,414 individuals and 271, 886 autosomal SNPs.

Population structure within France
1) Chromopainter/FineSTRUCTURE analysis

For investigating fine-scale population structure, we used Chromopainter version 2 and
FineSTRUCTURE version 2.0.723. Data were phased with SHAPEIT v2.r790%* using the 1000
genomes dataset as a reference panel. In the 3C dataset, we removed 932 of these SNPs because
of strand issues prior to phasing. Files were then converted to Chromopainter format using the
‘impute2chromopainter2.pl’ script. Chromopainter outputs from the different chromosomes



were combined with chromocombine to generate a final coancestry matrix of chunck counts for
FineSTRUCTURE. For the FineSTRUCTURE run we sampled values after successive series
of 10,000 iterations for 1 million MCMC iterations following 10 million “burn-in” iterations.
Starting from the MCMC sample with the highest posterior probability among all samples,
FineSTRUCTURE performed 100,000 additional hill-climbing moves to reach its final inferred
state (See!* for details). The final tree was visualized in R with the help of FineSTRUCTURE
and ‘dendextend’ libraries.

2) Ancestry profiles of the French population & Spatial pattern of genetic
structure EEMS

We used ADMIXTURE v1.3%° to estimate mixing coefficients of each individual. We
performed runs for values of K between 2 and 10, with 5-fold cross-validation using the set of
pruned SNPs, as described in the PCA analyses. To identify if cluster differences existed, we
performed a one-way analysis of variance (ANOVA) on the admixture components, followed
by post hoc pairwise comparisons.

We estimated an effective migration surface using the software EEMS. We run EEMS with
slightly different grids to investigate how/whether these changes affected the results. Plots were
generated in R using the “rEEMSplots” package according to instructions in the manual. For
both datasets the full set of SNPs was included. For more information on the specific pipeline,
see Supplementary Data.

3) IBD-estimated population size

We estimated the recent effective population size with IBDNe?®. IBDNe was run with the
default parameters and a minimum IBD segment length of 4 cM (mincm=4). We used the
default settings to filter IBD segments from IBDseq v. r1206 software package?’. Breaks and
short gaps in IBD segments were removed with the merge-ibd-segments utility program. For
IBD detection, we varied the minimum IBD segment length in centiMorgan units by the mincm
parameter (mincm argument) from the default value, 2 cM, to 8 cM. IBDNe analysis was
applied on the whole SU.VI.MAX and 3C datasets as well as on the major subpopulations from
fineSSTRUCTURE clustering. Growth rates were calculated with the formula

end value—start value

. We assumed a generation time of 30 years, as assumed in the original
start value

paper.
4) Principal Component Analysis (PCA) and Fst

Both PCA and Fst analyses were carried out on a pruned set of SNPs in each dataset
independently and using the smartpca tool in the EIGENSOFT program (v6.1.1) %. The
pairwise Fst matrix were estimated using the option ‘fsthiprecision=YES’ in smartpca. We
calculated the mean Fst between clusters inferred by FineSTRUCTURE as group labels. In
each dataset, SNPs in strong LD were pruned out with PLINK in a two-step procedure. SNPs
located in known regions of long range linkage disequilibrium (LD) in European populations
were excluded from the analysis®!. Then, SNPs in strong LD were pruned out using the ‘indep-
pairwise’ command in PLINK. The command was run with a linkage disequilibrium r>=0.2, a



window size of 50 SNPs and 5 SNPs to shift the window at each step. This led to a subset of
100,973 SNPs and 83,246 SNPs in the 3C and SU.VI.MAX datasets respectively. To evaluate
the geographic relevance of PCs, we tested for the significance of association between the
latitude and longitude of each département and PCs coordinates (‘cor.test’ function in R) using
a Spearman’s rank correlation coefficient.

Relation with neighbor European populations: 1000G and HGDP

We assembled SNP data matching either the SU.VI.MAX or the 3C genotype data (after quality
control) with the European individuals from the 1000G phase 3 reference panel and from the
Human Genome Diversity Panel data (HGDP), to generate four genome-wide SNP datasets
analyzed independently.

The 1000G reference panel served as donor populations when estimating ancestry proportions.
First, in order to define a set of donor groups from 1000G Europe (EUR), we used the subset
of unrelated and outbred individuals generated in the study of Gazal et al.>2. Four European
populations were considered: British heritage (GBR, n=85 and CEU, n=94), Spain (IBS,
n=107) and Italy (TSI, n=104). These 390 Europeans individuals were then combined with
individuals from both datasets independently resulting in a set of 484,874 common SNPs with
3C and a set of 232,148 common SNPs with SU.VI.MAX. The filtered datasets (after pruning)
included 1,160 individuals genotyped on 100,851 SNPs in the 3C Study and 1,804 individuals
genotyped on 64,653 SNPs in SU.VI.MAX. We inferred European ancestry contributions in
France using the new haplotype-based estimation of ancestry implemented in SOURCEFIND®,
To define homogenized donor groups, we ran FineSTRUCTURE on the four European
populations defined above and selected the level of clustering describing the main features of
the donor populations. These European donor groups served as reference in SOURCEFIND.
We performed analysis of variance (ANOVA) on French admixture component per cluster
group to identify whether cluster differences existed.

Additional analyses combining the European participants of the HGDP panel were carried out
in order to estimate the contribution of Basque population of our South West clusters. A total
of 160 European HGDP participants were included from 8 populations: Adygei (n=17), French-
Basque (n=24), French (n=29), Italian (n=13), Italian from Tuscany (n=8), Sardinian (n=28),
Orcadian (n=16) and Russian (n=25). Using the same procedure for merging panels, the filtered
datasets (after pruning) included 930 individuals and 93,938 SNPs in the 3C Study and 1,574
individuals and 57,775 SNPs in SU.VI.MAX.

Results
Chromopainter/FineSTRUCTURE analysis

We performed a FineSTRUCTURE analysis on each of the two datasets separately. Results
reveal fine-scale population patterns within France at a very fine level. Figure 1 shows the map
for a limited number of clusters while Figure S2 depicts maps at the finest level of genetic
differentiation. FineSTRUCTURE identified respectively 17 and 27 clusters in 3C and



SU.VL.M.AX, demonstrating local population structure (Figure S2). Both analyses show very
concordant partitions with a broad correlation between clusters and geographic coordinates.
The major axis of genetic differentiation runs from the south to the north of France.

In both datasets, the coarsest level of genetic differentiation (i.e. the assignment into two
clusters) separates the south-western regions from the rest of France (Figure S3 and S4). Next
levels of tree structures slightly differ between the two datasets but converge into a common
geographic partitions at k=6 clusters in 3C and k=7 in SU.VI.MAX (Figure 2). The clusters are
geographically stratified and were assigned labels to reflect geographic origin: the South-West
SW for the dark-red cluster, the South (SO) for the orange cluster, the Centre (CTR) for the
yellow cluster, the North-West (NW) for the pink cluster, the North (NO) for the blue cluster
and the South-East (SE) for the cyan cluster. In each dataset, one cluster (labelled “Others” and
coloured in red) included individuals geographically dispersed over France. Furthermore, one
cluster identified in SU.VI.MAX included only one individual and was removed in further
analysis so that k=7 also resumed to 6 clusters in SU.VI.MAX. At this tree level of 6 clusters,
individuals from the NO, NW and CTR clusters are clearly separated in the two datasets. The
SW cluster and part of the SO cluster in 3C match geographically the SW cluster identified in
SU.VL.LMAX while the SE subgroup was not detected in the 3C. This might be explained by
differences in the geographic coverage between the two studies especially in the south of
France. Indeed, SU.VI.MAX has a better coverage of the south-east whereas 3C lacks data from
this region and the reverse is true for the south-west. In the two datasets, two large clusters
(CTR and NO) are found that cover most of the central and northern France. Notably, even at
the finest level of differentiation (17 and 27 clusters in 3C and SU.VI.MAX respectively), these
clusters remain largely intact.

The broad-scale genetic structure of France in six clusters strikingly aligns with two major
rivers of France, “La Garonne” and “La Loire” (Figure 2). At a finer-scale, the “Adour” river
partition the SW to the SO cluster in the 3C dataset. The mean Fst between clusters inferred by
FineSTRUCTURE (Table S1 and S2) are small, confirming subtle differentiation. In both
datasets, the strongest differentiation is between the SW cluster and all other regions. These Fst
values vary from 0.0016 with the SO cluster to 0.004 with the NW cluster in the 3C dataset and
from 0.0009 with the CTR cluster to 0.0019 with the NW cluster in SU.VI.MAX. Finally,
besides this subtle division, genetic differentiation within France is also due to isolation by
distance as shown by the gradient exhibited on the values of the 1% component of the PCA
(Figure S5).

Ancestry profiles by ADMIXTURE & Spatial genetic structure by EEMS

Results obtained by using ADMIXTURE corroborate the FineSSTRUCTURE analysis with the
SW cluster been the most different from the other groups (Figure S6 and S7). At k=2, the SW
cluster shows a light blue component that is significantly less frequent in the other groups
(ANOVA post-hoc tests, p-value<10®) (Figure S8). In the 3C dataset, the proportion of light
blue tends to decrease gradually from the south-western (SW) part of France to the centre of
France (CTR) to finally remain similar in the north of France (NO, NW and Others). In
SU.VL.LMAX, the proportion of light blue component tends to discriminate the north from the



south of France (Figure S8). For k=3, a third major component can be defined, the light green
ancestry. In the 3C Study this component is predominant in the north of France (NW and NO
clusters) and almost absent in the SW while in SU.VI.MAX this component is predominant in
the SE and minimal in the extreme west of France (NW and SW). At k=6, both datasets
highlight the differentiation of the SW and the NW cluster from the others clusters.

We performed EEMS analysis in order to identify gene flow barriers within France; i.e; areas
of low migrations. We varied the number of demes from 150 to 300 demes and selected a grid
of 250 demes showing good concordance between datasets (Figure S9). In both datasets, we
identified a genetic barrier around the south-west region (Figure 3). This barrier mirrors the
first division in the FineSTRUCTURE. The plots also reveal a gene barrier around Bretagne in
the North-West and along the Loire River, which covers the separation of the North cluster.
Finally, another barrier is also present on the South-East side that roughly corresponds to the
location of the Alp Mountains at the border with Northern Italy.

IBD- estimated population size

Demographic inferences based on IBD patterns in the two datasets were also very concordant.
We observed a very rapid increase of the effective population size, Ne, in the last 150
generations (Figure S10). The growth rate was 121% (0.8% per generation) in SUVIMAX and
100% (0.7% per generation) in 3C. This is in accordance with previous observations®* which
reports a very rapid increase of human population size in Europe in the 150 last generations.
However, the increase of Ne was not constant over time and a decrease of Ne is observed in
both datasets in-between generations 12-22 (from ~1300 to 1700). The growth rates in the
period preceding and the period following this decrease were rather different. These growth
rates were respectively of 3.1% and 2.4% per generation in 3C and SU.VI.MAX in the last 12
generations and of 0.4% and 0.6% per generation in the first period (22 to 150 generations ago).
In-between these two periods, a bottleneck could be detected that could reflect the devastating
Black Death. This decrease in Ne seems to affect mainly the Northern part of France (Figure
S11). However, this result was not robust to change in parameters: the bottleneck effect was no
longer seen when longer IBD chunks were used for Ne estimation (Figure S12).

Relation with neighbor European populations

To study the relationship between the genetic clusters observed in France and neighbor
European populations, we combined our two datasets with the 1000G European dataset. As a
first step, we run FineSTRUCTURE on the 1000G European populations excluding Finland
and found that they could be divided into 3 donor groups as CEU and GBR clustered together
(British heritage) (Figure S13). We estimated European ancestry contributions in France with
SOURCEFIND?®® and reported the total levels of ancestry proportions for each individual
grouped by cluster (Figure 4). We observed similar patterns of admixture between datasets. The
proportion of each admixture component from neighboring European countries was
significantly different between the six FineSTRUCTURE clusters in both the 3C and
SU.VL.LMAX datasets (ANOVA, p-value<107®). As expected, the British heritage was more
marked in the north than in the south of France where, instead, the contribution from southern



Europe was stronger. TSI was contributing to the SE cluster while IBS was mainly contributing
to the SW cluster, which again was very coherent with the geographic places of birth of
individuals. In both dataset, SW had the highest proportions of IBS component. Part of this IBS
component could in fact reflect a Basque origin as shown on the PCA plot obtained when
combining 3C, SU.VI.MAX and HGDP European dataset (Figure S14). This trend is even more
pronounced in the 3C where few individuals are grouped together with Basque individuals in
the first three dimensions. This SW region also corresponds to the “Aquitaine” region described
by Julius Caesar in his “Commentarii de Bello Gallico™* (Figure S1).

Discussion

Modern France is located at the western-most part of Europe and is on the way of migrations
from and towards South and North of Europe.

In this paper, we have studied the genetic structure of France using data from two independent
cohorts of individuals born in different regions of France and whose places of birth could be
geolocalized. The French genomes, at the European level, are mapping at their expected
position in between Nordic (British and CEU), Italian and Spanish genomes from 1000
genomes project.

Within France, we report correlation between genetic data and geographical information on the
individual’s place of birth. Although the relation seems linear — reflecting isolation by distance
process — we also observed that, based on genotype patterns, the population can be divided into
subgroups, which match geographical regions and are very consistent across the two datasets.

An important division separates Northern from Southern France. It may coincide with the von
Wartburg line, which divides France into “Langue d’Oil” part (influenced by Germanic
speaking) and “Langue d’Oc” part (closer to Roman speaking) — Figure S15. This border has
changed through centuries and our North-South limit is close to the limit as it was estimated in
the 1Xth century®3. This border is also following the Loire River, which has long been a
political and cultural border between kingdoms/counties in the North and in the South. The
Aquitaine duchy for instance, spanning the South West of the French Territory, has long
represented a civilization on its own.

Secondly, Brittany is identified in both datasets. It may not be surprising as it is both positioned
at the end of the continent as a peninsula and, following the political maps, has been an
independent political entity (Kingdom and, later, duchy of Bretagne), with stable borders, for a
long time®’.

The extreme South-West regions show the highest differentiation to neighbor clusters. This is
particularly strong in 3C dataset, where we even observe an additional cluster. This cluster is
likely due to a higher proportion of possibly Basque individuals in 3C, which overlap with
HGDP Basque defined individuals. The Fst between the south-west and the other French
clusters were markedly higher than the Fst between remaining French clusters. In 3C these
values are comparable to what we observed between the Italian and the British heritage clusters
(Fst=0.0035). Similar trends are observed in SU.VI.LMAX even though the level of
differentiation with the SW was weaker.



We also observe that the broad-scale genetic structure of France strikingly aligns with two
major rivers of France “La Garonne” and “La Loire” (Figure 3). At a finer-scale, the “Adour”
river partition the SW to the SO cluster in the 3C dataset.

While historical, cultural and political borders seem to have shaped the genetic structure of
modern-days France, exhibiting visible clusters, the population is quite homogeneous with low
Fst values between-clusters ranging from 2.10* up to 3.10°3. We find that each cluster is
genetically close to the closest neighbor European country, which is in line with a continuous
gene flow at the European level. However, we observe that Brittany is substantially closer to
British Isles population than North of France, in spite of both being equally geographically
close. Migration of Britons in what was at the time Armorica (and is now Brittany) may explain
this closeness. These migrations may have been quite constant during centuries although a two
wave model is generally assumed. A first wave would have occurred in the X century when
soldiers from British Isles were sent to Armorica whereas the second wave consisted of Britons
escaping the Anglo-Saxon invasions®. Additional analyses, on larger datasets may be required
to discriminate between these various models.

Studying the evolution of French population size based on genetic data, we observe a very rapid
increase in the last generations. This observation is in line with what has been seen in European
populations®®. We also observe, in most cases, a depression during a period spanning from 12
to 22 generations ago. This may correspond to a period spanning from 1,300 to 1,700. Indeed,
this period was characterized by a deep depression in population size due to a long series of
plague events. While the population size in kingdom of France was estimated to be 20 Million
in 1348, it dropped down to 12 Million in 1400, followed by an uneven trajectory to recover
the 20 Million at the end of Louis XIV™" reign (1715)%.

However, the decrease we observe in the genetic data does seem to affect mainly the Northern
part of France, and for instance is mainly observed in the NO cluster. We see no reason for this
trend based on historical records (Figure S16) except perhaps the last plague epidemics in 1666-
1670 that was limited to the North of France. Alternatively, a more spread population in the
South (which is in general hilly or mountainous) may explain a lower impact of these dramatic
episodes. Plague is expected to have had a very strong impact on the population demography
in the past as some epidemics led to substantial reduction in the population sizes **. However,
we could not detect in our data any footprint of the Justinian plague (541-767 PC) although,
according to historical records it had a major impact on the population at that time. This may
be due to difficulty to estimate population changes in ancient times, deeper than 50-100
generations, especially in presence of more recent bottleneck and given our sample size and
IBD resolution power. We expect that increasing sample size will help getting more detailed
information farther in the past. Finally, we cannot rule out the effect of undetected admixture,
which can mimic a bottleneck. This plateau is less and less visible when we restrict the analysis
to the largest IBD, and hence most informative, segments. Therefore, this observation remains
to be confirmed in independent datasets and in a more comprehensive study that could account
for possible confounding events.

Identification of genetic structure is also important to guide future studies of association both
for common, but more importantly, for rare variants®?. In the near future, interrogating the
demographical history of France from genetic data will bring more precise results thanks to
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whole genome sequencing. This new data, along with new methods will allow testing formal
models of demographic inference.
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Figure 1: FineSTRUCTURE clustering of the 3C Study (770 individuals) and SU.VI.MAX
(1,414 individuals) pooled in 6 and 7 clusters respectively. Left side shows the tree structure
and right side shows by département pie charts indicating to which of the six clusters the
individuals belong to.
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SU.VI.MAX

Figure 2: Pie charts indicating the proportion of individuals from the different “départements”
assigned to each cluster. Results are reported for the partition in 6 clusters obtained by running
FineSTRUCTURE in the 3C dataset (left) and in SU.VI.MAX (right) independently.
Geographic coordinates of three rivers of France are drawn in black: Loire, Garonne and Adour

from north to south.
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Figure 3: Estimated effective migration surfaces of France obtained from EEMS on the 3C (left)
and SU.VI.MAX (right) datasets. The colour scale reveals low (blue) to high (orange) genetic
barriers between populations localized on a grid of 250 demes. Each dot is proportional to the
number of populations included.
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Figure 4. Ancestry profiles from the three neighbouring European populations inferred by
SOURCEFIND in the French 3C (top) and SU.VI.MAX individuals (bottom) datasets. In each
cluster, individuals are ordered according to the latitude of their reported birth place.
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SUPPLEMENTARY DATA

Effective migration surface EEMS

We draw polygons around France with the online Google Maps tool
(http://www.birdtheme.org/useful/v3tool.html). Depending on their location, several
populations can be included in one deme, whose size increases accordingly. We ran the Markov
chain Monte Carlo 5 times with different random seeds, each time with 9.9 million burn-in and
10 million regular iterations, thinning every two hundred iterations. For each deme, we chose
the chain with the highest final log-likelihood, and started a second round of EEMS chains
using this chain as a starting point and 1,000,000 additional sampling iterations thinning every
9,999 iterations. The dissimilarity between observed versus fitted deme pairs show a general
trend with some deviation and the log-posterior trace of the replicate MCMC chains (Figure
S9) show convergence of the independent EEMS runs.



SUPPLEMENTARY TABLES

Fstin 3C SO CTR NW NO IBS TSI CEU+GBR
SW 0.0016 0.0029 | 0.0040 |0.0035 |0.0022 |0.0049 |0.0047
SO 0.0002 | 0.0013 | 0.0006 |0.0003 |0.0019 |0.0016
CTR 0.0009 | 0.0002 |0.0006 |0.0016 |0.0012
NW 0.0006 | 0.0019 |0.0033 | 0.0005
NO 0.0010 | 0.0017 | 0.0006
IBS 0.0014 | 0.0023
TSI 0.0035

Table S1: Fst table between the French 3C clusters and the 1000G European clusters inferred
by FineSSTRUCTURE. Mean Fst statistics are estimated using EIGENSOFT.

Fst in SU.VI.MAX CTR SE NW NO IBS TSI | CEU+GBR
SW 0.0009 | 0.0015 | 0.0019 | 0.0014 | 0.0007 | 0.0028 | 0.0026
CTR 0.0004 | 0.0007 | 0.0002 | 0.0005 | 0.0016 | 0.0012
SE 0.0013 | 0.0004 | 0.0006 | 0.0007 | 0.0017
NW 0.0004 | 0.0017 | 0.0030 | 0.0005
NO 0.0010 | 0.0017 | 0.0006
IBS 0.0015 | 0.0023
TSI 0.0035

Table S2: Fst table between the French SU.VI.MAX clusters and the 1000G European clusters
inferred by FineSTRUCTURE. Mean Fsr statistics are estimated using EIGENSOFT.



SUPPLEMENTARY FIGURES
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Figure S1: a/ Pre-Roman Gaul as described by Julius Caesar (map reproduced from Caesar’s
footprints: Journeys to Roman Gaul from Bijan Omrani); b/ Ist Century Roman provinces.

The pagi represent also ancient Gaul people territories. ¢/ Fourth Century Roman Provinces.
d/ Vllth century (Franks, Wisigoths and Burgunds) e/ Duchies and Counties of early French

feudality.



K=2 [

K=3 |
k=4 r—l;

K=5
~ 7IK=6

| -
Ny || ]

il

128 2 14 25 11 1 254 1 2 40 57 14 24 6 13 16

K=2 ‘
*K=3 :
K=4
2 {K=5
K=6
= 1K=7

: ﬁma@mw il

|
|
|
1 7 2551022795449 1 23413 3 2 3 763786295583 11314 8

Figure S2: FineSTRUCTURE clustering of the 3C individuals (770 individuals, top) pooled
in 17 clusters and SU.VI.MAX individuals (1,414 individuals, bottom) pooled in 27 clusters.
Left side: tree structure. Right side: birth location of individuals coloured according to their

assigned cluster. Clusters with less than 3 individuals are coloured in grey.
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Figure S3: Genetic clusters in the 3C data
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Figure S4: Genetic clusters in the SU.VI.MAX data inferred by the FineSTRUCTURE analysis
at levels of the hierarchical clustering varying from k=2 (A), k=4 (B), k=5 (C) and k=6 (D).



Figure S5: Distribution of PC1 values per département in the 3 Cities study and SUVIMAX.
Colour of the points indicates the range of PC values. Red colours indicate negative values
while green colours indicate positive values.



Figure S6: Results of ADMIXTURE assuming k=2 to k=6 in 3C. Each vertical line represents
an individual and the different colors represent various ancestry components. In each cluster,
individuals are sorted according to their geographical latitude.
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Figure S7: Results of ADMIXTURE assuming k=2 to k=6 in SU.VI.MAX. Each vertical line
represents an individual and the different colors represent various ancestry components. In each
cluster, individuals are sorted according to their geographical latitude.
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Figure S8: Proportion of the light blue ancestry at k=2 from ADMIXTURE in the 3 Cities study
(left) and SU.VI.MAX (right)
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Figure S9: Estimated Effective Migration Surface Diagnostic Plots from EEMS performed on
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observed versus expect dissimilarity between pairs of demes. Strong deviations from the fitted
line (red) indicate pairs of demes much more genetically distant than expected. (B) The
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Figure S16: Change in population size in France between 1270 and 1476.

The table compiles results from more than 20 studies of local demography and is published in “Boris
Bove, La France de la guerre de Cent Ans, Paris, Belin, 2009, rééd. 2013, p. 277-309 (chap. 8 - Les
épidémies et la saignée démographique (XIVe-XVe siecles)".

Each trajectory represents the decay in population size of a French province. Lines are coloured
according to the geographical cluster where each province belongs to cluster:

NO : Artois, Cambrésis, Normandie orientale, lle-de-France, Champagne méridionale, Verdunois
: Britanny
: Limousin, Forez, Lyonnais, Dauphinois

SE : Basse Provence centrale, Basse Provence occidentale, Provence orientale, Haute Provence

SW : Languedoc, Bigorre, Navarre
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82 CHAPTER 2. THE GENETIC HISTORY OF FRANCE

2.1 Additional information on the SU.VI.MAX study

2.1.1 Materials and methods
The SU.VL.MAX study

The study SU.VI.MAX (Supplémentation en vitamines et minéraux antioxydants) was initiated in 1994
with the aim to collect information on alimentary consumption of French people and their health state. It
was led by Serge Hercberg, an epidemiologist and a specialist in nutrition. The results of this clinical study,
together with a detailed description of the recruitment of 12,741 participants and the trial, were published
in 2004 [79].

Samples, genotyping and quality control

2712 participants were genotyped with SNP arrays: 1,856 with Illumina 300k/300kduo and 856 with
Ilumina 660W. Out of them, 2276 individuals contributed data to my analysis. The reason for removal of
certain samples was insufficient quality (2 individuals had a call rate below 95%) or an unknown birthplace
or a birthplace outside of continental France (434 individuals). Birthplace information was not very precise
- only the department (French administrative unit) of birth was known. This still represents an interesting
grid because it often overlaps historical counties and is relatively fine-grained. All 94 continental French de-
partments are covered. However, some departments are overrepresented while other are underrepresented.
Thus, to obtain a more regular coverage, we considered a subset of 1414 individuals for analysis, with
the number of individual per department not exceeding 20. Exclusion of individuals from overrepresented
departments was random.

SNPs were removed if they had a genotype-missing rate > 2%, a minor allele frequency < 1% or departed
from Hardy—Weinberg proportion (p-value < 107°). To make the study more comparable with Three Cities
(3C) cohort, SNPs not present in the 3C dataset were removed. This led to 263, 284 autosomal SNPs.

Data were obtained with two different SNP chips, thus we tested for presence of batch effect, in a
following way: we selected a subset of the individuals, so that in each department the number of individuals
genotyped with Illumina 300k/300kduo was the same as the number of individuals genotyped with Illumina
660W. In this way, we obtained equal spatial distribution for both SNP chips. This subset counted 1176
individuls (588 for each SNP chip). A two sample t-test was applied to values of PC1, PC2, PC3, PC4 and
PCS5. In each case, the mean values for two SNP chips were not significantly different. We concluded that
there is no batch effect caused by the use of two different SNP chips in our dataset.

Principal component analysis

PCA was carried out using the smartpca software from the EIGENSOFT package version 6.0.1 [162].
No outliers were detected with the default outlier removal procedure. SNPs in strong LD were pruned out
with PLINK 1.9 [34,[172] in a two-step manner. First, the indep-pairwise command in PLINK was
run with 72 = 0.2, a window size of 50 SNPs and 10 SNPs to shift the window at each step. Second, in order
to deal with the remaining long-range LD, SNPs were pruned again for r? above 0.2, computed between
variants at increased SMb distance and in windows of 50 variants. 82,362 SNPs were left for analysis after
LD pruning.

To evaluate the geographic relevance of PCs, I tested for the significance of association between the lati-
tude and longitude of each department and PCs coordinates (cor . test function in R) using a Spearman’s
rank correlation coefficient.

CHROMOPAINTER and FineSTRUCTURE analyses

The genotype data (after QC) were phased jointly for all individuals with SHAPEIT v2.r790 [39], with-
out reference panel, with the genetic map build 37 provided with that software. Phased genotype files were
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converted into CHROMOPAINTER format using the impute2chromopainter2.pl script. Global
Ne and mutation rates were estimated with CHROMOPAINTER version 2 on chromosomes 1, 4, 10 and
15 and 140 individuals ( 10% of the total sample). Then CHROMOPAINTER was run on full data with
estimated parameter values. Coancestry matrix estimates the proportion of the genome of each individual
that is most closely related to every other individual in the matrix, in particular chunkcounts matrix is based
on the number of copied haplotype chunks (alternative matrix is based on lengths of the copied chunks).
On the chunkcounts matrix, FineSTRUCTURE version 2.1.3 was run with 10,000,000 burn-in iterations,
1,000,000 MCMC iterations from which every 10,000th iteration was recorded, keeping default values of
the other options. Tree was built using 100,000 tree comparisons and 10,000,000 additional optimisation
steps. MCMC convergence was assessed by comparing the assignment to clusters in a second independent
chain.

EEMS

I estimated an effective migration surface using the software EEMS. The matrix of average pairwise
genetic dissimilarities was generated for 82,362 SNPs (pruned dataset) and 1414 individuals using the
bed2di f fs software included in the EEMS package. Samples were assigned to the nearest of 300 demes
(but fewer than 300 demes were observed). Grids of 200 and 250 demes were tested too and presented
consistent results (data not shown). We run ten independent MCMC chains, each with a random seed, for
10,000,000 iterations, including 9,900,000 burn-in iterations, thinning every 200 iterations. Next, I chose
the chain with the highest final log-likelihood, and started a second round of ten EEMS chains using this
chain as a starting point for 1,000,000 additional sampling iterations, thinning every 9,999 iterations. Log-
posterior trace of ten replicate MCMC chains from the last round shows mixing and convergence of the
independent EEMS runs (Figure [2.1). Plots were generated in R using the rEEMSplots package.

Have the MCMC chains converged?
If not, restart EEMS and/or increase numMCMCIter, numBurnlter, numThinlter

Y NT S ENRINEN

3

log posterior

4364120 4364130 4364140 4364150 4364160 4364170 4364180 4364190

0 20 40 60 80 100

MCMC iteration (after burn—in and thinning)

Figure 2.1 — Log-posterior trace of ten MCMC chains from the last round of EEMS analysis. The diagram
indicates mixing and convergence of the chains.
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IBDNe

I estimated the trajectories of effective population size with IBDNe (version released on 7th May 2018)
[23]. T detected IBD segments with IBDseq (version r1206, with default settings). I performed scan for
genomic regions with excess IBD as described in [23] to avoid potential bias. Excess IBD was present
on the part of the major histocompatibility complex (MHC) on chromosome 6. We decided to exclude
MHC and the large inversion on chromosome 8 (known of low recombination) from final analysis, using
coordinates of corresponding extended long-range LD regions from [170]. Thus, we split chromosome 6
into two continuous parts (0-25.5 Mb and 33.5Mb-172Mb and considered them as separate chromosomes,
and trimmed one side of chromosome 8 (0-12Mb). Discarding not only the inversion but the preceeding
part was necessary, because continuous chromosome intervals of length substantially shorter than 50 cM
may lead to high variability of confidence interval bootstrap estimation. Additionally, we performed two
robustness analyses, either leaving one chromosome out or keeping excess IBD regions. The impact on the
IBDNe results was inconsiderable (data not shown). We varied mincm parameter (minimum length of IBD
segments considered) to find appropriate value for the SNP density on our SNP arrays. We decided that 6
cM is the most appropriate value for SU.VI.MAX dataset that minimizes potential technical artifacts.

Genetic signature of natural selection: Integrated Haplotype Score (iHS)

The extended haplotype homozygosity (EHH) test [[183]] searches for regions that display an excess of
long homozygous haplotypes. Integrated Haplotype Score (iHS) is a measure of the amount of EHH at a
given SNP along the ancestral allele relative to the derived allele [220]. This statistic identifies signatures
of positive selection in the genome. We calculated iHS with R library “rehh” [61} 160] with 271,886 phased
SNPs and 1414 individuals in SU.VL.MAX.

Testing association between SNPs and fineSSTRUCTURE clusters

The Cochran-Mantel-Haenszel (CMH) test implemented in PLINK 1.07 (option —mh2) [172] was used
on 271,886 SNPs to scan for SNPs that vary between 6 main fineSTRUCTURE clusters. Manhattan plot
was generated in R.

2.1.2 Additional results

Correlation between principal components and geographical coordinates

Several principal components are significantly correlated with longitude and latitude (Table [2.T).

Genetic selection

First, we used the iHS statistic to identify genomic signatures of positive selection in the SU.VL.MAX
dataset. Large peak on chromosome 6 - HLA region was identified (Figure [2.2)) and smaller peak, but still
reaching statistical significance level on the intergenic region of chromosome 11. The latter is not easy
to interpret but HLA was identified in several genome-wide scans of selection and linked to adaptation to
pathogenic environment. It is interesting to see that HLA signal is easily detectable at the scale of France.

Second, we employed Cochran-Mantel-Haenszel test to scan for SNPs that vary between 6 main clusters
identified with fineSSTRUCTURE. The largest peak corresponds to lactase locus linked to avoidance of
lactose intolerance (Figure [2.3). This locus was also identified in several genome-wide scans, including a
study of Western France [99].
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| | longitude | p-value | latitude | p-value |
PC1 0,198 * 6,09E-14 | -0,621 * | 1,12E-151
PC2 0,545 * | 298E-110 | 0,111 * | 2,85E-05
PC3 0,031 2,44E-01 0,000 9,86E-01
PC4 -0,008 7,58E-01 0,040 1,28E-01
PC5 0,075 * 4,57E-03 -0,010 7,01E-01
PCé6 0,016 5,38E-01 -0,018 4,98E-01
PC7 -0,024 3,73E-01 0,023 3,93E-01
PC8 0,040 1,28E-01 -0,011 6,87E-01
PC9 -0,001 9,80E-01 -0,033 2,14E-01
PC10 0,017 5,16E-01 0,015 5,79E-01
PCl11 0,047 7,83E-02 | 0,079 * | 2,79E-03
PC12 -0,005 8,48E-01 -0,009 7,42E-01
PC13 -0,003 8,97E-01 | 0,053 * | 4,75E-02
PC14 -0,015 5,69E-01 -0,027 3,15E-01
PC15 0,000 9,89E-01 -0,012 6,57E-01
PC16 | 0,094 * 4,25E-04 -0,006 8,28E-01
PC17 -0,021 4,31E-01 0,000 9,90E-01
PC18 -0,021 4,33E-01 0,000 9,96E-01
PC19 -0,026 3,31E-01 0,016 5,41E-01
PC20 -0,014 6,09E-01 | 0,060 * | 2,50E-02

Table 2.1 — Correlation coefficient between PCs and latitude and longitude. Statistically significant values
are marked with a star.
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Figure 2.2 — Manhattan plot of iHS statistic on SU.VIL.MAX dataset
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Figure 2.3 — Manhattan plot of Cochran-Mantel-Haenszel test on SU.VI.LMAX dataset revealing SNPs that
vary between 6 main fineSTRUCTURE clusters



The genetic structure of historical populations
in Northwestern France

3.1 Introduction

A large part of Western France is a peninsula, delimited by the English Channel to the north, Atlantic
Sea to the West and Biscay Bay to the south. Its end is named Finistere (Finis terrae) or Penn Ar Bed
(head/end of the world in Breton language) which reflects its position at the northwestern end of European
platform. Despite the relative isolation due to its long coast along the north- and western regions, east- and
southwards this territory lacks substantial geographical obstacles apart from the longest French river, Loire,
which has its estuary in the region. The Armorican Massif covers the territory, but it has been eroded and
consists of a low plateaus, with its highest summit being only 417 m above sea level.

Historically, while it has been home of tribes who resisted Caesar Roman conquest, like the Veneti and
the Namnetes, this region was finally well Romanised and named Armorica, which is a Latinisation of
a Celtic word meaning coastal region. Since IVth century AD, Britons from British Isles pushed by the
simultaneous pressure of Saxons and Gaels, immigrated into the Romanised Armorica [52]], which then
became known as the Little Britain or Brittany. Several kingdoms were assembled in what was to be the
Duchy of Brittany. The borders of Brittany, either as independent kingdom or as a French duchy were
remarkably constant through the centuries. The Duchy of Brittany was surrounded by the County of Maine
and the Duchy of Anjou in the east and County of Poitou in the south.

This large Peninsula was also divided into several languages, with Breton, a Celtic language, being quite
different while the others were variations of the old French. The Loire River was, around Xth century, a
division between the Langue d’Oil (influenced by Germanic speaking) and Langue d’Oc (closer to Roman
speaking) [22]].

Karakachoff et al. have already studied northwestern France and shown that fine-scale genetic structure
occurs in the region. The study revealed that Brittany Region is relatively highly differentiated from the
neighbouring regions. Also linkage-disequilibrium is higher in Brittany, suggesting a lower effective popu-
lation size. The departments with the highest local genetic differentiation measured in Fs7 per 30 km are
the departments of Brittany region and additionally the department Vendée. Last but not least, the authors
also found genetic proximity between Bretons and Irish, both at the genome-wide level and at the two loci
informative about Breton origin, lactase and HLA. However, the study had uneven sampling, ancestry in-
formation on the last generation only and didn’t use state-of-the-art haplotype-based methods. We address
these limitations in this study.

87
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To explore fine-scale structure in northwestern France, we assembled a dataset of 3,234 individuals
whose grandparents were born in proximity within a region. We first calculated population diversity and
differentiation measures. We examined the relationship between genetic structure and the geographical ori-
gin of individuals’ grandparents. We investigated also effective migration patterns and effective population
size trajectories. To evaluate the impact of neighbouring European countries, we analysed our dataset to-
gether with samples from the 1000 Genomes project. Our results provide novel insights into the historical,
demographic and cultural events that have shaped the genetic landscape of Western France.

3.2 Materials and Methods

3.2.1 Biocollection PREGO

Project PREGO (Population de référence du Grand Ouest)) collected the DNA of 5,707 healthy persons
originating from Western France. Individuals were recruited during 295 blood drives organized by the
French Blood Service (EFS in French) carried out between February 2014 and March 2017, with a mean
of 19 donors per blood drive. Blood drives were spatially and temporally sampled in order to obtain a
coverage as homogeneous as possible of 9 departments included in the study. Priority was given to blood
drives taking place in rural areas. Participants should be native of western France; inclusion criteria were 4
grandparents born in western France and preferably within a radius of 30 km. Venous blood samples (6ml)
were collected from recruited individuals by venipuncture into Vacutainer tubes.

Participants filled out a questionnaire providing grandparents, parents and own birthplaces, residence,
age, sex and information about previous participation to the study (of individual itself or another member
of the family). Neither phenotypic nor clinical data was collected in present study. Declaration and ethical
approval process was achieved in 2013 and involved the Ministry of Research, the Committee of protection
of persons (CNN in French), the Advisory Committee on Information Processing for Health Research (CC-
TIRS in French), and the National Commission on Informatics and Liberty (CNIL in French). Participants
signed a written informed consent for participation to the study, inclusion in bioresource and personal data
processing.

3.2.2 Samples, genotyping and quality control

At the moment of present study, out of 5,707 collected samples, 3,385 were genotyped on the Axiom™
Precision Medicine Research Array (around 800,000 markers). After removal of related individuals, iden-
tified with an PI_HAT (P(IBD = 2) + § « P(IBD = 1), probability of two alleles being IBD plus half
of probability of one allele being IBD) of 0.08 or above, there were 3,234 samples left for analysis. Their
characteristics are shown in Table [3.Tand their spatial distribution in Figure 3.1}

Genotyping was conducted in three batches of respectively 971, 1266, 997 individuals. Batches can
create bias in estimation of correlation of differentiation and geographical distance. To investigate potential
batch effect, linear regression of batch indicator variable on the first five principal components (see sub-
section [3.2.5) was employed. No significant association was found at the significance level p-value < 0.05,
thus I assume lack of batch effect with respect to relation with geography.

Individuals were assigned the geographical coordinates based on the birthplace of their 4 grandparents
(the most common pair of coordinates if possible, otherwise a pair drawn randomly).

3.2.3 LD decay

LD decay was computed using the PopLDdecay software [226]. Default parameter values were used
for LD decay calculation, meaning that SNPs with MAF of less than 0.005, or missing sample rate of over
0.25, or heterozygosis ratio of over 0.8 were removed and the maximum distance between two SNPs was
300 kb. LD decay plot was based on the 72 statistic, which was smoothed in following bin sizes: 100 for
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| | M [ F | T |

n 1816 | 1418 | 3234
% 56.2 | 43.8
Mean age (in 2017) 533 | 493 | 51.5

Age class (in 2017) %

<35 9.1 16.1 | 12.2
35-54 38.5 | 43.7 | 40.8
>=55 524 | 403 | 47.1

Mean distance between
grandparental birthplace

Median (km) 6.12 | 6.82 | 6.38
25% quartile (km) 3.14 | 3.37 | 3.25
75% quartile (km) 11.66 | 13.59 | 12.33

Table 3.1 — Characteristics and numbers of 3,234 genotyped individuals from PREGO database: age, sex
and mean distance between grandparental places of birth.

distance between two SNPs below 100 and 1000 for larger distances. After filtering, 199,528 SNPs were
left. To avoid bias that could have been introduced by unequal sample size of the subgroups, I downsampled
the data into 1185 individuals in each of the two subgroups Pays de la Loire and Brittany in the analysis per
administrative region.

3.2.4 Homozygosity by descent and identity by descent segments

I[Homozygosity by descent (HBD)| and identity by descent (IBD) segments were calculated using Re-
finedIBD (version from 23rd December 2017) with genetic map build 37. Sum of HBD segments lengths in
icentiMorgans (cM)| per individual was considered. Average values per administrative units were visualized.
Two linear regression models were performed in R, in order to examine relation between length of
lof homozygosity (ROH) and geographical coordinates as well as distance to the westernmost commune of
Brittany. One covariate in these models is mean distance between grandparents’ birthplaces which controls
for higher probability of relatedness and thus longer ROH of grandparents born in proximity. IBD segments
were divided into 3 subgroups by their length: 1-2 ¢cM, 2-7 cM and longer than 7 cM, corresponding to dif-
ferent periods of demographical history (Figure[3.2). Counts of IBD segments per pair of 32 administrative
units (arrondissements) normalised by number of individuals per unit, were used in the analysis. They were
visualised as heatmap, with columns and rows reordered using complete linkage clustering. Later counts of
IBD segments were visualised as heatmap also for 18 clusters identified with fineSTRUCTURE, however
this time without reordering to facilitate comparison with coancestry patterns (section 3.2.6)).

3.2.5 Principal component analysis and Fls7

PCA was carried out using the smartpca software from the EIGENSOFT package version 6.0.1 [162].
No outliers were detected with the default outlier removal procedure. SNPs in strong LD were pruned out
with PLINK 1.9 [34,[172] in a two-step manner. First, the indep-pairwise command in PLINK was
run with 72 = 0.2, a window size of 50 SNPs and 10 SNPs to shift the window at each step. Second, in order
to deal with the remaining long-range LD, SNPs were pruned again for r? above 0.2, computed between
variants at increased SMb distance and in windows of 50 variants. 66,374 SNPs were left for analysis after
LD pruning.



90CHAPTER 3. THE GENETIC STRUCTURE OF HISTORICAL POPULATIONS IN NORTHWESTERN FRAN

L4
P "1‘ [

- o e
.

|

T

LR g
TS
-

*ssmpoon
£y

E
i

Figure 3.1 — Commune of birth of grandparents of 3,234 PREGO individuals, (a) for all 4 grandparents (b)
for each individual, principal (most common) grandparental commune of birth is shown.

To evaluate the geographic relevance of PCs, I tested for the significance of association between the lati-
tude and longitude of each department and PCs coordinates (cor . test function in R) using a Spearman’s
rank correlation coefficient.

Fgp values were obtained from smartpca software with option fsthiprecision.
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Figure 3.2 — Timeline with estimates for the time to recent common ancestor of an IBD segment of a certain

length range. Estimates come from [210] and were obtained with DoRIS software, assuming a generation
length of 25 years.

3.2.6 CHROMOPAINTER and FineSTRUCTURE analyses

The genotype data (after [quality control (QC)) were phased jointly for all individuals with SHAPEIT
v2.r790 [39]], without reference panel, with the genetic map build 37 provided with the software. Phased
genotype files were converted into CHROMOPAINTER format using the impute2chromopainter2.pl
script. Global Ne and mutation rates were estimated with CHROMOPAINTER version 2 on chromosomes
1, 4, 10 and 15 and 330 individuals (around 10% of the total sample). Then CHROMOPAINTER was
run on full data with estimated parameter values. PCA on its chunkcounts output (coancestry matrix) was
performed in R. Coancestry matrix estimates the proportion of the genome of each individual that is most
closely related to every other individual in the matrix. In particular, chunkcounts matrix is based on the
number of copied haplotype chunks (alternative matrix is based on lengths of the copied chunks). On
the same coancestry matrix, FineSTRUCTURE version 2.1.3 was ran with 10,000,000 burn-in iterations,
1,000,000 MCMC iterations from which every 10,000th iteration was recorded, keeping default values of
the other options. Tree was built using 100,000 tree comparisons and 10,000,000 additional optimisation
steps. MCMC convergence was assessed by comparing the assignment to clusters in a second independent
chain.

Confidence of cluster assignment measure and visualisation of coancestry matrix were implemented
with the help of the R library FinestructureLibrary provided with the software. As an alternative
to the tree provided by FineSTRUCTURE software, based on posterior probabilities of population configu-
ration and not a measure of population differentiation, we used a TVD matrix. TVD is a square matrix with
number of rows and column equal to number of clusters and its values can be interpreted as a measure of
the difference between the two clusters [115]. It was obtained with a script from [101]. TVD matrix was
calculated on the final fineSTRUCTURE partition (finest level of FS-tree), then a tree (TVD-based tree)
was obtained with complete linkage hierarchical clustering.

3.2.7 EEMS

We estimated an effective migration surface using the software EEMS. The matrix of average pairwise
genetic dissimilarities was generated for 66,374 SNPs (pruned dataset) and 3,234 individuals using the
bed2dif fs software included in the EEMS package. Samples were assigned to the nearest of 750 demes
(but fewer than 750 demes were observed). Grid of 500 demes was tested too and presented consistent
results (data not shown). We run ten independent MCMC chains, each with a random seed, for 1,000,000
iterations, including 990,000 burn-in iterations, thinning every 50 iterations. Next, I chose the chain with the
highest final log-likelihood, and started a second round of ten EEMS chains using this chain as a starting
point for 1,000,000 additional sampling iterations, thinning every 9,999 iterations. This procedure was
repeated three more times, thus the final results origin from 5,000,000 MCMC iterations. Log-posterior
trace of ten replicate MCMC chains from the last round shows mixing and convergence of the independent
EEMS runs (Figure [3.3). Plots were generated in R using the rEEMSplots package.
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Figure 3.3 — Log-posterior trace of ten MCMC chains from the last round of EEMS analysis. The diagram
indicates mixing and convergence of the chains.

3.2.8 IBDNe

We estimated the trajectories of effective population size with IBDNe (version released on 7th May
2018) [23]. IBDseq was used to detect IBD segments (version r1206, with default settings). To identify
genomic regions with excess of IBD we followed [23]] procedures. Excess of IBD was present on the part
of the major histocompatibility complex (MHC) on chromosome 6 (26291527-33464061). This region was
thus excluded, resulting in a chromosome 6 split into two continuous parts.

To test the impact of minimum length of IBD segments used by IBDNe on the effective size change
trajectories varying mincm parameter were tested. Value of mincm should be chosen considering SNP
density on the SNP array.

A generation time of 30 years was assumed to convert generations into years [[190, 50, [140].

A simulation study was performed in the lab to test the ability of IBDNe to retrieve a recent and short
bottleneck and test the solutions across varying parameters. 22 chromosomes imitating human genome
sequences were simulated under the evolutionary model (Figure [3.4) with ARGON [[158]. Chromosome
sizes were taken from the human genome GRCh37/hg19 and the genetic maps from 1000G were used. 10
independent simulations were performed in order to test variability of the approach. As in the study on
the real data, IBD segments were detected with IBDSeq and effective population size was estimated with
IBDNe.

3.2.9 ADMIXTURE with European samples from 1000G

To explore the relationship between our samples and the neighbouring European populations, we merged
PREGO data with European samples from Phase 3 {1000 Genomes Project (1000G); Finnish (FIN, n = 99),
Utah Residents with Northern and Western European Ancestry (CEU, n = 99), British in England and Scot-
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Figure 3.4 — A demographic model of a recent short bottleneck used in the simulation study. Realised by
Charlotte BERTHELIER.

land (GBR, n = 91), Iberian Population in Spain (IBS, n = 107), Toscani in Italia (TSI, n = 107). CEU have
likely ancestry from British Isles, they have been shown to overlap substantially with GBR on PCA plot
[75]).

After removal of multiallelic SNPs, SNPs with genotyping rate below 95%, SNPs with
frequency (MAF) below 10%, A/T or C/G SNPs and SNPs not in [Hardy—Weinberg equilibrium (HWE)|
(p-value < 107°), there were 188,809 SNPs left in merged PREGO and European 1000G dataset. LD
pruning was done with analogical procedure as for PREGO dataset alone (subsection [3.2.5)) and resulted in
final European dataset of 64,317 SNPs which we analysed with ADMIXTURE version 1.23 [3]]. We used
unsupervised mode with assumed number of ancestral populations K ranging from 2 to 6. For each K, we
ran ADMIXTURE 20 times with different seeds to ensure our results are not local optima. For K values 2-5,
all 20 runs converged to the same result, while for K = 6, 5 out of 20 runs converged to the other optimum.
Ancestry proportions for each K (averaged across multiple runs) were visualised with software pong [12].

3.3 Results

3.3.1 Distribution of diversity across populations

To investigate fine-scale structure in Western France, I assembled genotype data for 3,234 individuals
whose grandparents were born within two administrative regions, Brittany and Pays de la Loire. To under-
stand the distribution of population diversity in Western France , we computed measures such as LD decay
and length of ROH|across the different regions.

LD decay was calculated for two regions (Figure[3.5)). Like in [99], LD is higher in Brittany Region than
in Pays de la Loire. I corroborated LD decay results with length of runs of homozygosity. Length of runs of
homozygosity (ROH) gradually increases towards the end of Brittany Peninsula. We observe that visually
at the departmental level (Figure a) as well as in the linear regression models. We regressed longitude,
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latitude and average distance between grandparents’ birthplace on the length of ROH of each individual
(Table [3.2). Estimated coefficients suggest that length of ROH and longitude are negatively correlated,
thus length of ROH increase westwards. Next we regressed distance between individual birthplace and the
westernmost commune in Brittany (Le Conquet) and average distance between grandparents’ birthplace on
the length of ROH (Table [3.3). Estimated coefficients reveal that the length of ROH increases when the
distance to westernmost point of Brittany decreases. Both LD and ROH results suggest smaller effective
population size in Brittany. Finer scale of arrondissements for ROH allows to notice local phenomena, in
particular near Brest, St. Malo and Cholet (Figure [3.6]b).

LD decay

—— Region_Brittany
—— Region_PaysDelaloire

0.30
|

0.zo
|

0.os
1

T T T T T 1
i 1 4 3 4 3

log(Distance(kKhy)

Figure 3.5 — LD decay for two administrative regions of Western France reveals higher LD values in Brittany
Region than in Pays de la Loire.
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Figure 3.6 — Mean length of runs of homozygosity per (a) department, (b) arrondissement, visualised on the
map of Western France. All departments and three arrondissement with the most distinct values are labelled
with their administrative numbers. Commune Le Conquet, used in linear regression model, is marked with
a star.

Estimate | Std. Error | t value Pr(>Itl)
(Intercept) | 3.868e+01 | 4.893e+01 | 0.791 0.429279
longitude -2.032e-05 | 5.331e-06 | -3.811 | 0.000142 ***

latitude -3.069¢-06 | 7.127e-06 | -0.431 0.666830
mean dist GP | -8.500e-05 | 2.255e-05 | -3.769 | 0.000168 ***

Table 3.2 — Coefficients from linear regression model length ROH ~ longitude + latitude + average dis-
tance between grandparents’ birthplaces. The length of ROH increases towards West. Mean distance be-
tween grandparents’ birthplaces was added to regression to control for higher probability of relatedness of
grandparents born in proximity.

Estimate | Std. Error | t value Pr(>lItl)
(Intercept) 1.571e+01 | 1.380e+00 | 11.388 | <2e-16 ***
dist west brittany | -1.569e-05 | 4.431e-06 | -3.542 | 0.000405 **%*
mean dist GP -8.535e-05 | 2.256e-05 | -3.783 | 0.000159 ***

Table 3.3 — Coefficients from linear regression model length ROH ~ distance to westernmost commune of
Brittany (Le Conquet) + average distance between grandparents’ birthplaces. The length of ROH increases
when the distance to westernmost point of Brittany decreases. Mean distance between grandparents’ birth-
places was added to regression to control for higher probability of relatedness of grandparents born in
proximity.

3.3.2 Measures of population differentiation

Next, population differentiation was assessed by means of Fgp as well as IBD sharing. Pairwise Flsp
values between nine departments are shown in Table[3.7] the average value equals to 0.000484, with a min-
imum of 0.00018 between Sarthe and Maine-et-Loire and Sarthe and Mayenne and a maximum of 0.00132
between Vendée and Finistere. This indicates that population structure within the region is subtle. On a
more granular level the differentiation appears slightly higher: average pairwise Fs7 between 32 adminis-
trative districts (arrondissements) equals to 0.0007, with a minimum of 0.000003 between arrondissements
Le Mans and Mamers in Sarthe department and a maximum of 0.001808 between Brest in Finistere and La
Roche sur Yon in Vendée. Consistent with an isolation-by-distance pattern, pairwise Fsp values increase
with physical distance between departments.
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Figure 3.7 — Pairwise Fs7 values multiplied by 100,000 between 9 departments in Western France

IBD sharing is stronger among the arrondissements of Brittany (Figure [3.8)). The area of cluster of high
IBD sharing, indicated by first split of hierarchical clustering, decreases with the increase of IBD segment
sizes and thus with the more recent period of demographical history (see Figure[3.2). It is worth to note the
high value within Cholet arrondissement (49_2) for the most recent period. High levels of IBD sharing and
large ROH point to strong bottleneck and/or relatedness in this region.
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Figure 3.8 — Heatmaps and hierarchical clustering of average number of shared IBD segments. IBD seg-
ments were divided into 3 subgroups ((a) 1-2 cM, (b) 2-7 cM, (c) > 7 cM), corresponding to different
periods of demographical history (Figure [3.2). Maps highlight the division into “high” and “low” IBD
sharing clusters (first split of hierarchical clustering). Map with labelled arrondissements in Figure@

3.3.3 Population differentiation visualization with principal component analysis

I performed PCA analysis on all individuals to reveal gradients of genetic differentiation. PCI, the
axis with the largest variance, differentiates between individuals from the northwesternmost department
Finistere and the individuals from southern departments, Vendée and Maine-et-Loire (Figure[3.9). Structure
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is visible in lower-ranked PCs too (Figure [3.10)), in particular Maine et Loire individuals (colored orange)
cluster together in PC4. The visual pattern is consistent with pairwise Fsy values reported in Figure[3.7)in
previous subsection. Genetic variation closely mirrors geography, which is even more visible on the profiles
of single principal components on the map (Figure [3.11). Several principal components are significantly
correlated with longitude and latitude (Table[3.4).
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Figure 3.9 — First two PCs from the PREGO dataset reveal population differentiation. Points represent indi-
viduals, color-coded by the department of their grandparents’s birth. Lines encircle 75% of the individuals
from a given department.
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| | cor longitude | p-value | corlatitude | p-value |

PC1 -0,717 * 0 0,762 * 0
PC2 -0,313 * 2,1625E-74 -0,035 0,04382246
PC3 -0,027 0,1287241 -0,030 0,08479562

PC4 -0,104 * 3,0486E-09 0,047 0,0076099
PC5 -0,127 * 4,1818E-13 | -0,165* | 3,6102E-21
PC6 0,071 * 5,3411E-05 0,085 * 1,154E-06

PC7 0,025 0,1527141 0,015 0,39215
PC8 0,014 0,413567 -0,005 0,7622401
PC9 0,003 0,8745379 0,017 0,3416038
PC10 0,052 0,00286645 0,047 0,007292
PCl11 -0,026 0,1452975 -0,067 * | 0,00013864

PC12 -0,006 0,7440231 -0,004 0,8157205
PC13 -0,019 0,2797328 -0,049 0,00551954
PC14 0,011 0,5485341 -0,007 0,7016348
PC15 0,001 0,9431302 0,015 0,4025327
PC16 -0,013 0,4623118 -0,007 0,7012743
PC17 -0,046 0,00923946 -0,050 0,00457652
PC18 0,032 0,07129243 -0,019 0,2881187
PC19 -0,049 0,00578493 -0,030 0,09198998
PC20 -0,026 0,1443339 0,025 0,1520481

Table 3.4 — Correlation coefficient between PCs and latitude and longitude. Statistically significant values
are marked with a star, significance level after Bonferroni correction for multiple hypothesis testing is
0.00125.
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Figure 3.10 — First 10 PCs from the PREGO dataset. Structure is visible in lower-ranked PCs too, in
particular Maine et Loire individuals (colored orange) cluster together in PC4. Points represent individuals,
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3.3.4 Principal components analysis on the coancestry matrix from
CHROMOPAINTER

Next, we verified if PCA based on a coancestry matrix performs better than allele frequency-based PCA
(Figures [3.12] [3.13). The coancestry matrix contains information not only from allele frequencies but also
from SNPs in LD and this is likely the reason behind an increased resolution in the genetic differentiation
observed. While profiles of independent SNP-based single PCs present a pattern uncorrelated with geog-
raphy for lower-ranked PCs (PC3, PC6), all coancestry-based PCs I attempted to plot mirror geography
(PC1-PC6 in Figure [3.14] PC7-PC12 in Figure [A.2)). Many PCs are significantly correlated with longitude
and latitude (Table [3.5)). Given these results, I anticipate that haplotype-based fineSSTRUCTURE method
will reveal a very fine-detailed population structure of the region.
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| | cor longitude | p-value | cor latitude | p-value |
PC1 0.481 * 3.612306E-187 0.119 * 1.214851E-011
PC2 0.683 * 0 -0.804 * 0
PC3 0.331 * 1.118419E-083 -0.011 0.5225068
PC4 0.143 * 2.513834E-016 0.265 * 3.699855E-053
PC5 0.007 0.7023866 0.034 0.0560626
PC6 -0.042 0.01584871 0.081 * 3.604801E-006

PC7 0.086 * 9.342522E-007 | 0.121 * 4.45043E-012
PC8 -0.084 * 1.75649E-006 -0.263 * | 2.452582E-052

PC9 0.051 0.004021888 -0.083 * | 2.236557E-006
PC10 0.054 0.002050244 -0.156 * | 5.905616E-019
PCI11 -0.018 0.3017439 -0.169 * | 4.229465E-022
PC12 0.003 0.8838014 0.032 0.0655449
PC13 -0.022 0.2113882 -0.045 0.01093632
PC14 0.016 0.3607097 0.011 0.5286654
PC15 0.040 0.02146651 -0.024 0.1652255
PC16 0.027 0.1211359 0.043 0.01340376
PC17 0.042 0.01597168 -0.012 0.4882627
PC18 -0.060 * 0.0006593648 -0.078 * 9.84081E-006
PC19 0.043 0.01374093 0.046 0.008753665
PC20 0.096 * 4.978608E-008 -0.024 0.1657228

Table 3.5 — Correlation coefficient between PCs on the coancestry matrix from CHROMOPAINTER and
latitude and longitude. Statistically significant values are marked with a star, significance level after Bon-
ferroni correction for multiple hypothesis testing is 0.00125
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Figure 3.11 — Profiles of first six PCs on the map of Western France reveal link between genetic variation
and geography. PC3 is not correlated with geographical coordinates. Coordinates of individuals correspond
to their grandparents’ birthplaces



102CHAPTER 3. THE GENETIC STRUCTURE OF HISTORICAL POPULATIONS IN NORTHWESTERN FRA.

=
=
¥
o
=
=]

2 2

Xt 3§
Wiy p-p

-004 002 005 -005 000 006
1l

L

-0.04 000

_U
)
n

\5
33

-004 002 005

W N

FC3

-003 001 004

0.0z

TETIEILS
SACx b
IE8LdB

FC4

-0.04

I
[ ]

FCh

FCE

3y p B
FAAP-E

S8 D& N

005

FCY

-0.0s

-
w
=
[=1
. . PC8
w
=
[=1
o
=
L b o
r r 8
o FCa E
-
. g
&
w w W
(=1
=] ol € o
3 - ‘ PC10
(=1
TS TT T T T TTT LI B B | T T T TT 1T T T 1T
-0.04 000 -0.03 001 004 -0.04 a0z -00s ans -005 000 008

Figure 3.12 — First 10 PCs from the coancestry matrix obtained from the PREGO dataset. Patterns of genetic
differentiation are captured better than with the independent SNP-based PCA. Points represent individuals,
color-coded by the department of their grandparents’s birth, analogous to Figure @



3.3. RESULTS 103

® COTES-DARMOR

# FINISTERE

® |LLE-ET-¥ILAINE

& LOIRE-ATLANTIQUE

* MAINE-ET-LOIRE

& MAYENNE

+ MOREIHAM
SARTHE

+ YENDEE

0.0z

0.00

PC10.097%

T
-0.02

-0.04

0.02 0.04 0.06

PCZ 0.067%

-0.02

-0.06

T T T
002 004 0.08

PC3 0.05%

T
-0.02

T
-0.06

T T T T T T T T T T T
-0.04 -0.02 0.00 0.02 -0.06 -0.02 002 004 0.08

b -m0+ 000 004
L L

0.08
L

T
0.02

® COTES-DARMOR

® FINISTERE

® |LLE-ET-V¥ILAINE

# LOIRE-ATLAMNTIQUE

* MAINE-ET-LOIRE

* MAYENNE

* MOREIHAM
SARTHE

+ YEMNDEE

0.00

PC116,7%

T
-0.02

-0.04

0.05

0.04

PCZ 10,3%

0.00
L

-0.04

0.03

0.0

PC3 42%

-0.01

-0.03

Figure 3.13 — Comparison of first 3 PCs between (a) allele frequency-based PCA and (b) coancestry
matrix-based PCA. Coancestry matrix-based PCA captures genetic differentiation better than with the allele
frequency-based PCA. Points represent individuals, color-coded by the department of their grandparents’s
birth, analogous to Figure @



104CHAPTER 3. THE GENETIC STRUCTURE OF HISTORICAL POPULATIONS IN NORTHWESTERN FRA.

PCI pc2

0.1

-0.04

PC3
PC4

0.04

-0.06

PC5 PCa

0.08

-0.08

Figure 3.14 — Profiles of coancestry-based PC1-PC6 on the map of Western France. Coordinates of indi-
viduals correspond to their grandparents’ birthplaces
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3.3.5 Fine-scale population structure in western France

To explore in more detail the fine-scale structure in western France, I used state of the art haplotype-
based method fineSTRUCTURE. It divided 3,234 samples into 154 clusters at the finest level of its cluster-
ing (Figure[3.15)). However, here I focus on the coarser levels of 3 and 18 clusters (Figures[3.16]and[3.17). 1
use these two divisions for downstream analysis. The choice of 18 clusters was not arbitrary, it is explained
in subsection Figure 3.17 shows the hierarchical relationship between the 18 clusters inferred by
fineSTRUCTURE(Figure [3.17). Clusters correspond to geography in a striking manner: they are highly lo-
calised and regions of overlap are relatively small. As the dataset effectively contains information about the
individuals’ grandparents that were born in early 1900s, the spatial distribution of genetic structure would
reflect that of western France around that time.

The first split of the tree of hierarchical relationship between populations coincides closely with a geo-
graphical feature, the Loire River, separating individuals located on the south of it from the rest. The next
level separates the majority of the Brittany peninsula (Figure[3.16)) and the resulting limit is close to the Loth
line (Figure [3.18§), the limit associated with Breton toponymy, as well as limit between spoken Breton and
Gallo dialects. At the level of 18 clusters (Figure , clusters Leon, Cornouaille and Vannes align with
Breton dialects (Figure [3.19). Individuals located in north-eastern part of the regions (departments: Sarthe,
Mayenne and northern part of Maine-et-Loire) remain in one relatively large cluster Maine-Anjou, whereas
there are numerous smaller clusters in the southern part of the studied region. In particular, the strongest
sub-structure is observed in the region Mauges, between the Loire and the Seévre Nantaise rivers. This
differential pattern might be related to demographical history, it corroborates the results of runs of homozy-
gosity analysis (Figure[3.6)), in particular the relatively long runs of homozygosity in Cholet arrondissement
in Mauges. The aforementioned clusters will be investigated further with patterns in the coancestry matrix
in subsection[3.3.8]

Average pairwise Fsp between 18 identified clusters equals to 0.00095, with a minumum of 0.00022
between clusters Maine-Anjou and Sévres and a maximum of 0.00239 between clusters Leon and Mauges
(all pairwise values presented in Figure [3.20), it is thus larger than Fg; between administrative districts,
indicating that the obtained clustering reflects population differentiation better than administrative division.
The continental France study (Chapter [2)) found larger average pairwise Fs7 between French clusters in 3C
dataset (0.00154), but slightly smaller in SU.VL.MAX dataset (0.0009). Difference between clusters can be
alternatively measured with TVD, the matrix of pairwise TVD values is presented in Figure [3.21]
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d

Figure 3.15 — All 154 clusters in Western France identified with fineSSTRUCTURE. (a) 78 clusters with
large sample sizes (at least 12 individuals), (b) remaining 76 clusters with low sample sizes (maximum 10
individuals). Coordinates of individuals correspond to their grandparents’ birthplaces
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Figure 3.16 — 3 main clusters in Western France identified with fineSSTRUCTURE. Coordinates of individ-
uals correspond to their grandparents’ birthplaces

Maine-Anjou
Leon
|| Bretagne-Centre

— I Malo-Rennais
Guérande
| Ancenis
Nantes
Cornouaille
—_— Vannes
. Vendée-Atlantique
_E Vendée-Centre
— Retz

] l Sevres

Vendée-Est
Mauges1

. Mauges2
I Mauges3
Vendée-Nord

Figure 3.17 — 18 clusters in Western France identified with fineSTRUCTURE. Coordinates of individuals
correspond to their grandparents’ birthplaces. Tree illustrates hierarchical reliationships between clusters.




108CHAPTER 3. THE GENETIC STRUCTURE OF HISTORICAL POPULATIONS IN NORTHWESTERN FRA.

La ligne Loth et les tfoponymes en « -ac »

LEGENDE
Toponymes bretons
Plus de 85 %

Entre 50 et 85 %
Entre 20 et 50 %
Entre 5 et 20 %

© Toponymesen-é

© Toponymes en-ac
Limites d’évéchés

Figure 3.18 — A map of Breton toponymy and Loth line. Loth line separates "-ac" toponyms from "-&"
toponyms. Source: [106], but based on the map from [T13]].

Figure 3.19 — A map of dialects of Breton language. Source: Wikipedia.



3.3. RESULTS

Color Key

40 ]

EETL )
0 E]

10

50 100 150
Value

(e

200

Mauges2

173 1584
170 202
191 217

148 173

Manges3

Wendée-Mord

Sévres

Ancenis

Maine-Anjou

Retz

153 155 152 163
147 145 143 158

1689 170 165 180

Wendae-Est
Mauges1
wendée-tlanticue
Wendée-Centre

Mantes

1465 158

160 179

Malo-Fetinzis

Guérande

Eretagne-Centre

Leon

Courtaille

109

Cournaille
Wannes

Lean
Eretagne-Centre
Guérande
tdalo-Fiennais
Mantes
Wendée-Centre
wendée-atlantique
Mauges1
Wendée-Est

Fietz
Tdaine-Anjou
ANCEniE

Seévres

Wietidlée- Mard
Mauges3

Mauges2

Figure 3.20 — Pairwise Fsp values multiplied by 100,000 between 18 clusters in Western France identified

with fineSTRUCTURE.



110CHAPTER 3. THE GENETIC STRUCTURE OF HISTORICAL POPULATIONS IN NORTHWESTERN FRA.

Color Key
istogram

Mauges2

35

Sevres

50

“enoée-Est

Idaine-Anjou

sal
20 25

15

MMauges1

10

Idala-Fennais

“endée- Centre

20 30 40 B0 B0 FO &0 danges3

Ualue
Wencée-Mord
Fetz
Bretagne-Centre
Ancenis

Wannes

Mantes

Lean

Guérance

wiehdée-Atlantique

Cournaille

5

Leon

Cournaille
‘endée-atlantioue
Guérande
Mantes

Vanres

ANcenis
Eretagne-Centre
wfencée-Mord
vendée-Centre
Malo-Rennais
Maike- Anjou
“endée-Est
Sevres

Mauges2

Figure 3.21 — Pairwise TVD values multiplied by 1,000 between 18 clusters in Western France identified
with fineSTRUCTURE.



3.3. RESULTS 111

3.3.6 The choice of 18 clusters

The hierarchical tree returned by fineSSTRUCTURE (FS-tree) is based on posterior probabilities of pop-
ulation configuration, not a measure of genetic differentiation, and it has been shown to depend significantly
on the sample size [108]]. I have tested an alternative approach based on total variation distance (TVD-based
tree) that has been shown to provide more consistent results [101]]. I assessed the performance of these two
tree building approaches on the PREGO dataset by measuring the confidence of cluster assignment accord-
ing to [[115]. The value of confidence of cluster assignment decreases with the number of clusters. I found
that FS-tree has a lower confidence of cluster assignment than TVD-based tree for the same numbers of
clusters (Figure[3.22)), for example the confidence of cluster assignment is similar for 12 clusters in FS-tree
and 39 in TVD-based tree, equal to 0.934, whereas for 12 clusters in TVD-based tree confidence of cluster
assignment is as high as 0.962. It indicates better performance.

However, it is important to mention one aspect by which trees resulting from these two approaches
differ. While FS-trees separate relatively evenly sized groups at the top of the hierarchy, top splits of TVD-
based trees regularly disconnect single, seemingly outlier individuals from the rest. I chose the level of 39
clusters in the TVD-based tree and decided to examine the outlier individual clusters. There were 21 of
them, I proceeded as follows: I either joined an outlier individual to the closest cluster of normal size (17
individuals) or removed it if it was not possible to determine the closest cluster (4 individuals). In this way
I dealt with the problem of single-individual clusters and obtained a TVD-based tree with 18 clusters, still
performing better than FS-tree which achieves similar value of confidence of cluster assignment for only
12 clusters.

Following the approach described in [115], I tested whether inferred clusters capture significant differ-
ences in ancestry. I randomly reassigned the individuals to the clusters, maintaining the cluster sizes to
obtain a new division into clusters and to test the hypothesis that, given the cluster sizes, the individuals are
assigned randomly to each cluster. I repeated the process 1000 times to obtain p-values from the permuta-
tion test. P-values are the ratio of the number of permutations where random assignment resulted in higher
value of TVD between any pair of clusters to the total number of permutations. For the level of 18 clusters,
p-values were < 0.001 for all pairs of clusters.

3.3.7 The resulting clustering is not an artefact of the sampling scheme

I performed analyses to test whether the clustering could be an artefact of our sampling scheme. I
compared the distribution of pairwise IBD statistic within the finest level of 154 clusters to its distribution
across the whole sample (Figure [3.23) as well as on the coarser level of clustering (Figure [3.24] for 18
clusters and Figure [3.25|for 3 clusters). This statistic reflects shared relatedness in the recent generations in
the past. Although the distribution within clusters are slightly shifted towards higher IBD values compared
to the whole sample, those shifts are relatively small for reasonably-sized clusters, indicating that observed
clusters are not an artefact of a sampling scheme. Out of 78 clusters with 12 or more individuals, only five
have median pairwise IBD statistics exceeding the third quartile from the distribution of the statistic across
the whole sample (Figure[3.23]a). For the coarser levels of 18 clusters the differences between distributions
for clusters and across whole sample are even smaller, with median pairwise IBD statistics not exceeding
third quartile from the distribution of the statistic across the whole sample. Interestingly, at the lever of
granularity of 3 clusters I observe a slight shift for cluster associated with Brittany Peninsula which may be
linked to smaller effective population size in that area. The distributions of the remaining two populations,
South and North-East, have their interquartile ranges visually identical to the ones from the distribution
from the whole sample.
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Figure 3.22 — Comparison of-FS tree and TVD-based tree performance measured by confidence of cluster
assignment. While all clustering levels for TVD-based tree are shown with a black line, only three levels
(K=6,12,18) are highlighted in blue for FS-tree. FS-tree has lower confidence of cluster assignment than
TVD-based tree for the same levels of number of clusters, for example confidence of cluster assignment is
similar for 12 clusters in FS-tree and 39 clusters in TVD-based tree (red point).



3.3. RESULTS 113

3234 o emro

Commu o ek R e R R 00 0 Gt LG G LI C 0T R YN I T I N T I I I 1 R 19 1 1 19 19 T 1 1 T P 19 1 19 19 1
i

cluster T T
size 067 068

18D

cluster T
size
067

1BD
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3.3.8 Patterns in the coancestry matrix

To further understand the relationships between the clusters inferred by fineSTRUCTURE, I examined
patterns in the coancestry matrix. The coancestry matrix between each pair of 3,230 individuals is presented
in Figure[3.26] To better observe patterns characteristic of entire clusters, I also look at the averaged values
over 18 clusters (Figure [3.27). Coancestry between individuals within a cluster is higher than between in-
dividuals in different clusters, reflecting genetic drift unique to each cluster. I observe differential patterns
of ancestry sharing. Cluster Maine-Anjou and to a slightly smaller degree Sévres, Malo-Rennais and Retz
have relatively high level of contributions from all clusters, while the inverse pattern is found in clusters
Leon, Cornouaille, Vannes, Maugesl, Mauges2, Mauges3, Vendée-Nord, indicating isolation of these re-
gions. These results are consistent with previously described diversity patterns, in particular with runs of
homozygosity.
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Figure 3.26 — Individual-level coancestry matrix from CHROMOPAINTER. For each individual contribu-
tion of ancestry from other individuals is shown in columns, while rows represent contribution of ancestry
from an individual to others. In order to visualise the bulk of the variation, only values between 1-99
percentile were considered and those exceedind the range were colored according to the closer 1 or 99
percentile value. Warmer colors indicate higher levels of ancestry sharing. 18 clusters are color-coded
analogous to Figure |317|, present in smaller version here at the bottom of the figure.
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Figure 3.27 — Population-level coancestry matrix from CHROMOPAINTER for 18 clusters. For each cluster
contribution of ancestry from other clusters is shown in columns, while rows represent contribution of
ancestry from a cluster to others. In order to visualise the bulk of the variation, only values between 1-
99 percentile were considered and those exceeding the range were coloured according to the closer 1 or
99 percentile value. Warmer colours indicate higher levels of ancestry sharing. Clusters are color-coded
analogous to Figure @ present in smaller version here at the bottom of the figure.
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3.3.9 1IBD segment counts for clusters identified with fineSSTRUCTURE rather than
for administrative units

Clusters identified by fineSTRUCTURE are supposed to reflect population differentiation better than
administrative clustering. For this reason I recalculated IBD segment counts with the new division into 18
clusters. The resulting heatmap draws attention to Mauges region, especially to cluster Mauges2 (Figure
[3.28)). Contrary to results on administrative units, clusters in Brittany have relatively lower levels of IBD
sharing than clusters in Mauges, particularly for IBD segments longer than 2 cM, but it is important to note
that the absolute values increased with the new division. This analysis helps to characterise Mauges clusters
in terms of their particularly high IBD sharing levels, suggesting low effective population size.
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Figure 3.28 — Heatmaps of average number of shared IBD segments for 18 clusters identified with
fineSTRUCTURE. IBD segments were divided into 3 subgroups ((a) 1-2 cM, (b) 2-7 cM, (c) > 7 cM),
corresponding to different periods of demographical history (Figure @

3.3.10 Effective migration surfaces

With the EEMS method I inferred locations with corridors of gene flow (blue) and barriers to gene
flow (orange). I found variable effective migration rates across Western France (Figure [3.29), many of
which are consistent with the findings of other methods and prior historical knowledge. For example, the
strongest barrier to gene flow is latitudinal and coincides with the Loire River, the limit of the first split of
fineSTRUCTURE tree and with the strongest substructure in Mauges region. There is a correspondence
with coancestry and diversity patterns: barriers to gene flow dominate in isolated Brittany and in southern
part of the region, while the north-eastern part (area of cluster Maine-Anjou) is associated with corridors of
gene flow.

3.3.11 Regional effective population size changes over time

Figure [3.30[ shows that the three main clusters identified by fineSTRUCTURE differ in terms of histori-
cal effective population size (Ne) patterns estimated with IBDNe software for the last 1500 years (50 gen-
erations). (Figure [3.30). I chose mincm value (parameter that is responsible for minimum length of IBD
segments included in the estimation) equal to 6 cM for interpretion (Figure a), for which estimated
trajectories are the most conservative (in a sense that they exhibit the simplest pattern). Current effective
population size is estimated as 1057 for northeastern cluster, 103-° for Brittany Peninsula cluster and 10752
for southern cluster. However, the estimates for the last two generations (0 and 1) are extrapolated from
earlier growth rates. Effective population size estimates for generation 2 (around year 1890 AD, assuming
that a generation lasts 30 years) are equal to 10°5® for the northeastern cluster, 10°57 for Brittany Peninsula
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Figure 3.29 — Effective migration surface inferred with EEMS

cluster and 10 for southern cluster, preserving the relative order from generation 0. Further in the past,
estimated patterns diverge substantially between subpopulations. The pattern associated with cluster en-
compassing the Brittany Peninsula is a population growth at nearly steady exponential rate. The confidence
interval of the Ne trajectory for this subpopulation is relatively narrow, indicating consistency within the
data. The narrow confidence interval for the Brittany cluster is not a consequence of a larger sample size,
because actually the sample size is the smallest for Brittany. Also the trajectory for the northeastern cluster
shows a population growth, however the growth rate is higher for generations 0-9 (years 1950-1680 AD).
The effective population size of this subpopulation is the highest consistently across time. The confidence
interval widens around generation 17 (year 1440 AD), suggesting that effective population size might have
been higher in this generation and might even present a decreasing pattern until generation 11 (year 1620
AD), a bottleneck spanning 6 generations. The South cluster undergoes a slight decline in effective popula-
tion size between 50 and 25 generations ago (years 1200-450 AD). Interestingly, the relative order between
subpopulations changes at generation 29 (around year 1080 AD), where Brittany Peninsula and South have
both estimates of effective population size equal to 10" and North-East remains the largest with 10525, At
the last interpreted generation, generation 50 (around year 450 AD), the northeastern cluster has effective
population size of 10°°2, the southern 10%8! and the Brittany Peninsula cluster shows the smallest Ne 10*5.
Confidence interval for the southern population widens around year 1470, 1170 and towards the year 450
AD, indicating high levels of heterogeneity and leading to overlap with confidence interval of northeastern
cluster and thus similar effective population sizes for these two populations.

Given the fact that the size of the segments may have impact on the results [23]], I investigated IBDNe
trajectories for mincm values between 3 and 8 cM. Consistently with the size of confidence intervals for
mincm = 6 described above, patterns for southern and northeastern subpopulations are more variable than
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Figure 3.30 — Effective population size trajectories inferred with IBDNe. (a) Trajectories for 3 clusters
identified with fineSTRUCTURE, for mincm = 6, color-coded analogous to Figure @ (red - South,
yellow - North-West, blue - North-East). (b-d) Trajectories for different values of mincm parameter for (b)
northwestern, (c) northeastern and (d) southern cluster.

for the Brittany Peninsula cluster. All six trajectories for the latter are very close to each other. For the
southern and northeastern cluster, different mincm parameter values give different pictures of population
demography. Trajectories for the northeastern cluster oscillate since the generation 9 (year 1680 AD).
For high mincm of 7 and 8, there is a peak at generation 18 (year 1410 AD), for mincm = 5 a smaller
peak at generation 17 (year 1440 AD). Oscillations for mincm = 3 and 4 peak only at generations 23
(year 1260 AD) and 22 (year 1290 AD) respectively. Those peaks are followed by declines in effective
population sizes. The trajectory for mincm = 6 is the only one with constant population expansion.
For the southern cluster, there are three types of patterns. For longer segments (mincm = 7 and 8),
there is a series of two bottlenecks. Effective population size at generation 50 (year 450 AD) is relatively
large, followed by population contraction until generation 26 (year 1170 AD) and 28 (year 1110 AD),
respectively, then re-expansion until generation 16 (year 1470 AD) and 17 (year 1440 AD), respectively,
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followed by contraction until generation 12. When intermediate-length segments are included (mincm = 5
and 6), there is a mild population contraction between generations 50 (year 450 AD) and 25 (year 1200
AD). Trajectories for mincm = 5 and 6 indicate one bottleneck that starts at generation 30 (year 1050
AD) with minimum effective population size achieved at generation 14 (year 1530 AD). Ne oscillations
taking place around 8-20 generations ago (years 1350-1710 AD, such as the ones observed in our data,
should be consistently detected regardless of the minimum segment size used. Overall, for two out of
three analysed subpopulations the results for different mincm parameter values were divergent. However,
such inconsistency suggests we might have limited power to correctly infer IBD segment sizes for particular
lengths. Browning and Browning [23) 24]] emphasize in their original work that such small-scale oscillations
can be artifacts and should not be overinterpreted.

Difficulties in the interpretation of the oscillating IBDNe results inspired a simulation study in our lab.
Its goal was to test the ability of IBDNe to detect a recent and short bottleneck (spanning 10 generations,
13-23 generations ago) and how the different mincm parameter values may affect the estimates. The study
revealed that IBDNe detects a bottleneck for each of 10 sets of simulated data (Figure @, moreover it
detects correct size of the bottleneck. However, IBDNe does not detect the true shape of the bottleneck. It
reports a progressive bottleneck rather than a sudden one. The choice of mincm parameter value has only
a slight impact on the results at generation 15 and further in the past, the trajectories remain similar. The
presence of bottleneck is detected no matter what the mincm parameter value is (Figure [3.32)), which is not
the case on the real PREGO data (Figure[3.30|b,c,d).
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Figure 3.31 — IBDNe results on 10 sets of simulated data, distinguished by different colours. Dashed line
reflects effective population size of the bottleneck model under which the data were simulated. The IBDNe
detects a progressive change of effective population size rather than a sudden change as in the bottleneck
model used to generate the data. Realised by Charlotte BERTHELIER.

3.3.12 PREGO dataset in relation to neighbors in Europe (1000G)

We merged PREGO data with European samples from 1000G (FIN, CEU, GBR, IBS, TSI) to explore
gene flow from other populations surrounding France. We estimated ancestry proportions with ADMIX-
TURE under assumption of different numbers of ancestral populations (K = 2 — 6). At the level K = 2,
the proportions differ between subpopulations in the dataset. The ancestral components at this level seem
to be northern and southern Europe, with FIN having on average 86.4% northern ancestry and TSI 76.6%
southern ancestry (Figure [3.33)). PREGO individuals from Brittany peninsula cluster are closer to GBR and
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Figure 3.32 — IBDNe results for different mincm values (between 2 and 8 cM) on simulated data. Dashed
line reflects effective population size of the bottleneck model under which the data were simulated. The
choice of mincm parameter value has an impact on the results, but the presence of a bottleneck is detected
no matter what the mincm parameter value is. Realised by Charlotte BERTHELIER.

CEU than to the other two clusters with more southern ancestry. Level K = 3 reveals even more differ-
ences between three subpopulations in Western France. The southern cluster has a similar profile to Iberian
samples from 1000G. Level K = 4 separates IBS and TSI from the southern cluster. Care should be taken
when results are interpreted because the model underlying the program ADMIXTURE might not represent
the nature of the data well. For further levels, K = 5 and K = 6, certain ancestral components present
more variability within subgroups than between them, which may indicate that K value is too high.
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Figure 3.33 — ADMIXTURE results on merged PREGO and 1000G datasets. PREGO individuals are
grouped into 3 clusters identified by FineSTRUCTUREfineSTRUCTURE. FIN - Finland, CEU and GBR -
Great Britain, IBS - Spain, TSI - Italy.

3.4 Discussion

In this study we investigated fine patterns of population structure and diversity within Western France
by using high-density genome-wide SNP array data of 3,234 individuals with three generations of ancestry
from the region. This study is, to date, the most comprehensive genetic study on the population structure
of Western France revealing substantial levels of population stratification likely caused by different demo-
graphic histories across the region. Moreover, it broadens our understanding of the local levels of genetic
stratification across European populations.

Population differentiation measure Fs revealed subtle levels of differentiation increasing with geo-
graphical distance, in line with isolation by distance model. The lowest Fig1 values occur in the pairwise
comparisons within the department of Sarthe while the largest values are found between Finistere and
Vendée department. These results corroborate local genetic differentiation patterns from Karakachoff et al.
[99], where the largest values were obtained in the three westernmost departments of Brittany peninsula
and in Vendée.

In our study we observe larger average Figr (95 * 10~° for 18 clusters) than previously reported values
in Ireland (30 * 1075 [63]]) and Denmark (20 * 10~° [7])); and smaller than the average Fs7 found in Finland
(250 * 10~° [101])) and the British Isles (200 * 10~ [113]).

More differentiated populations than North-Western France, like Finland and the British Isles, occur
across substantially larger areas. When we compare North-Western France with the British Isles regions of
similar area, northern part of the United Kingdom has still higher average Fs (180 * 107> for 4 clusters
from Scotland and Northern Ireland, Orkney Islands excluded) than North-Western France, but southeastern
part has smaller average Fis7 (< 50 * 1075 for South-East, Welsh Border and W.Yorkshire clusters). Also
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Ireland occupied a larger surface than Western France, but is less differentiated. It is worth noting that
North-Western France is not an island like Ireland or British Isles, but a part of continental platform, where
people can move without obstacles. This fact should decrease the levels of differentiation.

Despite the general pattern of isolation by distance, discrete population structure was captured with
haplotype-based fineSTRUCTURE clustering. fineSTRUCTURE identified an unprecedented number of
subpopulations on its finest level, 154. Identified clusters reveal a rich pattern of subtle fine-scale genetic
differentiation with many details not captured previously. Haplotype-based methods increase resolution for
detecting population structure as we have shown visually examining allele-frequency-based and coances-
try matrix-based PCA profiles on the map (Figure and comparing number of PCs correlated with
geographical coordinates and as has been suggested before [101} 108, [115]

Several clusters match geo-political and linguistic boundaries. For example, the first split in the clus-
tering coincides with the Loire River as well as the political border between Roman provinces Aquitaine
and Lyonnaise which was stable for centuries (Figures[3.16]and [I.7)) . The second split is close to Loth line
(Figure [3.18), the limit associated with Breton toponymy, as well as the limit between spoken Breton and
Gallo dialects. After these two splits we obtain division into 3 subgroups, Brittany peninsula, North-East
and South, that serves us for several downstream analysis.

On the finer level of 18 clusters (Figure [3.17), we see for example clear division between Leon and
Cornouaille within Finistere, which can be explained by different Breton dialects, presence of the Elorn
River or historic tradition of opposition of this two groups. Cluster Vannes is characterised by particular
Breton dialect, substantially different from others. Cluster Retz, though located in the south of Loire River,
covers the region which is culturally under Breton influence (the southernmost Breton cluster), but, inter-
estingly, at the coarser division it belongs to the southern rather than the northern clusters. Thus, this cluster
likely constitutes a transition area.

The choice of number of clusters is a constant problem in fineSTRUCTURE approach for which no
guidelines have been proposed yet. The decision is arbitrary, often motivated by getting rid of clusters
with a small sample size. Our idea to make a decision less arbitrary was to compare confidence of cluster
assignment between FS-tree [115] and TVD-based tree. Unlike FS-tree, TVD-based tree uses measure of
difference between clusters. TVD was defined in Leslie et al. [115] and it was used for the tree building
purposes in Kerminen et al. [101], where it showed better properties compared to FS-tree in terms of
sample size consistency and analysis context, but the confidence of cluster assignment was not analysed.
We observed on PREGO data that confidence of cluster assignment for TVD-based tree is higher than in
FS-tree given the same number of clusters (Figure [3.22)). If this observation is repeated on other datasets, it
will add argument for preferential use of coarser levels of TVD-based tree rather than FS-tree.

Genetic differentiation appears not uniform with respect to geographical distance. Whilst in the North-
East we observe a relatively large cluster Maine-Anjou containing nearly 25% of all samples, in the south-
eastern region Mauges there is a dense substructure. Large unstructured clusters have already been observed
in Leslie et al. [[115] with possible explanation of local migration over many generations. Such an expla-
nation fits to our data as well, because Maine-Anjou is associated with corridors of gene flow in the EEMS
results (Figure[3.29) and in the coancestry matrix it has relatively high levels of copying from other clusters
(Figure[3.27)). This region is an open area lacking major geographical barriers to human movement. On the
other hand, dense substructure in Mauges resembles the one from the province of Pontevedra in Galicia,
Spain from the study of Bycroft et al. [26] where some clusters have ranges of less than 10 km and align
with hills and river valleys.

It is possible that differential density of structure is linked to the enhanced effect of genetic drift in
populations with lower effective population size. IBDNe results suggest larger effective population size
across last 50 generations in the North-East, while in the South the effective population size is the smallest
in the most recent generations. Mauges subpopulation is a part of southern cluster, but we do not know to
which extent it is affecting the estimate for the entire South population. Mauges has relatively long average
runs of homozygosity also pointing to lower effective population size. We hypothesize that the particular
landscape might have been partially responsible for the low effective population size in the southern cluster,
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in particular in Mauges. It is a hilly bocage, which is a terrain of mixed woodland and pasture, with
fields and winding country lanes sunken between narrow low ridges and banks surmounted by tall thick
hedgerows. Such landscape is hardly accessible, slows down marching, thus might have caused relative
isolation. Other possible link is a peasant counter-revolutionary uprising, Wars of the Vendée, that initiated
in Cholet in Mauges in 1793. About 170,000 military and civilians were killed in the insurrection [92],
out of a population around 800,000. Another possibility is that cryptic relatedness occurs in our sample
which can be a confounding factor. We cannot exclude that our sample contains distant relatives but our
analysis of pairwise IBD statistics distribution within clusters shows that it is not a common issue (Figure
.23 [3.24] [3.23)). All methods consistently point to low long-term effective population size in the Peninsula
of Brittany. Such observations are in line with Karakachoff et al. [99]]. Low effective population size can
be a consequence of geography causing isolation from migration, as Brittany is only accessible through
land from the east and limited by the Atlantic Ocean and the English Channel from the other directions.
Additionally, Brittany owes its name to migrations of Celtic populations from the British Isles fleeing the
Saxon invasions in the Vth and VIth century. These migrations might have been followed by a founder effect
likely reducing the effective population size. Furthermore, Brittany remained in a specific political context
for centuries that might have contributed to isolation: as the edge of Roman Gaul, later independent territory
from Barbarian kingdoms, independent Brittany Duchy until the union with France in 1532 in which it
conserves many privileges. Moreover, linguistic barriers may have posed problems of communication and
contributed to isolation. In Brittany two main languages have been traditionally spoken: 1) Breton, which
is a Celtic language and spoken at the end of the Brittany Peninsula and Gallo, and Oil language spoken in
the eastern part of the peninsula.

Larger effective population size estimate in the North East part of the region might be as well a conse-
quence of migrations into this region (it contains Maine-Anjou cluster). Contrary to Brittany, geographical
location and dialects were not obstacles to migration here, resulting in a relatively less isolated region. I
cannot distinguish the effects of effective population size and migration in my analysis, because the ap-
proach I use does not explicitly model migration. It could be done with other approach, for example with
whole genome sequencing (WGS)|data and fastsimcoal2 [47] or Approximate Bayesian Computation.

Given the fact that the size of the segments may have impact on the IBDNe results [23], we varied
mincm parameter that is responsible for minimum length of IBD segments included in the estimation (Fig-
ure b,c,d). We noticed that the decision on the value of this parameter should be taken with care. For
two out of three analysed subpopulations, South and North-East, results for different parameter values were
divergent and giving different picture of demographic history, in particular suggesting a bottleneck. These
divergent patterns of the IBDNe method may be technical artifacts that could be explained by potentially
inaccurate estimates of IBD segment lengths in PREGO data. Authors of the IBDNe method, Browning
and Browning [23]] warn that sometimes artifactual oscillatory behaviour appears over short timescales of
the IBDNe trajectory that should not be overinterpreted. Moreover, the IBD segments cannot localize large
changes in population size to a single generation. The IBDNe trajectory may hence be more smooth and
miss a sharp turn [23]]. It is the case in our simulation study of recent sudden bottleneck (Figure [3.31).
This simulation study also showed that the presence of bottleneck is detected no matter the value of mincm
parameter (Figure |3.32).

Athanasiadis et al. combined trajectories from IBDNe with epidemics events and found impact on
effective population size of Black Death Plague in Scandinavian countries. We thought of events that could
have impacted the demography of our population. Substantial changes in census size happened in the
middle of VIth century and in IV-XIXth century. In 536 an Icelandic volcano eruption spewed ash across
the northern hemisphere, limiting sunlight and causing 1.5 — 2.5°C drop of temperatures in summer, failure
of the crops and starvation [62]. It was followed by the Plague of Justinian in 541, which killed 35-55%
of the population [62]]. Second pandemic, the Great Plague or Black Death, struck in the middle of XIVth
century. While the population size in the kingdom of France was estimated to be 20 million in 1348, it
dropped down to 12 million in 1400, followed an uneven trajectory to recover the 20 million at the end
of Louis XIVth reign (1715) [44]. A period of temperature cooling and altered climate conditions known
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as little ice age took place between XVth and XIXth century [129]. However, IBDNe does not detect any
decrease in effective population size in corresponding generations in subpopulation of Brittany, for which
the trajectories consistently show the absence of a bottleneck for every mincm parameter value. This
suggests that above events might have only affected census population size and not effective population
size in Brittany. It is possible that oscillations in southern and northwestern subpopulations are related to
above events.

It would be very interesting to have WGS data, on which we could investigate effective population size
changes with approaches such as MSMC [190] and SMC++ [209].

Karakachoff et al. [99] shows genetic proximity between Bretons and Irish. Second closest population
to Bretons in this study (measured by the mean IBS statistic) is UK. In our study we chose 1000G as a
panel with neighboring populations. Although this decision leaves us only with GBR and CEU populations
as a proxy for Ireland, 1000G as a WGS study maximises the number of SNPs common between datasets.
Inclusion of isolated population FIN that have been through bottlenecks can help to contextualise results for
PREGO samples. It may also serve as a proxy for northern component that polarises results between north
and south. Similar profiles of ADMIXTURE proportions that we obtained for Breton and GBR and CEU
populations (Figure [3.33)) corroborate the result of Karakachoff et al. [99]. Our Southern cluster is closer
to populations from southern Europe, IBS and TSI. Historically the territory of the Southern cluster was a
meeting place of southern and northern cultures [156]].

A strong genetic clustering and localised genetic drift, as we see in the peninsula of Brittany, might
have contributed to the increase in frequency of deleterious alleles [[1]. An important though non-deleterious
example is the lactase persistence allele (SNP rs4988235). It has the allele frequency above 70% for 3 out of
4 departments in Brittany whereas the allele frequency decreases to between 45 and 55% in the easternmost
departments of Western France [99]]. A deleterious example consists of three mutated alleles in CFTR gene
linked to cystic fibrosis: G551D, 1078delT, W846X [[195, 51]. These mutations are rare in France, but have
high frequency in Breton population, respectively 3.8%, 3.7% and 1.1%, and are particularly observed in the
western part of the peninsula. The incidence of cystic fibrosis in the Finistére department is around 1/2000
compared to general incidence in Caucasian population of 1/3500. Our results imply that the phenomenon
of increased frequency of possibly pathogenic alleles will likely happen in specific areas such as Brittany.

A previous study [99] has shown that structure does occur at the scale of Western France. However,
that study had several limitations that we manage to address in this study. First, our sampling is much more
even with respect to geography, with only one out of nine departments, Ille-et-Vilaine, being slightly less
densely covered. Second, our sample size doubles the sample size of that study, although being restricted
to a smaller geographical area. It facilitates more detailed description of population structure, especially for
regions underrepresented in Karakachoff et al. [99] study, for example Brittany. Third, the PREGO dataset
was designed to serve as best as possible the purpose of extremely fine-scale study of genetic structure. Re-
cruited individuals have their 4 grandparents born in proximity within two regions of northwestern France.
We thus effectively studied the structure of population at the times when those grandparents were born. It
was around the beginning of XXth century, thus before large-scale long-range migrations of this century
happened. In spite of such individual ascertainment being an advantage for population genetics study, one
has to keep in mind that the patterns we observed might thus reflect other population than general present-
day French population. Last but not least, we extended Karakachoff et al. study by employment of recent
methods, in particular haplotype-based approaches.

In summary, we have presented the first (to our knowledge) extremely fine-scale study of genetic diver-
sity, genetic differentiation and demographic history within a region of a country, by using careful sampling,
genomic data and powerful statistical methods. This study demonstrates the utility of building reference
panels with detailed information about geographic origin of three generations. The resulting genetic clusters
and the characterisation of their effective population size and their ancestry proportions compared to other
European groups provide important and novel insights into the peopling of Western France and potential
explanation for different disease prevalence within this region.



Discussion

4.1 Relation to history, demography, linguistics and culture

In this thesis we report two studies (SU.VI.LMAX/3C and PREGO) that together form a very thorough
analysis of fine-scale patterns of population structure and diversity in France. We demonstrate that popula-
tion structure does occur at the countrywide level as well as within Western France. Although the studied
population is relatively homogenous like other mainland continental European populations, the levels of
stratification are significant and may have impact on disease association studies. This stratification might
have been shaped by historical, demographic and cultural events and we attempted to identify the relations
between these events and genetic patterns.

In both studies, we find correlation between genetic data and geographical information on places of birth
of individuals in France. Individuals that were born in proximity tend to be more genetically similar than
individuals born in distant regions, which is in line with isolation by distance principle. However, we also
identify discrete patterns, subpopulations that match geographical regions. Remarkably, we distinguish 6-7
subpopulations that are highly concordant between two independent studies of whole continental France, 3C
and SU.VI.MAX. The PREGO study can be thought of as a zoom-in on a smaller territory, North-Western
France, which encompasses the territory of Brittany and parts of central and northern subpopulations from
3C and SU.VI.MAX (but not the same individuals). Three main subgroups of this zoom seem to correspond
relatively precisely to the subpopulations from 3C and SU.VIL.LMAX. The granularity of the data is much
finer in PREGO than in 3C and SU.VIL.MAX, we assign to individuals the smallest administrative unit —
commune, versus a coarser level of department. Thus, in PREGO we also distinguish and interpret the finer
level of 18 subpopulations.

The most differentiated subpopulation in the whole continental France studies is South-West. This
region is neighbouring with Spanish border and encompassing a French part of the territory called the
Basque Country. It is thus likely that Southwestern subpopulations received gene flow from Spanish and
Basque populations. With 3C and HGDP datasets we tested the hypothesis if individuals from South-
Western group in 3C colocalize with French Basques from HGDP in the principal component space and
several individuals indeed do. Basques are an indigenous population that speak the non-Indo-European
Basque language. The present-day Basque population is located on both sides of the western Pyrenees,
but according to toponymical data, ancient Basques occupied region stretching from Ebro River in the
South (in modern Spain) to the Garonne River in the North. The limit of the South-West population aligns
with the Garonne River, thus coinciding with the limit of territory of the ancient Basques. This limit may
correspond to the times of Ist century AD, when the Roman historian Strabo differentiated the population
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living between the Garonne River and Pyrenees from Celtic population and called them Aquitani.

The second important division, concordant in both whole continental France studies, also aligns with a
river and a linguistic border. It separates roughly Northern from Southern France. The division seems to
coincide with the longest French river, the Loire. However, it is unsure if this river could be an obstacle
to gene flow, especially in its upper course. Although an argument that bridges were rare before XIXth
century speaks for it, there are counterarguments that several hundreds of fords existed or the river could
be traversed by a ferry. Boat transport could in theory even accelerate gene flow. Political borders, though
variable in time, often coincided with the Loire River too and might be reflected in this division. It aligns
also with the von Wartburg line which is a linguistic limit between “Langue d’Oil” part (influenced by
Germanic speaking) and “Langue d’Oc” part (closer to Roman speaking) (Figure [I.10). This limit was
located on the Loire River in the Xth century. Later on, it moved towards the South, for example in XIIIth
century Oil was spoken in Poitou and Saintonge. This linguistic expansion might be a result of cultural
change, it was accompanied by diffusion of new agrarian system [22]. With the granularity of our data, the
division limit may lay slightly south of the Loire too. This division may correspond as well to St. Malo
- Geneve line (Figure which was introduced by Charles Dupin in 1827 [43]]. This imaginary line is
related to the socioeconomic context. It represents a duality between industrial and urban North-Eastern
France and agricultural and rural South-Eastern France.

St.Malo

Figure 4.1 — A map of France with St.Malo-Geneve line.

Another French subpopulation concordantly identified in both datasets is Brittany. There are geograph-
ical, linguistic and historical facts associated with that. Brittany is a peninsula, limited by the ocean from
three sides and only accessible from land from the East. Bretons had their own languages, with two main
groups Breton and Gallo. While Gallo is one of Oil languages, with similarities to neighboring French
dialects, Breton, spoken at the end of Brittany Peninsula, is a Celtic language, making communication with
French a challenge. Historically, Brittany had a long tradition of independence. In the early Middle Ages
it was independent from Barbarian kingdoms, then a Brittany Duchy was formed and remained indepen-



4.2. PERSPECTIVE OF THE FIELD - ANALYSIS OF RARE VARIANTS 129

dent until 1532. In this year a union with France took place, but nevertheless Brittany conserved many
privileges. However, likely the most important historical fact are migrations of Celtic people from British
Isles, that settled in Brittany fleeing from Saxon invasions, giving a new name to the region previously
called Armorica. We can see a signature of this migratory movement in the ancestry profiles. Brittany has
the highest proportion of ancestry from British Isles and is substantially closer to them than the Northern
subpopulation, despite both being equally close geographically. A strong Celtic background distinguishes
Brittany from other parts of France.

The PREGO dataset enables us a zoom into Brittany population. Finer granularity of the data allows
us to notice striking alignment of a limit between two genetic subpopulations and lower course and estuary
of Loire River (Figure @ This is concordant with results on SU.VL.LMAX and 3C, but adds precise
location of the limit. Loire River was not only a physical obstacle, but in certain times also a political
border, for example between Roman provinces Aquitaine and Lyonnaise. PThe REGO dataset allows us
to see population splits not identified in the whole continental France studies. On the coarse level of 3
subpopulations in North-Western France we identify a limit close to Loth line (Figure [3.18)), associated
with Breton toponymy, as well as the limit between spoken Breton and Gallo dialects.

It is possible that we see relatively high levels of genetic stratification in North-Western France thanks
to high stability of the rural population. On the one hand, rural areas lacked long distance migration, thus
they were relatively isolated and static [86]. On the other hand, rural populations are characteristic for
high endogamy and high percentage of marriages occurring within a short distance, at least until XIXth
century. Nearly 70% of marriages were between people from the same village in the years 1740-1829 [17].
According to the analysis done by N. Pellen [163] in Kerlouan, a Western French county, about 90% of
mating was from the same village during the 17th and 18th centuries. R. Leprohon [114]] found that a high
percentage of marriages took place between people living within a radius limited to 5-10 km.

In conclusion, we were able to correlate our results with numerous geographical, linguistic, cultural fea-
tures and historical events. What is important, our results are convergent through datasets, despite different
individual and SNP ascertainment. Moreover, many different methods show results that are concordant and
not contradicting each other. This gives us more certainty that the observed signal is real and it is not a
random fluctuation.

4.2 Perspective of the field - analysis of rare variants

Our analyses on SU.VIL.MAX, 3C and PREGO data were conducted on genome-wide SNP arrays, thus
on fairly common variants. On such arrays, rare variants are incompletely represented and impute poorly
with current reference panels [211]. However, with the advent of whole genome sequencing, we anticipate
more focus on population genetics studies conducted on rare variants. With studies such as 1000G [9],
GoNL [210], UK10K [211], rare variant analysis becomes a standard. Rare variants tend to be younger and
more geographically restricted compared to common variants [65) 208]. Rare variants are highly differ-
entiated between populations [25] and provide information about both demographic history and fine-scale
population structure [65) [138]].

Humans harbor an excess of rare variation, primarily due to recent dramatic increases in population
size (100, 147, 208, 58]]. Even though the information content of a single rare variant is often smaller than
a single common variant, their abundance provides cumulative information which is a powerful tool for
testing hypotheses about fine-scale population structure [154]. There are methods developed particularly
for WGS and rare variants. One of them is analysis of the rarest shared variants known as f, variants or
doubletons. Mathieson and McVean developed a method to estimate age (time to most recent common
ancestor) of f5 haplotypes [139]. The median age of f5 haplotypes in Europe was estimated between 50 to
160 generations. As another example, Schiffels et al. [191] investigated relative rare allele sharing patterns
between ancient and modern samples to estimate percentage of the ancestry of modern Britons that was
contributed by Anglo-Saxon immigrants and proposed a population history model from rare variants with
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a new approach rarecoal. UKI10K examined excess of rare allele sharing as a function of geographical
distance [211]]. We did the same on the part of the PREGO cohort whole-genome sequenced together with
samples from other parts of France (Figure 4.2)). Rare genetic variants showed excess allele sharing at
distances smaller than about 100 km, reduced allele sharing for distances about 200-300 km, and allele
sharing close to the expected value for more than 400 km, except for doubletons (AC=2) that presented
reduced sharing in this interval. This implies population structure that can confound disease association
studies with the cohort. This is an example of what can be done with WGS and rare variants coming from
a follow up to my PhD thesis project.
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Figure 4.2 — The excess of rare variants as a function of geographical distance for the WGS PREGO dataset.
Courtesy of Isabel ALVES.

While SNP arrays provide a more economical way to obtain genome-wide data than WGS, it is impor-
tant to determine what type of scientific questions can be addressed with rare variants from WGS rather
than with SNP array data and LD-based approaches. For questions of population structure and admixture
inference, haplotype-based approaches perform reasonably well. SNP arrays are however biased with ascer-
tainment that affects many approaches of demographic inference. Most sequence data used to design SNP
arrays developed so far were from people of European ancestry and thus may not interrogate rare variants in
other populations very well [8]. The clearest advantage of WGS is the access to the whole allele frequency
distribution that allows a reliable demographic inference analysis.

Certain scientific questions may require assembling datasets from different sources. However, this
potentially introduces batch effects. While batch effects are well studied in the context of genotyping arrays
and can be addressed using quality control (QC) measures, they are less understood and more complex
in WGS. When merging multiple datasets, repeating the process of variant calling is necessary which is
computationally costly and time-consuming. This constitutes a drawback of rare variant analysis.
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4.3 Consequences of presence of a population structure for medical
studies

The PREGO dataset has a particular individual ascertainment, with recruited individuals having their
4 grandparents born within a restricted region and relatively homogeneous coverage of the region. Such
individual ascertainment in fact maximises the level of population differentiation in a cohort. If we took
randomly two samples from the dataset, we would likely obtain non-negligible levels of population struc-
ture. As a consequence, the PREGO dataset, while being an excellent resource for population genetics
studies, is not a good control group in genetic association studies. Patient samples would not have the same
level of population structure, which would likely cause false positive signal mimicking disease association.

An example of cryptic population stratification confounding a genome-wide association study comes
from a study of autism [222, [141]. The SNP most significantly associated with the disease was rs4307059.
The ancestral allele T was identified as risk variant, with allele frequencies of 0.65 among cases and 0.61
among controls (odds ratio 1.19, p-value 3.4 x 10~®). However, the frequency of risk variant varies from
0.21 to 0.77 across European populations [38]] which is 14-fold more than the difference between cases and
controls. The difference in allele frequencies attributed to autism phenotype could thus be explained by
subtle difference in the ancestries within Europe. Strikingly, the frequency of the T allele is 1 in the African
population. A subsequent analysis did not replicate the association between rs4307059 and autism [224]], it
has even found the opposite trend, with the minor allele being more frequent among affected persons.

Another example comes from a sample of Native Americans tribes, Pima and Papago, in which there
is an association between a Gm haplotype and type 2 diabetes [[103]]. One might conclude that the absence
of this haplotype is a causal risk factor for the disease. However, this haplotype is a marker for European
admixture, more often present in the controls, and it does not play a role in type 2 diabetes susceptibility.

Perfect ancestral matching of cases and controls almost never happen. As a resolution to the issue,
replication studies are generally suggested. An alternative strategy to address this problem is using family
designs to compare genotypes of cases to their healthy relatives.

Methods correcting for population stratification in association studies have been developed (reviewed in
[215]), however with a focus on common variants (MAF > 5%). Several studies have shown that population
stratification is a confounding factor in rare association studies too and more difficult to account for [214,
138,110,195, 1121, [1535]]. For instance, Babron et al [10]] showed that applying PCA-based correction method
calculated on variants in low frequency category performed poorly. Persyn et al. [164] studied through
simulation the impact of fine-scale population structure on rare variant association tests. The PCA-based
correction did not totally reduce the inflation of p-values in the presence of very fine structure as seen for
example in two close French regions. Adjusting for potential bias must thus be done carefully and there
is a need of new methodological developments devoted specifically to rare variant stratification issues in
association tests.

On the other hand, studies of population structure may reveal a population isolate that has undergone a
bottleneck as we suspect in the case of Mauges region. Such populations have several characteristics that
are interesting to a geneticist. Because of reduced genetic diversity due to increased genetic drift, popula-
tion isolates often show a non-concordant profile of allele frequencies with other non-isolated populations
[8, [73]. Some deleterious alleles that are rare in the parent population may drift to higher frequency in
the isolate, which empowers the identification of these variants with smaller sample sizes [73]. An asso-
ciation study in an isolate can often be motivated by a suspected higher prevalence of a trait or disease in
that particular population. Furthermore, population isolates often demonstrate environmental and cultural
homogeneity, resulting in a lack of phenotypic variability which is potentially advantageous for an asso-
ciation study [73]]. Iceland is an example of an isolate which has an extensive genealogical and disease
history database that contributed to identification of low- and rare-frequency variants associated with sick
sinus syndrome [87]], gout [205], Alzheimer’s disease [97] and prostate cancer [69]]. Perhaps the most well-
known examples of risk variants found in population isolate are the BRCA1 and BRCA2 mutations which
occur at high frequency in the Ashkenazi Jewish population and are associated with risk for breast and
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ovarian cancer [116]. Sometimes identified variants are private to a population, for instance a rare variant
in LDLR gene (MAF=0.5%) associated with LDL-cholesterol and specific to Sardinia [187]. Also non-
isolated populations, but displaying high levels of population structure, likely present high occurrence of
rare alleles [78] and may be thus appropriate for gene mapping. It is the case with lactase persistence allele
and variants in CFTR gene in Brittany and we predict more instances of increased frequency of possibly
pathogenic alleles will tend to happen in areas such as the South-West of France, the Peninsula of Brittany

or Mauges.
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Figure A.2 — Profiles of coancestry-based PC7-PC12 on the map of Western France. Coordinates of indi-
viduals correspond to their grandparents’ birthplaces.



Population structure of modern-day Italians
reveals patterns of ancient and archaic
ancestries in Southern Europe

In addition to two articles as a first (co-) author, I contributed to publication Raveane et al. [178]], which
is contained in this appendix. I provided pairwise Fs values among clusters in France (from SU.VIL.MAX
dataset).
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One sentence summary. Ancient and historical admixture events shaped the genetic structure of
modern-day lItalians, the ancestry profile of Southern European populations and the continental
distribution of Neanderthal legacy.

Abstract

European populations display low genetic diversity as the result of long term blending of the small
number of ancient founding ancestries. However it is still unclear how the combination of ancient
ancestries related to early European foragers, Neolithic farmers and Bronze Age nomadic
pastoralists can fully explain genetic variation across Europe. Populations in natural crossroads like
the Italian peninsula are expected to recapitulate the overall continental diversity, but to date have
been systematically understudied. Here we characterised the ancestry profiles of modern-day Italian
populations using a genome-wide dataset representative of modern and ancient samples from across
Italy, Europe and the rest of the world. Italian genomes captured several ancient signatures,

including a non-steppe related substantial ancestry contribution ultimately from the Caucasus.
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Differences in ancestry composition as the result of migration and admixture generated in Italy the
largest degree of population structure detected so far in the continent and shaped the amount of

Neanderthal DNA present in modern-day populations.

Introduction
Our understanding of the events that shaped European genetic variation has been redefined by the

availability of ancient DNA (aDNA). In particular, it has emerged that, in addition to the
contributions of early hunter-gatherer populations, major genetic components can be traced back to
Neolithic (1-4) and Bronze Age expansions (3, 5).

The arrival of farming in Europe from Anatolia led to a partial replacement via admixture of
autochthonous and geographically structured hunter-gatherers, a process that generated individuals
genetically close to present-day Sardinians (2, 4, 6, 7). During the Bronze Age the dispersal of a
population related to the pastoralist nomadic Yamnaya from the Pontic-Caspian steppe area
dramatically impacted the genetic landscape of the continent, particularly of Northern and Central
Europe (3, 5, 8). This migration, supported by archaeological and genetic data, has also been
putatively linked to the spread of the Indo-European languages in Europe and the introduction of
several technological innovations in peninsular Eurasia (9). Genetically, ancient steppe populations
have been described as a combination of Eastern and Caucasus Hunter Gatherer/Iran Neolithic
ancestries (EHG and CHG/IN) (6), whose genetic signatures in the population of Central and
Northern Europe were introduced via admixture. However, the analysis of aDNA from Southern
East Europe identified the existence of additional contributions ultimately from the Caucasus (10,
11) and suggested a more complex ancient ancestry composition for Europeans (6).

The geographic location of Italy, enclosed between continental Europe and the Mediterranean
Sea, makes the Italian people relevant for the investigation of continent-wide demographic events,
to complement and enrich the information provided by aDNA studies. In order to characterise the

ancestry profile of modern-day populations and test the validity of the three-ancestries model
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across Europe (related to early European foragers, Neolithic farmers and Bronze Age nomadic
pastoralists), we characterised the genetic variability of present-day Italians and other Europeans
in terms of their ancient ancestry composition as the result of migration and admixture. In doing
so, we assembled and analyzed a comprehensive genome-wide SNP dataset composed by 1,616
individuals from all the 20 Italian administrative regions and more than 140 worldwide reference
populations, for a total of 5,192 modern-day samples (fig. S1, table S1), to which we added

genomic data available for ancient individuals (data file S1).
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Results

Distinctive genetic structure in Italy

We initially investigated patterns of genetic differentiation in Italy and surrounding regions by
exploring the information embedded in SNP-based haplotypes of modern samples (Full Modern
Dataset, FMD, including 218,725 SNPs). The phased genome-wide dataset was analysed using the
CHROMOPAINTER (CP) and fineSTRUCTURE (fS) pipeline (12, 13) (Supplementary materials)
to generate a tree of groups of individuals with similar “copying vectors” (clusters, Fig. 1A). The
fraction of pairs of individuals placed in the same cluster across multiple runs was on average 0.95
for Italian clusters and 0.96 across the whole set of clusters (see Materials and Methods,
Supplementary materials). Related non-European clusters were merged into larger groups in
subsequent analyses (see Materials and Methods, Supplementary materials).

Italian clusters separated into three main groups: Sardinia, Northern (North/Central-North Italy)
and Southern Italy (South/Central-South Italy and Sicily); the former two were close to populations
originally from Western Europe, while the latter was in proximity of Middle East groups (Fig. 1A,
fig. S2, data file S2). The cluster-composition of the administrative regions of Italy provided further
evidence for geographic structuring (Fig. 1B) with the separation between Northern and Southern
areas being shifted North along the peninsula; the affinity to Western and Middle Eastern
populations was also evident in the haplotype-based PCA (Fig. 1C), allele frequency PCA (fig. S3)
and the ADMIXTURE analysis (fig. S4).

These observations were replicated using a subset of the dataset genotyped for a larger number of
SNPs (High Density Dataset, HDD, including 591,217 SNPs; see Materials and Methods,
Supplementary materials, Fig. 1B, table S1). Recent migrants and admixed individuals, as identified
on the basis of their copying vectors (fig. S5, fig. S6, table S2), were removed in subsequent CP/fS

analyses (see Supplementary materials).
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We explored the degree of within-country differentiation by comparing the distribution of Fst
values among fS genetic clusters in Italy with the ones in several European countries (13-16) and
across the whole of Europe. Clusters within Italy were significantly more different from each other
than within any other country here included (median Italy: 0.004, data file S3; range medians for
listed countries 0.0001-0.002) and showed differences comparable with estimates across European
clusters (median European clusters: 0.004, Fig. 1D, see Materials and Methods, Supplementary
materials). The analysis of the migration surfaces (EEMS) (17) highlighted several barriers to gene
flow within and around Italy but also suggested the existence of migration corridors in the southern
part of the Adriatic and lonian Sea, and between Sardinia, Corsica and continental Italy (Fig. 1E;
fig. S7) (11).

Multiple ancient ancestries in Italian clusters

We investigated the ancestry composition of modern clusters by testing different combination of
ancient samples using the CP/NNLS pipeline, a previously implemented analysis that reconstructs
the profiles of modern populations as the combination of the “painted” profiles of different ancient
samples by using a “mixture fit” approach based on a non-negative least square algorithm (NNLS)
(13, 18, 19). We applied this approach to ancient samples using the unlinked mode implemented in
CP, similarly to other routinely performed analyses based on unlinked markers or allele frequency,
such as gpAdm and ADMIXTURE. In addition, data from modern individuals (FMD) were
harnessed as donor populations (see Materials and Methods, Supplementary materials). Following
Lazaridis et. al 2017 (10), we performed two separate CP/NNLS analyses, “Ultimate” and
“Proximate”, referring to the least and the most recent putative sources, respectively (Fig. 2, fig.
S8, fig. S9). In the Ultimate analysis, all the Italian clusters were characterised by relatively high
amounts of Anatolian Neolithic (AN), ranging between 56% (Sltalyl) and 72% (Nltaly4),
distributed along a North-South cline (Spearman p = 0.52, p-value < 0.05; Fig. 2A-C, fig. S8A),

with Sardinians showing values above 80%. A closer affinity of Northern Italian than Southern
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Italian clusters to AN was also supported by D-statistics (fig. S10). The remaining ancestry was
mainly assigned to WHG (Western Hunter-Gatherer), CHG and EHG. In particular, the first two
components were more present in populations from the South (higher estimates in Sltalyl ~13%
and Sltaly3 ~ 24% for WHG and CHG respectively), while the latter was more common in Northern
clusters (NItaly6 = 15%). These observations suggest the existence of different secondary sources
contributions to the two edges of the peninsulas, with the North affected more by EHG-related
populations and the South affected more by CHG-related groups. Iran Neolithic (IN) ancestry was
detected in Europe only in Southern Italy.

North-South differences across Italy were also detected in the Proximate analysis. When Proximate
sources were evaluated, SBA contribution ranged between 33% in the North and 6% in the South
of Italy, while ABA (Anatolia Bronze Age) showed an opposite distribution (Fig. 2D-F, fig. S9), in
line with the results based on the D statistics (fig. S10, fig. S11), and mirroring the EHG and CHG
patterns, respectively. Contrary to previous reports, the occurrence of CHG as detected by the
CP/NNLS analysis did not mirror the presence of Steppe Bronze Age (SBA), with several
populations testing positive for the latter but not for the former ((6), Fig. 2, fig. S8). We therefore
speculate that our approach might in general underestimate the presence of CHG across the
continent; however, we note that even considering this scenario, the excess of Caucasus related
ancestry detected in the South of the European continent, and in Southern Italy in particular, is
striking and unexplained by currently proposed models for the peopling of the continent.
Interestingly, clusters belonging to the North had more EEN (European Early Neolithic) than
Southern ones, which in turn were composed by an higher fraction of ABA, although the high AN-
related component in both these ancient groups might have affected the exact source identification.
The relevance of ABA in Italy was additionally supported by the reduced fit of the NNLS (sum of
the squared residuals; Materials and Methods, Supplementary materials) when the Proximate

analysis was run excluding ABA. Results were similar to the full Proximate analysis for most of
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the European clusters, but not for Southern European groups, where the residuals were almost up
to twice as much when ABA was not included as a source (Fig. 2G). A similar behaviour, but for
Northern Italian and most of the European clusters, was observed when SBA was removed from
the panel of Proximate sources (Fig. 2H). The closer affinity of the Southern Italian clusters to ABA
was also highlighted by the PCA and ADMIXTURE analysis on ancient and modern samples (Fig.
21, fig. S12, fig. S13, fig. S14) and significantly higher ABA ancestry in Southern than Northern
Italy, as estimated by NNLS analysis (Fig. 2D, Student's t-Test p-value < 0.05, Supplementary
materials). We also noted that in the Balkan peninsula signatures related to ABA were present but
less evident than in Southern Italy across modern-day populations, possibly masked by historical
contributions from Central Europe (20, 21) (Fig. 2, Fig. 3, fig. S8B). Overall, SBA and ABA appear
to have very different distribution patterns in Europe: continent-wide the former, more localised (in
the South) the latter. Similar results were obtained when other Southern European ancient sources
replaced ABA in the Proximate analysis (fig. S9, Materials and Methods, Supplementary materials).
These results were confirmed by gpAdm analysis. When two sources were evaluated, a large AN
contribution was supported only in one cluster (Sltaly2), while the vast majority of supported
models included ABA, Minoan or Mycenaean and one of the hunter-gatherer groups or SBA (table
S3, table S4). When three possible sources were allowed, AN was supported for all the Southern
Italian clusters, mostly in association with EHG/WHG/SBA and CHG/IN. Nevertheless, all the
analysed clusters, could be modelled as a combination of ABA, SBA and European Middle-
Neolithic/Chalcolithic, their contributions mirroring the pattern observed in the CP/NNLS analysis
(fig. S15, table S3, table S4). North African contributions, ranging between 3.8% (SCltalyl) to
14.5% (Sltalyl) became evident when combinations of five sources were tested. Sardinian clusters
were consistently modeled as AN+WHG+CHG/IN across runs, with the inclusion of North Africa
and SBA when different number of sources were considered. The gpAdm analyses of Italian HDD

clusters generated similar results (Materials and Methods, Supplementary materials, table S4). In
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order to obtain insights about the relationship between ancient and modern groups, we performed
the same gpAdm analysis on post-Neolithic/Bronze Age Italian individuals (fig. S15, table S5).
Iceman and Remedello, the oldest Italian samples here included (3,400-2,800 BCE, Before Current
Era), were composed by high proportions of AN (74 and 85%, respectively). The Bell Beaker
samples of Northern Italy (2,200-1,930 BCE) were modelled as ABA and AN + SBA and WHG,
although ABA was characterised by large standard errors but the detection of Steppe ancestry, at
14%, was more robust. On the other hand Bell Beaker samples from Sicily (2,500-1,900 BCE) were
modelled almost exclusively as ABA, with less than 5% SBA. Despite the fact that the small
number of SNPs and prehistoric individuals tested prevents the formulation of conclusive results,
differences in the occurrence of AN ancestry, and possibly also Bronze Age related contributions,
are suggested to be present between ancient samples from North and South Italy. Differences across
ancient Italian samples were also supported by their projections on the PCA of modern-day data
(Fig. 21). Remedello and Iceman clustered with European Early Neolithic samples, together with
one of the three Bell Beaker individuals from North Italy, as previously reported (22), and modern-
day Sardinians. The other two Bronze Age North Italian samples clustered with modern North
Italians, while the Bell Beaker sample from Sicily was projected in between European Early
Neolithic, Bronze Age Southern European and modern-day Italian samples (Fig. 21).

Historical admixture

In order to investigate the role of historical admixture events in shaping the modern distribution of
ancient ancestries, we generated the admixture profiles of Italian and European populations using
GLOBETROTTER (GT, (21)) (Fig. 3, fig. S16, table S6, table S7).

We discussed here the results based on the full modern dataset (FMD) as it provided a wider
coverage at population level.

We run the analysis excluding the Italians as donors in order to reduce copying between highly

similar groups (GT “noltaly” analysis; Fig. 3). The events detected in Italy occurred mostly between
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1,000 and 2,000 years ago (ya), and extended to 2,500ya in the rest of Europe (Fig. 3A and fig.
S16). Clusters from Caucasus and North-West Europe were identified all across Italy as best-
proxies for the admixing sources, while Middle Eastern and African clusters were identified as best
proxies only in Southern Italian clusters and Sardinia (Fig. 3B, C). We noted that when we extended
the search for the best-proxies to include also Italian clusters, these were as good as or better proxies
than clusters from the Caucasus and the Middle East. On the other hand, North-West European and
African clusters were usually still better proxies than groups from any other area (Fig. 3B, C).
Notably, Eastern and Middle Eastern clusters were not detected as best proxies when we run the
GT analysis including all clusters as donors, contrary to African, European and Italian groups
(“GTall” analysis; table S6). Overall these results supported a scenario in which gene flow mostly
occurred between resident Italian sources and non-Italian sources. SBA and ABA ancestries were
detected in Italian and non-Italian best-proxies (Fig. 2D, Fig. 3, table S6, table S7), which suggests
that part of these ancestries arrived from outside Italy in historical times, but also that these
components were already present in Italian groups at the time of these admixture events. Episodes
of gene flow were also detected in Sardinia, combining signals from both the African continent and
North West Europe. MALDER results for the more recent episodes replicated the admixture pattern
identified by GT (fig. S16, table S8).

The Neanderthal legacy across Italy and Europe

The variation in ancestry composition reported across Italy and Europe is expected to influence
other aspects of the genetic profiles of European populations, including the presence of archaic
genetic material (6). We investigated the degree of Neanderthal ancestry in Italian and other
Eurasian populations by focusing on SNPs tagging Neanderthal introgressed regions (23, 24). SNPs
were pruned for LD and a final set of 3,969 SNPs was used to estimate the number of Neanderthal
alleles in samples genotyped for the Infinium Omni2.5-8 Illumina beadchip. Asian and Northern

European populations had significantly more Neanderthal alleles than European and Southern
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European groups respectively, as previously reported (25-28), with significant differences also
highlighted within Italy (Fig. 4A, B). Contributions from African groups possibly influenced these
patterns, particularly in Southern European populations (20) (Fig. 2, Fig. 3). However differences
within Europe and Italy were still present once individuals belonging to clusters with African
contributions were removed (fig. S17, see Materials and Methods, Supplementary methods).
Ancient samples have been reported to differ in the amount of Neanderthal DNA due to variation
in the presence of a so-called “Basal Eurasian” lineage, stemming from non-Africans before the
separation of Eurasian groups and harbouring only a negligible fraction of Neanderthal ancestry
(6). Consistent with this (6), we found the estimated amounts of Basal Eurasian and Neanderthal to
be negatively correlated across modern day European clusters (Fig. 4C, fig. S18, fig. S19),
irrespective of the removal of all the clusters admixed with African sources (see Materials and
Methods, Supplementary materials; fig. S17).

The variation in Neanderthal ancestry was also reflected at specific loci. A total of 144 SNPs were
identified among the Neanderthal-tag SNPs showing the largest differences in allelic frequency in
genome-wide comparisons across Eurasian and African populations (see Materials and Methods,
Supplementary materials - Neanderthal-Tag SNPs within the Top 1% of the genome-wide
distributions of each of the 55 pairwise population comparisons - NTT SNPs; fig. S20). The top 1%
of each distribution was significantly depleted in Neanderthal SNPs (see Materials and Methods,
Supplementary materials, table S9), in agreement with a scenario of Neanderthal mildly deleterious
variants being removed more efficiently in human populations (29-31).

The 50 genes containing NTT SNPs were enriched for phenotypes related to facial morphology,
body size, metabolism and muscular diseases (see Materials and Methods, Supplementary
materials, data file S4). A total of 34 NTT SNPs were found to have at least one known phenotypic
association (32, 33) (data file S4). Among these, we found Neanderthal alleles associated with

increased gene expression in testis and in skin after sun exposure (SNPs within the IP6K3 and
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ITPR3 genes), susceptibility to cardiovascular and renal conditions (AGTR1), and Brittle cornea
syndrome (PRDMb) (24). NTT SNPs between European and Asian/African populations included
previously reported variants in BNC2 and SPATA18 genes (23, 34, 35) (see Materials and Methods,
Supplementary materials, Fig. 4D), while 80 NTT SNPs were involved in at least one comparison
between Northern (CEU, GBR and FIN) and Southern European populations (IBS and Italian
groups). Among these SNPs, three mapped to the Neanderthal introgressed haplotype hosting the
PLA2R1 gene, the archaic allele at these positions reaching frequencies of at least 43% in Northern
European and at most of 35% in Southern European populations (Fig. 4E, F). Ten SNPs showed an
opposite frequency gradient: seven mapped to one Neanderthal introgressed region spanning the
OR51F1, OR51F2 and OR52R1 genes (Fig. 4E, F), and the other three identified regions hosting
the AKAP13 gene, within one of the high frequency European Neanderthal introgressed haplotypes
recently reported (36) (Fig. 4E, F).

Discussion

The pattern of variation reported across Italian groups appears geographically structured in three
main regions: Southern and Northern Italy and Sardinia. The North-South division in particular
appeared as shaped by the distribution of Bronze Age ancestries with signatures of different
continental hunter-gatherer groups. The results of the analyses of both modern and ancient data
suggest that ancestries related to Caucasus and Eastern hunter-gatherers were possibly initially
brought in Italy by at least two different contributions from the East. Of these, one is the well-
characterised SBA signature ultimately associated with the nomadic groups from the Pontic-
Caspian steppes. This component entered Italy from mainland Europe and was present in the
peninsula in the Bronze Age, as suggested by its presence in Bell Beaker samples from North Italy
(table S5). SBA ancestry continued to arrive from the continent up until historical times (Fig. 3).
The other contribution is ultimately associated with CHG ancestry and affected predominantly the

South of Italy, where it now represents a substantial component of the ancestry profile of local
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populations. This signature is still uncharacterised in terms of precise dates and origin; however
such ancestry was possibly already present during the Bronze Age in Southern Italy (table S5) and
was further supplemented by historical events (Fig. 3).

The very low presence of CHG signatures in Sardinia and in older Italian samples (Remedello and
Iceman) but the occurrence in modern-day Southern Italians might be explained by different
scenarios, not mutually exclusive: 1) population structure among early foraging groups across Italy,
reflecting different affinities to CHG; 2) the presence in Italy of different Neolithic contributions,
characterised by different proportion of CHG-related ancestry; 3) the combination of a post-
Neolithic, prehistoric CHG-enriched contribution with a previous AN-related Neolithic layer; 4) A
substantial historical contribution from Southern East Europe across the whole of Southern Italy.
No substantial structure has been highlighted so far in pre-Neolithic Italian samples (8). An arrival
of the CHG-related component in Southern Italy from the Southern part of the Balkan Peninsula is
compatible with the identification of genetic corridors linking the two regions (Figure 1E, (11)) and
the presence of Southern European ancient signatures in Italy (Figure 2). The temporal appearance
of CHG signatures in Anatolia and Southern East Europe in the Late Neolithic/Bronze Age suggests
its relevance for post-Neolithic contributions (37). Additional analyses of aDNA samples from
around this time in Italy are expected to clarify what scenario might be best supported.

Historical events possibly involving continental groups at the end of Roman Empire and African
contributions following the establishment of Arab kingdoms in Europe around 1,000 ya (20, 21,
38-40) played a role in further shaping the ancestry profiles of the Italian populations.

Despite Sardinia was confirmed as being the most closely related population to Early European
Neolithic farmers (Figure 2D, 1), there is no evidence for a simple genetic continuity between the
two groups. Sardinia, and the rest of Italy, experienced in fact historical episodes of gene-flow (4)
(Fig. 2, Fig. 3, table S3, table S4) that contributed to the further dispersal of ancient ancestries and

the introduction of other components, including African ones.
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It has been previously reported that variation in the effective population size might explain
differences in the amount of Neanderthal DNA detected in European and Asian populations (24,
27, 41). Additional Neanderthal introgression events in Asia and gene-flow from populations with
lower Neanderthal ancestry in Europe possibly provide further explanations for differences in
Neanderthal occurrence across populations (42). The spatial heterogeneity of Neanderthal legacy
within Europe here reported appears as the result of ancient and historical events which brought
together in different combinations groups harbouring different amounts of Neanderthal genetic
material. While these events have shaped the overall continental distribution of Neanderthal DNA,
locus-specific differences in the occurrence of Neanderthal alleles are also expected to reflect
selective pressures acting on these variants since their introgression in the populations (30, 31).
The variation in ancestry composition detected across Italy extends to neighbour regions and
appears to combine historical contributions and ancient stratification. The differences between
Northern and Southern Italian populations are possibly reflecting long-term differential links with
Central and Southern Europe respectively, with additional contributions from the African continent
for the Southern part of Italy and Sardinia.

The multifaceted admixture profile here sketched provides an interpretative framework for the
processes that have shaped Southern European genetic variation. The inclusion of ancient samples
spanning diachronic and geographic transects from the Italian peninsula and nearby regions will
help in clearing up further questions about the temporal and spatial dynamics of these processes.

Materials and Methods

Analysis of modern samples
Dataset. Two hundred and twenty-four samples are here present for the first time. Of these, 167

Italians and 6 Albanians were specifically selected and sequenced for this project with two versions
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(1.2 and 1.3) of the Infinium Omni2.5-8 Illumina beadchip, while 57 additional Italians and
Europeans were previously sequenced with lllumina 660W and are presented here for the first time
(Supplementary materials, table S1). Two separate world-wide datasets were prepared. The Full
Modern Dataset (FMD) included 4,852 samples (1,589 Italians) and 218,725 SNPs genotyped with
Illumina arrays; the High Density Dataset (HDD) contained 1,651 samples (524 Italians) and
591,217 SNPs genotyped with the Illumina Omni array (Supplementary materials).

The merging, the removal of ambiguous C/G and A/T and triallelic markers, the exclusion of related
individuals and the discarding of SNPs in linkage disequilibrium (LD) were performed using
PLINK1.9 (43, 44). Only autosomal markers were considered.

Haplotype analysis (CHROMOPAINTER, CP, and fineSTRUCTURE, fs). Phased haplotypes
were generated using SHAPEIT(45) and applying the HapMap b37 genetic map.

CP was employed to generate a matrix of recipient individuals “painted” as a combination of donor
samples (copying vector). Three runs of CP were done for each dataset generating three different
outputs: (i) a matrix of all the individuals “painted” as a combination of all the individuals, for
cluster identification and GT analysis; (ii) a matrix of all Italians as a combination of all Italians,
for Fst analysis; (iii) a matrix of all the samples as a combination of all the other samples but
excluding Italians, for “local” GT analysis.

Clusters were inferred using fineSTRUCTURE (fS). After an initial search based on the “greedy”
mode, the dendrogram was processed by visual inspection (18, 20) according to the geographical
origin of the samples. The robustness of the cluster was obtained by processing the MCMC pairwise
coincidence matrix (Supplementary materials).

Cluster Self-Copy Analysis. Recently admixed individuals were identified as those copying from
members of the cluster they belong less than the amount of cluster self-copying for samples with

all the four grandparents from the same geographic region (Supplementary materials).
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Principal Component Analysis (PCA). PCA was performed on CP chunkcount matrix
(Supplementary materials) and was generated using the prcomp() function on R software (46).
Allele frequencies PCA was performed using smartpca implemented in the EIGENSOFT (47) after
pruning the datasets for LD.

Characterization of the migration landscape (EEMS analysis). Estimated Effective Migration
Surfaces analysis (EEMS) (17) was performed estimating the average pairwise distances between
population using bed2diffs tool and the resulting output was visualised by using the Reems package
.

ADMIXTURE analysis. ADMIXTUREZ1.3.0 software (48) was used performing 10 different runs
using a random seed. The results were combined with CLUMPP (49) using the largeKGreedy
algorithm and random input orders with 10,000 repeats. Distruct implemented in CLUMPAK (50,
51) was then used to identify the best alignment of CLUMPP results. Results were processed using
R statistical software (46) .

Fst estimates among clusters. Pairwise Fst estimates among newly generated Italian clusters and
among originally generated European clusters (Supplementary materials) were inferred using
smartpca software implemented in the EINGESOFT package (47). Comparisons between the Fst
distributions were performed using a Wilcoxon rank sum test in R programming language
environment.

The time and the sources of admixture events (GT analysis and MALDER analysis). Times of
haplotype-dense data admixture events were investigated using GLOBETROTTERvV2 software. GT
was employed using two approaches: complete and non-local (referred as “noltalian”,
Supplementary materials), in default modality (13, 20, 52). The difference between the two
approaches was the inclusion or the exclusion respectively of all the Italian clusters as donors in
the CP matrix used as input file. To improve the precision of the admixture signals, “null.ind 1”

parameter was set (52). Unclear signals were corrected using the default parameters and a total of
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100 bootstraps were performed. MALDER uses allele frequencies to dissect the time of admixture
signals. The best amplitude was identified and used to calculate a Z-score (Supplementary
materials). A Z-score equal or lower than 2 identifies not significantly different amplitude curves
(53, 54) (Supplementary materials).

Sources for both GT and MALDER were grouped in different ancestries as indicated in the legend
of Fig. 3, fig. S16.

The expression (1950 — (g +1)* 29), where g is the number of generation, was used to convert into
years the GT and MALDER results, negative numbers were preceded by BCE (Before Current Era)

letters.

Analyses including ancient samples

Dataset. In order to explore the extent to which the European and Italian genetic variation has been
shaped by ancient demographic events, we merged modern samples from FMD with 63 ancient
samples selected from recent studies (6, 7, 10, 22, 37, 55-57) (data file S1).

Principal Component Analysis (PCA). We performed two principal components analyses with
the EIGENSOFT (47) smartpca software and the “Isgproject” and “shrinkmode” option, projecting
the ancient samples on the components inferred from modern European, West Asian and Caucasian
individuals and, then, only on modern European clusters. In order to evaluate the potential impact
of DNA damage in calling variants from aDNA samples, we repeated the PCA with the 63 ancient
samples and modern European, Caucasian and West Asian samples by removing transition
polymorphisms and recorded significant correlations for the localisation of ancient samples along
PC1 and PC2 (r > 0.99, p-value < 0.05).

ADMIXTURE analysis. We projected the ancient samples on the previously inferred ancestral

allele frequencies from 10 ADMIXTURE (48) runs on modern samples (see “Analysis of modern
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samples” section and Supplementary materials). We used CLUMPP(49) for merging the resulting
matrices and distruct (51) for the visualization.

D-STATISTICS. We tested for admixture using the D-statistics as implemented in the gpDstat tool
in the software ADMIXTOOLS v4.2 (58). We performed the D-statistic analyses evaluating the
relationship of Italian cluster with AN, ABA and SBA. In details, we performed the the D-statistics
D(Ital,Ita2, AN/ABA/SBA,Mbuti) where Ital and Ita2 are the different clusters composed mainly
by italian individuals as inferred by fineStructure.

CHROMOPAINTER (CP)/Non-Negative Least Squares (NNLS) analysis. We used an
approach based on the software CP (12, 59) and a slight adaptation of the non-negative least square
(NNLS) function (13, 18, 19) to estimate the proportions of the genetic contributions from ancient
population to our modern clusters. We run CP using the “unlinked” mode (55) and the same Ne and
0 parameters of the modern dataset and we painted both modern and ancient individuals, using only
modern samples as donors (55, 56). Then we “inverted” the output of CP by solving an
appropriately formulated NNLS problem, producing a painting of the modern clusters in terms of
the ancients. We applied this combined approach on different sets of ancient samples (Ultimate and
various combinations of Proximate sources).

The goodness of fit of the NNLS was measured evaluating the residuals of the NNLS analysis. In
details, we focused on the Proximate sources, and compared the sum of squared residuals when
ABA or SBA were included/excluded as putative sources.

gpAdm analysis. We used the ancestral reconstruction method gpAdm, which harnesses different
relationships of populations related to a set of outgroups (eg. f4[Target, O1, 02, 03]).

In details, for each tested cluster of the FMD and HDD, we have evaluated all the possible
combinations of N “left” sources with N={2..5}, and one set of right/left Outgroups (Supplementary

materials).

19



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

bioRxiv preprint first posted online Dec. 13, 2018; doi: http://dx.doi.org/10.1101/494898. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

For each of the tested combinations we used gpWave to evaluate if the set of chosen outgroups is
able to 1) discriminate the combinations of sources and Il) if the target may be explained by the
sources. We used a p-value threshold of 0.01. Finally, we used gpAdm to infer the admixture
proportions and reported it and the associated standard errors in Supplementary table S3 and table
S4. In addition, we performed the same analysis for Iceman, Remedello and Bell Beaker individuals

from Sicily and North Italy (table S5).

Archaic contribution

Dataset. We assembled an additional high density dataset by retaining only samples genotyped on
the Illumina Infinium Omni2.5-8 BeadChip from our larger modern dataset. In particular, we
included seven populations from the 1000 Genomes Project: the five European populations
(Northern European from Utah - CEU, England - GBR, Finland - FIN, Spain - IBS, Italy from
Tuscany - TSI), one from Asia (Han Chinese - CHB) and one from Africa (Yoruba from Nigeria -
YRI). We also retained 466 Italian samples, whose four grandparents were born in the same Italian
region. The Italian samples were broadly clustered according to their geographical origin into
Northern (ITN), Central (ITC), Southern (ITS) Italians and Sardinians (SAR), while TSI samples
from 1000 Genome Project formed a separate cluster (table S10).

From this dataset, we extracted 7,164 Neanderthal SNPs tagging Neanderthal introgressed regions
(24). In order to select which allele was inherited from Neanderthals, we chose the one from the
Altai Neanderthal (41) genome when it was homozygous and the minor allele in YRI when it was
heterozygous.

Number of Neanderthal alleles in present-day human populations. After pruning variants in
linkage disequilibrium, we counted the number of Neanderthal alleles considering all the tag-SNP

across all samples. Then, we compared the distribution of Neanderthal allele counts across
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populations with the two-sample Wilcoxon rank sum test. We repeated the same analyses after
removing outlier individuals.

Basal Eurasian ancestry and Neanderthal contribution. In order to infer the proportion of Basal
Eurasian present in European populations (6, 7), we used the f4 ratio implemented in the
ADMIXTOOLS package (58) in the form f4(Target, Loschbour, Ust Ishim, Kostenkil4)/
f4(Mbuti, Loschbour, Ust_Ishim, Kostenkil4). We repeated this approach to infer the Neanderthal
ancestry, in the form f4 (Mbuti, Chimp Target, Altai)/ f4(Mbuti, Chimp, Dinka, Altai) (fig. S18,
fig. S19). We then performed the same analyses by grouping the modern individuals according to
the CP/fS inferred clusters (“Analysis of modern samples™ section) and retained only clusters with

at least 10 samples (Fig. 4)

African ancestry and Neanderthal legacy. The impact of African contributions in shaping the
amount of Neanderthal occurrence was evaluated by exploring how the removal of the clusters
showing African gene-flow as detected by GT analysis (Fig. 3) and how individuals belonging to
these clusters affected the correlation between Basal Eurasian/Neanderthal estimates and the degree
of population differentiation in the amount of Neanderthal alleles, respectively (Supplementary

materials; fig. S17).

Comparison of Neanderthal allele frequencies across modern populations. We computed the
allele frequency differences for every SNPs for each of the possible pairs of the eleven populations
in our dataset, thus obtaining 55 distributions (Supplementary materials). Then, we selected the
NTT SNPs, i.e. the Neanderthal-Tag SNPs in the Top 1% of each distribution (data file S4).

The biological implications of Neanderthal introgression. Given the list of genes overlapping
the Neanderthal introgressed regions harbouring the NTT SNPs and the list of genes directly
harbouring the NTT SNPs, we performed different enrichment tests with the online tool EnrichR
(60, 61). Particularly, we searched for significant enrichments compared to the human genome

using the EnrichR collection of database, e.g. dbGaP (62, 63), Panther 2016 (64), HPO (65) and
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500 KEGG 2016 (66-68) (data file S4). We then investigated known direct associations between the
501  Neanderthal alleles of the NTT SNPs and phenotypes, by looking in the GWAS and PheWAS

502  catalogues (32, 33) and by applying the PheGenl tool (69) (Supplementary Data 5). We used the
503  circos representation as in Kanai et al. (70), to highlight different sets of NTT SNPs (Figure 4F).
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Fig. 1. Genetic structure of the Italian populations.

A) Simplified dendrogram of 3,057 Eurasian samples clustered by the fS algorithm using the CP output
(complete dendrogram in fig. S2A); each leaf represents a cluster of individuals with similar copying
vectors; clusters with more than five individuals are labelled in black; Italian clusters are colour coded;
grey labels ending with the D letter refer to clusters containing less than five individuals or individuals of
uncertain origin that have been removed in the following analyses. B) Pie charts summarizing the relative
proportions of inferred fS genetic clusters for all the 20 Italian administrative regions (colours as in A).
C) PCA based on CP chunkcount matrix (colours as in A); the centroid of the individuals belonging to
non-Italian clusters is identified by the label for each cluster. D) Between-clusters Fy estimates within
European groups; clusters were generated using only individuals belonging to the population analysed
(Materials and Methods, Supplementary materials); the number of genetic clusters analysed for each
population is reported within brackets; for the comparisons across Europe, the cluster NEuropel contain-
ing almost exclusively Finnish individuals was excluded (F estimates for Italian and European clusters
are in data file S3); F, distributions statistically different from the Italian set are in grey. E) Estimated
Effective Migration Surfaces (EEMS) analysis in Southern Europe; colours represent the log10 scale of
the effective migration rate, from low (red) to high (yellow).
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Fig. 2. Ancient ancestries in Western Eurasian modern-day clusters and Italian ancient samples.
A, D) CP/NNLS analysis on all Italian and European clusters using as donors different sets of ancient
samples and two modern clusters (NAfrical: North Africa, EAsia2: East Asia) (full results in fig. S8).
A) Ultimate sources: AN, Anatolian Neolithic (Bar8); WHG, Western Hunter Gatherer (Bichon); CHG,
Caucasus Hunter Gatherer (KK1); EHG, Eastern Hunter Gatherer (I0061); IN, Iranian Neolithic (WC1).
B) EHG and C) CHG ancestry contributions in Western Eurasia, as inferred in A and fig. S8A (Sup-
plementary materials). D) Same as in A, using Proximate sources: WHG, Western Hunter Gatherer
(Bichon); EEN, European Early Neolithic (Stuttgart); SBA, Bronze Age from Steppe (10231); ABA,
Bronze Age from Anatolia (I12683). E) SBA and F) ABA ancestry contributions, as inferred in D and fig.
S8B. Triangles refer to the location of ancient samples used as sources (see data file S1). G): ratio of the
residuals in the NNLS analysis (Materials and Methods, Supplementary materials) for all the Italian and
European clusters when ABA was excluded and included in the set of Proximate sources; H) as in G), but
excluding/including SBA instead of ABA; J) Ancient Italian and other selected ancient samples projected
on the components inferred from modern European individuals. Labels are placed at the centroid of the
individuals belonging to the indicated clusters.



bioRxiv preprint first posted online Dec. 13, 2018; doi: http://dx.doi.org/10.1101/494898. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

ONorthern Europe ~ @Southern ltaly HLevant-MiddleEast
EWestern Europe OSardinia ENorthern Africa
W Northern ltaly W Caucasus W SubSaharan Africa
A B C
Nltaly1 ; D : P e R
Nitaly2 - Q 0
Nitaly3 = . (
Nitaly4 - ¢ e
Nitaly5 Lol ‘ P O S (
Niye L deie i e
NCltalyl | o "3 <
NCltaly2 . O <
NCltaly3 - ° <
- e :
L e i tog i Ged
- @ | .
= e °
o+ Pl tdel T o
2820 1820 0 ‘B‘é‘)g 090 095 097 1 -09 092 095 097 1
Date of Admixture correlation 1¥'source  correlation 2™ source

Fig. 3. Admixture events inferred by GLOBETROTTER (GT).

A) Dates of the events inferred in the GT “noltaly” analysis on all the Italian clusters (els as in Fig. 1A and
data file S2; full results in fig. S16 and table S7; see Materials and Methods, Supplementary materials);
lines encompassed the 95% CI. GT events were distinguished in “one date” (black squares; 1D in table
S7) and “one date multiway” (white squares; 1IMW). B) Correlation values between copying vectors of
1% source(s) identified by GT and the best proxy in the noltaly analysis (circles) or the best proxy among
Italian clusters (diamonds). C) Same as in B, referring to 2™ source(s) copying vectors. Empty symbols
refer to additional 1** (B) and 2™ (C) sources detected in multiway events. African best proxies in (B)
for clusters Sltalyl and Sltaly2 were plotted on the 0.90 boundary for visualisation only, the correlation
values being 0.78 and 0.87 respectively. Colours of symbols refer to the ancestry to which proxies were
assigned (see Materials and Methods, Supplementary materials).
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Fig. 4. Neanderthal ancestry distribution in Eurasian populations.

A) Neanderthal allele counts in individuals from Eurasian populations, sorted by median values on 3,969
LD-pruned Neanderthal tag-SNPs. CEU, Utah Residents with Northern and Western European ances-
try; GBR, British in England and Scotland; FIN, Finnish in Finland; IBS, Iberian Population in Spain;
TSI, Tuscans from Italy; ITN, Italians from North Italy; ITC, Italians from Central Italy; ITS, Italians
from South Italy; SAR, Italians from Sardinia; CHB, Han Chinese. B) Matrix of significances based on
Wilcoxon rank sum test between pairs of populations including (lower triangular matrix) and removing
(upper) outliers (Materials and Methods, Supplementary materials; dark blue: adj p-value < 0.05; light
blue: adj p-value > 0.05). C) Correlation between Neanderthal ancestry proportions and the amount of
Basal Eurasian ancestry in European clusters (Materials and Methods, Supplementary materials). D, E)
Neanderthal allele frequency (AF) for selected SNPs within the indicated genes: D) high frequency alle-
les in Europe; E) North-South Europe divergent alleles. F) Comparisons between Northern European and
Italian populations (excluding Sardinia). Bars refer to comparison for reported pairs of populations; the
number of NTT SNPs is reported within bars. Each section of the circos represents a tested chromosome;
points refer to NTT SNPs. Colours, same as for bars; igr: intergenic region variant.



bioRxiv preprint first posted online Dec. 13, 2018; doi: http://dx.doi.org/10.1101/494898. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

Fig. S1. Geographic location of populations included in FMD and HDD.
A) European, North African and Western Eurasia samples; B) World-wide samples. Numbers as in table
S1.
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Fig. S2. fineSSTRUCTURE dendrogram of all the 4,852 (A, FMD) and 1,641 (B, HDD) samples.
Each tip of the dendrograms represents a group of individuals with similar copying vectors. The first
number of each tip label refers to the total number of individuals in the cluster. This value is followed
by “_” and the name of the three most representative geographically-assigned populations, each with its
number of samples. At the end, within brackets, the name given to the cluster. Thick lines in black refer
to the Italian clusters. The details of cluster assignation are reported in data file S2.
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Fig. S3. Allele frequency Principal Components Analysis (PCA) of modern samples (genotype-

based).
A) PCA of 3,057 modern samples included in Eurasian CP/fS inferred clusters; all the samples are la-

belled and coloured as in Fig. 1A. B) PCA of 2,469 modern European samples as displayed from the
dendrogram resulting from CP/fS (Fig. 1A).
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Fig. S4. Individual-level ADMIXTURE analysis of modern samples.

Samples are grouped according to the genetic clusters inferred by the CP/fS pipeline and named as in fig.
S2.
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Fig. S5. “Cluster self-copy” analysis.

Box plots refer to the distributions of the self-copying vectors for each cluster for samples with same
birthplace region for the four grandparents; coloured points refer to individual samples with other/no
information; outliers are indicated as white circles. Coloured points refer to: A) subjects with no in-
formation available on their place of birth (red); B) subjects with only their own birthplace information
(yellow); C) subjects with parents birthplace information (violet); D) subjects with “mixed” parental
ancestry (parents from different regions) (blue); E) same as in D), red crosses identify individuals with
parents born in different macro-areas (North and South Italy) indicated as suffix in each Italian population
(table S1), while green dots refer to samples with parents born in the same macro-area.
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Fig. S6. PCA with Admixed Italian individuals.

Individuals with parents known to be born in two different macro-areas (see Materials and Methods,
Supplementary materials - Cluster Self-Copy analysis) are plotted in red together with all the other Italian
individuals, these coloured according either to the clusters they belong to (A) or in grey (B). Macro-areas
are separated in Northern and Southern, where the central regions of Tuscany and Emilia are considered
as part of the Northern macroarea and Latium, Abruzzo, Marche and Sardinia were considered as part of
the Southern macro-area.
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Fig. S7. Results of the EEMS analysis on Italy-only populations.
A) Colours represent the log10 scale of the effective migration rate from low (red) to high (yellow).

Samples as reported in table S1. B) Physical map of Italy.
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Fig. S9. CP/NNLS results for emphProximate sources for all modern clusters using alternative SEE

sources.

Proximate sources analysis replacing ABA with alternative SEE sources: A) Minoan, MIN: B) Myce-

naean , MYC: C) Peloponnese Neolithic, PN. In all the analyses, WHG was included among the possible

sources (Supplementary Material).
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Fig. S10. D statistics in the form D(X,Y, AN,Mbuti) for all the possible pairs of Italian clusters.



bioRxiv preprint first posted online Dec. 13, 2018; doi: http://dx.doi.org/10.1101/494898. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

0.01 °
L ]
P
e
o S
(]
0.00 A
§
= o
3
< °®
> 0% *°
X °3 o0
a H o e
o. .. oj
:‘o
o‘.
L)
-0.01 e
o'..
[ ]
L]
$
L]
L]
-0.02 -0.01 0.00 0.01
D(X,Y,AN,Mbuti)
NCltaly_NCltaly Sardinia_Sardinia e SCltaly_Sltaly e Sltaly_NCltaly Sltaly_Sltaly
e NCltaly_Nitaly e SCiltaly_NCltaly e Sicily_NCltaly Sltaly_Nltaly
e NCltaly_Sardinia e SCitaly_Nitaly e Sicily_Nltaly o Sitaly_Sardinia
Nitaly_Nitaly e SCltaly_Sardinia e Sicily_Sardinia e Sitaly_SCitaly
e Nitaly_Sardinia e SCltaly_Sicily Sicily_Sicily e Siltaly_Sicily

Fig. S11. Comparison of AN and ABA affinity to Italian clusters using D-statistics. Scatter plot
of D(Ital, Ita2, AN, Mbuti) and D(Ital,Ita2, ABA ,Mbuti) for all the Italian clusters. Points for pairs
of clusters from the same (grey points) or closely related geographic location fall in proximity of the
grey line, reflecting a similar affinity to AN (x-axis) and ABA (y-axis). Comparisons of clusters from
Nltaly/Sardinia and Sltaly/Sicily fall above the grey line, reflecting a closer affinity of the latter to ABA.
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Fig. S12. Principal component analysis projecting 63 ancient individuals onto the components
inferred from modern individuals. A) Principal component analysis projecting 63 ancient individuals
onto the components inferred from 3,282 modern individuals assigned, through a CP/fS analysis, to
European West Asian and Caucasian clusters (data file S2). B) Principal component analysis projecting
63 ancient individuals onto the components inferred from 2,469 modern individuals assigned, through a
CP/AS analysis, to European clusters (data file S2). The labels are placed at the centroid of the macroarea.
The centroids are calculated by computing the means of the coordinates of individuals in modern clusters
within each macroarea.
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Fig. S13. ADMIXTURE analysis of 63 ancient samples.

Ancestral allele frequencies were inferred from ten different ADMIXTURE runs on 4,606 modern sam-
ples and projected onto the ancient samples. Each bar represents an individual grouped into ancient
groups (data file S1).
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Fig. S14. ADMIXTURE analysis of 63 ancient samples and 4,606 modern samples for K=15.

A-B) Results of the ADMIXTURE analysis as in fig. S4 and fig. S13 for K=15 including both modern
(A) and ancient samples (B). C) Box plots of the ten CV-errors of each K from 2 to 20. D) Detailed box
plots for the ten CV-errors for each K from 10 to 17.
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Fig. S15. Mixture proportions on modern Italian clusters inferred by gqpAdm as a combination of
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For each tested cluster, we have evaluated all the possible combinations of N “left” sources with N={2..5},
and one set of right/left Outgroups (Supplementary materials).
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Fig. S16. GT and MALDER analyses for all the Eurasian and North African clusters.

Dates of the events inferred by “noltaly” GT (squares) and MALDER (circles) for clusters as in Fig.
1A and data file S2 are reported in the central part of the plot; lines encompassed the 95% CI for GT
and +1 Standard Error for MALDER. GT events were distinguished in “one date” (black squares; 1D
in table S7), “one date multiway” (white squares; IMW) or “two events” (two black squares; 2D). The
best sources are indicated in a staggered way as circles and squares for MALDER and GT, respectively
(“1°4/2" event” columns, on the left; four sources are highlighted for IMW events). Colours refer to the
ancestry to which the sources were assigned (see Materials and Methods; Supplementary materials). We
additionally included a sub-Saharan African ancestry comprising CAfrica and EAfrica clusters (Fig. S2,
data file S2). GT sources for single date events are plotted in the column “2" event”, as overlapping
with second events detected by MALDER. The composition of the sources for GT and the geographical
regions of the sources in MALDER, for which no significant differences in the amplitude of the fitted
curve were found, are reported in the “1%//2" event” columns on the right. GT sources are divided by a
white space; the length of the bars indicates the contribution of each source; for IMW events, two bar
plots are indicated in the “1%/2" event” columns on the right.
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Fig. S17. Exploring the relationship between Neanderthal ancestry and admixture with African
sources.

Same as in Fig. 4A, B, C but removing either the individuals belonging to clusters where the GT analysis
identified signatures of African admixture (clusters Sltalyl, Sltaly2, Sicilyl, Sardinia2, NWEurope3,
WEuropel, WEurope3 and WEurope4, Figure 3 and fig. S16) or the whole set of the clusters listed
above (see Supplementary materials). Specifically: A) Neanderthal allele counts in individuals from
Eurasian populations, on 3,969 LD-pruned Neanderthal tag-SNPs; B) Matrix of significances based on
Wilcoxon rank sum test between pairs of populations including (lower triangular matrix) and removing
(upper) outliers (dark blue: adj p-value < 0.05; light blue: adj p-value > 0.05). C) Correlation between
Neanderthal ancestry proportions and the amount of Basal Eurasian ancestry in European clusters. D)
Same as C) but removing the cluster NEuropel (see Supplementary Materials). Clusters with less than
10 individuals were excluded in C and D.
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Fig. S18. Correlation between the proportion of Neanderthal allele sharing and the amount of
ancestry derived from a Basal Eurasian population in European populations.

A) Correlation considering FIN (Finnish in Finland) population. B) Correlation excluding FIN (Finnish
in Finland) population (see Materials and Methods, Supplementary materials).
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Fig. S19. Correlation between the proportions of Neanderthal allele sharing computed with F4-
ratio and the counts per population of Neanderthal alleles in European populations.

A) Correlation between the proportions of Neanderthal allele sharing computed with F4-ratio and the
means per population of Neanderthal allele counts. B) Correlation between the proportion of Neanderthal
allele sharing computed with F4-ratio and the medians per population of Neanderthal allele counts.
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Fig. S20. Absolute allele frequency differences (AXAF, where X is the minor allele for each SNP or
the Neanderthal allele when considering Neanderthal regions tag-SNPs) for each pair of European
populations.

We reported in grey the boxplot representing the total distributions of the variants, and in orange the
distribution of Neanderthal inherited variants. The red dots are the Neanderthal SNPs in the top 1% of
the distributions, as also reported in data file S4.



Glossary

admixture the result of interbreeding between two or more previously isolated populations within a
species. [13]
allele a variant form of a given gene.

ascertainment bias systematic deviations from an expected theoretical result attributable to the sam-
pling processes used to find (ascertain) SNPs and measure their population-specific allele frequen-

cies. 13l

effective population size the size that a theoretical population evolving under a Wright—Fisher model
would need to be in order to match aspects of the observed genetic data. [19]

gene flow the transfer of genetic variation from one population to another.

genetic drift random fluctuations in allele frequencies from one generation to the next due to the ran-
dom sampling of gametes. 13|

haplotype a group of genes within an organism that was inherited together from a single parent.

Hardy-Weinberg equilibrium a principle that states that allele and genotype frequencies in a pop-
ulation will remain constant from generation to generation in the absence of other evolutionary
influences.

homozygosity a genotype is homozygous if it has identical alleles. Contiguous lengths of homozygous
genotypes are called runs of homozygosity. Homozygosity by descent means that identical alleles
were descenced from a single source, as may occur in consanguineous mating.

linkage disequilibrium the nonindependence, at a population level, of the alleles carried at different
positions in the genome. [36]

locus a fixed position on a chromosome, like the position of a gene or a genetic marker.

single-nucleotide polymorphism a variation in a single nucleotide. For example, at a specific base
position in the genome, the C nucleotide may appear in most individuals, but in a minority of indi-
viduals, the position is occupied by an A.

total variation distance a distance measure for probability distributions. Informally, this is the largest
possible difference between the probabilities that the two probability distributions can assign to the
same event. [39]
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Acronyms

1000G 1000 Genomes Project.

AMH anatomically modern humans.

c¢M centiMorgans.

FS fineSTRUCTURE.

GWASs genome-wide association studies. [2§]

HBD homozygosity by descent.
HGDP Human Genome Diversity Project. [15]
HWE Hardy—Weinberg equilibrium. O1]

IBD identity-by-descent. 40|
kyr thousand years.

LD linkage disequilibrium. [31]
LGM Last Glacial Maximum.

MAF minor allele frequency. [91]
MCMC Markov chain Monte Carlo.
mtDNA mitochondrial DNA.

PCA principal component analysis. [31]
POPRES Population Refence Study. 31]

QC quality control. [§9

ROH runs of homozygosity. [87] [92]

SNP single nucleotide polymorphism. [31]
TVD total variation distance.

WGS whole genome sequencing.
WHG Western European hunters-gatherers.
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La structure génétique a fine échelle de population en France

Résumé

La structure génétique a fine échelle des populations
humaines est intéressante pour deux raisons
principales : 1) elle reflete des événements
historiques et démographiques, 2) elle informe la
recherche sur les études d’association de maladies.
Cette thése a pour objectif de procéder a une analyse
approfondie de la structure génétique de la population
de France métropolitaine dans un premier temps, en
de fagon plus détaillée de la population du nord-ouest
de la France, et de mettre en lumiere les événements
historiques, démographiques et culturels qui I'ont
faconnés, en tirant parti de trois jeux de données
(SU.VI.MAX/3C et PREGO).

Au niveau de la France, nous rapportons la corrélation
entre les données génétiques et les lieux de
naissance d’individus appartenant a deux cohortes
frangaises indépendantes (1 414 et 770 individus) et
identifions six groupes, concordants entre les jeux de
données. La deuxieme étude tire parti de la cohorte
PREGO, qui comprend 3 234 personnes ayant trois
générations d’ascendance liée a des régions
spécifiques du nord-ouest de la France. Je révéle une
structure a fine échelle a un niveau sans précédent
(154 sous-populations).historique de la France et des
explications potentielles de la prévalence de
différentes maladies dans cette région du nord-ouest.
Dans I'ensemble, mes travaux de thése indiquent des
niveaux substantiels de stratification de la population
dans une région géographiquement limitée,
probablement en raison de différents antécédents
démographiques dans la région.

Mots clés

génétique des populations, structure
démographique a échelle fine, histoire
démographique

Abstract

Fine-scale genetic structure in human populations is
interesting for two main reasons: 1), it reflects
historical and demographic events, 2) it informs
research on disease association studies.

This thesis aims to perform a thorough analysis of the
genetic structure of the population from continental
France, in particular Northwestern France, and shed
light on the historical, demographic and cultural events
that have shaped it, by taking advantage of three
genome-wide datasets (SU.VI.MAX/3C and PREGO)
At the country level we report the correlation between
genetic data and birthplaces of individuals in two
independent French cohorts (1,414 and 770
individuals in SU.VI.MAX and 3C, respectively) and
identify six clusters, concordant between datasets,
and may correspond to ancient political, cultural and
geographical borders. The second study takes
advantage of the PREGO cohort including 3,234
individuals with three generations of ancestry linked to
specific regions of Northwestern France and reveals
fine-scale structure at an unprecedented level (154
subpopulations). The resulting genetic clusters and
the characterisation of their effective population size
and ancestry proportions compared to other European
groups provide important and novel insights into the
historical peopling of France and potential
explanations for different disease prevalence within
this northwestern region.

Overall, my thesis work indicate substantial levels of
population stratification within a geographically limited
region likely caused by different demographic histories
across the region.

Key Words
Population genetics, fine-scale population
structure, demographic history
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