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1. INTRODUCTION

The evolution of American populations has been the subject of several multi-
disciplinary studies. Our knowledge regarding the formation of the genetic diver-
sity of the Americas is still incomplete, although genetic studies are constantly
adding new details on this topic. The development of new technologies, such as
Next Generation Sequencing (NGS), enormously increased the number of
worldwide genomic data, including those from the Americas. Moreover, these
technologies together with other technical improvements, lead to the possibility
of extracting and analysing DNA from ancient specimens, making “ancient
genomic” (aDNA) one of the many fundamental tools to understand our ancestor’s
past.

Although the Americas were the last continents to be reached by our sapiens
ancestors, the processes shaping their genetic variation have been extremely
complex, and their studies have been the topic of many genetic surveys for more
than three decades. In the beginning, uniparental systems dominated the popu-
lation genetics research of American populations. It started with mitochondrial
DNA (mtDNA) and soon included the Y chromosome (chrY) analysis. The latter
revealed that the two founding Native American chrY haplogroups (Hg) probably
were Hg C and Hg Q, accounting for about 5% and 75% of Native American
males, respectively. However, the resolution of these haplogroups did not
undergo substantial improvements until a few years ago.

The first publication included in this dissertation (Ref I) aims to investigate
from a male perspective the genetic history of the Americas through a fine dis-
section of the Pan-American haplogroup Q and to reconstruct a comprehensive
and detailed haplogroup Q phylogeography and that of its sub-lineages.

The uniparental systems could be considered as two loci that are used to
understand the female and male perspective of human history. They can describe
only two ancestors of the thousands involved in shaping the genetic legacy of
modern populations. The genomic representation of a more significant number of
ancestors is encrypted in the autosomal markers. Therefore, autosomal markers
are crucial to understanding the timing and the dynamics of population move-
ments in the Americas. Thanks to archaeological and genetic evidence, it is now
accepted that the first people arriving in North America came from Siberia,
passing through Beringia after late Glacial times. Initial settlements were followed
by widespread people movements that reached southern South America relatively
fast, as early as ~15 thousand years ago. Several recent studies have provided new
information about this subject, reconstructing the genomic history of indigenous
groups from different regions of the Americas, but the Isthmo-Colombian area is
still lacking.

Hence, the second publication of this thesis (Ref II) employed both ancient
and modern DNA data analysis to reconstruct the genomic history of the Isthmo-
Colombian area. It aims to define the genomic background of Panamanian indi-
genous populations to evaluate the intra-Isthmus variability and shed light on pre-
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Columbian Americans’ genomic history assessing the connection between the
Isthmo-Colombian area and the rest of the Americas.

Besides the first migrations, American populations result from several
admixture events since the colonial era and the Trans-Atlantic slave trade. More-
over, many waves of migration followed by local admixture occurred in the last
two centuries, the impact of which has been largely unexplored.

The third reference in this thesis (Ref III) explores how more recent migrations
shaped the genomic background of admixed American populations. In particular,
this study aims to reconstruct the fine-scale ancestry composition, estimate the
time of admixture, examine the demographic evolution of different continental
ancestries after the admixture and assess the extent and magnitude of sex-biased
gene-flow dynamics in admixed American populations.

13



2. LITERATURE OVERVIEW

This literature overview first gives a general background of the history of the
American continents from a multidisciplinary perspective. It then follows with a
genomic history of the American population to set the background for the more
specific questions addressed in the research work that constitute this thesis.

2.1. History of the Americas

The study of human migrations has been approached from many different
perspectives, exploiting the knowledge obtained from several disciplines. We
might say that is one of the subjects that need to be observed from many angles,
in order to be able to get a thorough understanding of it. Investigating people’s
movements and trying to assess what happened since the appearance of Humans
in Africa until the present has been a challenging voyage, of which only the main
stops have been uncovered. Although each continent and geographical area on
Earth has its history and everywhere, there are still topics that remain unclear or
unexplored the history of the Americas is perhaps the one that remains even
further from being fully unveiled.

2.1.1. The American continents before the arrival of the Europeans

2.1.1.1. The first peopling of the Americas
from a multidisciplinary perspective

To reconstruct the first peopling of the Americas, scientists from many different
disciplines have investigated different pieces of evidence with four main questions:
who were the first Americans? Where did they come from? When did they arrive,
and how? And what routes did they follow?

Nowadays, thanks to archaecology and genetics, it is widely accepted that the
first people arriving in North America came from Siberia, passing through Beringia
sometime between ~17.5 and ~14.6 kilo years ago (kya) (Waters 2019). Although
very recent works show that there are archaeological and undirected genetics
evidence of human presence down to Mexico around the Last Glacial Maximum
(LGM, ~26-18 kya) (Ardelean et al. 2020; Becerra-Valdivia and Higham 2020)
and thus this would suggest that the first entrance into the American continents
occurred as early as 33-31 kya, further studies are needed to confirm this new
hypothesis.

To understand how Humans could colonize the Americas through the Bering
Sea, it is crucial to consider the climatic conditions at the time the first humans
entered the American continents. During the period of interest, the climate was
dominated by the ice age, with the LGM at around ~26—18 kya. The Beringian
land bridge was present from 65—-36 kya and then again from 30-13 kya, and the

14



land in Beringia was probably similar to tundra. It must also be considered that
in this frozen territory, there were niches where climatic conditions made human
survival possible (Sikora et al. 2019). For much of the Pleistocene, further south,
there was an ice sheet covering a large part of North America, blocking the move-
ments of people. At the end of the Pleistocene, the temperature started to rise, and
the ice sheet was divided into eastern (Laurentide) and western (Cordilleran)
sections by an ice-free inland corridor stretching from present-day Yukon,
through Canada, to Montana. While the environment in this corridor would still
have been inhospitable, it constitutes a possible route into the rest of the Americas.
It is thought that this corridor was open before the LGM until 24 kya and again
after 14 kya (Goebel et al. 2008). Moreover, a Pacific coastal ice-free corridor
became available for passage at that time, approximately 15 kya. Therefore, two
possible migratory routes have been proposed: an interior route, by land from
Siberia across the Beringian land bridge and down an ice-free corridor in North
America; and a coastal route, by sea along the coast of Siberia, Beringia, and
North America (Figure 1).

The oldest human presence in the inland corridor is documented at Charlie
Lake Cave (British Columbia, Figure 1), where stone tools are associated with
bison bone remains radiocarbon dated to 12.35 £ 0.5 kya (Driver et al. 1996). On
the other hand, the opening of the ice-free coastal corridor is tied to the ice margin
retreat that started ~17 kya (Lesnek et al. 2018).
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Figure 1. Representation of Beringia (light brown), Cordilleran and Laurentide ice sheets
(white), the ice-free corridor between the ice sheets, the Pacific coastal route, and the
location of important archaeological and geological sites. Reprinted with permission from
AAAS from (Waters 2019).
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From an archaeological point of view, south of the ice sheets, pieces of evidence
of first human presence are provided by several sites dated between ~15.5 and
~13.3 kya. For example, the sites of Hebior and Scheider in Wisconsin, in which
excavations recovered disarticulated bones of mammoths, dated around 14.85
and 14.65 kya, respectively (Overstreet 2005; Joyce 2013). Further evidence of
human presence, dated ~ 15.5 kya, were unearthed in Mexico and Texas (Anda
etal. 1953; Waters et al. 2011) and South America, as demonstrated by the human
remains found in the site of Monte Verde in Chile (14.2 kya) and Huaca Prieta in
Peru (14.15 kya). For decades, scientists were convinced that the Clovis complex
was the oldest homogeneous group of artefacts, found mainly in North America,
to arise in the Americas from 13.5 kya (Waters and Stafford 2007; Goebel et al.
2008). This archaeological complex found mostly in North America, is named
after the town of Clovis in New Mexico, and it is characterized by Clovis points,
fluted projectile points constructed from a variety of stone types. Clovis artefacts
were found exclusively south of the continental ice sheets, and their densest
concentration lies east of the Mississippi River, but they have also been dis-
covered west of the Mississippi River toward the eastern side of the Rocky
Mountains and south into northern Mexico (Waters and Stafford 2007). There-
fore, Clovis was probably absent in the Pacific coast (Beck and Jones 2010) and
also in Central or South America (Pearson 2017; Acosta-Ochoa et al. 2019),
where other types of artefacts were detected. Lanceolate points with basal stems
characterize the Western Stemmed Tradition found in Oregon, Idaho and Nevada
with the earliest date related to the first site in Oregon (~13—12.7 kya) (Jenkins et
al. 2012; Davis et al. 2014; Goebel and Keene 2014). These studies show that the
Western Stemmed Tradition was at least contemporaneous with Clovis, or even
prior; therefore, it did not derive from Clovis.

As for the southern continent, another type of artefacts was observed: the fishtail
projectile points. In Argentina and Chile, different archaeological sites were dated
between ~12.8 and ~12.2 kya, which could indicate a human presence that
coexisted with Clovis (Jackson et al. 2007; Prates et al. 2013); these fishtail points
also occurred in Central America and other parts of South America (Acosta-
Ochoa et al. 2019). It is not clear whether this type was invented in South America
or if it descended from the ones present in the Northern continent.

Another discipline that is crucial to reconstruct the history of the first peopling
of the Americas is linguistics. In 1986, Greenberg and colleagues published a
research paper in which they proposed a three-migration hypothesis (Greenberg
et al. 1986). They classified languages into three families: Eskimo-Aleut spoken
in the Arctic, Na-Dene in Canada and south-western US and Amerind, which
groups all the other indigenous languages in North American and all languages in
Central and South America. Thanks to linguistic and genetic data available at that
time, they hypothesized that the first dispersal, earlier than 11 kya, was related to
Amerind, while around 9 kya there was the one of the Na-Dene, and at last, the
Eskimo-Aleutian dispersal was around 4 kya. Greenberg et al. examined the
genetic data available to them, characterised mainly by classical polymorphisms,
and concluded that they were supporting their three-migration hypothesis.
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The American continents’ population dispersal happened relatively quickly,
perhaps in no more than a thousand years; these people could settle and adapt in
a highly heterogeneous geographic environment and develop different lifestyles
during the expansion. However, their lives were suddenly devastated. William M.
Denevan wrote: “The discovery of America was followed by possibly the greatest
demographic disaster in the history of the world” (Denevan 1992). In fact, at the
time of the conquistadores’ arrival after 1492, the pre-contact Americas’ popu-
lation estimates were expected to be as high as 112 million, while others estimate
the population to have been lower, around eight million. However, native popu-
lations declined to less than six million in less than 200 years (Sdnchez-Albornoz
and Others 1974; Thornton 1987; Denevan 1992). Moreover, the distribution and
density of Indigenous people throughout the continent were uneven, probably
influenced by geography and environmental changes, which conditioned dispersal
dynamics and social configuration, ranging from hunter-gatherers to complex
hierarchical civilizations (Salzano and Bortolini 2005). Native American popu-
lations are thought to have collapsed during the first century of the colonial period,
with a reduction of approximately 90% of the population size, meaning that in
several colonized areas with relatively small populations, the natives were
essentially eradicated (Thornton 1987). Even if the violence was extreme, this
catastrophe was also caused by famines and infectious diseases brought from the
“Old World”.

2.1.1.2. The Isthmo-Colombian area demographic scenario

The Panamanian isthmus lies between the Atlantic and Pacific Oceans and
connects the two American continents. This area might appear as a small one if it
is compared to other vast regions, but it nevertheless represents a crucial region for
the understanding of the Americas’ demography. First of all, it was the only land
bridge between the two continents, during the initial peopling of South America
and it has then remained a crossroads of goods, technologies, ideas and peoples
throughout history, including more recent colonial times (Cooke 2005).
Evidence from archaeology and paleoecology show that human occupation in
the Isthmo-Colombian area has been continuous since at least 11 kya (Cooke et
al. 2013; Martin et al. 2016; Redwood 2020). The earliest well documented cultural
remains in Panama refer to Clovis dated to ~11 kya (Cooke et al. 2013). In general,
archaeological evidence and lake sediments concurred that some descendants of
the initial colonizing populations remained in the region adapting to the changing
environmental conditions of the Late Glacial-Holocene transition, while others
expanded southward (Dillehay et al. 2017). Thanks to the land bridge position
and its orography, influenced by the proximity of multiple plate junctions, a
multitude of isthmian and insular landscapes was created that favoured the
development of a high degree of diversity, also among human groups (Barrantes
etal. 1990; Cropp and Boinski 2000; Anderson and Handley 2002; Herlihy 2003).
After ~8 kya, agriculture started to prosper across the Isthmo-Colombian Area;
although most cultivars, such as maize (Zea mays) and squash (Cucurbita spp)
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together with few domesticated animals, like muscovy duck (Cairina moschata),
were first domesticated north or south of Panama, there is no clear evidence that
their initial introduction has been accompanied by major population displace-
ments (Cooke 2005; Piperno 2011). However, this area was certainly subjected
to a series of migrations from the north, the south and the east (with the Caribbean
islands), along both overland and maritime routes, as testified by agriculture and
pottery variations and other cultural changes. The maritime route has been docu-
mented since 6.2-5.6 kya (Martin et al. 2016). Gold and cacao trades with Meso-
america are documented by the first Europeans, but a more ancient connection
with Aztec and Maya populations is also possible (Lothrop 1942). Connections
with continental Colombia occurred at least until 1.4 kya, and perhaps also during
the last 500—700 years (Mason and Johnson 1940).

In the last five centuries, the arrival of Hispanic colonialists wiped out some
autochthonous cultures, but Indigenous resistance was more effective in the
extensively forested western Panama, thus allowing for a higher degree of survival
of pre-Hispanic cultures (Quilter and Hoopes 2003). Nowadays, the Panamanian
population comprises Indigenous and mixed individuals. According to the last
census, the Indigenous ethnic groups make around 12% of the total population
(2010). The main Indigenous ethnic groups are Ngibe (62.3%), Guna (19.3%)
and Embera (including Wounaan) (7.5%) followed by smaller cultural groups:
Bribri and Naso Djérdi (or Teribe) (Perego et al. 2012; Grugni et al. 2015). Nuclear
Chibchan (also Chibchan, Chibchano) languages are the most widely spoken
linguistic group in Panama today. This language family includes the majority of
surviving or recently extinct languages spoken in the Isthmo-Colombian area,
including Honduras, Nicaragua, Costa Rica, Panama and northern Colombia. The
Chibchan name derives from an extinct language, called Chibcha, once spoken in
Colombia. However, genetic and linguistic data now indicate that this family’s root
is dated about 10 kya in a “core area” between southern Costa Rica and western/
central Panama, where the widest variety of Chibchan languages is still found.

2.1.2. The American continents after the arrival of the Europeans

2.1.2.1. The European colonization

On the 3rd of August 1492, Cristoforo Colombo, an Italian explorer and navigator,
departed from Palos de la Frontera, Spain, with three ships: the Santa Maria,
under Colombo’s direct command, the Pinta and the Nifia. He had the support of
Queen Isabella I of Castile and King Ferdinand II of Aragon, intending to discover
and acquire islands and mainlands in the Ocean Sea (Elliott 1984). The night of
October 12, they landed on an island in the Bahamas, called Guanahani by the
natives, named San Salvador by Colombo. Colombo undertook other three voyages
towards these new lands, reaching many other islands in the Caribbean Sea,
including Puerto Rico and Cuba. Soon after the discovery of the Americas by
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Colombo, Spain and Portugal began to explore and settle the continents. Through-
out the XVI century, both countries started to establish a string of colonies also
on the coastal mainland, including the Pacific coast (Adhikari et al. 2017).

These two kingdoms fought themselves over the new territories until 1494
when they signed the Treaty of Tordesillas, ratified by the pope, in which the new
continents were divided into two areas of exploration and colonization along a
meridian 370 leagues west of the Cape Verde islands, off the west coast of Africa.
This conferred Portugal all colonies in the Atlantic Ocean and West Africa, but
only a part of the south-east of South America (Elliott 1984). This division still
stands today, especially linguistically, with Brazil being the only Portuguese-
speaking country in Latin America. The spanish justification for their claims to
the new continents was based on the Ideals of the Reconquista; they believed it
was their moral duty to convert the natives to Christianity and they were sup-
ported by the Church and the Pope (Bonch-Bruevich 2008).

Other European kingdoms, in particular the French and the British, with others
like the Dutch having a smaller role, followed the Iberian expansion to the
Americas. The French established colonies in eastern North America, several
Caribbean islands, and small coastal parts of South America. During the XVI
century they also explored and colonized a region of Canada that was subse-
quently called New France. Almost a century after the Iberians, England started
to colonize the new continents and they eventually conquered much of Eastern
North America, the Caribbean, and parts of South America. They began to place
new settlers in new lands wishing to create many different colonial societies,
differently from the Spanish that were mainly interested in conquering new
territories (Elliott 1984). Instead, the Dutch colonized some islands in the Carib-
bean establishing the Netherlands Antilles, together with other territories that
they will lose in the future.

One of the causes of the widespread admixture in the early stages of the
colonization era was the male-biased immigration from Europe (i.e. the Iberian
Peninsula), favouring the intermixing with Native and sometimes Sub-Saharan
African women in a patriarchal way (Morner 1967; Lavrin 1989; Kamen 2003).
For example, the first Iberian immigrants were mostly (>80%) males (Boyd-
Bowman 1976), while the proportion of females was initially 5-6%, and they were
up to 28% in the 1560s and 1570s (Bethell 1984). Therefore, the initial shortage of
Iberian women naturally encouraged mixed marriages. Another element favouring
higher rates of interethnic mating was the fact that the establishment of the colonies
usually matched with the presence of Native American settlements, precisely
because of the nature of the colonization process, finding in these peoples sources
of labour and taxation (Sanchez-Albornoz 1994; Salzano and Bortolini 2005).

Although most American territories occupied during the European colonial
expansion have become independent countries, some continue to be dependencies,
especially in the Caribbean.

As already mentioned before, the indigenous populations suffered a major
breakdown caused by the arrival of the colonizers. A big part of this was caused by
the epidemics brought from the Old World; diseases like smallpox, typhus,
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influenza, diphtheria and measles were not present in the Americas before and
when they spread up to 95% of the indigenous population perished. It is important
to underline that not only the diseases were responsible for this huge decrease in
populations, but also famine, slavery and overwork contributed greatly (Thornton
1987).

2.1.2.2. The Trans-Atlantic Slave Trade

Slavery had existed in the Iberian Peninsula throughout documented history. After
the end of the Western Roman Empire, different systems of slavery remained in
the successor Islamic and Christian kingdoms of the peninsula. Moreover, before
the Trans-Atlantic slave trade, slavery was common in many African areas for
many centuries. Evidence indicates that enslaved people from some parts of Africa
were exported to Africa, Europe, and Asia before the Americas’ European coloni-
sation (Klein 1999).

Upon discovering new lands through their naval explorations, European
colonists soon migrated to and settled in lands outside their continent. Under the
Kingdom of Castile, Europeans invaded and colonised the Canary Islands during
the XV century, where they turned much of the land to the production of wine
and sugar. At the time, primarily Portuguese traders used the Canary Islands as a
naval base, and they began to move their activities down Africa western coast,
capturing people to be later sold as slaves in the Mediterranean. By 1494, the
Portuguese king had opened dealings with the leaders of several West African
states that would allow trade between their respective peoples (Thornton and
Thornton 1998).

Therefore, between the XVI and XIX century, Spanish and Portuguese began
the so-called Trans-Atlantic Slave Trade to mitigate the loss of labour work due
to the breakdown of the indigenous population. Until the first decades of the XVII
century, African slaves arrived predominantly in Spanish colonies in the Americas
(Klein 1999). The first region in Africa to be exploited for the slave trade comprised
what nowadays are territories of Gambia and Senegal on the West Coast, and
until 1640 this area remained the main site of the Spanish possessions (Barry 1998).
At first, the Spanish deported more slaves than the Portuguese, but this trend shifted
through time; by the beginning of the century, African slave arrivals to Brazil, a
Portuguese colony, equalled the number arriving in Spanish America, and in a
decade, they surpassed their numbers (Figure 2A—B). From the beginning of the
XVII century, the Portuguese settled in Gabon, Congo and Angola, starting to
trade slaves from these regions (Sanchez-Albornoz 2014). The volume of slaves
from this area of Central Africa was the highest compared to other regions from
the sixteenth until the late nineteenth century (Klein 1999; Fortes-Lima and
Verdu 2021).
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Figure 2. Trans-Atlantic Slave Trade data representation. A) Total number of African
slaves by region of embarkation. B) Total number of African slaves by region of
disembarkation. C) Timeline of the total number of African slaves embarked from Africa.
Data downloaded from https://www.slavevoyages.org; permission conveyed through
Creative Commons Attribution-Noncommercial 3.0 United States License.
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When the British and the French discovered that sugar was one of the few crops
that could profitably be exported into the European market on a mass scale, they
started to exploit the African slaves too. By the 1720s, the Iberian colonies were
getting less than half of all the slave arrivals, while the British, French and Dutch
colonies were trading more than 50% of all Africans arriving in America. By 1680
in Barbados, a British colony, over 38,000 slaves were arriving, especially from
the Bight of Benin and the Bight of Biafra, two of the primary source areas
reported for the British-mediated slave trade (https://www.slavevoyages.org/).
Barbados became the most populous and wealthiest English colony, being also
the one with more slaves per square mile (Klein 1999).

The magnitude of the slaves’ deportation was not the same during the centuries
but underwent an increasing trend (Figure 2C). In the first two or three centuries
of the trade, the people deported mainly lived within fifty miles of the African coast.
Nevertheless, the rise in the demand in America boosted the increased movement
of slaves, changing the trade qualitatively and quantitatively in the eighteenth and
nineteenth centuries. In West African different regions, such as the Bights of Benin
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and Biafra and the Congo-Angola area, the source of slaves now moved further
inland and more of the West and East African populations became involved in the
trade. Indeed, the Atlantic coast of Africa was not the only region involved in slave
deportation. The Portuguese infiltrated East-Central Africa, in particular Mozam-
bique, together with Angola, but they needed more time to exploit this area at the
same rate. They were first attracted by the gold, but then they began to trade
people. In the XIX century, Mozambique represented the third-largest supplier of
slaves (Klein 1999).

Finally, the phenomenon of the slave trade had a huge impact in shaping the
history and the diversity of American populations, without neglecting the devas-
tation and suffering that the African continent and its populations suffered; in
total, the number of Africans deported to the Americas could be estimated approxi-
mately to 12 million people (https://www.slavevoyages.org, (Fortes-Lima and
Verdu 2021)).

2.1.2.3. Recent migrations from other continents

By the XIX century, the massive deportation of Africans to the Americas was
interrupted. However, voluntary immigrants from other parts of the world
continued to flow into the new continents; many people continued to arrive, con-
tributing to the increase in the variability of American populations, especially
from Southern and Eastern Europe. For instance, it has been estimated that more
than 32 million people migrated to the United States at the end of the XIX century
and the beginning of the XX century (Bayor, 2016); while more than 6 and
5 million people moved to Brazil and Argentina, respectively (Baily & Miguez,
2003). These individuals arrived mostly from the Iberian Peninsula, but also a
considerable number of Italians and Germans made the journey.

The so-called “Italian diaspora” has been described as one of the largest mig-
rations of the XIX century (Bonaffini & Perricone, 2014; Giunta & Sciorra, 2014;
Wong, 2006). Although it started soon after the European discovery of the Ameri-
cas, in the beginning, the numbers were not significant. However, they reached
high proportions in the second half of the XIX century, with more than 11 million
individuals migrating towards the continents, mainly to the US, Brazil and
Argentina. Moreover, between 1866 and 1916, approximately 4 million Italians
were admitted to the United States. In Brazil, the phenomenon was also promoted
politically; in fact, the society offered subsidies for the promotion of immigration.
After the first two decades of the XIX century, almost half of all immigrants were
Italians. Their annual arrival rate became higher than the one from Portugal in
1876. These migrations continued until 1902 when the Italian government signed
a decree to end all subsidized emigration to Brazil (Tosi 2002). In Argentina,
millions of individuals migrated from Northern (earlier) and Southern (later) Italy
from the second half of the XIX century throughout the 1950s (Baily and Miguez
2003; Meade 2011). At the beginning of the XX century, it has been recorded that
Italian immigration was the highest (39.4%) compared to other countries (Solberg
1970; Brown 2010).
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Instead, the German immigration to the Americas took place between 1820
and World War I, when nearly six million Germans migrated to the United States,
representing the largest group of immigrants from 1840 to 1880 (Wittke 1952).

In addition to European immigrants, a high number of migrants from other
parts of the world moved to the Americas. They settled mainly in the United States,
but a proportion also migrated to South America. Chinese migrants worked in Cuba
primarily on sugar plantations, while in Peru, they contributed to the construction
of the Andean Railroad or in the fields. As for the Japanese, they reached Brazil
and Peru, where many worked as servants and low wage workers for planters. In
both cases, the influx of Asian workers to certain parts of the Americas was to fill
the void left in the labour forces after the abolition of slavery (Meade 2011).

2.2. The genomic history of the American populations

Historically, the American continents have been primary receivers of migrants
where different cultures and populations have mixed during the centuries, con-
tinuing to evolve. Studying the genomic background of these populations has been
fundamental to understand their history.

2.2.1. The first peopling of the Americas
from the uniparental point of view

2.2.1.1. Uniparentally inherited loci: mtDNA and Y chromosome

Uniparental markers proved to be particularly useful for population genetics
studies, especially when sequencing technologies and computational capabilities
were not yet at the level we can observe now. They are related to the mitochon-
drial DNA (mtDNA) and the Y chromosome (chrY), which share a significant
feature, the uniparental transmission, respectively maternal and paternal.

The mtDNA is a circular double-stranded DNA molecule stored in the mito-
chondria, and it is around 17 kilo base pair (kbp) long in mammals. It is found in
a great abundance in cells because each cell contains tens to thousands of copies
of the mitochondrial genome, depending on the cell type. As already mentioned,
the main features of mammalian mtDNAs, for population genetics, is that they
are inherited through the maternal line, from mother to offspring, without any
paternal contribution as already ascertained in 1980 (Giles et al. 1980). Therefore,
the maternal inheritance, the lack of recombination, a high copy number per cell,
and a fast mutation rate are the characteristics that made the mtDNA a funda-
mental tool for evolutionary genetics studies. Because of its higher mutation rates
and multiple copies in a cell, mtDNA was the first choice before the PCR advent
and when the sequencing technologies were mainly based on the Sanger method
(Sanger and Coulson 1975), which was very expensive. This allowed the scientists
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to cost-effectively scan a higher proportion of variation when compared to auto-
somal chromosomes. However, despite their high informativeness, fast mutation
rates also increase the frequency of recurrent mutations, which are very well known
in many mtDNA regions, such as the hypervariable one.

The structure of the Y chromosome consists of a significant region called Male
Specific region (MSY, 37Mb long), also known as the Non-Recombining region
of the Y chromosome (NRY), and three PseudoAutosomal Regions (PAR)
(Veerappa et al. 2013; Hughes and Page 2015). This chromosome is of crucial
importance for the determination of sex as in it is placed the SRY gene (Sex
determining Region of Y), which is responsible for the male differentiation of the
embryo; chrY also includes other genes responsible for male fertility.

As briefly described above, the mtDNA and chrY loci have the unique feature
to be transmitted to the descendants only by mothers and fathers, respectively.
This aspect gives many advantages that many researchers exploited. For example,
mtDNA and the MSY do not undergo homologous recombination; therefore, their
sequences may vary only because of the accumulation of random mutational
events, and there is no need for gametic phase reconstruction, as explained later
in this thesis. This accumulation process generated over time groups of mono-
phyletic chromosomes (haplogroups, Hg) characterized by the same combination
of markers, equal position, and order, inherited from a Most Recent Common
Ancestor (MRCA) (Torroni et al. 1993).

Therefore, all modern mtDNAs and MSY regions coalesce back to one
ancestral sequence at some point in the past (Jobling et al. 1997; Jobling and
Tyler-Smith 2003; Behar et al. 2012). At the same time, variants belonging to
different haplogroups showed a separation at a specific time in the past, from
which a series of mutations occurred independently and accumulated, differen-
tiating various haplogroups and sub-haplogroups (sub-Hg).

The study of the origin and diffusion of haplogroups was fundamental to out-
line a basis for studying the genetic history of humans, which was then deepened
with the possibility, in recent decades, of studying recombination events with auto-
somal markers. The genealogies reconstructed from the two uniparental systems
might reveal similarities and/or differences among the cultural, social, and evo-
lutionary histories of different species and population groups.

One of the main advantages of uniparental systems is that it is possible to
apply two basic concepts of population genetics, the coalescence time and the
mutation rate, without taking into account the confounding effect of recombi-
nation events, in order to date the MRCAs age precisely. The coalescence allows
us to calculate when two alleles converge in the past in terms of generations; with
the mutation rate, it is possible to calculate the probability that a mutation occurs
every generation, usually measured as the probability of a neutral substitution per
site per generation. Assuming a mutation rate constant over time, the molecular
clock delineating the coalescence times without the intervention of recombi-
nation, it is possible to date when the MRCAs arise in the past.

Uniparental systems have another advantage, they allow to analyse the
dynamics of male and female effective population sizes (Ne) through time. For
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instance, Karmin and colleagues (2015) reported that the analyses of the
dynamics of Ne’s male-specific aspects in worldwide individuals revealed a sharp
decrease of chrY Ne around 8—4 kya without a counterpart in the mtDNA data.
At the extreme, the female Ne was estimated to have been up to 17-fold higher
than the male Ne at the same time. This drastic decline in male Ne can be ex-
plained by culturally inherited variance of reproductive success among males,
potentially related to wealth accumulation during the Neolithic revolution
(Hammer et al. 1998).

Moreover, their specific features have attracted scientists’ interest because it
represents an essential tool for various studies; for example, there are practical
implications in forensic DNA analysis and genetic genealogy.

Despite all the reported advantages, the uniparental systems could be con-
sidered as two loci that are used to understand the female and male perspective
of human history. Therefore, they can describe only two ancestors of the thousands
involved in shaping the genetic legacy of modern populations, and for this reason
only a small part of the evolutionary history of a population. The genomic rep-
resentation of a more significant number of ancestors is encrypted in the auto-
somal markers.

Among the two uniparental systems, only the Y chromosome variability has
been investigated in this PhD research.

2.2.1.2. Phylogeny and phylogeography of the Y chromosome

The word “phylogeny” refers to studying the history of the evolution of a species
or group, especially about lines of descent and relationships among groups of
organisms or a population (Gittleman 2014). Moreover, the phylogeny, represented
by a tree, is the result of a study called phylogenetics; the latter is a part of syste-
matics that addresses the inference of evolutionary history and the relationship
among or within groups of organisms. Phylogenetic analyses have become crucial
to understanding biodiversity, evolution, ecological genetics, and genomes.

Another approach to the study of Human evolution through the use of chrY is
phylogeography, which analyses the phylogenetic position of each group, its
geographical distribution, and its internal variation, allowing to reconstruct the
routes followed by many of the migrations in human history. It is an inter-
disciplinary approach that integrates phylogenetic data with climatologic, demo-
graphic, anthropological, archaeological, linguistic, and historical data.

Modern chrY haplogroups can be organized in a phylogenetic tree rep-
resenting the evolution of the human Y chromosome (Jobling and Tyler-Smith
2017). There are different approaches to build a tree, and the most used are
character-based: the Maximum Parsimony (MP) generates a tree that uses the
smallest number of evolutionary changes; while, the Maximum Likelihood (ML)
evaluates different tree topologies and assuming an evolutionary model finds the
tree explaining the data with the maximum likelihood (Sharma et al. 2018).
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In 2002, the (Y Chromosome Consortium 2002) (YCC) established a nomen-
clature for the phylogenetic tree: the main haplogroups are indicated by an upper-
case letter of the alphabet and differ in turn in sub-haplogroups (Y Chromosome
Consortium 2002). These can be identified by the corresponding letter followed
by the name of the terminal mutation or by an alphanumeric code where the first
number indicates the sub-haplogroup, the following letter the subgroup of sub-
haplogroup, and so on. Also, internal lines to a given group, which are not charac-
terized by any downstream markers, are defined as para-groups, and they are
indicated by the name of their haplogroup followed by an asterisk. The nomen-
clature is constantly updated with novel markers (Jobling and Tyler-Smith 2003;
Karafet et al. 2008; van Oven et al. 2014). Besides YCC, the International Society
of Genetic Genealogy (ISOGQG) (https://isogg.org/tree/) continually revises the
nomenclature by adding new markers too.
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Figure 3. Representation of Y chromosome phylogenetic tree based on the 1000 Genomes
Project data. The labels on the branches and below the triangles are haplogroup names.
Labels outlined in grey ovals indicate haplogroups that have undergone recent rapid expan-
sions. Haplogroups represented by many chromosomes are collapsed into triangles, and
the triangle height represents the coalescence time, and the width represents the frequency
in the sample. The world map indicates for each of the 26 populations: the geographic
origin, sample size, and haplogroup frequencies according to the colours of the tree.
Reprinted from Figure 2 (Poznik et al. 2016) with permission from Springer Nature
conveyed through Copyright Clearance Center, Int.
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The advancement in the High Throughput Sequencing (HTS) technology are
providing a large amount of chrY SNPs (Xue et al. 2009; Rocca et al. 2012; Fran-
calacci et al. 2013; Poznik et al. 2013; Wei et al. 2013; Scozzari et al. 2014;
Poznik et al. 2016). This massive amount of SNPs allows to obtain a high
resolution, but it is also a source of recurrent mutations that are consequently not
informative at the population level.

The human Y chromosome’s global phylogeny includes 20 main haplogroups
(Figure 3), all derived from an ancestral chrY that is considered the last common
ancestral chrY. The oldest subclade represents African variation, and it is fol-
lowed by younger lineages describing variation outside of Africa (Karafet et al.
2008; van Oven et al. 2014; Hallast et al. 2015; Karmin et al. 2015; Poznik et al.
2016). The exclusive African origin of the deepest lineages (A00, A0, A1-3, B)
in the phylogenetic tree supports the Out of Africa model (Wood et al. 2005;
Batini et al. 2011; Cruciani et al. 2011; Mendez et al. 2013; Scozzari et al. 2014;
Hallast et al. 2015; Barbieri et al. 2016; Poznik et al. 2016); according to it,
anatomically modern humans arose in Africa, and a sub-group emerged from the
continent, settling the rest of the world.

2.2.1.3. Phylogeny and phylogeography of
the Native American Y chromosomes

The uniparental section of this research thesis will focus on the chrY phylogeny
and phylogeography related to the American continents.

The current pool of Native American Y chromosomes is a mixture of haplo-
groups derived from pre-Columbian dispersals from Siberia and more recent gene
flow from Europe and Africa (Grugni et al. 2015). Although the identification of
the founding lineages has been complicated because of the high historical rate
(about 16%) of male-mediated admixture in Native Americans (Bosch et al.
2003), two founding haplogroups, Hg C and Hg Q, were described early on
(Underhill et al. 1996; Karafet et al. 1997; Karafet et al. 1999). On average, they
account for about 5% and 75% of Native American males, respectively. Until a
few years ago, the resolution of these haplogroups did not undergo substantial
improvements; only a few studies based on full Y chromosome sequencing include
samples belonging to haplogroup Q (Lippold et al. 2014; Karmin et al. 2015), and
none of them focused specifically on its phylogeny.

Y haplogroup C is one of the most ancient and extensive haplogroups in Asia,
with a wide distribution area extending from the eastern to the central parts of the
continent and reaching Europe (Chiaroni et al. 2009; Karmin et al. 2015; Wei et al.
2018). The most common sub-haplogroup is M217 which probably originated in
the southeast or Central Asia, where it spread towards Northern Asia and then into
the Americas, represented mainly through its sub-clade C-P39 (Bortolini et al. 2003).

M242 is the signature marker of haplogroup Q, which seems to have arisen in
Siberia (Altai regions), widely distributed (Zegura et al. 2004). It has been found
in North Europe (Marjanovic et al. 2005; Battaglia et al. 2009; Di Gaetano et al.
2009), the Middle East (Regueiro et al. 2006; Grugni et al. 2012) and South Asia
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(Deng et al. 2004; Sengupta et al. 2006; Fornarino et al. 2009). Furthermore, it is
the predominant Y chromosome haplogroup among Native American populations.
In 1996, the Stanford University research group headed by Dr. Peter Underhill
discovered a SNP (Single Nucleotide Polymorphism) known as M3 (Underhill et
al. 1996). Q-M3 sub-clade is the most prevalent one in both North and South Native
American individuals; according to its distribution and to the associated haplotypes,
itis likely that Hg Q originated in Central Asia and then spread from middle Siberia,
where it is widespread nowadays, reaching Beringia where probably M3 arose.

Q-M3 and Q-M242 (xM3, that means not M3), subsequently classified as Q-
L54 (xM3), have been identified as the two American founding lineages, both
containing a complex arrangement of sub-clades (Dulik, Owings, et al. 2012;
Battaglia et al. 2013; Geppert et al. 2015).

2.2.1.4. Ancient DNA and Y chromosome

In the last decade, the methodologies’ progress has entirely changed the study of
human Y chromosome variation providing new insights into human history.
Ancient DNA (aDNA), the DNA extracted from archaeological remains (e.g.
bones), gives a temporal and spatial dimension to genetic studies that would be
unavailable with modern genomes’ analysis alone. The widespread sequencing
of aDNA was prevented for several years due to contamination problems, mainly
because endogenous DNA, in archaeological remains, is scarce and fragmented.
Most of the genetic material obtained from fossils tends to be exogenous, like
from environmental microbes or individuals who handled the material. The latter
is a very problematic issue, given that present-day human DNA and endogenous
aDNA are practically identical and therefore challenging to discriminate, and so
it can introduce biases in the subsequent analyses. However, researchers have
developed new expedients to correct contamination in the aDNA samples allowing
the study of previously unusable specimens; first of all, a standard extraction
practice under strict clean-room conditions and several bioinformatics tools to
analyse data (Knapp et al. 2012; Orlando et al. 2015). As already mentioned, the
other main problem of aDNA is the low quantity of endogenous DNA, which has
been partially overcome by the development of NGS. This new technology has
transformed aDNA research, allowing the sequencing of all the DNA present in
a substrate and subsequently extracting ancient individuals’ whole genomes to
characterise genetic variation (Margulies et al. 2005). The use of NGS techniques
has favoured the sequencing of DNA found in small fragments that are difficult to
amplify and sequence with traditional methods and the ability to distinguish ancient
sequences from the modern contamination. The aDNA holds peculiar features,
such as short sequences and deamination of cytosines to uracils at strand ends.
Despite the progress, contamination remains one of the main problems in the
analysis of ancient sequences. Several methods have been developed, and most
are based on identifying single or multiple haplotypes in haploid regions of the
human genome. Among the most widely used software are Schmutzi (Renaud et
al. 2015) and contaMix (Fu et al. 2013). They are based on identifying possible
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contamination by modern DNA, comparing the consensus (or reads) to a panel of
reference mitogenomes. In a nutshell, they calculate the probability that possible
SNPs patterns are not inherited from a common ancestor but are instead due to
the presence of more haplotypes, and therefore by contaminants. A similar strategy
can also be applied on nuclear DNA, but only on males, considering possible
contamination on the X chromosome. In males, this chromosome is haploid and
therefore, the presence of multiple alleles indicates (excluding sequencing errors)
the presence of contamination (Moreno-Mayar et al. 2018). In addition to techno-
logical development, the experimental part has also seen a significant improve-
ment, considering where to search for endogenous DNA in human remains and
how to treat the extracted DNA. The identification of the petrous bone as a rich
source of DNA has allowed the possibility of finding reasonable amounts of DNA
even in environments that instead favour the degradation of the molecule.

Moreover, once the DNA is extracted, the pre-treatment of DNA could be
done with an enzyme (Uracil-DNA glycosylase) that corrects the deamination on
the cytosine (Rohland et al. 2015). Then, the building of sequencing libraries
starting from single-strand DNA (ssDNA) allows a large portion of ancient DNA
to be sequenced, otherwise excluded from the classical methods based on the
construction of libraries starting from double-stranded DNA (Gansauge and
Meyer 2013). In addition, enrichment methods by capture have been developed
to increase the amount of sequenced endogenous DNA. These approaches are
based on the capture of the whole genome (Lindo et al. 2017) or specifically
selected regions previously identified as informative for the human genetic
history (Maricic et al. 2010; Fu et al. 2015).

Although sequencing ancient Y chromosomes and getting adequate coverage
can be challenging, MSY sequences of ancient individuals have provided insights
into the history of chrY variation. For example, ancient Y-DNA sequences of
dated human remains can be used to see if they are consistent with conclusions
made from phylogenetic trees built using modern data and calibrate the molecular
clock. Additionally, ancient Y-DNA may also shed light on clades that have gone
extinct and cannot be detected from contemporary chrY sequences (Kivisild 2017).

American ancient samples helped to unravel the history of the two Y chromo-
some Native American lineages, the haplogroups C and Q. These haplogroups
have been involved in multiple migrations in the Americas from Siberia, starting
around 15 kya (Zegura et al. 2004; Dulik, Owings, et al. 2012; Dulik, Zhadanov,
et al. 2012; Battaglia et al. 2013; Grugni et al. 2015). As already mentioned, the
two ancient sub-clades of hap Q, Q-M3 and Q-L54(xM3) were probably born
somewhere in Siberia before the first dispersal into the Americas, and together
they capture the overwhelming majority of extant Native American Y chromo-
somes today (Figure 4) (Zegura et al. 2004; Battaglia et al. 2013; Grugni et al.
2015; Jota et al. 2016). The first ancient specimen to be analysed was found in
On Your Knees Cave (OYKC) on Prince of Wales Island, Alaska and radiocarbon
dated 10.3 kya. His chrY was assigned to haplogroups Q-M3* by direct analysis
of the signature marker M3, thus, placing a minimum date of 10.3 kya for the
emergence of this haplogroup (Kemp et al. 2007).
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From the shotgun sequences of two other ancient genomes from the Americas,
the Anzick Boy associated with Clovis and dated ~11 kya, and the Kennewick
Man dated ~9 kya, it turned out that their Y chromosomes belong to Q-M3 and
Q-M971, respectively (Rasmussen et al. 2014; Rasmussen et al. 2015; Kivisild
2017). Thus, these results confirmed that the two sub-lineages Q-M3 and Q-M971,
were already present in the Americas at least 10.3 kya. A fourth ancient American
sample from Greenland, the first complete ancient human genome sequenced, is
a 4 kya specimen referred to as Saqqaq from the site where it was discovered, and
his chrY belongs to Q-B143 sub-haplogroup (Rasmussen et al. 2010). This line-
age separated from other sub-groups of haplogroup Q, diverging more than
25 kya and has been associated with a founding lineage that spread from Asia
through the Bering Strait toward Greenland, where it has been isolated, maybe in
a population closely related to the Paleo-Eskimos.

Present—

Figure 4. The phylogeographic and phylogenetic mapping of ancient Y chromosomes
haplogroup Q. The structure of the major sub-haplogroups is drawn in proportion to time
according to estimates from high coverage genomes of present-day populations. Reprinted
from Figure 8 (Kivisild 2017) under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/).
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2.2.2. The first peopling of the Americas from maternal,
autosomal and ancient DNA perspective

As previously mentioned, the first peopling of the Americas is a very complex
topic to investigate; but during the last decade, a huge step forward has arrived from
genomic studies, especially from the aDNA that has revolutionised the study of
human evolution (Nielsen et al. 2017; Skoglund and Mathieson 2018). Data derived
from different disciplines such as genetics, archaeology and linguistics, led to the
hypothesis that the Americas were settled through three separate population
movements, the so-called “tripartite migration model” (Greenberg et al. 1986).

The genetic study of the Americas began ~30 years ago, where uniparental
systems, analysed with restriction enzymes, dominated the research of population
genetics. The first mitochondrial haplogroups ever identified were the four Native
American lineages called A, B, C and D, which have become A2, B2, C1 and D1
(Torroni et al. 1993). Subsequently, other founding lineages were identified,
reaching the current number of sixteen (Tamm et al. 2007; Achilli et al. 2008;
Perego et al. 2009; O’Rourke and Raff 2010; Brandini et al. 2018). As for the
chrY also the mitogenome perspective on the Americas’ first peopling indicates
that Native Americans trace their ancestry to Asian groups who colonised north-
east Siberia, including part of Beringia, before the LGM.

The mtDNA data summarised the tripartite migration model in this way:
(1) the first dispersal following a pacific coastal route, ~18—15 kya, by the first
people that eventually reached South America in few millennia along the Pacific
coast, marked by nine Pan-American founders A2*, B2*, Clb, Clc, C1d*, C1dl,
D1, D4h3a, and D4elc; (ii) very close in time, Native American ancestors of C4c,
X2a and X2g lineages entered North America through an interior route of dis-
persal toward the mainland of North America, Na-Dene expansion; (iii) around
5 kya there was the spread of Paleo-Eskimo D2a lineages along the Arctic
through Northern Canada and Greenland, which were replaced, in the same
region, by the spread of Neo-Eskimos carrying A2a, A2b, and D3 lineages.

The first study that employed a large panel of American genome-wide data
published by Reich and colleagues in 2012 supported this tripartite model (Reich
et al. 2012), and the people who went south that encountered a vast uninhabited
land, which they colonised in groups, thus forming the genetic structure of the
Americas. However, this model seemed too oversimplified to describe the Ameri-
can continents’ peopling, and subsequent research papers provided a more detailed
reconstruction. Even with the new kind of data, the structure of the Americas’
first population remains that of the tripartite model; the first peoples that entered
North America during and after the LGM came from eastern Asia and passed
through Beringia. Then, in unglaciated eastern Beringia/northern North America,
they split into two branches called Northern Native American (NNA or Ancestry-
B) and Southern Native American (SNA or Ancestry-A). Where and when these
two ancestral populations split is still unclear. The NNA is represented by the
ancient genome of the “Kennewick man” (also known as “the ancient one”)
(~9kya) and also by a group of ancient genomes from South Ontario (ASO) in
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Canada dated ~4 kya (Rasmussen et al. 2015; Scheib et al. 2018). Interestingly,
as already reported, the Y chromosome of Kennewick man belongs to the sub-
haplogroup Q-M3, the principal American founder lineage, and could be related
to the SNA expansion, in contrast with what the genomic data revealed so far.

Instead, the most ancient representatives of SNA are individuals who were
living on both sides of the Rocky Mountains: Anzick-1, associated with Clovis
and dated ~11 kya, and the Spirit Cave individuals associated with Western
Stemmed technology and dated ~10.7 (Rasmussen et al. 2014; Moreno-Mayar et
al. 2018). These ancient individuals carrying SNA ancestries entered South
America, and they spread quickly along the southern continent, diversifying into
many culturally distinct populations and indigenous groups. This is suggested by
the earliest archaeological human presence in the Southern Cone at 14.6 kya and
by ancient human genomes dating more than 9 kya on both sides of the continent:
at Cuncaicha (Peru) and Los Rieles (Chile) on the Pacific, Lapa do Santo and
Lagoa Santa (Brazil) on the Atlantic.

More recently, two different migration waves hit only the northern area of
North America. The first ancient genome ever published was from a 4 kya indi-
vidual, linked to the Saqqaq culture in Greenland, that showed more genetic
affinity with Siberian populations than modern Inuits (Rasmussen et al. 2010). A
different origin for Paleo- and Neo-Eskimos has been later supported by analysing
other genomes (Raghavan et al. 2014). Therefore, the final model proposes a dual
migration in the arctic, where the arrival of Neo-Eskimos replaced the initial
Paleo-Eskimos populations, as the Saqqaq culture in Greenland that showed more
genetic affinity with Siberian pop also proposed by mtDNA studies. Moreover,
the new data proposed that during the middle Holocene, together with an improve-
ment of the climatic condition, other migrations from the North/Northern Central
America reshaped the genetic structure of Central and South America, primarily
admixing or replacing the first people (Figure 5, Moreno-Mayar et al. 2018; Posth
et al. 2018). Moreno-Mayar and colleagues (2018) proposed that this migration
brings an ancestry of an unsampled population (UpopA) that is neither SNA nor
NNA. This ancestry probably originated in Beringia around 25 kya, then admixed
in Mexico with SNA and subsequently migrated towards the south. The possi-
bility of another unidentified American ancestry highlights the concept of the
Beringia standstill, which states that from Asia, populations that were headed
towards the Americas have stopped due to ice in Siberia, where climatic con-
ditions and isolation gave rise to the origin of the typical American ancestry
(Tamm et al. 2007). Furthermore, the new data highlighted movements within the
American continents, both from north to south (i.e. from California Channel
Islands to Peru, Figure 5 (Posth et al. 2018)), and from south to north (from South
America to the Caribbean islands (Fernandes et al. 2021)), which have also
produced changes at the micro geographical level. In conclusion, the subsequent
migrations and admixtures/replacements led to a more complex situation than the
tripartite model, both at the continental and micro geographical level.
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Figure 5. Migrations involved in the first peopling of the Americas and subsequent
ancient replacements. Reprinted from graphical abstract (Posth et al. 2018). Licensed
under Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), © 2018 Posth et al.

2.2.3. Admixture events shaped human genomic variability

Human population movements often lack historical records, or the available ones
are not reliable for different reasons. Moreover, besides migrations and move-
ments, history has seen many instances of forced deportation or displacements,
often poorly documented, further complicating an unbiased reconstruction of
demographic dynamics relying exclusively on historical evidence. Thus, genomic
studies may provide an excellent opportunity to complement the understanding
of the human past.

It is evident from archaeology, history and linguistics that populations are not
discrete entities, and therefore, they are continuously evolving, producing “hybrid”
populations and mixed ancestry individuals. The term “admixture” usually refers
to creating a new deme from the mixing of ancestral populations that were
previously relatively isolated from each other (Jobling et al. 2013).
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During human history, the admixture events led to a subsequent shuffling of
genetic ancestry through recombination, producing a variation in ancestry
proportions between populations, among individuas in a population, and along
the genome within an individual (Figure 6). Moreover, these processes also shape
the phenotypic variation and may lead to disease risk differences between popu-
lations (Goetz et al. 2014). Because of the variation in the degree of admixture
among individuals in an admixed population, the proportion of admixture can be
associated with susceptibility to specific diseases that are more prevalent in one
or other ancestral populations. One example could be related to the prevalence of
type 2 diabetes, which positively correlates with the proportion of Native Ameri-
can ancestry (Gardner et al. 1984; Williams et al. 2000). For this reason, scientists
put a significant effort into the fine-scale reconstruction of recently mixed popu-
lations to develop strategies and treatments tailored to the individuals, intending
to set the basis to personalised medicine and pharmacogenomics approaches that
are showing promising results every year.

Despite their ubiquity and importance, many admixed populations remain
understudied both in population and medical genetics surveys (Marnetto et al.
2020); moreover, the large majority of genomic data available are from European
individuals, and therefore, many populations from other parts of the world are
critically underrepresented. This is a critical issue, especially in genome-wide
association studies (GWAS), because of the lack of comparative data (Rosenberg
et al. 2010; Popejoy and Fullerton 2016). The increase in diversity among study
participants will improve our understanding of genetic structure in all populations
and guarantee that genetic research is broadly applicable (Peterson et al. 2019).
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Figure 6. Schematic representation of admixture. A combined gene pool is generated
when haplotypes from previously isolated populations come together because of large-
scale movements of individuals. Then, thanks to recombination events between these
haplotypes during generations, an admixed population with genetic ancestry that varies
between individuals and along haplotypes originates. Modified from Figure 1 (Korunes
and Goldberg 2021) under the terms of the Creative Commons Attribution 4.0 Inter-
national License (https://creativecommons.org/licenses/by/4.0/).
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2.2.4. The role of haplotype-based methods in population genetics

The field of human population genetics is continuously evolving, primarily because
of the increased amount of data available that has led to the development of many
advanced methodologies during the last years.

Population genetics has many aims, including inferring the genetic distance
and relatedness, understanding the genetic structure and estimating the ancestral
proportions of sampled individuals and populations. Then it is also possible, after
assessing the admixtures events, to date those events. Finally, it allows exploring
the demographic history of admixed populations.

Each individual has inherited different fragments of chromosomes from each
parent (haplotypes) that received fragments from their ancestors (Figure 6), there-
fore considering an entire population, there are fragments inherited by multiple
individuals that came from the same common ancestor. Recombination reduced
these fragments by breaking some of them and maintaining others. The study of
these blocks of Linkage Disequilibrium (LD) and their common inherited history
has led to the development of haplotype-based methods that improved the reso-
lution of population structure and minimized the biases of the SNP analysis. The
term ‘linkage disequilibrium' is broadly used to refer to the non-random sharing
of combinations of variants; it can also be denominated haplotype structure.

It is necessary to make a clear distinction between two main classes of methods
in population genomics: (i) allele-frequency-based and (ii) haplotype-based
methods. The former considers the variants, or SNPs, in genomic data as a single
entity and rely on allele frequency differences. The latter takes into consideration
segments or chunks of DNA that are built from a combination of SNPs. The main
distinction between the two resides in how the information included in dense SNP
datasets is employed because the allele frequencies approaches are not able to
deal with the haplotype structure, creating the non-random association of alleles
at different loci; in fact, to avoid biases due to LD variance, the linked markers
are usually excluded or clumped. On the other hand, the haplotype-based methods
benefit from LD by modelling recombination.

In this section, I will focus mainly on the haplotype-based approaches because
they are the ones that I applied the most during my PhD studies.

2.2.4.1. Estimating genetic distance and relatedness

The evaluation of genetic distance and/or relatedness of populations and indi-
viduals could be achieved through different methods illustrated below.

At the population level, the genetic distance could be estimated by the Fsr, a
statistical method developed by Sewall Wright (Wright 1931). It belongs to the
family of fixation indexes, and it is possibly the most broadly used statistic in
population genetics to measure genetic distances. Fsr value ranges from O to 1,
and it is calculated from genetic diversity data, for example, for the comparison
of two populations (pairwise Fsr):
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Fst =Vp/p(1—-p)

Where p is the mean and Vp is the variance of the allele frequencies between the
two populations. Fsr equal to 0 means that there is no variance among the
populations’ frequencies; therefore, the populations are similar or very close
genetically. On the contrary, high values of Fsr indicate populations genetically
differentiated.

Reich and colleagues have applied the same rationale in 2009 (Reich et al.
2009), introducing the f-statistics, later implemented in the ADMIXTOOLS
package (Patterson et al. 2012). The f-statistics could be used to assess admixture,
population structure and genetic closeness between two or more populations. In
this package, three f-statistics algorithms are available, labelled f2, f3, and f4; they
are employed to show relationships between two, three, and four taxa/populations,
respectively. Moreover, a complex scenario could be assessed joining the results
of all the f-statistics (f2, f3 and f4) in a group of populations, as implemented in
the qpWave, qpADM and qpGRAPH algorithms that can be used to evaluate
respectively the number of ancestries that compose a population (given a set of
outgroups), the proportions of those ancestries and a model of evolutionary
relationships (split and/or admixture and/or drift) in a defined set of populations
(Reich et al. 2009; Patterson et al. 2012).

Approaches have been developed based on Identity-by-descent (IBD) mea-
surements to estimate the genetic relatedness among individuals, which have
been substantially improved by the availability of dense SNP datasets (Weir et al.
2006; Thompson 2013).

As already specified, the allele-frequency methods do not address haplotype
diversity, and therefore, haplotype-based approaches have been developed and
implemented.

In 2003 Li and Stephens (Li and Stephens 2003) developed a Hidden Markov
Model (HMM) for bypassing the issue with LD by interpreting and analysing
patterns of LD across multiple loci, considering all markers at the same time and
capturing significant aspects of the coalescence. They invented a crucial concept
called chromosome painting that was subsequently employed in future advance-
ments. Briefly, with “chromosome painting”, each haplotype of a single individual
is described as a mosaic of the haplotypes present in the reference panel, showing
the ancestral relationships shared by every two samples (the one in the reference
set and the one being evaluated).

To perform the painting, the chromosomes have to be arranged into haplo-
types because humans are diploid individuals, and as such, it is necessary to
restore the haplotypes inherited from each parent in genotype data or short-read
sequencing data. This process is called phasing or haplotype estimation, in which
the maternal and paternal gametic phase is reconstructed. Different software, such
as Eagle, Beagle, IMPUTE2, Minimac and SHAPEIT, have been developed to
perform this step (Browning and Browning 2007; Howie et al. 2009; Howie et al.
2012; Delaneau et al. 2013; Loh et al. 2016). One of the most used phasing soft-
ware is SHAPEIT (now arrived at version 4 (Delaneau et al. 2019)) that
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implements a version of the HMM developed by Li and Stephens (Li and
Stephens 2003), modelling local haplotype sharing between individuals taking
into account mutation and recombination.

However, the process of phasing could be critical. An improvement in the
reconstruction of haplotypes comes from the third-generation sequencing taking
advantage of linkage information provided by long reads (from a few tens of kb
to some Mb) (Amarasinghe et al. 2020). Two types of long reads are available:
true long-reads, such as those generated by the Single-Molecule Real-Time
(SMRT) sequencing by Pacific Biosciences (PacBio) (Wenger et al. 2019) and
by the Oxford Nanopore Technologies (ONT) sequencing (Jain et al. 2018); the
second type is the synthetic long reads, which uses systems of linked reads,
proximity ligation strategies, and optical mapping (Amarasinghe et al. 2020).

While it is easy to understand the advantage of sequencing haplotypes directly
in long reads, it should be noted that the level of accuracy per single base for these
technologies remains lower than the second-generation sequencing (99% Hifi
SMRT and 95% Nanopore). Although there are tools able to use the long read
information to reconstruct the haplotypes (Amarasinghe et al. 2020), with the
ongoing improvement of precision in sequencing, these technologies will be
essential for an accurate reconstruction of haplotypes.

Once the chromosomes are phased, to infer haplotype similarity or diversity
pattern, the most used algorithm is implemented in CHROMOPAINTER (CP,
Figure 7, (Lawson et al. 2012)). As SHAPEIT, it harnesses a modified version of
the HMM proposed by Li and Stephens, but Lawson and colleagues implemented
it in 2012. This software is based on the knowledge that haplotype segments
shared among individuals become shorter over time since they shared a common
ancestor because recombination fragments chromosomes progressively in each
transmission of genetic material from parents to offspring. Therefore, CP allows
reconstructing the chromosomes of a set of individuals (called recipients) as a
series of genomic chunks inherited from a set of individuals (called donors). The
sets of donors and recipients can be the same or different because donors can also
be set as recipients, based on the purpose of the analysis, allowing us to focus on
more distant or proximate individuals’ relationships.

The information retrieved from painted chromosomes, in which, for a given
individual, for each SNP, the most recent common ancestor is assigned, can be
effectively summarised into a “co-ancestry matrix”. In this matrix, for each
recipient (usually the rows of the matrix), the total genome length in cM (centi-
morgan) or the number of haplotype chunks copied or inherited from every donor
is reported. Conveniently, both the donors and the recipient individuals can be
pooled into meaningful entities, often using an approach based on chromosome
painting itself, as documented in the next paragraph.
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2.2.4.2. Inferring population structure

In the last decades, many methods for the investigation of population structure
were developed. Among the others, the most commonly used are, together with
the Fsr method described above, (i) Principal Component Analysis (PCA), (ii)
STRUCTURE-like algorithms and (iii) fineSSTRUCTURE. The first two are
based on allele frequencies, while the third on haplotypes. PCA was probably the
first method to be employed for population genomic studies pioneered by Cavalli-
Sforza et al. (1964); it is a multivariate statistical method used to summarise the
molecular information considering multiple recombining loci. Although PCA is
a valuable tool to describe the genetic variation among individuals and has the
advantage to be non-parametric, making it suitable in many different situations,
its interpretation can be challenging to relate to geographic patterns and specific
migration events, together with the high sensitivity to the number of markers
included in the analysis (Novembre and Peter 2016).

Additional methods to assess population structure and identify clusters have
been based on Bayesian clustering algorithms and are represented by
STRUCTURE-like methods (Pritchard et al. 2000). They were subsequently
implemented, with different flavours, in many software, such as ADMIXTURE
(Alexander et al. 2009), which uses maximum likelihood methods rather than a
Markov Chain Monte Carlo (MCMC) algorithm to analyse more extensive
genomic datasets efficiently. In brief, these approaches use genotype data to prob-
abilistically assign individuals to K number of clusters representing genetically
distinct groups, each of which is characterised by a set of allele frequencies at
each locus, and to group individuals that share underlying common allele fre-
quencies and identify admixture proportions from each cluster K at the individual
level (Pritchard et al. 2000; Liu et al. 2013). ADMIXTURE uses a STRUCTURE
implemented likelihood model but is more efficient and can handle more SNPs
with less computational difficulty (Alexander et al. 2009). STRUCTURE-like
methods are widely used because they provide a good representation of the
genetic structure when used mindfully.

As for the haplotype-based methods, the authors of CHROMOPAINTER also
developed fineSSTRUCTURE (FS, (Lawson et al. 2012), an MCMC clustering
model based on haplotype similarity patterns. Using the coancestry matrix
(chunkcounts.out) generated by CP, the model aims to partition the dataset into
K groups with indistinguishable haplotype similarity profiles. These K groups are
also called clusters and can be used as units for different analyses instead of
grouping samples based on population or geographical origin. After identifying
the clusters, it is possible to build a hierarchical tree; this tree can contain many
leaves that are difficult to refine or interpret. For this reason, sometimes, the tree
is cut at different heights and different parts after visual examining the cluster
arrangement. This model’s main limitation is that it does not directly detect
admixture; therefore, it is unsuitable for straightforwardly describing recently
admixed populations.
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2.2.4.3. Estimating ancestral sources in admixture events

Some of the strategies for inferring population structure reported above have been
tentatively applied to identify admixture (i.e. PCA), despite not being designed
for estimating ancestry proportions explicitly. For these reasons, other methods
have been developed and applied.

ADMIXTURE has been widely used for ancestry estimation (Alexander et al
2009). Two main strategies can be applied: unsupervised and supervised. With
the former, the software groups subsets of individuals’ genomes into K partitions,
and the optimal number of groups is inferred exploiting a cross-validation approach
based on SNPs resampling. The supervised assignment is based on pre-established
potential sources of admixture, enabling to obtain the percentages of ancestry
associated with the specific sources.

However, results from this method could be subject to over-interpretation, as
thoroughly described by Lawson and colleagues in a study published in 2018
(Lawson et al. 2018). This work showed evidence that STRUCTURE/ADMIX-
TURE results can be misleading. For example, reconstruct genetic histories,
suggesting admixture events, for groups that did not undergo admixture in their
recent history but were subjects of recent genetic drift or diverged in other ways
from the underlying inference model. They are also greatly affected by sample
size. Specifically, populations that include fewer individuals or have experienced
little population-specific drift of their own will probably fit as mixes of multiple
drifted groups rather than assigned to their own ancestral population. Moreover,
suppose an ancient sample is included in a modern individual dataset. In that case,
it is typically depicted as an admixture of modern populations, which can occur
even if the individual sample is older than the modern populations’ split date and
therefore cannot be admixed (Lawson et al. 2018).

Another crucial analysis is the Local Ancestry (LA) inference to estimate the
ancestry proportions of admixed populations. Local ancestry is described as an
individual’s genetic ancestry at a specific chromosomal position, where an indi-
vidual can have 0, 1 or 2 copies of an allele derived from each ancestral popu-
lation. Numerous LA methods have been designed harnessing various statistical
algorithms such as Principal Component Analysis (PCAdmix (Brisbin et al.
2012)), Hidden Markov Models (HMM) (HapMix (Price et al. 2009), LAMP-LD
(Baran et al. 2012), ELAI (Guan 2014), MOSAIC (Salter-Townshend and Myers
2019)) and machine learning group tools (RFMix (Maples et al. 2013)).

In detail, RFMix, one of the most used LA methods, is a discriminative method
that matches segments in admixed individuals to those from the source popu-
lations. It works by splitting each chromosome into windows and inferring local
ancestry within each window by applying a conditional random field (CRF) that
has been parameterized by random forests trained on the reference panels. The
ancestries assigned to the windows within the admixed chromosomes are used to
refine the haplotype patterns in the ancestral populations and improve the accuracy
with an expectation-maximization (EM) step. RFMix was tested on simulated
African Americans with mean Native American ancestry of 0.56% to examine if

39



this approach could identify a low-occurrence ancestry. When using a 99.9%
confidence threshold, a mean Native American ancestry slightly over 0.44% of
the total ancestry of African Americans was inferred, thus validating the initial
estimate (Maples et al. 2013).

However, to infer the ancestral proportions at a sub-continental level, other
haplotype-based methods are required. For example, the co-ancestry matrix
obtained with the chromosome painting approach can be harnessed to deconvolute
the haplotypic profile of individuals or populations into their putative sources.
The first approach developed is based on Non-Negative Least Square (NNLS),
and it was proposed by Hellenthal et al. (Hellenthal et al. 2014) and applied to
infer ancestry proportions in various populations, including the United Kingdom
(Leslie et al. 2015) and admixed American populations (Montinaro et al. 2015).
This method allows to break down the ancestry of a specific group or individual
as a mixture of each potential donor group, usually clusters inferred by fine-
STRUCTURE, by comparing the copying vectors of donor and recipients.

In 2018 Chacon-Duque and colleagues presented a new methodological
approach based on a Bayesian algorithm, called SOURCEFIND, that allows
increasing the resolution to detect real contribution from background noise
compared to the NNLS (Chacon-Duque et al. 2018). Through simulations and
real data, they tested the accuracy and robustness of both methods’ ancestry
estimations. Before running SOURCEFIND, the individual similarity profiles are
summarized in terms of the donor individuals, preferably grouped according to
the clustering provided by fineSTRUCTURE (Figure 7). The individual donor
values are summed according to these groups, and the new value is defined as a
“copying vector”. The donor clusters employed are called surrogates because they
are surrogates for the unknown populations that historically contributed ancestry
to the recipient populations under study. Then, each recipient individual is
modelled as a weighted mixture of the surrogates’ copying vectors (Hellenthal et
al. 2014; Leslie et al. 2015). The authors recommended performing at least 10
independent runs and combining them for each recipient individual; then, extract
and average the estimates with the highest posterior probability and weight them
by their posterior probability.

2.2.4.4. Dating admixture events

Admixed populations should preserve DNA segments from all contributing source
groups whose dimensions’ decrease over time and generations due to recombi-
nation. In detail, the process of recombination tends to break haplotype chunks
into smaller fragments as time and generations pass, in this way reducing LD.
This process is used to date admixture events because these LD patterns will
reflect haplotype chunks tracing their ancestry back to the populations involved
in the admixture (Hellenthal et al. 2014).

Nowadays, the main available methods to date admixture are ROLLOFF,
ALDER, MALDER, GLOBETROTTER, DATES and TRACTS.
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In 2011 Moorjani and collaborators developed ROLLOFF that computes the
time since mixture using the rate of exponential decline of admixture LD
(Moorjani et al. 2011; Patterson et al. 2012). It computes and fits the correlation
between a (signed) statistic for LD between a pair of markers and a weight that
reflects their allele frequency differentiation in the ancestral populations. An
extension of this general methodology was released a few years later (ALDER
(Loh et al. 2013)), with the most notable improvements being a new design of the
weighted LD statistic that is more robust and makes the weighted LD curve
interpretable, a modification of the statistic that calculates unbiased weighted LD
using the test population itself as one reference, and a statistical test for
admixture. MALDER (Pickrell et al. 2014) also allows the inference of a complex
admixture fitting a curve involving multiple genetic exchange dates.

However, a limitation of these three methods is the definition of the source
populations that initially contributed to the admixture processes. The reference
populations may have considerably diverged concerning the sources or could not
descend from the same population. To bypass this limitation, Hellenthal and
colleagues developed a new methodology implemented in GLOBETROTTER
(GT) which relies on similar theoretical reasoning of weighted LD methods but
gets power by using shared haplotype between populations instead of allele
frequencies and modelling reference populations as a mixture of several possible
“donors” (Hellenthal et al. 2014). GT also accounts for two admixture events by
fitting a model with a mixture of LD curves with different decay rates and a
diverse set of source populations, estimating the time frame for both admixtures.
These improvements provide a more realistic approach to human population
history.

In detail, starting from the haplotype similarity patterns obtained with CP, it
is possible to use the NNLS to model them as weighted mixtures of the donor
populations (Leslie et al. 2015). This modelling enables us to represent the source
populations as mixtures of the sampled reference groups, inferring the source
rather than fixing it. The target population or individual is then represented as a
mixture of the surrogate sources’ profiles estimated by the software. The size and
the distribution of the segments matching to every source are estimated using
another CP output (samples.out) that contains the haplotype matching of every
SNP for 10 different samples of the hidden state (i.e. which donor is copied at
each SNP) taken from the HMM. This information is then used to produce
coancestry curves for each pair of donor populations, plotting genetic distance on
the X-axis against a relative probability that measures how often a pair of haplo-
type segments separated by a given amount of genetic distance correspond to
different donors. These probabilities are calculated using information for every
pair of SNPs located from 1cM to 50cM from each other. In a single admixture
event over a limited period, the decay is expected to be exponential. In the case
of multiple admixture events, the decay is expected to be equal to a sum of
exponential distributions, one curve per admixture event. GT determines whether
the LD decay curves among all surrogates’ pairings can be fitted using a single
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exponential distribution or whether they are significantly better fitted using the
sum of two exponential distributions (Hellenthal et al. 2014).

This approach is valuable for studying admixed American populations as the
ancestry proportions at the continental level vary enormously, considering the

difficulty in defining a homogeneous population made up of recently admixed
individuals.
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2.2.4.5. Investigating ancestry-specific demography

Besides detecting and dating admixture events, it is also essential to consider the
demographic implications of admixture. The populations’ sizes changed through
time because of different factors, such as population growth, migration, bottle-
necks, epidemics and natural catastrophes. If we examine admixed populations,
we must consider the effective population sizes of the ancestral population
involved in the admixture in addition to the overall effective population size.
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The term “effective population size” (Ne) refers to the number of individuals
an idealised population (population with random mating, with constant popu-
lation size over discrete generations, and with no selection, no migration and no
mutation) should have to produce a number of descendants equal to the real size
of the population of interest. It represents a genetics-based measure of population
size and is a critical factor in evolutionary genetic processes, such as drift and
natural selection.

In 2018 Browning and Browning published a study investigating the Ameri-
can populations’ ancestry-specific effective population size (Browning et al.
2018). They proposed an extension to the IBDNe method that exploits two relevant
methodologies: Local Ancestry (LA) and IBD segment detection. They used
inbreeding effective population size described in terms of coalescence prob-
ability, which is the probability that a given pair of haplotypes is descending from
a single one in the past.

As already discussed above, the LA inference can be performed using many
different methods, such as RFMix (Maples et al. 2013) that, exploiting a random
forest algorithm, allows to model ancestry on an admixed chromosome given
observed haplotype sequences of known or inferred ancestry. As previously stated,
IBD sharing can be used to estimate genetic relatedness in population samples,
but it could also estimate recent effective population size. When analysing geno-
type data, it is possible to detect segments of IBD that are inherited, within the
past generations, from recent common ancestors. The numbers and lengths of
IBD segments contain information about coalescence probabilities. If the number
of IBD chunks is high, a higher number of coalescence events have happened,
suggesting that the coalescence probability is high, and therefore the effective
size is low. Likewise, if the number of IBD segments is low, the effective size is
high. These relationships can be quantified mathematically to estimate effective
size, including estimating effective population size changes over time.

To estimate the Ne, it is required to consider both the length of detected
ancestry-specific IBD segments that gives information about coalescence prob-
abilities and the overall IBD segment’s length, which provides information about
the coalescence time. The IBDNe software assigns each IBD segment fractionally
to various coalescence times, measured in discrete numbers of generations,
depending on the IBD segment length and the current estimates of effective popu-
lation size history. It then uses the sum of fractional counts across IBD segments
for each generation to re-estimate the effective population size of that generation.
For ancestry specific effective size, it is necessary to consider pairs of haplotypes
of the particular ancestry, those pieces of IBD chunks that belong to that ancestry,
but the full IBD segment lengths to estimate the coalescence times are used. One
way to achieve this would be to weight the IBD segments by their proportion of
the given ancestry. However, this would add complexity to the IBDNe software,
so alternatively, it randomly assigns the IBD chunk to an ancestry based on its
ancestry proportions (Browning et al. 2018). IBDNe was tested on simulated and
real data, particularly on admixed American populations, and this is what I have
done in this thesis.
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In addition, it is also possible to investigate the demographic changes related
to uniparental systems, such as mtDNA and Y chromosome. One of the main
software used for this purpose is BEAST, a cross-platform program for Bayesian
analysis of molecular sequences, using an MCMC algorithm (Drummond et al.
2012). A significant output of BEAST is the demographic trend, which is achieved
by the Bayesian skyline plot (BSP). The BSP model uses standard MCMC
sampling procedures to estimate a posterior distribution of effective population
size (Ne) through time, directly from a sample of nucleotide sequences, given any
specific nucleotide-substitution model. The demographic history reconstruction
includes estimating the genealogy and inferring the Ne at different points along
with the genealogical timescale (Ho and Shapiro 2011).

2.2.5. Modern American populations ancestral portrait

Given their historical and epidemiological implications, a substantial number of
research studies investigated the genetic diversity of modern admixed American
populations (Bryc et al. 2010; Moreno-Estrada et al. 2013; Moreno-Estrada et al.
2014; Bryc et al. 2015; Homburger et al. 2015; Montinaro et al. 2015; Han et al.
2017; Chacén-Duque et al. 2018; Gouveia et al. 2020; Micheletti et al. 2020).

In the beginning, the preponderance of them focused on a single country or
small areas, and they were mainly interested in reconstructing the variation in
continental ancestries (African, European and Native American). For instance,
Bryc et al. (Bryc et al. 2010) analysed individuals from Ecuador, Colombia,
Puerto Rico, Dominican Republic and Mexico using allele frequency methods,
such as PCA and STRUCTURE, to investigate genome-wide patterns of African,
European, and Native American population structure within and among Hispanic
and Latino populations. Moreno-Estrada et al. (Moreno-Estrada et al. 2013)
investigated the population genetic history of the Caribbean, developing a new
method called Ancestry-Specific Principal Component Analysis (AS-PCA), which
allowed an increase in resolution using phased data to infer local continental
ancestries to mask specific ancestries. This approach allows the use of PCA to
examine differences at the sub-continental level. When this method was applied
in the Native American component of populations from Central and South
America, it consistently shows that these populations’ ancestry is most closely
related to natives sampled in the same areas (Moreno-Estrada et al. 2013; Hom-
burger et al. 2015; Conley et al. 2017). In 2014 Moreno-Estrada and colleagues
detected this structure even within a single country, Mexico, suggesting that the
degree of population structure present in Native American populations is more
significant than initially believed (Moreno-Estrada et al. 2014).

As for European ancestry, recent studies started to unravel its sub-continental
contribution to American populations. As expected, in central and south America,
most European ancestry derives from the Iberian Peninsula (Bryc et al. 2015;
Montinaro et al. 2015; Browning et al. 2016; Conley et al. 2017). However, in
Brazil, they found a contribution from Italy, mainly in the South and South-East
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of the country, together with a contribution from North-western European
ancestry, especially Germany in the South (Kehdy et al. 2015; Chacon-Duque et
al. 2018). The Italian ancestry was also observed in Argentina, and this is con-
sistent with the historical records about the recent migrations from Italy to
Argentina starting from the end of the XIX century (Homburger et al. 2015).

A recent survey (Chacon-Duque et al. 2018) analysed more than 6000 Latin
American individuals and presented a novel haplotype-based method already
described above, SOURCEFIND. Besides other findings, they unveil a notable
and widespread East/South Mediterranean, mainly related to Sephardic, ancestry
across the region, probably connected with the persecution of non-Christians in
Spain during the colonial period.

Moreover, several studies (Moreno-Estrada et al. 2013; Homburger et al.
2015; Montinaro et al. 2015; Gouveia et al. 2020; Micheletti et al. 2020) present
a continental-wide analysis of the origin and dynamics of the African diaspora
into the Americas. Most of these studies have found a predominant contribution
of North-west and West-central Africa populations as primary ancestry sources,
with smaller contributions from East and South African areas. Gouveia et al.
(Gouveia et al. 2020) observed that West-Central Africa and Western Africa
contributions are more prevalent in the Americas’ northern latitudes. In contrast,
the South/East Africa-associated ancestry cluster is more prevalent in the
Americas’ southern latitudes. Furthermore, some regional variation has been
reported, with a higher amount of South and East African ancestry in Brazil, and
more precisely in the southern part of the country (Kehdy et al. 2015).

In conclusion, these research studies highlight the complexity and high popu-
lation structure of admixed American populations.

2.2.6. The Istmo-Colombian area ancestral portrait

Nowadays, the Panama population comprises Native Americans and mixed indi-
viduals. According to the last census in 2010, the ethnic groups make around 12%
of the total population. The main ethnic groups are the Ngébe (also known as
Ngobe), Kuna (or Guna) and Embera’, while smaller groups are the Wounaa’n,
Bribri, Naso (also known as Teribe) (Perego et al. 2012).

The Panamanian population’s genetic composition has been investigated
employing the two uniparental markers, the chrY and the mtDNA; mainly, the
Native American component has been investigated.

The Y chromosome Native American component, the haplogroup Q, is found
with a frequency greater than 50% only in three provinces of Panama: Bocas del
Toro, Colon and the comarca of Kuna Yala (Grugni et al. 2015). In the rest of
Panama (especially in the general admixed population), the main component is
represented by western Eurasian haplogroups, reflecting the solid male genetic
impact of European colonization; it is also represented by Sub-saharan African
lineages a consequence of the Trans-Atlantic slave trade and more recent migra-
tions. This dominance of the main founding haplogroup Q and its haplotype
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differentiation shows that the Paleo-Indians have rapidly inhabited Panama. Then
there was a local evolution of the male Native ancestral gene pool (Grugni et al.
2015) due in particular to the dramatic event of the European colonization.

Unlike the Y chromosome, the mitochondrial Native American legacy in
Panama comprises more than 80% of the analyzed lineages (Perego et al. 2012).
Other minor haplogroups are from Sub-Saharan Africa and Western Eurasia
(mainly Europe), confirming the impact and the relevance of the European
colonization on this country, but with a minor effect on maternal inheritance. This
Native American percentage is composed of all the typical “Pan-American”
haplogroups (A2, B2, C1, D1), but none of the rare Native American lineages
(D4h3a, X2a, C4c) is present. The main haplogroup is A2 (more than 50% of the
Panamanians belong to it), which is also the most common native lineage in
Central America (Perego et al. 2010). The age estimate of A2 is at 15-19 kya
(Fagundes et al. 2008; Perego et al. 2009; Kumar et al. 2011), suggesting Panama’s
initial settlement occurred rapidly after the initial peopling of the Americas. This
hypothesis is also supported because the most common A2 sub-clade (A2af) has
been dated more than 10 kya, testifying for an ancient colonization and settlement
of this region and a maternal legacy between modern Panamanians and Paleo-
Indians (Perego et al. 2012). Furthermore, these data are in concordance with the
Pacific coastal route as the primary path, followed by the American continent’s
first settlers.

2.2.7. Sex-biased admixture

As already highlighted in the previous section by the analysis of uniparental
markers in Panama, the present-day human genetic diversity of the Americas has
been affected by a general imbalance in the proportion of disembarked males and
females documented during the Slave Trade and the Colonial Era and, although
less striking, in more recent times. Therefore, this imbalance may have left a
signature on modern-day populations’ genomes characterised by relatively high
admixture levels. The strong male bias in migration at the beginning of the colonial
settlements made the mating between European men and Native women a
common feature.

In the last decades, the analysis of uniparental systems and the evaluation of
continental proportion ratio of autosomal and X chromosome revealed that
several American populations trace most of their paternal ancestry to Europeans
and their maternal ancestry to Native Americans (Alves-Silva et al. 2000; Carvajal-
Carmona et al. 2000; Carvajal-Carmona et al. 2003; Ruiz-Linares et al. 2014;
Grugni et al. 2015). The general observation across many populations is that the
proportion of European ancestry using Y chromosome markers is consistently
more prominent than the proportion assessed with mtDNA. Conversely, Native
American and African ancestries are larger when estimated with mtDNA markers
(Adhikari et al. 2016). However, this imbalance’s consistency and degree are
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variable, suggesting that other variables, such as cultural and social practices,
may have played a significant role in shaping this bias.

Autosomal data have allowed comparative analysis between autosomal markers
and X chromosome, displaying lower ratings of European ancestry in the X
chromosome compared to the autosomal ones because women contribute two X
chromosomes to the offspring while men only contribute one (Moreno-Estrada et
al. 2013; Bryc et al. 2015; Homburger et al. 2015; Kehdy et al. 2015).

However, no investigation has evaluated sex imbalance using haplotype data
so far, which contains substantially more information than genotypes and may
help shed light on this complex process.
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3. AIMS OF THE STUDY

The three studies included in this dissertation shared a primary topic, the genomic
history of American populations. The first two publications’ main goal is to shed
light on the migrations that lead to the first peopling of the American continents
and subsequent population movements. The first one provides an in-depth phylo-
genetic and phylogeographic analysis of the Pan-American Y chromosome haplo-
group Q. The second employed both ancient and modern DNA to reconstruct the
genomic history of the Isthmo-Colombian area. The third publication aims to
examine how more recent migrations shaped the genomic background of admixed
American populations. The specific goals established in the three publications are
outlined below.

Aims of the first reference (Ref I):

- Investigate from a male perspective the genetic history of South America
through a fine dissection of the Pan-American haplogroup Q.

- Reconstruct a comprehensive and detailed haplogroup Q phylogeography and
that of its sub-lineages.

Aims of the second reference (Ref. I1):

- Define the genomic background of indigenous populations of Panama in order
to evaluate the intra-Isthmus variability.

- Shed light on the genomic history of pre-Columbian Americans assessing the
connection between the Isthmo-Colombian area and the rest of the Americas.

Aims of the third reference (Ref. I11):

- Evaluate the demographic and genomic impact of the European colonization,
the African slave trade and the more recent migration in shaping modern
American populations genetic background.

- In detail, this study aims to reconstruct the fine-scale ancestry composition,
estimate the time of admixture, examine the demographic evolution of
different continental ancestries after the admixture and assess the extent and
magnitude of sex-biased gene-flow dynamics.
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4. MATERIAL AND METHODS

The theoretical aspect of applied methods is described in the Literature Overview
section of this thesis. At the same time, the origin of individuals’ DNA analysed,
together with the experimental and computational methods applied, are described
in detail in the respective publications and/or their supplementary materials.

The newly published DNA samples were obtained from the individuals after
receiving informed consent following the guidelines of the ethical committees of
the institutions involved.

In the first study, 34 unrelated males belonging to Native American haplo-
group Q were selected based on their geographic origin and Y-STR haplotypes
from Battaglia et al. (2013). For all of them, high-depth re-sequencing of a large
MSY portion (3.7 Mb) was carried out by Beijing Genomics Institute (BGI) in
Shenzhen (Guangdong, China); of these, 1.5 Mb were considered for the analysis.
These samples were compared with 115 modern (Balanovsky et al., 2017; Hallast
et al., 2014; Karmin et al., 2015; Mallick et al., 2016; Raghavan et al., 2014; The
1000 Genomes Project Consortium, 2015; Zhou et al., 2013) and three ancient Y
chromosomes (Rasmussen et al, 2010; 2014; 2015) gathered from the literature.
Two sequences belonging to Hg R1b, the sister clade of haplogroup Q (Scozzari
et al., 2014; Underhill et al., 2015), were also included in our dataset. The
distribution of the main sub-haplogroups identified with the phylogenetic
analysis was investigated by combining literature data with the classification of
409 samples of our dataset, Native Americans (320) and Eurasians (89), obtained
by hierarchical genotyping of the main haplogroup-defining-markers (Ref. I).

In the second study, we obtained the first 12 low-coverage ancient genomes
from the Isthmo-Colombian area, specifically excavated in two archaeological
sites, Coco del Mar and Panama Viejo, both located in Panama City. Ten of these
are pre-contact radiocarbon dated from 600 to 1430 CE. We also analysed for the
first time genomic data from five indigenous (Bribri, Embera, Guna, Naso Djérdi
and Ngibe) and two admixed populations (self-identified as “Mestizo” or
“Hispano-Indigenous” and others who identified themselves as “Morenos” or
Afro-descendants), for a total of 84 from the Isthmus of Panama (Figure 1 in
Ref. IT). The new data were compared with a worldwide dataset of 1486 modern
individuals (rWD1560) and 333 ancient Siberian and American individuals
(Ref. 1I).

In the third study, we assembled a genome-wide dataset from the literature of
17,722 individuals genotyped with different Illumina platforms (Data S1 of
Ref. III). Of these, 11,607 individuals belong to 22 admixed American popu-
lations, and they were employed as ‘recipients’; the remaining 6,115 individuals
come from 239 worldwide source populations, and they were considered ‘donors’.
Detailed filtering steps and analyses are described in the respective section of
Ref. 11
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5. RESULTS AND DISCUSSION

This section gives an overview of the three scientific publications that constitute
the original part of this dissertation. The following is a compressed summary of
the main results and discussions. More detailed information can be found in the
publications and their respective supplementary information.

5.1. The dissection of Y chromosome haplogroup
Q shed light on the peopling of the Americas (Ref. I)

5.1.1. Refined phylogeny of haplogroup Q

To refine haplogroup Q phylogeny, we compared 154 (152 belonging to Hg Q
and 2 to Hg R) Y chromosome sequences, of which 34 presented in this work for
the first time, with the AOO sequence. From this analysis, a total of 1,550 variant
positions were identified. Also, we considered informative SNPs outside the
studied regions, which have become available from literature (Karmin et al.,
2015, Poznik et al., 2016) and/or from genealogy websites (ISOGG tree; YFull
tree). The relations between variants are shown in the maximum parsimony
phylogenetic tree in Figure 8 obtained using Network and MEGA software
(Bandelt et al. 1999; Tamura et al. 2013). Mutations outside the studied regions
are indicated in Italics in the tree.

The phylogeny shows four main bifurcations identifying five main branches
characterising haplogroup Q: Q-L275, Q-F1096, Q-Y2659, Q-L330 and Q-
M1107. The first four lineages are almost entirely carried by Eurasian Y chromo-
somes, whereas all branches marked by M 1107 mutation harbour virtually only
Native Americans. The only exception is represented by Q-L804, characterised
by an English Y chromosome in the tree (Hallast et al., 2014). The divergence
dating was obtained for each haplogroup Q sub-lineage using the Bayesian
approach developed in BEAST (Drummond et al., 2012). The first split, distin-
guishing the Eurasian Q-L275 branch, occurred before 26 kya. Despite the early
phylogenetic separation of this Eurasian branch, the age of its MRCA has been
evaluated around 15 kya (14.0 2.2 kya, this study and 15.1 £+ 1.2 kya, Balanovsky
et al., 2017). In particular, in our dataset, Q-L275 includes two groups of chromo-
somes with relatively young MRCA (Q-M378: 6.6 £ 1.3 kya; Q-Y1150: 6.1 £ 1.2
kya). The second subdivision generates Q-F1096, dated 19.3 + 2.6 kya. It splits
into two main branches distributed across Eurasia and the Middle East: Q-M25
(12.4 £ 2.2 kya) and Q-F746 (14.9 +2.2 kya). Both branches are further sub-
divided. Q-M25 splits into Q-YP4385 (6.9 + 1.5 kya) present in samples from India
and Pakistan and Q-L713 (2.2 + 0.8 kya) by samples from Uzbekistan and Iran;
Q-F746 is subdivided into Q-M120 (4.6 £+ 0.9 kya), mainly represented by indi-
viduals from East Asia, and into Q-YP1500 (8.4 = 1.3 kya), comprising Siberian Y
chromosomes and the Greenland ancient DNA of Saqqaq (4 kya, C14 dated).
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Figure 8. Condensed version of the most parsimonious (MP) tree of Y-chromosome
haplogroup Q. This tree was obtained by considering 1550 variable positions in 149
modern and 3 ancient Y chromosomes. The length of each branch is proportional to its
age estimate. The name of the marker(s) defining the branches is shown above them.
Markers reported in italics are outside the sequenced fragments, and the relative branches
are reported as dashed red lines. Stars indicate ancient Y chromosomes, squares
Europeans, rhombi Asians and circles Native Americas; colours of the symbols are
according to the macro-areas defined in Table S2 of Ref. I. Modified from Figure 1 of
Ref. I (Grugni et al. 2019) under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/).



The third bifurcation, which occurred around 17 kya, distinguishes the Q-Y2659
branch. This clade has been dated 16.8 & 2.1 kya. It includes the lineage Q-1L940
observed in one Ukrainian individual (Ref. I) and in one Dutch of Karmin et al.
(2015) (not included in this study) and the clade Q-25902 (13.4 + 1.9 kya), which,
except for one Croatian Q-YP1600, harbours mainly chromosomes of Asian origin.
The fourth branching, which risen about 16 kya, splits Q-L54 into Q-L330
(MRCA 8.3+1.5 kya), diffused in Asia, and Q-M1107 (MRCA 15.2+1.7 kya),
observed in North Eurasia and predominant in the Americas. The latter split into
the Native American branch Q-Z780, characterising the Anzick-1 aDNA (12.6 kya,
C14 dated) and Q-M930. This branch is divided into Q-L804, spread in North
Europe, and Q-M3, one of the two main founding lineages of Native Americans,
together with Q-Z780. Finally, Q-M3, which characterises the Kennewick aDNA
(9 kya, C14 dated), differentiated sometimes after 14 kya into Q-Y4303 and Q-
M848. While the first branch harbours both Siberian and Native American Y
chromosomes with an MRCA dated 9.3+1.2 kya, Q-M848 is Native American
specific. It is dated 12.5+1.6 kya and includes eleven main sub-branches and ten
singletons.

5.1.2. Reconstructing the first peopling of the Americas from
the male perspective

Through the refinement of haplogroup Q phylogeny, the only Pan-American
chrY haplogroup, and the hierarchical genotyping of the principal haplogroup-
defining markers in 409 individuals, we confirmed the Asian origin of Native
Americans. Moreover, we provided additional information about the main Asian-
American migrations, together with suggestions of the occurrence of “unsuccess-
ful” migration attempts and back migrations from a male perspective. Q-M1107
provides crucial information about the Americas’ first peopling encompassing
most Native American Y chromosomes. Its sublineage Q-Z780 is observed only in
the Americas, whereas Q-M930 includes both the Pan-American Q-M3 and the
Northwest European Q-L804. Therefore, it is possible that Q-Z780 and Q-M930
were present in the ancestral Asian/Beringian source population that gave rise to
Native Americans. Q-Z780, whose age estimate appears to overlap (14.3 £
1.6 kya), the melting of ice sheets (14.5—-15.5 kya) was most likely brought by the
first settlers of the American continents, rapidly expanding southward following
the Pacific coastal route. Furthermore, it has been observed in the Y chromosome
of the ancient individuals Anzick-1 (12.6 kya) in North America and four
individuals dated 8.3—-3.3 kya in South America (Posth et al. 2018).

Q-M930 separated into Q-L804 and Q-M3 during the Beringian standstill.
Carriers of the first branch moved to the west from Beringia, and they reached
Northern Europe, while Q-M3 entered the Americas, differentiating into Q-M848
and Q-Y4276. Q-M848 likely also moved southward along the Pacific coast and
is probably associated with the “Southern Native American” (SNA) component
(Scheib et al. 2018; Moreno-Mayar, Vinner, et al. 2018; Posth et al. 2018). In
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Central America, Q-Z780 and Q-M848 present clades older than 10 kya, con-
firming the region’s rapid and nearly simultaneous arrival. Only Q-M848 is well
represented in South America, presenting different potentially “area-specific”
groups with coalescent times around 8.0 kya. This haplogroup characterizes
nearly the totality of the ancient samples (Figure S10 of Ref. I) from North America
(Rasmussen et al. 2010; Moreno-Mayar, Potter, et al. 2018), the Californian Islands
(Scheib et al. 2018) and Patagonia (de la Fuente et al. 2018).

Q-Y4276 likely arose in Beringia, quickly evolving into Q-Y4303 in northern
North America as suggested by its estimated age (9.3 + 1.2 ky) (Figure 3A.2 of
Ref. I). This marker, Q-Y4303, was spread in the southern part of California and
Mexico, while its sub-branch Q-Y4300 arrived in the eastern part of northern North
America, characterizing Algonquian groups. An early differentiation in this area
of Q-Y4303 would also explain the distribution of its sub-branch Q-B34 (5.4 +
1.2 kya) in the northern area of North America, including its presence in two
ancient samples from Quebec and Alaska (Scheib et al. 2018). However, the
presence of Q-B34 also in the Koryak of Siberia can be easily attributed to a back
migration (Figure 3A.2 of Ref. I), as postulated for mtDNA haplogroup A2a
(Achilli 2013). Q-M25, the sub-lineage of Q-F1096, is frequent in modern
Western Eurasians (Grugni et al. 2012; Di Cristofaro et al. 2013), and it is found
in ancient samples from the Beringian area (Flegontov et al. 2019). This could
indicate that, during the warmer mid-Holocene period, populations carrying
different haplogroup Q lineages reached the former Beringian area but gave a
minor contribution to the modern Y chromosome gene pool. Differently, Q-F746
is common in Southeast Asia as Q-M120 and encompasses the Q-B143 lineage
(8.4 £ 1.3 ky), which characterizes the Saqqaq Paleo-Eskimo ancient individual
(4 kya), and a new branch Q-PV706 (2.8 = 0.9 ky) found in a few Koryaks of
Northeastern Siberia. Q-B143 would trace the Paleo-Eskimo migration at around
4 kya. In this scenario, the Q-F746 Y chromosomes observed in the North
American Arctic (Dulik, Owings, et al. 2012) and not yet assessed for B143 could
include Paleo and Neo-Eskimo contributions to the Arctic people. In turn, the
lineage Q-PV706 was observed in the Koryaks, and it could describe either an
East Asian evolution of Q-F746 or a back migration from North America as
hypothesized for Q-B34.

Q-Z780 and Q-M3 experienced additional differentiation and genetic drift
before entering the Americas with the first settlers. Instead, Q-F746 does not seem
to have participated in America’s first peopling. Thus, concerning the first peo-
pling, the split of Q-M3 into Q-M848 and Q-Y4276 could correspond to the sepa-
ration of the two main ancestral population groups (NNA and SNA). In this
scenario, Q-M848 and Q-Z780 would have been carried along the Pacific coast
by the population group that gave rise to the SNA ancestral component. Then,
Q-Y4276 could have followed the internal route as Q-B34 and Q-Y4300 con-
tributing, together with the mtDNA haplogroups X2a and C4c, to the NNA com-
ponent that mostly appears to characterize northern Native Americans. In such a
scenario, considering the back migration of Q-B34, the split of the populations
ancestral to SNA and NNA would be best placed in eastern Beringia before
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entering into America. On the other hand, new data (Lesnek et al. 2018) indicate
that the ice-free corridor was practicable much earlier than previously considered
(15.6-14.8 kya), restoring the possibility of different migration pathways of the
ancestral Native American populations. The observation that the Kennewick
genome, which belongs to the NNA component and carries mtDNA haplogroup
X?2a, is characterised by the Y chromosome haplogroup Q-M848 also suggests
that the following admixture events (Scheib et al. 2018; Posth et al. 2018; Moreno-
Mayar et al. 2018) must have started very early in North America and suggest a
more complex admixture scenario.

5.1.3. Bayesian analysis and demography

Through the generation of Bayesian Skyline plots (BSPs), we estimated the
posterior distribution of the effective population size through time for the entire
sample of Native Americans (all Q-M1107 samples) and the individuals belonging
to the most significant sub-haplogroups (Figure 2 of Ref. I). The analysis of
Q-M1107 shows a major phase of population growth later than 15 kya, after the
first peopling of the Americas, well described by the Z780 curve, followed by a
period of constant population size from 8 to 3 kya and a subtle, but a not signifi-
cant, sign of population growth from 3 kya. The second period of growth could
be marked by M925 and Z5906, while the rapid growth of Z5908 at 8 kya seems
not to have influenced the global trend of Native American populations. Inter-
estingly, archaeological data from South America reported by Goldberg and col-
laborators show a similar trend (Goldberg et al. 2016): the first sign of growth
associated with a resource-limited (megafauna extinction) growth over time, then
9 kya domestication slowly started in NW South America until 3 kya when there
was a shift to a predominantly sedentary and agricultural subsistence. The second
period of growth was probably not linked to a climatic change but rather to a
cultural and technological change. However, South America’s diverse environ-
ments, geographic barriers to gene flow and low population density did not lead
to the diffusion of a single cohesive culture. As evident from our analyses, it seems
that the cultural and technological revolution reached at that time was isolated
and different for every population and, for this reason, not able to cause an evident
expansion of the South American populations.
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5.2. The peopling of the Americas from
an archaeogenomic point of view (Ref. Il)

5.2.1. Identifying “unadmixed” Indigenous American individuals

One of the main limitations of the study of pre-Columbian American history using
modern data is the presence of genetically non-American components present in
variable proportions, even in indigenous individuals.

Therefore, at first, we identified and removed the non-American genetic com-
ponents in indigenous people. This phase was divided into several steps. The first
step implied identifying the indigenous samples that held a negligible amount of
indigenous components. For this reason, we carried out three different analyses:
ADMIXTURE, f4, and finally, once we selected a group of individuals to be used
as a source, RFMix for the Local Ancestry inference. From the superimposition
of these three analyses’ results, we have identified two datasets, the first called
ulA217 with individuals containing less than 5% of non-indigenous American
DNA and the second ulA89 with individuals containing less than 1% of Africa
and 2% of Europe. Moreover, for the remaining samples, we masked the non-
American components from the Local Ancestry output (mlA417).

5.2.2. Assessing the Intra-Isthmo genetic variability

We investigate the comparison among Isthmian individuals, both with allele
frequencies and haplotype-based methods. The individuals separated into clusters
that mirror the indigenous communities in the Isthmus. In particular, looking at
the fineSSTRUCTURE tree (Figure 9A), it is possible to distinguish five clusters.
Four of them include only individuals that belong to the same indigenous group
(Emberd, Guna, Naso and Ngébe) while the Bribri cluster together with the indi-
viduals from the Southern Atlantic Costa-Rica, and belong to the Cabecar group
(Western Isthmus cluster). The ancient Panamanian individuals, included in the
allele frequencies analyses, such as PCAs and the outgroup f3 hierarchical tree
(Figure 2 and Figure S3 of Ref. II), are assembled in a different group that could
be associated with the Panamanian population who lived in the Pacific Pana-
manian region and disappeared with the arrival of the European colonizers.
Looking at the variability inside the Isthmian clusters, the Guna show the highest
level of similarity in intra- and inter-cluster comparisons (Figure 9B and Figure
S4B of Ref. II), and the other isthmian clusters show a high level of similarity.
This result could be explained by the drift generated by the bottleneck due to the
colonization, but probably occurred at different times, considering the blocks of
IBD sharing inside the clusters, with the east population that show peaks shorter
(7-13 cM) than the groups on the west (13—27 and 27-53 cM). Analysing the
interactions between the clusters inside the Isthmus, we observed the geographic
distribution of the variability. The northeast populations of the region seem to
have had more interactions with each other, forming a macro cluster in the tree.
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This macro-cluster largely overlaps with the geographic region of the pre-colonial
Greater Chiriqur’ cultural area. In the east, in the populations that occupy what
was once the geographical region of the great Darien cultural area, the inter-
actions are less extensive. The Guna show peculiar behaviour, acting almost as
an outgroup to the rest of the Isthmian populations. This also reflects an unexpected
demographic pattern, estimated with IBDne, that backdates the Isthmian popu-
lation’s decline before the colonizers’ arrival. These peculiarities could derive
from three not mutually exclusive reasons: i) a decline of the population in the
Greater Darien region that occurs before the arrival of the colonizers; ii) a minor
impact of the colonizers, and iii) a fast recovery of the population size soon after
the arrival of the Europeans.
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Figure 9. Population genetic structure as revealed by haplotype analysis of modern
Panamanian and Indigenous American populations. A) fineSSTRUCTURE unrooted
dendrogram showing the 19 identified Indigenous clusters and the geographic distri-
butions of the individuals in the nearly unadmixed IA (ulA217) dataset. B) Violin plot
showing cluster self-copy lengths (fragments copied from members of their own cluster)
in the ulA217 dataset; higher values are for more isolated groups. Modified from Figure
3 of Ref. II (Capodiferro et al. 2021) under the terms of the Creative Commons Attribution
4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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5.2.3. Reconstructing the first peopling of the Americas
from a genomic perspective

After outlining the genomic variability of Isthmus, we looked at it within the
Americas’ genomic scenario. Since the first exploratory analysis, the PCA of the
American individuals and the worldwide ADMIXTURE, a specificity of the
Isthmo-Colombian region’s populations emerged, characterized by a specific
cline shown in the PCA and by a specific component in the ADMIXTURE
analysis (Figure 2 of Ref. II). This peculiarity is also visible when PCA and
ADMIXTURE are applied to a different dataset, based on Illumina data, which
allows the analysis of more indigenous peoples of Costa Rica and North-East
Colombia (Figure S2C of Ref. II). Even when haplotype-based approaches were
applied, particularly fineSSTRUCTURE, it was possible to observe a particular
attitude. The Isthmus’ genetic clusters are placed in an outlier position compared
to the rest of the American variability. Moreover, the CHROMOPAINTER-based
Total Variation Distance (TVD) heatmap shows that excluding Embera, which
shows a low TVD value compared to other American genetic clusters, shows a
slight affinity with the rest of the dataset evident in the Guna (Figure S4B of
Ref. II). When differences in interactions are investigated as an excess of allele
sharing with f4, more significant interactions of the Embera with other South
American populations are displayed, and different contacts of the populations
west of Panama than the Ancient Panamanian individuals and the Guna (Figure
S5B of Ref. II). The peculiarity of the Isthmo-Colombian population, which we
have called distinctiveness, seems to have a pre-Hispanic origin, mainly because
these populations seem to have a shared long history of drift and separation from
other indigenous peoples. Indeed, when through f4 we formally checked for an
excess of allele sharing in a broad context, considering both modern and ancient
individuals from the Americas, it was possible to observe a particular trend for
the Panamanian populations and the Costa Rican Cabecar, with the exclusion of
the Embera. While, as expected, it has been possible to observe higher proximity
of modern Panamanian populations with the other modern populations of Central
and South America, when compared to Anzick, this signal is absent when using
Spirit Cave and other ancient individuals, except for the oldest individuals of 7
kya on the Pacific Coast in place of Anzick. These results suggest that the Isthmus
populations have equal distance with Spirit Cave and other modern Central and
South American populations (Figure 6A and Table S4 of Ref. II). Besides, the
Gunas always have a shared history with the ancient individuals representing the
main American ancestry, very low compared to the average of other modern indi-
genous peoples (mostly <25th percentile) (Figure S3D of Ref. II). Using gpWave,
we tested the minimum number of sources needed to describe pairs of populations
compared to outgroups representing the main Indigenous American Ancestry.
This analysis has allowed us to demonstrate that, especially for Gunas, two sources
are needed to explain the variability when coupled to populations, not of the
Isthmus, and one compared with an Isthmus population (p-value >0.01, Figure 6b
of Ref. II). Starting from the results of previous analyses, we then tested a model
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with qpGraph that provides for the presence of an ancient unsampled population
that characterizes Isthmus populations (UPopl: Unsampled Population from the
Isthmus). This model involves the first migration of a population, represented by
Lagoa Santa in Brazil, which has spread to both American continents and to both
coasts of South America (which we have called SNA1). Later, between the late
Pleistocene and the Early Holocene, a new population (SNA2) represented by
Spirit Cave in North America migrated through the continents, admixed with the
previous population already present, reaching only the coasts of Pacific South
America. These happened until the subsequent repopulation, with the improvement
of the climatic conditions during the Holocene of all Central and South America,
as described by (Moreno-Mayar et al 2018 and Posth et al., 2018). In this scenario,
Upopl, which is part of SNA2, was separated before Spirit Cave (so probably in
North America), and then probably also reached South America, but leaving
traces to the present day, especially in the Isthmo-Colombian region.

5.3. Recent migrations contributed largely to
the genomic pool of modern American populations (Ref. lll)

5.3.1. Macro and micro geographic patterns of European, African
and Native American ancestry in American populations

At first, we grouped the worldwide donor individuals into 89 genetically homo-
geneous clusters (Figure S2A, Data S2A of Ref. IIl), based on haplotype simi-
larities using CHROMOPAINTER (CP) and fineSTRUCTURE (FS). Hence, we
could reduce the donors’ genetic heterogeneity in the ancestry characterisation
process. These results revealed the worldwide genetic heterogeneity pattern at the
continental scale also observed in previous surveys.

To reconstruct the American population’s ancestral mosaic, we used SOURCE-
FIND to fit each of them as a mixture of the identified FS clusters. We found that
21 clusters contribute no less than 2% in at least one recipient population; the
results are shown in Figure 10A. In detail, we found that the African ancestries
distribution reflects the complexity of the Slave Trade dynamics. Our analysis
revealed that West-Central Africa ancestry is the most prevalent in the American
continents, as previously stated (Montinaro et al. 2015; Gouveia et al. 2020). More-
over, we identified a high contribution from Senegal and Gambia in the Caribbean,
Mexico, and Colombia according to African slave arrivals predominantly to
Spanish-speaking America until the 1620s (Klein 1999). Then, we estimated a
high contribution from Benin and Nigeria in all the Caribbean populations and
populations from the US; this is in agreement with the dynamics of the slave trade
because about half of all West African slaves were deported to Dutch, French and
British sugar plantations in the Caribbean. Among all the analysed populations,
ACB (Barbados) is characterised by the highest sub-Saharan ancestry proportion
(~88%), likely due to the presence of the sugar cane industry together with the
relatively low European immigration in the XVIII century (Curtin 1972). At a
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microgeographic scale, ACB individuals derive their African ancestry from
“BeninNigeria” (~50%) and “BeninlvoryCoast” (~21%) (Figure 10A), two of the
primary source areas reported for the British-mediated slave trade.

In contrast, Brazil showed a different African ancestral composition, distin-
guished by a high ancestral contribution linked to modern-day Angola and
Namibia, consistent with the Portuguese settlement in Angola from the beginning
of the XVII century. In Argentina, a related African component is also observed,
probably due to the slaves’ arrival primarily to Brazil via the Portuguese slave
trade from Angola (Edwards 2014; Eltis & Richardson 2010).

Towards the end of the slave trade period, Mozambique was the third-largest
supplier of slaves (Klein 1999). Therefore, we observed Southern East African
ancestries in a non-negligible proportion of individuals from Bambui and Pelotas.

As for the European ancestries, we confirmed the notable impact of Great
Britain, France and the Iberian Peninsula for all the examined populations, with
a distribution reflecting the Americas’ geographic occupation in the Colonial Era.
Furthermore, our approach revealed several European secondary sources con-
tributing to a substantial proportion of American populations. For example, Italian
ancestry was also found at a considerable proportion, higher than 5%, in indi-
viduals of multiple populations, especially in Argentina and Brazil. Italy has been
reported as one of the primary sources of migrants to South America during the
XIX century, giving rise to the “Italian diaspora”, second only to the Spanish and
Portuguese influences. Genetic signals of these migrations were found in all the
three Brazilian populations analysed, principally related to North Italy, with the
highest proportion in Pelotas, followed by Bambui and Salvador. In Argentina, the
identified Italian contribution is related both to the Northern and Southern part of
the peninsula, which is in accordance with movements of millions of individuals
from Northern (earlier) and Southern (later) Italy registered from the second half
of 1800 throughout the 1950s (Baily & Miguez 2003; Meade 2011). Therefore,
the Italian components’ distribution is heterogeneous at a Pan-American level and
closely reflects the one reported by historical records. Differently from the other
Brazilian groups analysed, Pelotas is also characterised by contributions from
additional sources, such as Central and North-Europe (“GreatBritain1”, “France”,
“CentralEuropel-2” and “Scandinavia”) mirroring historical records.

Looking at the Native American ancestry, we found that, except for Mayan
individuals, this ancestry is high in South American populations and Mexico,
with the highest rates in Peru, Ecuador and Argentina (Figure 10 and Data S2B
of Ref. III). Interestingly, we identified a non-negligible proportion of individuals
with Native American-related ancestry in both the analysed African-American
population samples.

Finally, with our analysis of the individual ancestry distribution, we identified
Jewish and Levantine ancestries’ presence in virtually all the examined popu-
lations, including those from the Caribbean (Figure S5 of Ref. III). These results
confirmed what Chacon-Duque and colleagues reported in their study (Chacon-
Duque et al. 2018). They identified South and East Mediterranean ancestries in
the Americas, interpreting it as a contribution from Converso Jews.
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Figure 10. The ancestral mosaic of American populations reveals a highly complex
ancestral composition. A) Barplots representing ancestral genetic proportions based on
SOURCEFIND results for North and South American populations. Only the contribution
for the 21 most representative fineSTRUCTURE clusters (contributing >2% in at least
one recipient population) is reported. B) Proportion of continental ancestries for all target
populations. Ancestries are represented in red for Africa, blue for Europe, and yellow for
America/Asia. Reprinted from Figure 1 of Ref. III (Ongaro et al. 2019); permission
conveyed through Copyright Clearance Center.

5.3.2. Evaluating admixture times and sources characterising
modern American populations

To identify the admixture sources and events and to date these events, we applied
GLOBETROTTER (GT) at two different levels, “Population” and “Individual”;
we concentrated on admixture events inferred to have happened in the last 30
generations.

At the population level, we found that all American populations under study
are the consequence of at least one admixture event including Native American,
African, and European sources that happened within the last 6-12 generations
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(considering a generation time of 28 years), corresponding to 1644 Common Era
(CE) and 1812 CE (Figure 2A of Ref III). In 14 populations, we identified one
admixture event with inferred times between ~6 and ~11 generations ago. The
results are reported in Figure 2 and Table S2C of Ref. III. In two Caribbean popu-
lations, PUR (Puertorican) and Dominican, we found a single admixture event
involving more than two sources from Africa, Europe and America, dated ~9-11
generations ago. However, the six remaining populations (Mexican, EuroAme,
Pelotas, Caribbean, AfroAme and Bambui) displayed a sign of at least two
admixture events mainly concerning American, European and African sources,
with the most recent occurring ~6—8 generations ago.

Moreover, our per-individual analysis provided several insights into the com-
plexity of admixture in the Americas. Interestingly, the inferred admixture dates
that involve Senegal and Gambia populations are older than those involving all
the others, mirroring historical data; this area remained the main slave trade site
for the Spanish possessions until 1640 (Barry 1998). Likewise, all the dates con-
cerning clusters related to Angolan and Namibian individuals are characterized
by younger recent admixture times. Furthermore, times involving “Beninlvory-
Coast” are significantly older than the ones involving “BeninNigeria” and “Came-
roonGabon”. Lastly, dates regarding “CameroonGabon” are older than “Benin-
Nigeria” (Figure 2D of Ref. III).

For European sources, the estimated admixture dates characterized by gene
flow from the Iberian Peninsula are older than the dates with France/Great Britain
sources, which, in turn, are older than admixture events including Italian sources,
which, according to historical records, became substantial only in the second half
of the XIX century (Figure 2C of Ref. III).

5.3.3. Reconstructing the ancestry-specific
demography of American populations

To investigate continental ancestries’ demographic history, we performed IBDNe
analysis, as in Browning et al. (Browning et al. 2018).

This analysis demonstrated that, despite their composition, most of the con-
tinental ancestries underwent a general decrease until approximately ten gene-
rations ago, after which a general population size recovery was inferred (Figure
11, Figure S6G of Ref. III). According to previous surveys reporting their low
heterogeneity (Kehdy et al. 2015), this pattern is not observed in all the American
populations: Bambui (Brazil) showed a general decline in population size for
African and European ancestry. Also, the European ancestry of European Ameri-
cans (EuroAme) does not display signs of demographic decline, perhaps ref-
lecting multiple European migrations contributing to this population.

Moreover, the African population component’s recovery postdates those of
the European one, possibly revealing the various conditions encountered by Afri-
can slaves and European settlers.
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On the other hand, the effective population size of the Native American
component in Peruvians and Mexicans does not show evidence of a decrease, in
contrast with historical reports describing a general dramatic decline of the Native
American population after European colonization. This result matches Browning
et al. (Browning et al. 2018), which found a minor decline in Mexicans effective
population size for Native American ancestry compared to other populations; and
also with our GLOBETROTTER results, where we saw a sign of admixture
between two Native American related sources around 15 generations ago. It may
be possible that the vast population decrease did not massively affect the genetic
variability of survivor populations; or that individuals from distinctive isolated
native groups have been placed in contact as a result of the European colonization
and deportation, also recently suggested for Peru (Harris et al. 2018). This would
result in an inflated effective population size estimate, as we see in our IBDNe
analysis.
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Figure 11. Ancestry-specific effective population size of American populations obtained
with IBDNe. The x-axes show time expressed in years of CE. The y-axes show ancestry-
specific effective population size (Ne), plotted on a log scale. Solid lines show estimated
ancestry-specific effective population sizes (red, African ancestry; blue, European ancestry;
yellow, Native American ancestry), with ribbons indicating the 95% Cls. Only the popu-
lation ancestries, in which a(continent) x n > 50 (where a is the proportion of a specific
ancestry and n is the total number of chromosomes in the analyzed population), are
represented. Reprinted from Figure 4 of Ref. III (Ongaro et al. 2019); permission
conveyed through Copyright Clearance Center.
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5.3.4. Assessing the impact of sex-biased admixture
in the American continents

To estimate the impact of sex-biased admixture in the American populations
under study, we performed ADMIXTURE on the autosomal and the X chromo-
somes, comparing the related continental proportions. Concerning European
ancestry, the proportions of autosomes were significantly higher in all comparisons,
suggesting a higher contribution of European males than females in American
populations’ gene pool (Figure 3 and Data S2D of Ref. III), in agreement with
previous continental-scale reports based on more limited data (Bryc et al. 2010;
Kehdy et al. 2015; Fortes-Lima et al. 2017). This result is supported by the fact
that the Native American ancestry proportion of autosomal data is always lower
(except for Dominican) than that of the X chromosome. In contrast, when
examining African ancestry, many populations do not display any indications of
sex imbalance. In detail, in only eight out of 19 comparisons (ACB, AfroAme,
Bambui, Caribbean, EuroAme, Pelotas, PUR and Salvador), the autosomal
proportion was significantly lower than that of the X chromosome. Except for
ACB, all these significant differences were associated with sample sizes greater
than 100. These results contrast with historical records documenting a higher
number of disembarked male slaves (Klein 1999) and might reflect complex
admixture dynamics. In fact, gender imbalance in the slaves’ treatment could
have led to diverse chances to have descendants and consequently explain, at least
in part, these results. Alternatively, they could reflect limitations in the approach
employed here, as previously suggested (Goldberg and Rosenberg 2015). These
results confirm that the European and African components play a fundamental
role in shaping the genetic differentiation of different American groups, although
their demographic evolution after the arrival in the “new world” is still unknown.
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6. CONCLUSIONS

Ref. I:

A high-resolution haplogroup Q phylogeny that presents new insights into its
Eurasian and American branches’ geographic distribution in modern and
ancient samples was ascertained and dated.

For the first time, two distinct Y chromosome lineages reflecting the two main
ancestral components (SNA and NNA) earlier described by recent genomic
studies were observed. The differentiation of these lineages probably occurred
in eastern Beringia before entering the Americas through two routes: the
coastal (SNA, Q-Z780/Q-M848) and the internal route (NNA, Q-Y4276).
Once there, these two ancestral components probably admixed very early in
North America, as suggested by the ancient Kennewick nuclear genome
belonging to SNA (Q-M848) yet carrying an NNA mtDNA haplogroup (X2a).
Two significant expansions of the SNA lineages in Meso- and South America,
one around 15 kya, early after the first peopling, and another at 3 kya,
following climatic changes and local cultural shifts, were revealed.

Ref. 1I:

A remarkable genomic structure within Panama was identified, mainly over-
lapping with past and present Indigenous groups analyzed in this study. These
groups also show relatedness, especially in the Caribbean region on the border
between western Panama and southeastern Costa Rica over thousands of
years. Fewer genetic similarities were identified between the Indigenous groups
located in eastern Panama and between the Embera and the pre-Hispanic
Panamanians who lived in the area around Old Panama before European
contact.

A previously undescribed ancestry among ancient Indigenous peoples of the
Americas was revealed. This ancestry is unique to the region and detectable
in the ancient pre-Hispanic individuals and the self-identified descendants of
current Indigenous, African and Hispano-Indigenous groups. It reached the
Panama land bridge over 10 thousand years ago, expanded locally during the
early Holocene, and left genomic traces up to the present day, especially
among the Guna.

Ref. III:

The European genetic contribution in American populations mirrors the
geopolitical situation during colonization. Several European secondary sources
contributing to a substantial proportion of American populations were revealed,
e.g. Italy in Brazil and Argentina, Central Europe in Brazil. A differential
contribution of African sources among American populations was inferred.
Times of admixture are concordant with migration waves from Europe and
reflect differences in African areas exploited through time.
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The investigation of the demographic impact of admixture reveals a general
decline and recovery pattern in several populations under study corresponding
to the beginning and the end of the Colonial Era. However, Peru and Mexico
are characterized by different demographic trajectories.

The analysis of sex-biased admixture dynamics suggests that a higher number
of American females than males have contributed to the modern populations,
while European males had a more significant contribution than females from
the same continent. In contrast, some populations, but not all, showed evidence
for a higher female contribution, partially conflicting with historical records
for African ancestry.
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SUMMARY IN ESTONIAN

Ameerika populatsioonide genoomne portree

Ameerika populatsioonide evolutsiooni on késitlenud mitmed multidistsipli-
naarsed uuringud. Meie teadmised Ameerika maailmajao geneetilise mitme-
kesisuse kujunemisest on endiselt ebatéielikud, ehkki geneetilised uuringud lisavad
sel teemal pidevalt uusi detaile. Uute tehnoloogiate nagu jérgmise polvkonna
sekveneerimine (NGS) viljaarendamine koos teiste tehniliste edasiminekutega
avavad vOimaluse eraldada ja analiiiisida DNA-d iidsetest proovidest, tehes
“lidsest genoomikast” (aDNA) iihe paljudest pdhilistest todriistadest meie esi-
vanemate mineviku mdistmiseks. Veelgi enam, need tehnoloogiad on tohutult
suurendanud genoomsete andmete hulka kogu maailmast, sealhulgas Ameerika
mandritelt.

Ehkki Ameerika maailmajagu oli viimane, milleni meie sapiens’i esivanemad
joudsid, on selle geneetilise varieeruvuse protsessid olnud viga keerukad. Nende
uuringud on rohkem kui kolme kiimnendi jooksul olnud paljude geneetikaalaste
teadustoode teemaks. Algul domineerisid Ameerika populatsioonide populat-
sioonigeneetilistes uuringutes uniparentaalsed geneetilised siisteemid, alustades
mitokondriaalse DNA-ga (mtDNA) ja peagi kaasates Y-kromosoomi (chrY) ana-
liiisi. Viimasest selgus, et pdlisameeriklaste kaks chrY asutajahaplogruppi olid
toendoliselt hg C ja hg Q, mida leiti vastavalt umbes 5% ja 75% pdlisameerika
meestest. Kuid nende haplogruppide resolutsioon ei paranenud oluliselt enne kui
mone aasta eest.

Selle doktorit6d esimese publikatsiooni (Ref I) eesmérgiks on uurida Ameerika
maailmajao geneetilist ajalugu meeste perspektiivist, lahates suure tipsusastmega
tileameerikalist haplogruppi Q, ning koostada kdikehdlmav ja detailne haplo-
grupp Q ja selle alamliinide fiillogeograafia.

Uniparentaalseid geneetilisi siisteeme voib pidada kaheks lookuseks, mida
kasutatakse inimese ajaloo nais- ja meesperspektiivi moistmiseks. Nad saavad
kirjeldada ainult kaht esivanemat neist tuhandetest, kes on seotud tidnapdeva
populatsioonide geneetilise parandi kujundamisega. Olulisem arv esivanemaid on
genoomis esindatud autosomaalsetes markerites. Seega on autosomaalsed markerid
hédavajalikud Ameerika maailmajao populatsioonide litkkumiste ajastuse ja diinaa-
mika mdistmiseks. Ténu arheoloogilistele ja geneetilistele tdenditele tunnistatakse
niitidseks, et esimesed PShja-Ameerikasse joudnud inimesed tulid Siberist, iile-
tades pérast hilist jddaega Beringi maakitsuse. Algsetele asulakohtadele jargnesid
ulatuslikud inimeste rdnded, mis joudsid Louna-Ameerika 1dunaossa suhteliselt
kiiresti, juba ~15 000 aastat tagasi. Mitu hiljutist uuringut on selle teema kohta
uut informatsiooni andnud, rekonstrueerides Ameerika maailmajao erinevate
piitkondade pdliselanike riihmade genoomset ajalugu, kuid Isthmo-Colombia
piirkond on seni puudu.

Seega rakendab selle doktoritdd teine publikatsioon (Ref II) nii iidse kui ka
tdnapdeva DNA andmete analiiiisi, et rekonstrueerida Isthmo-Colombia piir-
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konna genoomset ajalugu. Selle eesmérgiks on teha kindlaks Panama pdlis-
populatsioonide genoomne taust, et hinnata maakitsuse sisest varieeruvust ja
selgitada Kolumbuse-eelsete ameeriklaste genoomset ajalugu, hinnates Isthmo-
Colombia piirkonna sidemeid iilejaidnud Ameerika maailmajaoga.

Lisaks esialgsetele rénnetele pirinevad Ameerika populatsioonid mitmest
segunemisest, alates koloniseerimisest ja Atlandi orjakaubandusest. Peale selle
toimus viimase kahe sajandi jooksul palju rdndelaineid, millele jargnes kohalik
segunemine, ning nende mdju on suuresti uurimata.

Selle doktorit66 kolmas publikatsioon (Ref I1I) uurib, kuidas hilisemad rdnded
kujundasid segunenud Ameerika populatsioonide genoomset tausta. Tépsemalt
on selle uuringu eesmérgiks rekonstrueerida korgel lahutusastmel pdlvnemise
komponendid, anda hinnang segunemise ajale, uurida erinevate mandrite polv-
nemise demograafilist evolutsiooni pérast segunemist ning hinnata soost sdltuva
geenivoolu diinaamika ulatust ja tugevust segunenud Ameerika populatsioonides.

Kéesoleva doktoritdo peamised tulemused ja jareldused on jargmised:

— Tehti kindlaks ja dateeriti kdrge resolutsiooniga haplogrupp Q fiilogeneesi-
puu, mis annab uut informatsiooni oma Euraasia ja Ameerika harude geo-
graafilise jaotuse kohta tdnapéeva ja iidsetes proovides.

— Esimest korda tuvastati kaks eristuvat Y-kromosoomi liini, mis peegeldavad
hiljutistes genoomsetes uuringutes varem kirjeldatud kaht peamist pdlvnemis-
komponenti (SNA ja NNA). Nende liinide lahknemine toimus tdenéoliselt
Beringi maakitsuse idaosas enne Ameerika maailmajakku sisenemist, milleks
kasutati kaht teed: ranniku (SNA, Q-Z780/Q-M848) ja sisemaa teed (NNA,
Q-Y4276). Sinna joudnuna segunesid need kaks pdlvnemiskomponenti PGhja-
Ameerikas toendoliselt viga vara, millele viitab iidne Kennewicki mees, kelle
tuumagenoom kuulub SNA komponenti (Q-M848), kuid mtDNA haplogrupp
on NNA-st (X2a).

— Avastati SNA liinide kaks mérkimisvéérset ekspansiooni Meso- ja Louna-
Ameerikas, iiks umbes 15 000 aastat tagasi, kohe pirast esmaasustamist, ja
teine 3000 aastat tagasi parast klimaatilisi muutusi ja kohalikke kultuurilisi
nihkeid.

— Panama sees tuvastati markimisvidrne geneetiline struktuur, mis kattus iild-
joontes kdesolevas uuringus analiiiisitud mineviku ja praeguste pdliselanike
riihmadega. Need rithmad on ka tuhandeid aastaid suguluses olnud, eriti Kariibi
mere piirkonnas Panama ldéne- ja Costa Rica kaguosa piiril. Ida-Panama
poliselanike rithmade vahel ning Embera ja hispaanlaste-eelsete panamalaste
vahel, kes elasid Vana Panamat timbritsevas piirkonnas enne kontakti euroop-
lastega, leiti vihem geneetilisi sarnasusi.

— Ameerika maailmajao iidsete poliselanike seas avastati varem kirjeldamata
polvnemiskomponent. See komponent esineb ainult selles piirkonnas ning on
tuvastatav iidsetes hispaanlaste-eelsetes indiviidides ja inimestes, kes ise
identifitseerivad end tdnapédeva poliselanike, Aafrika ja latiino-pdliselanike
riihmade jérglastena. See joudis Panama maakitsusele rohkem kui 10 000 aastat
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tagasi, levis varases Holotseenis lokaalselt ning jéttis tdnapdevani piisivaid
genoomseid jilgi, eriti Guna rahva hulgas.

Euroopa geneetiline panus Ameerika populatsioonidesse peegeldab kolonisat-
siooni aegset geopoliitilist olukorda. Avastati mitu sekundaarset Euroopa
allikat, mis panustasid arvestatavasse osassse Ameerika populatsioonidest, nt
Itaalia Brasiilias ja Argentiinas, Kesk-Euroopa Brasiilias. Tuletati Aafrika
allikate eristuv panus Ameerika populatsioonidesse.

Segunemise ajad langevad kokku rindelainetega Euroopast ja peegeldavad
ekspluateeritud Aafrika piirkondade muutumist ajas.

Segunemise demograafilise mdju analiiiisist selgub iildine languse ja taastu-
mise muster mitmes uuritavas populatsioonis, mis vastab koloniaalajastu
algusele ja lopule. Kuid Peruud ja Mehhikot iseloomustavad erinevad demo-
graafilised trajektoorid.

Soost sdltuva segunemise diinaamika analiiiis viitab sellele, et tinapéaeva popu-
latsioonidesse on panustanud rohkem Ameerika naisi kui mehi. Vastupidiselt
oli Euroopa meeste panus olulisem kui samalt mandrilt parinevate naiste oma.
Sellele vastandlikult ilmnes modnes populatsioonis, kuid mitte kdigis, toendeid
suuremast naiste panusest, mis on osaliselt vastuolus ajalooliste andmetega
Aafrika péritolust.
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