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1. Abstract

1. Abstract

The genomic histories of human populations have been recently enriched by
modern and ancient DNA data. The new field of archaeogenomics, which
aims at a parallel analysis of these datasets, is providing additional details on
the complexity of the past of humankind with multiple migrations,
demographic spreads, and admixture events worldwide. As for the molecular
targets, initial studies were based on the analysis of uniparental systems, the
mitochondrial DNA (mtDNA) and the Y chromosome. Nowadays, genetic
surveys have extended to entire genomes from both modern and ancient
individuals.

The projects presented in this thesis combine one or several of these features
and investigate the genetic histories of human populations from Eurasia and
the Americas in different geographic contexts.

In the first project [1], based on a microgeographic setting, the diachronic
comparison of 198 complete mtDNAs (selected based on the variation of 545
modern mtDNA control regions) with 19 ancient mitogenomes from the
Umbria region in Italy highlighted a long and complex history of migrations
from different sources and in different times, with genetic continuity between
ancient and modern individuals in the eastern part of the region.

Moving to eastern Asia, the second work [2] investigated the variation of
2,420 modern mtDNAs (147 of which at the level of complete mitogenomes)
from all over Mongolia. The results showed a clear genetic differentiation in
the region. East Asian contributions suggested continuous connections with
neighboring populations until recent times. Western Eurasian mitogenomes
highlighted two major demographic changes, the first of which occurring
during the Late Pleistocene and suggesting a connection with post-glacial
repopulation events from western Eurasian refuges. Lastly, a comparison
with Mongolian ancient individuals suggested a link between the occurrence
of some mtDNA lineages and the timeframe and geographic path of the Silk
Route.

After traversing the strait of Bering towards the Americas, in the third work
[3], also set on a macrogeographic context, we built a country-wide dataset
of 2,021 mtDNAs from the present-day general population of Mexico. The
findings confirmed that the genetic impact of European conquest was small
in terms of maternal lineage introgression, with preservation of Indigenous
mtDNA lineages, heterogeneously distributed within the country. The
proportion of west Eurasian mtDNA haplogroups was found to be low, but
with some exceptions, mainly restricted to the northeast. The results also
pointed to a possible sex-differentiated mobility and mixture that impacted
cultural as well as biological survival in Mexico. Furthermore, we also
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1. Abstract

highlighted the importance of country-wide and regional databases for
forensic genetic investigations.

Moving south across the double continent, | have focused my main projects
on the Isthmus of Panama, an obligatory passage for the first peopling of the
Americas and an important crossroads during both the European colonization
and the African slave trade. The existence of sex biases in the convergence
of diverse Indigenous groups was often documented by the differential
inheritance of uniparental lineages. In this paper [4], | have studied and
compared the mtDNA and Y-chromosome variation of 431 individuals (301
males and 130 females) belonging to either the general population, mixed
groups, or one of five Indigenous populations currently living in Panama. We
found different proportions of paternal and maternal lineages in the
Indigenous groups testifying to pre-contact demographic events and genetic
inputs (some dated to Pleistocene times) that created genetic differentiation.
We also showed that the local mtDNA gene pool (especially among the
Indigenous populations) was marginally involved in post-contact admixtures,
whereas the Indigenous Y chromosomes were differentially replaced, mostly
by west Eurasian lineages. Moreover, we provide new estimates of the sub-
Saharan African contribution to a more accurately defined general population
of Panama, somehow reconciling genetic data with historical records.

In addition to the projects on mtDNA sequence data, | also had the
opportunity to start working with both ancient and modern autosomal DNA
data. The archaeogenomic study of Panama [5] analyzed 84 genome-wide
profiles from present-day Indigenous and admixed groups, together with the
first reliable 12 low-coverage ancient genomes from this region. An initial
evaluation of the ancient data made it possible to address long-standing
anthropological and archaeological questions regarding the possible genetic
relationships among individuals buried together, testifying to the
multidisciplinary feature of this work. Moreover, we identified a remarkable
genomic structure within Panama. Nevertheless, Panamanian groups also
showed relatedness, especially in western regions, mirroring the pre-contact
cultural area of Greater Chiriqui. Fewer genetic similarities were instead
identified between the Indigenous populations located in eastern Panama,
known in pre-contact times as Greater Darién. In the wider continental
genomic landscape, we described the presence of a specific axis of
Indigenous genetic variation in the Americas, which is typical of the Isthmo-
Colombian area. This component was present not only among pre-Hispanic
Isthmian individuals, but also strongly characterized present-day
Panamanian groups, surviving both pre-colonial demographic fluctuations
and the genetic bottleneck (and admixture) caused by colonialism.
Eventually, such genomic distinctiveness has been explained by considering
an additional Pleistocene ancestry that further enriches the Indigenous
American genetic history.



1. Abstract

Crossing the Isthmus to South America, | was involved in a still ongoing
project on the Ashaninka Indigenous population from Peru. The preliminary
analyses of genome-wide data from 44 individuals highlighted an outlier
behavior of the Ashaninkas within the South American genomic landscape,
the occurrence of two main genetic clusters within this population, and
peculiar connections with ancient Caribbean groups, a link that will need
further investigation.

This thesis highlights some important aspects of human population genetics
and provides a relevant contribution to the field. First, mtDNA studies are
confirmed as fundamental to reconstruct phylogenies and for evolutionary
and forensic genetic applications. However, uniparental systems are based
on single non-recombining loci, representing only two ancestral paths out of
the thousands that contribute to a genome. This complexity can be tackled
by accompanying autosomal data to uniparental markers and by further
incorporating evidence from ancient DNA, which has revolutionized the field
of population genomics in the last decade, becoming an important tool to
investigate the genetic histories of populations.
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4. Introduction

4. Introduction

4.1 Background on population genetics

Genomes are made of Deoxyribonucleic Acid (DNA), that contains the
information needed for the life of an organism and which is passed down
generation after generation.

The ultimate source of all evolutionary changes in DNA is mutations.
Mutations can be of different types, mainly occurring during DNA replication
before cell division, and they cause different changes in the genome. The
most abundant kind of mutation is the conversion of one nucleotide into
another, which in a population, when the frequency of the new nucleotide is
higher than 1%, becomes a single-nucleotide polymorphism (SNP). Indels,
which are insertions or deletions of short sequence fragments, are the second
most abundant type of polymorphism in human genomes [6]. They are
especially frequent in the context of repeated sequences of few base pairs
(bps) as short tandem repeats (STRs) [7], due to polymerase slippage during
replication. In addition to these small-scale changes, genomes undergo
larger-scale structural variations, in which large chromosome tracts are
duplicated, deleted, inverted, or translocated to a different position of the
genome. Humans are diploid organisms, therefore, for each given
polymorphic locus on the autosomes and the recombining part of the sex
chromosomes, they have two alleles (variant forms of DNA sequences
occurring at the same locus), with one allele inherited from each parent. Each
pair of alleles represents the genotype at a specific genetic locus.

Another source of change in the genome is the process of meiosis in sexually
reproducing organisms. Consequences of meiosis are segregation,
independent assortment, and crossing-over. The latter, also known as meiotic
recombination, results in the shuffing of genetic material between
homologous chromosomes. Without recombination, DNA sequences are
passed on over generations and accumulate mutations sequentially over
time, as occurs for the mitochondrial genome (mtDNA) and the non-
recombining region of the Y chromosome. The autosomes passed down to
the offspring, after meiosis, can be a recombined version of the two
chromosomes carried by the parent, and the probability by which
recombination occurs in any part of the genome can vary. The closer two
variants are on a chromosome, the less likely recombination will occur
between them. The resulting co-segregation of these variants at a frequency
greater than expected by chance is known as linkage disequilibrium (LD). The
specific combination of variants that are co-inherited on a chromosome, or on
a fragment of a chromosome, are called haplotypes.
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4. Introduction

These changes are the main causes of variation in the genome. DNA is thus
shaped over time by evolutionary processes, which are mainly driven by two
forces [8]: natural selection, the result of variation in the probabilities of
transmission among individual genotypes, and genetic drift, the random
variation of allele frequencies in a population [9, 10]. This random fluctuation
depends on the probability of individuals carrying a specific allele at a given
locus of leaving more or less offspring in the next generation. In a sexual
population, drift also depends on only one of the two alleles at a locus in an
individual being transmitted to the offspring. Genetic drift mainly impacts
neutral alleles. A neutral polymorphism occurs when the segregating alleles
at a polymorphic site have no differences in their effect on fithess. The role of
drift in the evolutionary processes has been debated since the proposition of
the neutral theory of molecular evolution [11, 12]. This theory is based on the
assumption that most polymorphisms are neutral alleles, subject only to
genetic drift and mutation. Genetic drift will, in absence of mutations, remove
neutral genetic diversity, as alleles will eventually either be lost or fixed over
time (Figure 1).

V4
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v \‘ﬁ&vf‘«&“t’»"?ﬁ\

Past Present

Generations

Figure 1. Loss and fixation of the red and blue alleles, respectively, over the generations in
the absence of mutation. Figure adapted from (https://github.com/cooplab/popgen-notes),
under the terms of the Creative Commons Attribution 3.0 Unported License
(http://creativecommons.org/licenses/by/3.0/).

Another important concept in population genetics is the coalescent theory
[13], which states that all alleles at a given locus derive from a common
ancestral molecule, also referred to as the Most Recent Common Ancestor
(MRCA). From this statement it follows that one can calculate the
coalescence time, that is when the ancestral allele was the only one present
in past generations. The coalescence time considers the probability that two
alleles coalesce in the previous generation as 1/(2Ne¢). Ne is the effective
population size, that is the size of an idealized constant population which
matches the rate of genetic drift, or the size of the subset of the population
that is actually contributing genetic material to the next generation [14]. When
the Ne is small, random changes in allele frequency have a greater impact
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4. Introduction

and genetic drift occurs more rapidly. The coalescent theory has many
applications in population genetics and can allow us to investigate and date
events, as migrations and time to the MRCA, extrapolating this information
from modern and ancient sequence data.

In this context, another useful concept is the mutation rate, which gives the
probability of the occurrence of a mutation in a genome in each generation.
These rates can differ among species, within the same species, and even
within the same genome. Mutation rate is usually estimated as the probability
of a substitution per site per generation. In humans, the mutation rate is
approximately 1.25 x 10® per base pair (bp) per generation, although there is
still a debate about this number, considering how much it can vary between
different regions of the genome [15, 16]. Since DNA sequences evolve at an
approximately constant rate, the number of differences between genomes is
proportional to the time since they last shared a common ancestor [17]. This
is the principle at the basis of the concept of the molecular clock, which can
be very useful for estimating evolutionary timescales. It usually requires a
calibration given by the comparison with an outgroup whose divergence time
is already known from other sources.

4.2 Technologies for obtaining genomic data

At the beginnings of population genetics, the greatest advancement was the
introduction of molecular tools to study variation within and between species
[18]. The first molecular markers used to this aim were proteins and blood
group antigen proteins, recognized with antibodies, have been used to carry
out the very first studies on molecular variation [19]. Attempts to quantify
genetic variability using polypeptides continued in the 1960s [20, 21] although
with technical limitations, since the methodologies were only based on the
assessment of protein mobility in gel electrophoresis, introduced at the end
of the 1940s [22].

After the discoveries of DNA being the genetic material of the cell [23] and of
the DNA structure [24, 25], it became clear that further advances would have
required studies of DNA sequence variation. A step forward was the detection
of DNA sequence variants by identifying mutations in sites cut by restriction
enzymes, discovered in bacteria [26]. A great breakthrough occurred later on
with the development of the polymerase chain reaction (PCR) [27], which
enabled researchers to obtain high copy numbers of specific DNA
sequences. The combination of PCR with gel electrophoresis allowed to
resolve the occurrence of amplified fragments of varying length at highly
variable microsatellite /oci (or STRs). Direct sequencing of DNA started in the
1970s and the method that became predominant in the following decades
was the Sanger sequencing technology [28] (Figure 2).
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.__JW
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Figure 2. History of DNA sequencing technologies. Unchanged from Figure 1 in Yang et al
[29], under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).

T'he third stage Human
microbiome project

The Sanger method was used, for example, to sequence the first human
genome in the frame of the Human Genome Project, with first incomplete
assemblies being published in 2001 [30, 31]. Another technological
development for the study of genetic variation was the setup of high-density
microarrays. These arrays can hold large numbers of short oligonucleotide
probes that target specific regions of the genome, corresponding to variants
known to segregate in a population. Therefore, the genotypes at millions of
polymorphic loci can be determined with high accuracy and reproducibility
[32]. Since not all the arrays have been designed for population genetic
studies, they have some drawbacks that must be considered [33]. One of
these is the so-called ascertainment bias: the choice of the SNPs to include
in an array is often biased towards the population(s) in which these variants
were scored. Since most variants for humans have been ascertained in
populations of European ancestry, when more distant populations are
studied, part of the genetic variation may be lost, due to the occurrence of
many monomorphic markers. To circumvent this drawback and return a less
biased estimate of population variability, the Axiom™ Genome-Wide Human
Origins 1 Array has been designed [34], to include ~630,000 SNPs extracted
from 13 population-specific panels, analyzed in the Human Genome Diversity
Project (HGDP) as well as the Neanderthal Genome Project [35]. This array
was used in our genome-wide studies on the Panamanian and Ashaninka
modern populations (chapters 8.1 and 8.2).

Another major breakthrough occurred with the development of the next-
generation sequencing (NGS) technologies in the first decades of the 21
century [36]. NGS opened a new era for genomics, reducing both the cost
and the time needed for whole-genome sequencing (WGS) at increasing
coverage. This led to projects and consortia aiming at sequencing as many
genomes as possible (not only humans) worldwide, such as the 1000
Genomes Project (1KGP) [37], the Simon Genome Diversity Project (SGDP)
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4. Introduction

[38], and the Human Genome Diversity Project (HGDP) [39]. In addition,
large-scale databases, containing tens to hundreds of thousands of whole
genomes from specific countries, are now becoming common [40—46]. The
technological advancement continued beyond NGS, leading to what is known
as third-generation sequencing [47]. Thanks to the long-read technology and
other features, this novel technique is providing a way to study genomes at
an unprecedented resolution. This led to the improvement of the human
reference genome by filling many gaps [48], and to a deeper investigation of
epigenetic patterns [49] and segmental duplications [50]. Lastly, NGS has
also allowed a revolution in the field of ancient DNA (i.e., DNA extracted from
archaeological remains), making it possible to obtain whole ancient genomes
starting from 2010 [51] (see chapter 4.6).

4.3 Methods for analyzing genomic data

There is a variety of computational methods for learning about population
histories from genetic data. They differ on the basis of data features, amount
and type. A first and commonly used example is the phylogenetic tree, a
diagram representation of the variation of groups of DNA sequences (taxa)
deriving from a common ancestor. It is composed of branches, showing the
genetic differentiation among the data, and internal nodes, that represent the
MRCA of each group (Figure 3).

Internal A .
nodes '-\---.. Stlster
axa
B
Branches

C
\Terminal

Root

~— nodes
D ((ltips!!)
E
Outgroup

£

Figure 3. A schematic example of a phylogenetic tree. The terminal nodes, or tips, at the right
represent the data (e.g., the species under analysis). These are connected by branches,
joining at the internal nodes, which represent the MRCA of each group. For example, the
internal node with one asterisk is the MRCA of species A and B, which are sister groups, since
they share a MRCA not shared by the other species in the phylogeny. The outgroup is the
most distantly related species in the phylogeny. Overall, the topology of the tree indicates
evolutionary relatedness. Figure from Gregory [52], under the terms of the Creative Commons
Attribution Noncommercial License (https://creativecommons.org/licenses/by-nc/2.0).
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4. Introduction

Phylogenetic trees can be built using different techniques. Distance-based
methods make use of a pairwise distance matrix. Among these are the
Unweighted Pair Group Method with Arithmetic Mean (UPGMA) and the
Neighbor Joining (NJ). The UPGMA builds a unique phylogenetic tree by
progressively combining the two taxa with the smallest genetic distance, while
the NJ first builds a minimum evolution tree (with the smallest sum of branch
lengths), and then reaches the final phylogeny by progressively establishing
branches based on all the posterior distance-based iterations. Character-
based methods, instead, start by assuming an explicit evolutionary model.
Among them there are the Maximum Parsimony (MP) method, which
generates a tree considering the smallest number of evolutionary changes,
and the Maximum Likelihood (ML), that evaluates different topologies and
then finds the tree explaining the data with the highest likelihood, assuming a
best fitting evolutionary model [53], which can be identified using tools, such
as jModelTest [54]. There are different methods which can be used to date
the internal nodes of a phylogenetic tree. A very simple one, commonly used
[55] for mtDNA phylogenies, assumes that mutation rate is constant across
the branches, and calculates time as proportional to the average number of
substitutions between a set of sequences and their MRCA. The age of the
nodes can also be calculated using an ML approach, which calculates the
probability of the data given the hypothesis (the tree). Another approach is
the Bayesian method, determining the probability of the hypothesis (the tree)
given the data. This is based on Markov chain Monte-Carlo (MCMC)
simulations with prior estimates to generate the phylogeny with the maximum
posterior probability. These methods are well suited to study the variability of
non-recombining loci, such as mtDNA and Y chromosome, but phylogenetic
trees are not the best way to investigate autosomal data, given that each
locus has its own MRCA. Therefore, there are other approaches that can be
used to study genome-wide autosomal data.

Several of these methods are based on allele frequencies at biallelic
polymorphic sites (SNPs), assuming that populations or individuals that share
ancestry will have similar allele frequencies. Principal component analysis
(PCA) is a multivariate statistical method commonly used to reduce the high
dimensionality of the data (in the form of a covariance matrix), by applying
eigenvector decomposition and reduce the variability to principal components
(PCs), that explain a large portion of the original variation [56]. It allows us to
detect genetic differentiation between individuals/populations, usually by
looking at the first two (most informative) PCs (Figure 4).

13



4. Introduction

0.025

o
o
S
S

Origin

@ Africa

O AfricanAmerican
< SouthAmerica
A\ CentralAmerica
WV NorthAmerica
© SouthEurasia
[ CentralEurasia
‘ WestEurasia
A EastEurasia

-0.025 0.000 0.025 0.050
PC1 (7.94%)

PC2 (3.3%)

-0.025

Figure 4. Example of a PCA, computed on 1,558 individuals (and 406,920 SNPs) from
American and other worldwide modern populations [5].

Model-based clustering methods implemented by the STRUCTURE [57] and
ADMIXTURE [58] software are also commonly used. These are based on
clustering algorithms that group the data into K ancestral populations (Figure
5), or genomic components, based on genetic affinities or differences
between genotypes. Each K represents a hypothetical population of
individuals sharing a typical genetic pattern. These methods use unlinked or
independent /oci, generally requiring the a priori definition of the number of
genomic components (K). The software subsequently assigns a fraction of
every genome to each of the K clusters. However, choosing the optimal
number of K is often challenging. Therefore, most of the software also
implement tools that help selecting the best K, as the calculation of a cross-
validation error implemented in the ADMIXTURE package.
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Figure 5. Example of ADMIXTURE analysis on 100 modern individuals (50,000 SNPs) from
the 1000 Genomes Project [37]. ASW: US individuals with African ancestry; CEU: US
individuals with European ancestry; CHB: Han Chinese; MXL: Mexican individuals; YRI:
Yoruba individuals from Nigeria.

Another important value that gives information on the distance between
populations is the fixation index Fsr [10]. This is a measure of the allele
frequency differences among populations (pairwise Fst). Its values range
from 0 to 1, with O indicating populations that are freely interbreeding and 1
implying they do not share any alleles with one another, i.e., they are
completely isolated and do not interbreed.

Starting from Wright's fixation index, f>-, fs-, and fs-statistics [59, 60] have
been developed, which investigate admixture, population structure, and
genetic distance [61]. They are based on the estimation of shared genetic
drift between populations, assuming that its occurrence indicates a shared
evolutionary history. F-statistics measure allele frequency correlations to test
if allele frequencies are consistent with a simple tree topology or if there is
admixture in the history of populations. Starting from a simple tree topology,
each branch length corresponds to the shared genetic drift among genomes
within the branch. If there is admixture, the alternative model is an admixture
graph which extends the phylogeny by allowing edges that represent
admixture events.

The purpose of f,-statistic is to measure how much genetic drift occurred
between two populations, i.e., to measure genetic dissimilarity, such as the
Fsr. Drift is quantified as the variance in allele frequency between the two
populations, taking into account all the polymorphic loci across the genome
that have been genotyped [59, 60]. The approach is to interpret (P4, P2) as
a measure of dissimilarity between populations P+ and P, (Figure 6), as a
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large f, value implies that populations are highly diverging. Thus, the strategy
is to calculate all pairwise f; indexes between populations, combine them into
a dissimilarity matrix, and test whether that matrix is consistent with a tree.
For a diversity matrix to be consistent with a tree, the length of all branches
must be positive, since negative genetic drift is biologically nonsense, and
thus negative branches are a violation of treeness [61]. F3- and fz-statistics
derive from fo-statistic. These are used to test for admixture events evaluating
treeness hypothesis between three and four populations, respectively (Figure
6).

P, P, P, P P, P, P,P,P,

fZ(Pll Pz) fg(Px; P]_l Pz) f4(P1r Pz; P3; P4)
Figure 6. Schematic representations of f2-, f3-, and fs-statistics.

Fs-statistics has two main applications. The first one is to identify admixture
events. Considering the populations f3(Px; P1, P2) (Figure 6) and px, p1, p2, as
their allele frequencies, if the product (px - p1) (px — p2) is negative, then Py
descends from admixture between P and P.. Another application of f; is
known as outgroup fs-statistic, defined as f3(Po; P41, P2) where Po is an
outgroup to the other two populations. This measures the shared genetic drift
between P+ and P-, with respect to Po, and high values mean long shared
branches and therefore high shared drift. Thus, the higher the f; values, the
more closely related P1 and P, are.

The f;-statistic is defined as f4(P1, P2; Ps3; P4) (Figure 6), and p1, p2, p3 and p4
are the respective allele frequencies. By calculating (p1 - p2) (ps — pa), it is
possible to test if P1/P, and Ps/P4 form clades. If the value is close to zero,
the proposed tree topology is confirmed, instead if it is negative P+ is more
closely related to Pz and P2 to P4. More complex scenarios can be assessed
taking together all the results of all the f-statistics in a group of populations.
This approach is implemented in software packages as qpWave, gpAdm, and
gpGraph, which are used to define the number of source ancestries for a
population (given a set of outgroups), the proportions of those ancestries in a
population, and a model of evolutionary relationships in a set of populations,
respectively [59, 60].
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Other methods additionally make use of haplotypes and are called haplotype-
based methods. A requirement is that the data must be phased, which implies
that haplotypes must be estimated from genotype data, assigning alleles to
the paternal or maternal chromosomes. The most used approach for
haplotype phasing is to make use of a large reference panel of haplotypes, to
which input genotypes are compared and the most likely phase is inferred
[62]. To gain linkage information, haplotype-based methods also need a high
density of variants, such as that offered by whole-genome data or high-
density genotyping arrays.

Among these methods, the CHROMOPAINTER and fineSTRUCTURE
software packages employ a framework where haplotypes are compared
between individuals to assess similarity in a high-resolution fashion [63].
CHROMOPAINTER is based on the knowledge that haplotype segments
shared among individuals become shorter over time due to recombination.
Therefore, it allows the reconstruction of the chromosomes of a set of
individuals as a series of genomic chunks inherited from another set of
individuals. FineSTRUCTURE uses a MCMC clustering model based on
haplotype similarity patterns. It takes CHROMOPAINTER output and
identifies clusters with indistinguishable haplotype similarity profiles. Other
methods aim to infer the local ancestry of haplotypes in admixed populations,
by using reference panels related to the sources of admixture, such as RFmix
[64], that matches segments in admixed individuals to those from the source
populations. Other methods have also been developed, that infer local
ancestry in a more sophisticated way [65, 66] and that can be used to date
admixture events using LD patterns [65].

Populations’ sizes may change over time for a variety of reasons, such as
population growth, migrations, bottlenecks, and many others. Demographic
studies are therefore crucial in evolutionary and population genetics. Methods
used to infer demographic histories and fluctuations in the effective
population size mostly require haplotype phased data. Therefore, they work
best with whole-genome sequences, possibly with high coverage. Some of
these methods are based on the Sequential Markovian Coalescent (SMC),
such as MSMC [67] and allow reconstructing the history of a population using
very few genomes or even a single one (and its two haplotypes). Other tools
are based on the Site Frequency Spectrum (SFS) and therefore consider the
frequency of rare and common variants to reconstruct population histories,
as Momi2 [68].
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4.4 Uniparental systems

Uniparentally-inherited molecular systems have been, and still are, a major
tool in population genetics, even though autosomes are now important high-
resolution markers to study population genetic structure and human
demographic histories (Figure 7). Uniparental systems have many
applications also in other fields, such as evolution, medical and forensic
genetics, and genetic genealogy [69]. The maternally inherited mtDNA and
the paternally inherited male specific region of the Y chromosome (MSY) are

extensively used for reconstructing molecular genealogies and phylogenies
[70-72]. The mode of inheritance means that they contain records of male-
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Uniparental systems do not undergo meiotic recombination, and thus
accumulate sequence variation through random mutation over time. This
process of molecular divergence has given rise to the monophyletic units that
are called haplogroups (Hgs), lineages that are characterized by the same
combination of mutations [73]. All contemporary mtDNAs and MSY regions
coalesce back to one ancestral molecule, which was present in a certain
moment of the past, from which different haplogroups and sub-haplogroups
split, by accumulating a series of mutations that occurred independently and
accumulated differently. Since the sequential accumulation of the new
mutations is relatively fast and occurred mainly while modern humans were
colonizing different regions and continents, haplogroups and sub-
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haplogroups tend to be restricted to specific geographic areas and
populations [74]. Phylogeography [75], together with phylogenetic trees, has
been extensively used to reconstruct the origin and the migrations of
populations. In addition, being the coalescent approach well suited for
uniparental systems, it also has been applied to date migration events at a
population level and to analyze demographic changes through time.

In this PhD thesis, | will describe works on human mtDNA uniparental system.
Therefore, in the following sub-chapters, | will deeper describe the mtDNA
features.

4.4.1 Y chromosome

The Y chromosome is ~60 Mb in length, it plays a crucial role in sex
determination at the embryo level and in the male fertility. It is transmitted
only along the paternal line and does not undergo recombination [73]. In
particular, the non-recombining part is called Male Specific Y region (MSY),
also referred to as the Non-Recombining region of Y chromosome (NRY).
Three Pseudo Autosomal Regions (PAR) are the only portions that undergo
recombination with the X chromosome [76]. The MSY has a higher average
SNP mutation rate than the rest of the nuclear genome. The MSY is a
powerful tool in evolutionary and population genetics. Y-chromosome
polymorphic variants are biallelic (SNPs) and multiallelic (STRs). Both SNPs
and STRs have been and still are widely used in evolutionary and population
genetic studies. Y-chromosome Hgs consist of Y chromosomes with the
same set of mutations inherited from a common paternal ancestor. These
haplogroups can be organized in a phylogenetic tree representing the
evolutionary history of paternal lines. Technological advancements increased
during time the number of SNPs and brought to the refinement of the tree [73,
77, 78].

4.4.2 Mitochondrial DNA

Mitochondria are one of the defining features of eukaryotes and the adoption
of this organelle was a fundamental step in evolutionary history [79]. The
relationship between the cell and the mitochondria also determined the
aspects of replication and transmission of mtDNA, the small size, high gene
density and copy number variation of the mitochondrial genome [80]. The
human mtDNA is a circular, double-stranded DNA molecule (Figure 8).
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Human mtDNA

16,569 bp

Figure 8. Schematic representation of the human mtDNA. The heavy strand is in a darker
color and the light strand is in a lighter color. Genes are represented in blue, while rRNAs are
colored in yellow and tRNAs in green (and indicated by the one-letter name of the
corresponding amino acid). Origins of replication of the L-strand (OL) and H-strand (On) and
the promoters for transcription for the two strands (HSP and LSP) are reported. Modified from
Figure 1 of Basu et al. [78] under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/).

The two strands are defined as H (heavy) and L (light), the first is guanine-
rich while the L-strand is cytosine-rich. The number of mitochondria per cell
and of mtDNA molecules per mitochondrion varies greatly, according to the
tissue and the cell type, but it is generally relatively high. The first human
mitochondrial genome, that became the reference mtDNA sequence
(Cambridge Reference Sequence, CRS), was published in 1981 [81], and
then revised later in what is nowadays referred to as the revised CRS (rCRS)
[82]. It is 16,569 bps in length, and all gene positions are referred to this
reference molecule. The human mtDNA contains 37 genes: 13 encode for
proteins, 2 for ribosomal RNAs (rRNA) and 22 for transfer RNAs (tRNA). The
coding region of the mtDNA constitutes most of the genome, while the main
non-coding region is referred to as the “control region”, or D-loop
(displacement loop), which is involved in the control of transcription and
replication [83]. The D-loop is 1,121 bps in length (nucleotide positions, nps,
16024-576) and it is the most polymorphic region of the mtDNA, particularly
in three so-called hypervariable segments: HVS-I (nps 16024-16400), HVS-
Il (nps 44-340), HVS-IIl (nps 438-576). As previously stated, the mtDNA is
maternally inherited and does not undergo recombination [84—86]. Moreover,
this molecule evolves at a higher rate than the nuclear genome, with the D-
loop having a mutation rate even higher (especially in the HVS regions) [87].
These features, together with the high copy number per cell, made it a crucial
tool for evolutionary genetic studies in the 1980s and 1990s. The mtDNA
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phylogeny was built starting from restriction fragment length polymorphisms
(RFLPs) and the most common haplogroups were named using alphabetic
labels [88], starting from the 1990s. A-G letters were given to American and
Asian lineages [88, 89], H-K to Europe [90], and L to Africa [91]. The current
mtDNA phylogeny and haplogroup nomenclature (http://www.phylotree.org/)
is the result of a series of studies on whole mtDNAs covering an increasing
number of individuals from populations across the world. Very recently, the
current worldwide phylogeny based on PhyloTree 17 [69] has been updated,
including a revised phylogenetic tree with 966 new haplogroups [92]. This
new version is called PhyloTree 17 Forensic Update and it has been
implemented in the EMPOP database (https://empop.online).

All mtDNA population genetic studies associating sequence variation to time
models make assumptions about the molecular clock. The vertebrate mtDNA
mutation rate is not uniform across the mitochondrial genomes and its
estimate is complicated by other factors. For example, heteroplasmies (the
existence of different mtDNA types in the same individual) and germline
bottlenecks leading to the loss of many de novo mutations [93], or
directionality of mutations [94] and higher effective transition/transversion rate
biases [95] are all factors that must be considered. Overall, human mtDNA
mutation rate is over an order of magnitude higher than the nuclear rate. The
molecular clock models and methods most used in humans are based on the
two most recent estimates of the mtDNA mutation rate. The first is 2.33 £ 0.2
x 10 substitutions per nucleotide per year, published by Soares et al. [55],
and corrects for the effect of selection. The second one, 2.70 £ 0.2 x 108
substitutions per nucleotide per year, published by Posth et al. [96], is based
on the divergence between ancient and modern human mitogenomes.
Estimates of the mtDNA time to the MRCA vary depending on the dating
technique and mutation rate but are in the range of 200-100 thousand years
ago (kya) for the ancestral mtDNA molecule [71], that is also called
“mitochondrial Eve”.

The root of the mtDNA phylogeny and the most diverse branches are
restricted to African populations (Figure 9).
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Figure 9. Representation of the mtDNA worldwide Hg distribution. Labels are reported
according to [69]. Only a single branch-defining mutation, preferably from the coding region, is
shown. The main geographic features of haplogroup distribution are highlighted with colors.
Adapted from Figure 2 of Kivisild [71] under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/).

The first seven bifurcations in the tree separate the strictly sub-Saharan
African branches (LO-L6) from those (as L3) that are shared between African
and non-African populations. Outside Africa, haplogroups L0O-L6 are rare and
restricted to areas where migrations from Africa have occurred, as
Mediterranean Europe, West Asia, and the Americas [97]. Virtually every non-
African mtDNA lineage derives from Hg L3 only (Figure 9), indicating a strong
bottleneck of mtDNA diversity at the time of the out of Africa dispersal [98].
The separation of the two macro-Hgs M and N from the African L3 clade has
been dated to 95-62 kya [99], while the internal coalescence time of these
two clades has been estimated from 70-40 kya [100]. Archaeological
evidence [101] and the mtDNA of Ust-Ishim (Western Siberia) skeletal
remains, dated at 45 kya and whose mitogenome falls at the root of Hg R,
seem to confirm this estimate [102]. Hgs M and N are distributed in Eurasia,
Australia, Oceania, and the Americas, but each of their sub-clades has a
more specific regional configuration. Eurasian lineages, as U, HV, JT, N1, N2,
and X, are present today in Europe, South-West Asia and North Africa [103].
Hgs R5-R8, M2-M6, and M4°67 are virtually restricted to East Asia [104]. In
the Americas, the last continent to be colonized by anatomically modern
humans, the mtDNA variation is represented primarily by Hgs A to D and a
specific sub-clade of Hg X (X2a) [105]. Based on complete mitogenome
analyses, at least 16 Indigenous American founding lineages have been
defined so far [106-108, 105, 109-111]. These clades are distributed
differently in the Americas, with some Hgs spread all over the double
continent (called “pan-American”), and others restricted to specific regions.
Moreover, based on mtDNA data, migrations in the Americas have been
associated with at least three distinct demographic events, as also proposed
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in the tripartite model [112]. The first migration wave into the Americas was
dated at 18-15 kya involving lineages (A2, B2, C1b, C1c, C1d*, C1d1, D1,
D4h3a, and D4e1c) found in both American continents, and for this reason
called “pan-American”. The second event was the migration of people
carrying C4c and X2a lineages to the eastern region of North America. The
third event was the spread of Palaeo-Inuit D2a lineages ~5 kya across the
Arctic through Northern Canada and Greenland, which were replaced, in the
same region, by the spread of Thule-associated people carrying A2a, A2b,
and D3 lineages. However, the association between haplogroup A2a and an
ancestral Palaeo-Inuit route, inferred by the geographic distribution of modern
mitogenomes [106] has been recently questioned due to scarce ancient DNA
(aDNA) evidence associating remains of Palaeo-Inuit cultures, as Saqggaq
and Dorset, with haplogroup D2a [113]. Several Hgs have been associated
with two main events in the peopling of Oceania. Lineages M14, M15, M27-
M29, Q, P, O, and S, observed only in Australia and Melanesia, are related
to the first colonization of Papua New Guinea and Australia 47-43 kya.
B4a1a1 clades, instead, are related to a second more recent migration
associated with the diffusion of Austronesian languages ~7 kya in Southern
Australia [114, 115].

All these results, however, were not sufficient to define some issues as, for
example, the source and number of Mesolithic and Neolithic gene flows in
Europe, the colonization, and the subsequent migrations, within the
Americas, and the first peopling of Oceania. All these issues have been
subsequently (and currently) addressed by studies on autosomal markers
and on ancient DNA, either answering these questions, or revealing even
more complex scenarios, both at a macro- and microgeographic scale.

4.5 Autosomal markers

Uniparental systems can be thought of as two /oci that can be used to
reconstruct the paternal and maternal history of an individual or a population.
However, they describe only two ancestral paths out of the thousands that
contributed to modern populations. This complexity can be grasped by using
autosomal markers. The haploid human genome is ~3.2 Gb, organized in 23
separate molecules, referred to as the chromosomes. In a human individual,
there will be a total of 46 paired chromosomes in somatic cells, and 23
chromosomes in gametes. Each member of a pair is inherited from a parent.
22 chromosomes are called autosomes, while the remaining are called sex
chromosomes, X and Y, the latter occurring only in males. Autosomes
undergo meiotic recombination [116] and the genetic material is shuffled at
every generation. As described above, while variants on different
chromosomes are unlinked, variants on close loci on the same chromosome
are linked together and can be co-inherited from the same parent as
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haplotypes. These haplotypes can be broken by recombination. However, in
the same genome recombination frequency can vary greatly, with region
where it does not occur, and regions, also called hotspots, in which
recombination frequency is much higher. Highly recombining segments are
small (1-2 Kb) and are separated by larger regions with a low recombination
activity [116]. These differences across the genome must be considered
when performing population genetic studies based on haplotypes. Variability
on autosomal markers can be investigated through whole-genome
sequencing or genotyping.

4.6 Ancient DNA

Since the mid-2000s, advancements and broad applications of high-
throughput sequencing (HTS) techniques enabled rapid and cost-effective
sequencing of genomes and paved the way for a genomic era also in the field
of ancient DNA (DNA obtained from sub-fossil remains of past organisms)
[117]. This archaeogenomic [118] revolution started in 2010 with the
sequencing of the first ancient human genome [51] and of the first
Neanderthal genome [35], and expanded almost exponentially. Nowadays,
thousands of ancient human genomes have been sequenced (Figure 10),
and hundreds of ancient genomes of other species and even microorganisms
have been published [119-124]. Very recently, the time limit of aDNA studies
has been increased with the sequencing of a one-million-year-old mammoth
[125].
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Figure 10. Graph representing the number of ancient genomes that have been published since
2010 and until 2020 (modified from https://reich.hms.harvard.edu/research).
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Already in the 1980s, it was shown that DNA can survive long after an
organism’s death [126], but it is inherently highly degraded and often
chemically altered. There are different challenges that must be faced when
working with ancient DNA, such as sequence degradation, post-mortem
damage, and modern DNA contamination. After the death of an individual,
DNA starts decomposing. This results into the fragmentation of the DNA
strands into shorter fragments (~40-100 bps), with a consequent reduction of
quantity and quality (Figure 11A) [127-130]. Cytosine deamination at the
ends of each DNA fragment results into an uracil which is read as thymine
when sequencing, mimicking a true polymorphism. This will determine the
increase in number of the C->T variants scored toward the 5 end of the
sequence fragments and a complementary increase in G->A variants at the
3’ end (Figure 11B). It is important to note that some strategies to sequence
aDNA may produce different patterns [131, 132] and that there are methods
to repair these changes before sequencing [133, 134].
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Figure 11. Characteristic damage patterns of an ancient low-coverage genome produced in
our aDNA laboratory: A) Length distribution of sequenced fragments; B) Enrichment of
deamination toward the fragments ends. In this example, the deamination pattern is present at
the 3’ end but less evident at the 5’ end, due to the AT-overhangs library technique [132, 135].

These aDNA features are correlated with environmental conditions and time.
In the same environment, the older the remains are, the stronger the
observed post-mortem damage will be. Moreover, in environments that are
more humid and warmer (e.g., in the tropics) post-mortem modifications occur
more rapidly, heavily impacting DNA preservation [136—138]. On the other
hand, thanks to the development of specific statistical analyses, these aDNA
features have become useful to distinguish real ancient DNA from modern
contaminants. In fact, the other great challenge of aDNA analyses is modern
DNA contamination, that can originate from modern human DNA or from
exogenous DNA of soil bacteria and other microorganisms [129, 139]. Human
handling implies a risk of contamination during excavation, storage, and
processing of ancient remains. The contaminant DNA would typically be
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younger, of higher quality, and at a greater concentration, if compared to the
authentic endogenous DNA. For non-human/hominid remains, contamination
can be handled by mapping to reference genomes (species-specific and
contaminant-specific). For ancient human DNAs, modern human
contamination is particularly challenging. Clean lab procedures and dedicated
facilities have substantially reduced the risk of contamination. However,
computational methods are required to assess and estimate the extent of
contamination in sequence data, and such approaches are part of the
standard quality checks performed in human aDNA studies. As previously
stated, some of these methods rely on the peculiar features of aDNA, such
as cytosine deamination [140]. In recent years, aDNA studies have led to
some major breakthroughs in our understanding of the evolution and
prehistory of our species. Paradigmatic examples are the discovery of a new
hominid, the Denisovan, the introgression of Neanderthal sequences in the
genome of anatomically modern humans [35], the identification of ancestral
components in Eurasia and in the Americas [5, 141, 142], and the possibility
to recalibrate molecular clocks using radiocarbon-dated samples [96]. Finally,
recent applications of aDNA studies have involved metagenomic approaches
to analyze pathogens and sedimentary aDNA, in which researchers try to
extract and sequence aDNA to find which species were present in soil and
stratifications of archaeological sites [143, 144], as well as palaeoepigenomic
applications focusing on generating epigenomic data from ancient organisms
[145].

4.7 Overview of human history and migrations

4.7.1 The origins of anatomically modern humans

As mentioned before, mtDNA studies showed that anatomically modern
humans (AMH) evolved in Africa and then migrated to the rest of the world
[146—-149]. This out of Africa model proposes a single transition from archaic
hominins to AMH in Africa followed by later migration(s) outside Africa,
replacing other extant hominin populations. This model, now widely accepted
and supported by genetic data [38, 96, 150, 151], has been in contrast with
the so-called multiregional hypothesis that in its various propositions
suggested a transition from Homo erectus to AMH in many regions of the
world [152] or an independent origin of AMH from groups of Homo erectus in
different regions worldwide around one million of years ago [153, 154].
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4.7.2 Archaic and modern humans’ interactions

Our closest extinct hominin species were the Neanderthals and the
Denisovans, both of which disappeared ~50-40 kya. The first genomes of
Neanderthals and Denisovans have been sequenced in 2010 [35, 155]. The
analysis of these genomes showed that they are more closely related to each
other than to AMH [155]. Archaic humans are estimated to have diverged
from AMH ~550 kya, then splitting from each other ~400 kya [156—158]. It has
been shown that genetic admixture between archaic humans and AMH
occurred after the out of Africa, and it has been detected as recently as ~40
kya [159, 160]. These signals are present in modern non-Africans, even
though with varying admixture proportions and geographical distributions [35,
155, 158, 161-163]. Admixture with Neanderthals probably occurred soon
after the out of Africa (~55 kya) in Southwestern Asia. AMH also admixed with
Denisovans in Eastern Asia, as shown by the presence of Denisovan
ancestry in present-day East Asians and Oceanian populations [131, 155,
164], reaching the highest values in Philippine Ayta [165]. Recently, a ~50-
ky-old Denisovan individual has been shown to have had a Neanderthal
mother and a Denisovan father [166], indicating that past archaic humans
mixed also with each other.

4.7.3 Africa

Many locations in Africa have been proposed for the origin of AMH,
considering archeological records as well as estimates on genetic diversity
and divergence time [167-171]. These estimates are ~250-200 kya [168] or
~360-260 kya for the divergence of AMH in Africa [172], leading to the
formation of deeply diverged African populations. This is highlighted by the
greater amount of genetic diversity that can be found between any pairs of
African genomes than that found between any non-African genomes [173,
174]. Most of all non-African human ancestry stems from a worldwide
expansion out of Africa that started ~60 kya [39]. This dispersal was
accompanied by a bottleneck that left a strong signature on the genetic
variation of all non-African populations [175]. After the out of Africa, AMH
populations expanded across the world (Figure 12), with multiple founder
effects and bottlenecks, thus further explaining the lower genetic variation
compared to African populations [174, 176].
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Figure 12. Major human migrations across the world inferred through analyses of ancient
genomic data. Some migration routes remain under debate, such as those used to populate
the Americas. In the above map, early movements of modern humans after they left Africa are
highlighted. In the below map, movements after the Last Glacial Maximum are reported.
Modified from Figures 1 and 2 of Llamas et al. [177] under the terms of the Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

The reconstruction of human history in Africa has just begun due to the poor
preservation of aDNA at those latitudes. Ancient genomes revealed that
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some early Africans were genetically connected with populations in the Near
East [169]. More recently, between 5-1 kya, multiple admixture events among
herders and farmers in sub-Saharan Africa gave rise to present-day East
African populations [168, 169, 178, 179]. Due to these complex events and
the scarce availability of ancient human genomes, population structure and
movements within Africa remain debated [117].

4.7.4 Asia

Most evidence indicates that Asia was colonized through at least two early
waves of migration. One wave included the ancestors of Australians and
Papuans while the other included the ancestors of east Asians, with
admixture between the two [180]. Other evidence suggests that there was
only one dispersal event [38]. In east Asia, an ancestry related to a 40 ky-old
[99] and a ~33 ky-old individuals from present-day China was widely
distributed across northern east Asia before the last glacial maximum [181,
182]. Two ~31.6 ky-old genomes from Yana RHS site in Northeastern Siberia
[183] reflect a population that was ancestral to the 24 ky-old genome from the
Mal'Ta-Buret’ culture from southern central Siberia [113] and the ~18 ky-old
Afontova Gora genome [184], which show strong connection to both western
Eurasians and Indigenous Americans, but weaker affiliations with east Asians
and Siberians. This may be due to different geographic distribution of genetic
signatures during the Upper Paleolithic. Another genome from the 38-36 ky-
old Kostenki 14 individual [185] shows a close affinity to contemporary
western Eurasians but not to east Asians. After the LGM, a potential
population shift occurred related to a ~19 kyr-old individual from the Amur
region in China [181]. Population changes also occurred in Siberia, where
populations carrying the so-called Ancient North Siberians and Ancient North
Eurasians ancestries were replaced by Ancient Palaeo-Siberians,
represented by a 9.8 ky-old skeleton from Kolyma River [183]. Around 4.9
kya, steppe populations also expanded eastward, contributing to individuals
associated with the Afanasievo culture in the Altai region [141, 186].
Subsequently, between 2.5 and 3.5 kya, Yamnaya people in central Asia
were locally replaced by individuals from the Sintashta culture [186], who
came from the Urals and Europe and admixed with east Asians.

4.7.5 Oceania

Archaeological evidence suggests that human populations from Southeast
Asia have settled in Sahul (present-day Australia, Tasmania, and Papua New
Guinea) before ~50 kya [187], probably through a single migration wave [115,
188]. In the Oceanian archipelagos multiple waves of migration and

29



4. Introduction

admixture events occurred within the past several thousand years. About 3.2
kya the Lapita culture expanded into remote Oceania, carrying mostly
Austronesian-related ancestry [189]. However, this ancestry was nearly
completely replaced by the Papuan-related one ~2.7-2.3 kya in the most
western islands of Oceania [190, 191]. Additional migrations from Philippines
have been proposed [192], highlighting the complexity of the peopling of
Oceania. An important matter of debate nowadays is whether there has been
contact/admixture between Polynesians and Indigenous Americans. Recent
analyses of present-day genomes suggest a contact ~800 years ago [193],
while another study did not support this hypothesis [191].

4.7.6 Europe

Genetic data from early modern humans that lived in Eurasia allowed to
identify several early modern human lineages [194]. Some of these lineages,
as those represented by individuals older than 40 ky from present-day Russia
[102], Romania [159], and Czech Republic [195], did not contribute to the
current populations. Others, dated to ~40-24 kya are genetically connected
to modern populations [183-185]. Ancient Europeans whose ancestry is
found in present-day west Eurasians are represented by a ~35-ky-old
individual from Belgium [184]. Moreover, west Eurasians diverged ~39 kya
from Ancient North Siberians and ~46-43-ky-old genomes from Bacho Kiro
Cave in Bulgaria [160] connect ancient genomes from present-day Belgium
and China [160, 182]. All these complex dynamics testify for the
contemporary expansion and transition of initial Upper Paleolithic cultures
[196]. The exact contribution from early Europeans is still debated. There is
evidence of turnover in the genetic composition of Europeans before the
LGM, followed by the dispersion of western European hunter-gatherers [184]
out of glacial refugia after the LGM ~15 kya. Europe then witnessed the
spread of farming, that started during the Neolithic ~8.5 kya. However, it was
debated if agriculture was acquired in Europe through migration of farming
populations or through the transmission of ideas and culture. Ancient DNA
analyses confirmed that Neolithic farming populations from Near East largely
expanded throughout Europe and admixed in the subsequent millennia with
Mesolithic hunter-gatherers, demonstrating that farming was introduced by
the migration of people [197]. The Neolithic lifestyle helped to increase the
size of populations [198]. Around 4.9 kya, during the early Bronze Age, the
so-called steppe ancestry, closely related to individuals associated with the
Yamnaya culture from the Pontic-Caspian-Ural steppe region, expanded
westward and eastward [141]. This ancestry appeared in central Europe and
gave rise to the population associated with the Corded Ware culture [141].
This migration was probably linked to conquests and technological
innovations such as horseback riding, and it was also suggested that it
brought Indo-European languages into Europe. Around 4.6 kya, individuals
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with steppe ancestry arrived in the British Isles, coinciding with the spread of
the Bell Beaker Complex, replacing almost completely the local gene pool
within a few hundred years [199]. Thus, present-day European ancestry
consists of three major genetic components, which reflect: i) the contributions
of hunter-gatherers to the recolonization of Europe after the LGM, ii) the
migration of Neolithic farmers from Anatolia, and iii) the late-Neolithic period
and Bronze Age migration from the east.

4.7.7 The Americas

The first peopling of the Americas occurred from Siberia, through Beringia,
possibly ~17.5-14.6 kya, although this peopling may have started before,
during or immediately after the LGM (~26-18 kya) [200, 201]. This may
predate the first entrance into the Americas, but further studies are needed to
confirm this hypothesis. Initial settlement attempts were followed by a more
widespread peopling that reached southern South America as early as ~15
kya [202]. Crucial early information about the genetic history of America was
based on uniparental systems [107, 106, 203-206, 109, 110], but the
emergence of modern and ancient genomic data is improving the knowledge
about the first settlement and the following migrations [175, 197, 207] which
were revealed to be far more complex than previously thought (Figure 13).
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Figure 13. An example of the complexity of the first peopling of the Americas and subsequent
migration, admixture, and replacement events, with a particular focus on Central and South
America dynamics. Graphical abstract from Posth et al. [208] under the terms of the Creative
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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Genomes from the Yana RHS (~31.6 kya) and the Mal'Ta (~24 kya) sites
show that Siberia was occupied by a population defined as Ancient North
Siberian (ANS) [183]. The admixture between ANS and an east Asian
population gave rise to at least two distinct lineages [183, 209, 210]. One
diverged as the basal American branch [142, 183, 211], whose origin and
divergence time are still uncertain [207]. Some evidence suggest that it was
isolated, either in western Beringia or further to the south [210, 211]. An
isolation during the LGM is compatible with the Beringian standstill model
[111, 209, 212, 213], which suggests that dispersal into the Americas
occurred after a long pause in Beringia, during which several lineages
emerged [142, 211]. One of them characterized the Ancestral Native
Americans (ANA), which then split first into the Big Bar lineage 21-16 kya,
and then into Northern Native American (NNA) and Southern Native
American (SNA) populations [214, 215, 209, 216, 217]. The location of this
last split, either in Beringia or south of the continental ice sheets is still
debated. NNAs remained in northern north America and then possibly moved
further northward [142, 211, 217]. SNAs rapidly spread southward, reaching
southern south America as early as ~15 kya [202], as evidenced by the Monte
Verde archaeological site and by the genetic closeness of SNA ancient
individuals dated to the same period (~10 kya) but excavated both in North
and South America [142, 208]. It is suggested that there have been at least
two migrations during the Late Pleistocene of SNA groups into South
America, given the different genetic affinities of ancient individuals from
Argentina, Brazil, and Chile to the SNA Anzick-1 Clovis child (~12.8 kya)
excavated in Montana [208, 218]. This large-scale migration, together with
the relatively small size of SNA population [212], increased the possibility of
isolation and divergence, evidenced by many splitting within the SNA groups
while moving south [142], which led in turn to the considerable variation in
ancient South Americans [208, 215, 219]. More recently, during the Holocene
period, there was a complex movement of people both into and within the
Americas. One example are the migrations of Palaeo-Inuit first and then Thule
people in northern North America [51, 113, 197]. Further south, there was a
Mesoamerican-related expansion toward North and South America [142].
This gene flow, including traces of an unsampled population A (UPopA) [142]
is evident in different proportions especially in South American populations.
A second SNA lineage spread into South America ~5 kya, largely replacing
earlier groups with close affinities to Anzick-1 [142, 208, 218]. During the
Holocene, population movements also occurred in the Caribbean [220, 221].
A first wave of migration from South America (“Archaic Caribbean”) was then
replaced by a second one (“Ceramic Caribbean”), possibly related with
Arawakan-speaking groups from the Amazonian region, although this
connection is still debated [220]. Some genetic studies have revealed a
genetic affinity between Amazonian and Australo-Melanesian populations
[209, 222]. Some signals were found in present-day people of Rapa-Nui, but
these were not confirmed [223, 224]. A recent study found Polynesian
individuals with Indigenous American admixture [193]. Since a trans-Pacific
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migration wave seems unlikely, it has been suggested that Indigenous
American ancestors might have genetic similarities with an eastern Asian
population(s) also related to modern Australo-Melanesians [182, 222], still
detectable in some isolated Amazonian populations [182]. This component
may have been brought into America by a ghost lineage named Population Y
(UPopY) and was already present ~10 kya in Brazil.
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5. Aims

As clearly stated in the title, the main objective of this thesis was to unveil the
genomic history of human populations in macro- and microgeographic
contexts. To achieve this goal, different scientific approaches have been
employed. The sequence variation of the maternally inherited mtDNA, a well-
established molecular tool in population and forensic genetics, has been
investigated in various populations from Eurasia (Umbria in central ltaly and
Mongolia) and the Americas (Mexico and the Isthmus of Panama). These
studies took advantage of the highly defined and well-calibrated mitochondrial
phylogenies, in one instance also paralleled by the paternally inherited Y
chromosome. In other contexts, mtDNA analyses have been coupled to, or
enriched with, the analysis of genome-wide data (Panama and Peru) to
achieve higher molecular resolution and statistical power. It is worth
mentioning that the genomic screening, particularly of ancient DNA, is the
most useful when dealing with Indigenous American populations, since most
of their original variants have been lost after European contact. Therefore, in
the peculiar Isthmian context, a diachronic comparison between modern
genome-wide data and ancient genomes (the first ones from the Isthmus of
Panama) has been performed to fulfill the requirements of an
archaeogenomic study.
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6. Methods

6.1 Modern DNA

6.1.1 DNA collection and extraction

All the DNA samples analyzed in this thesis have been collected by our
research group or our collaborators during different sampling campaigns. All
participants signed an informed consent form and were asked to provide
genealogical information, spoken language, as well as their possible affiliation
to an ethnic group (as in the case of Panamanian Indigenous individuals).
Genomic DNA was extracted from saliva, collected through buccal swabs
and/or mouthwash rinsing. DNA extraction was performed either with the
classic phenol/chloroform method, available commercial kits, or automated
extraction with the Maxwell® RSC Instrument (Promega). Extracted DNA was
quantified with a fluorometric instrument, as the Promega Quantus™ or the
Invitrogen Qubit™, and then stored at -20°C.

6.1.2 Modern mitochondrial DNA

A total of 5,839 mtDNA sequences have been analyzed in the works
presented in this thesis. In particular, 5,417 control-region sequences and
418 complete mtDNAs have been obtained as described hereafter.

6.1.2.1 Amplification and sequencing

Two different PCR approaches were used based on the molecular target.
Standard PCR was employed to amplify the mtDNA control region (D-loop),
a ~1.1 kilo base pairs (kb) long fragment, using specific flanking primers [4].
The complete mtDNA, instead, was amplified with two long-range (LR) PCR
reactions for each molecule. This protocol makes use of two primer pairs to
amplify two partially overlapping fragments of ~8-9 kb in length each [1, 5,
108]. LR and standard PCRs were evaluated on 1% and 2% agarose gels,
respectively.

The amplified control regions were then enzymatically purified using the
ThermoFisher ExoSAP-IT™ system, which utilizes two hydrolytic enzymes to
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remove unwanted nucleotides and primers from PCR products. The
Exonuclease | removes residual single-stranded primers and any other
single-stranded DNA, while the Shrimp Alkaline Phosphatase removes the
unincorporated nucleotides from the PCR mixture. The control regions were
sequenced at the BMR Genomics (https://www.bmr-genomics.it/) through
Sanger sequencing using the Brilliant Dye terminator 1.1 kit. All D-loops were
sequenced using a forward primer [4], while a reverse primer [4] was also
used for those sequences harboring the transition T16189C, which results in
a poly-C tail causing premature termination of the sequencing reaction. The
raw data were provided as .ab1 (Applied Biosystems) files, which contain an
electropherogram and the DNA sequence. Sanger sequencing was also used
to cover small sequence gaps in complete mtDNAs sequenced with NGS and
also, in a few instances, to sequence the entire mitogenome. In this latter
case, an established protocol for amplifying and sequencing overlapping
fragments across the complete mtDNA was used [225, 226].

The two partially overlapping LR amplicons covering the whole mtDNA
molecule were combined, considering the relative amount of each fragment
(based on the band intensity on gel electrophoresis) and their relative length.
The PCR mixture was then purified either with the Promega Wizard® SV Gel
and PCR Clean-Up System, or with the Geneaid Presto™ 96 Well PCR
Cleanup Kit, following the manufacturer’s protocols. The complete mtDNAs
were sequenced through an NGS approach [5]. Libraries were prepared
using the Nextera XT DNA Library Preparation Kit, which uses tagmentation
and reduced-cycle PCR amplification to fragment DNA and add adapters and
barcode indexes for multiplexing. The Nextera XT Index Kits, which offer up
to 384 unique index combinations, were employed, enabling accurate
assignment of reads and efficient use of the flow cell. Libraries and final pools
were checked on an Agilent Tapestation 4150 system, an automated capillary
electrophoresis platform for nucleic acids. Final libraries were then
sequenced on an lllumina MiSeq at the Genomic and Post-Genomic Unit,
IRCCS Mondino Foundation in Pavia. The run was performed using the
MiSeq Reagent Kit v2 (300-cycles, paired-end reads), with either the
standard, micro, or nano flow cell, obtaining a maximum output of 5.1 Gb, 1.2
Gb, and 0.3 Gb, respectively, for up to 15 million reads per run.

6.1.2.2 Sequence analysis

After Sanger sequencing, the .ab1 files, containing the electropherograms,
were aligned and compared to the rCRS reference sequence [82] using
Sequencher v4.9 (http://www.genecodes.com/), which was also used to
manually determine the control-region haplotypes (the complete set of
variants in a mtDNA sequence). These were used for haplogroup
classification through the software HaploGrep v2.1.21 [227]. This
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classification is based PhyloTree 17 [69], the mtDNA tree estimated from
worldwide data.

The lllumina MiSeq system generated raw data files in binary base call (BCL)
format. The BCL files were converted into FASTQ files using the lllumina
software bcl2fastq v2.19.0.316. This program assigns each read to a single
sample, based on the unique dual combination of index sequences
(demultiplexing). The two FASTQ files for each mtDNA sequence were then
analyzed using a Unix-based pipeline developed by our research group.
Here, | report the last version of this pipeline, which | contributed to update
during my PhD. The very first step is a quality check of the raw reads. This is
achieved using the software fastQC v0.11.8 [228], that produces a quality
control report consisting of different modules to identify potential problems in
the sequence data.

fastqc --threads 8 -f fastq ${sample_name}_* fastq.gz -o ${fastqc_raw}

After the quality check, the first step of the pipeline is the quality and adapter
trimming of raw FASTQ. The software trim_galore v0.6.4 [229] is used.

trim_galore --phred33 --paired -q 30 --nextera ${sample_name}_* RI_*fastq.gz
${sample_name}_*_R2_* fastq.gz

The flag --nextera tells the program which specific lllumina adapters have
been used and are therefore to be trimmed. The -q 30 flag instead is used for
trimming low-quality ends from the reads in addition to adapter removal. The
value 30 is the minimum quality threshold in Phred scores (--phred33 instructs
the software to use ASCII+33 quality scores as Phred scores), which indicate
the probability of a correct base calling for each base. After trimming, the
FASTQ files are again quality checked using fastQC.

fastqc --threads 8 -f fastq ${trm_fastq}/${sample_name}_*fq.gz -0 ${fastqc_trm}

Trimmed reads are then aligned to the rCRS mitochondrial reference
sequence using the software Burrows-Wheeler Aligner (BWA) v0.7.17 [230],
with the algorithm MEM that is specific for long reads (>70 bp), generating a
Sequence Alignment Map (SAM) file. The flag -R is used to add to the header
of the SAM file information on library and sequencing platform. The SAM file
is converted into a Binary Alignment Map (BAM), which stores the same
information but in less space, by compressing it via bgzip. For this conversion,
the software SAMtools v1.9 [231] is used, which contemporarily filters the
BAM file by removing all reads that (i) have mapping quality less than 30 (in
Phred score; -q 30), (ii) are not mapped, (iii) are not a primary alignment, (iv)
fail platform/vendor quality checks, (v) are supplementary alignments (-F
2820), and by keeping only those reads that are mapped in proper pairs (-f
2).
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bwa mem \

-R "@RGNID: ${sample_name\tSM: ${sample_name NLB:nextera\tPL:Illumina” \
-8\

S{mtDNA)\

S{trm_fastq}/${sample_name}_* RI_*fq.gz

${trm_fastq}/${sample_name}_* R2_*fq.gz\

| samtools view -q 30 -F 2820 -f 2 -bho ${bam}/${sample_name}.bam

SAMtools is also used to sort the alignment file by coordinates.

samtools sort ${bam}/${sample_name}.bam \
-0 ${bamj/${sample_name}.sortco.bam

The last important filtering step is the removal of duplicate reads that derive
from multiple PCR amplifications of the same DNA fragment and that may
cause error propagation if not removed. To this end, duplicates are removed
using the tool MarkDuplicates v2.21.6 from the Picard software package
(broadinstitute.github.io/picard). This tool works by comparing sequences in
the 5’ positions of both reads and read pairs.

picard MarkDuplicates \

I= ${bam}/${sample_name}.sortco.bam \

O= ${bamj}/${sample_name).sortco.rmdup.bam \
REMOVE_DUPLICATES=TRUE\

METRICS_FILE= ${rmdup}/${sample_name}_picard_metrics.txt
Final BAM files are indexed using SAMtools.

samtools index ${bam}/3{sample_name}.sortco.rmdup.bam

We then use a combination of SAMtools depth command and awk to retrieve
the possible gap intervals for each sample in a table, meaning all positions
compared to the reference whose depth is less than a specific value. In our
analyses, this depth threshold is usually set to 3 or 5. This step allows us to
identify possible gaps which must be controlled manually on the alignment
and/or covered with Sanger sequencing.

samtools depth -a ${bam}/${sample_name}.sortco.rmdup.bam \
| awk '$3 < 5' > ${depth_less5}/${sample_name}.less5.txt

awk 'function output() {print start (prev == start ? "" : "-"prev) } NR == 1 {start =
prev = $2; next} $2 > prev+1 {output(); start = $2} {prev = $2}) END {output()}’
${depth_less5}/${sample_name}.less5.txt \

| transpose -t | sed -e 's$\i$; $¢' > ${depth_less5}/${sample_name)}.gaps.txt
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We also perform quality control of the alignment sequencing data and a
summary of its main features (such as the average depth of coverage) using
Qualimap v.2.2.2 [232]. The results are outputted in both a PDF and HTML
format.

qualimap bamgc -sd -sdmode 2 -bam ${bam}/${sample_name).sortco.rmdup.bam -
outdir ${qualimap} -outformat PDF:HTML

The last step is the variant calling. The Genome Analysis ToolKit (GATK)
v4.2.2.0 [233], a platform with tools to analyze NGS data developed by the
Broad Institute (https://www.broadinstitute.org/), is used. The tool
HaplotypeCaller calls SNPs and indels via local re-assembly of haplotypes in
active regions. During variant calling some filters are applied for a variant to
be called. The flag -mbq 20 sets to 20 the minimum base quality required to
consider a base for calling, while the flag -stand-call-conf 30 is the minimum
Phred-scaled confidence threshold at which variants should be called. Finally,
-ploidy 2 sets the analyzed sequences as diploid. This is because, although
analyzing haploid mtDNA, we want to detect heteroplasmies, which will be
called with a 0/1 genotype. The output of variant calling is the Variant Call
Format (VCF).

gatk --java-options "-Xmx8g" HaplotypeCaller \
-1 ${bam}/${sample_name}.sortco.rmdup.bam \
-0 ${vcf}/${sample_name}.vcf.gz \

-R ${mtDNA) \

-mbg 20\

-ploidy 2\

-stand-call-conf 30

Finally, a set of bash commands produce a summary file for each mtDNA
sequence. This file includes information from previous outputs and calculate
various statistics, such as the average depth of coverage, the total number of
reads, the number of mapped reads and duplicates, and the percentage of
the mitogenome with an average depth of coverage greater than 3, 5, and 10.

The VCFs were used for haplogroup classification with the stand-alone
version of HaploGrep 2 v2.1.21 (github.com/seppinho/haplogrep-cmd).
Mitochondrial haplotypes were also checked by manually inspecting BAM
files using SAMtools tview command.

6.1.2.3 Genetic diversity

The calculation of mtDNA molecular diversity indices was performed with
DnaSP v.6 [234]. In details, the haplotype diversity (Hd) with its standard
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deviation, the nucleotide diversity ™ (pi) and the average number of
nucleotide differences (k) were determined. Haplotype diversity represents
the probability that two randomly sampled haplotypes are different in a given
population [235]. Nucleotide diversity is defined as the average number of
nucleotide differences per site in pairwise comparisons among DNA
sequences and was estimated by assessing windows of 100 bps with step
size of 50 bps centered at the midpoint [235]. The average number of
nucleotide differences measures the degree of polymorphism within a
population and is defined as the mean number of nucleotide differences per
site between two DNA sequences randomly chosen from the sample
population [236]. Another index based on haplogroup frequencies, the
heterogeneity, was computed using the standard method of Nei [235].
Haplogroup frequencies and distributions were visualized with either Excel,
Tableau (https://www.tableau.com/), or R [237], while statistically significant
differences were estimated with either the Chi-square test of independence
or the Fisher's exact test of independence using R [237] and the XLSTAT
add-on for Excel. Genetic pairwise distances between individuals were
computed using MEGA X [238], as the proportion of nucleotide sites at which
two sequences being compared are different (p-distance method). This is
obtained by dividing the number of nucleotide differences by the total number
of compared nucleotides. Distances were calculated using only variable sites
and disregarding indels and private mutations. These distances were also
converted into a dissimilarity matrix, using the R functions mean() and xtabs()
[237]. The resulting matrix was used to perform a multidimensional scaling
(MDS) using the R function cmdscale() [237]. PCAs, used to summarize
quantitative multivariate data, were computed on haplogroup frequencies
using prcomp() from the stats R package [237], with the center and scale
arguments set as true. Correspondence Analysis (CA), an extension of PCA
suited to explore relationships among qualitative variables, was also
performed on haplogroup frequencies using the CA() function from the
FactoMineR R package [239], as in [240].

6.1.2.4 Phylogeny and phylogeography

Before building phylogenetic trees, sequence data were aligned, mostly using
Sequencher 4.9, checked and manually corrected to solve indel
misalignments. Phylogenetic trees were built using different algorithms. In
details, mtPhyl (eltsov.org/mtphyl.aspx), a specific tool for mtDNA analyses,
was used to build MP trees. These trees were based on Phylotree 17.
Bayesian inferences were obtained using the software Bayesian Evolutionary
Analysis by Sampling Trees v.2.6.5 (BEAST) [241]. BEAST 2 can be used as
a method for reconstructing phylogenies but also for testing evolutionary
hypotheses without conditioning on a single tree topology. Each tree is
weighted proportionally to its posterior probability using MCMC. Another
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important output of BEAST 2 is the demographic trend, represented by the
posterior distribution of the effective population size Ne through time in the
form of a Bayesian Skyline Plot (BSP). BEAST 2 was also employed to
calculate Bayesian age estimates of tree nodes, by using as priors
radiocarbon dates of ancient individuals, if available, and previously
estimated MRCA ages of the major branches. BEAST runs were performed
with complete mtDNA sequences under the HKY substitution model (gamma-
distributed rates plus invariant sites) with a fixed molecular clock as in
Brandini et al. [108], and setting as prior the clock rate considering the ones
published in [55, 96]. The chain length was set to 10 million iterations with
samples drawn every 1000 MCMC steps, after a discarded burn-in of 10%.
The BEAST trees were summarized into a single “target” tree using
TreeAnnotator and were visualized with FigTree
(http://tree.bio.ed.ac.uk/software/figtree/). The BSPs were obtained with
Tracer v1.7.1, but then converted into more realistic trends considering a
generation time of 25 years [108].

6.1.3 Modern genome-wide data

A total of 135 individuals were genotyped with the Affymetrix Human Origin
chip (~629K markers) in outsourcing at the Institute of Healthcare Research
in Santiago de Compostela (CEGEN).

6.1.3.1 PCA

PCAs were performed using the “smartpca” program from the software
package EIGENSOFT v7.2.0 [56]. Ancient data, presenting large amounts of
missing data, were instead projected onto the modern variability, using the
Isqproject and autoshrink options. Several PCAs were computed considering
ancient and modern datasets and different sub-datasets. Outlier individuals
were excluded from the downstream analyses.

6.1.3.2 ADMIXTURE clustering

Before running ADMIXTURE analyses, different datasets were pruned by
removing SNPs in LD. This was done with PLINK v1.9 [242], applying the flag
--indep-pairwise 200 25 0.4, with the values indicating the window size in kb,
the base count to shift the window at the end of each step, and the pairwise
r? threshold, respectively. For each step, pairs of SNPs in a window with r?
higher than the threshold are noted, and the SNPs are pruned from the
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window until no such pairs remain. After pruning, ADMIXTURE v.1.23 [58]
was run performing ten independent runs for each K, from K1 to K20, and
using the --cv flag to compute a 5-fold cross-validation error. This was used
to select the best K, that is the one with the lowest error. The tool CLUMPAK
[243] was used to combine the different runs and the software DISTRUCT
[244] was employed to find the best alignment of the results.

6.2 Ancient DNA

In the works presented in this thesis, a total of 31 ancient DNA sequences
have been produced. Among these, 19 ancient mitogenomes were obtained
from 28 pre-Roman individuals from the necropolis of Plestia, located in East
Umbria (central Italy). Four direct radiocarbon dates confirmed the age
estimated from the archaeological context, placing the remains at the end of
the 7 cal. century BCE. In addition, 12 low-coverage genomes were obtained
starting from an original collection of 20 human remains (13 pre-colonial and
seven colonial) retrieved from seven different archaeological excavations
along the Pacific coast of Panama City and radiocarbon dated from 603 to
1,430 CE.

6.2.1 Low-coverage shotgun sequencing

The petrous part of the temporal bone and well-preserved molar teeth have
been chosen as preferred anatomical element for DNA extraction, carried out
with a silica-based method, which allows to recover very short DNA
molecules, in dedicated clean rooms and following published protocols [214,
217, 245, 246]. Genomic DNA extracted from ancient remains was used to
prepare DNA libraries, following a custom double-indexing protocol optimized
for ancient DNA, and then shotgun-sequenced on lllumina platforms, as
described in [5], and detailed in the Ph.D. thesis of Dr. Marco Rosario
Capodiferro.

6.2.2 Ancient mtDNA analyses

After shotgun sequencing, mtDNA reads were extracted by mapping the raw
data to rCRS [82], since the mtDNA sequence included in the GRCh37/
UCSC hg19 human reference genome is a Yoruba sequence, different from
rCRS, commonly used in mtDNA phylogenetic studies. Since the release of
the UCSC hg19 assembly, the mtDNA sequence has been replaced only in
GenBank with rCRS. After quality control, trimming and adapter removal,
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processed reads were aligned to rCRS using the BWA v0.7.17 aln/samse
algorithm [230] and then realigned with CircularMapper [247], a specific tool
to improve mapping on circular genomes. Duplicate reads were removed with
Picard MarkDuplicates v2.21.6 (https://github.com/broadinstitute/picard) and
the BAM files were further filtered and processed with SAMtools v1.9 [231],
by keeping only reads with minimum mapping quality of 30 and positions with
a minimum depth of 1.

Moreover, for some ancient individuals, mitochondrial DNA data was also
produced using a capture technique (in collaboration with Prof. Caramelli’s
group at the University of Florence), which enriches DNA libraries for human
mtDNA in a bead-capture method using LR PCR products as bait for
hybridization [248, 249]. After enrichment, libraries were sequenced on an
lllumina MiSeq platform using a paired-end approach. Raw paired-end reads
derived from captured mitogenomes that overlapped for at least 11 bases
were merged using the software ClipAndMerge v1.7.7 [247] and then filtered
by quality trimming and adapter removal. Clean reads were filtered as above
and final mtDNA BAM were merged with shotgun mtDNA BAMs using
SAMtools merge. Two strategies allowed us to define the haplotypes. First,
variant calling was performed using BCFtools v1.10.2 [231] and VCFs were
filtered with VCFtools v0.1.16 [250]; haplotypes were then refined by
manually checking the alignments using SAMtools tview. Second, after a first
classification, if indel-related issues emerged (since some are diagnostic of
specific lineages), cleaned reads of ancient individuals were realigned to
modern mitogenomes belonging to the same haplogroup. The alignment was
performed as above, using BWA aln/samse and then CircularMapper.
Consensus sequences were generated using the same quality and coverage
filters as before and then compared to rCRS to obtain the final haplotypes.
As for the modern mtDNA haplotypes, haplogroup classification, based on
PhyloTree build 17 [69], was achieved using HaploGrep 2 v2.1.21 [227].

6.2.3 Contamination estimates

As previously described (see chapter 4.6 Ancient DNA), after death DNA
starts to become fragmented and damaged, e.g., due to deamination events
occurring at the ends of DNA molecules. These features can complicate
sequencing and data analyses, but they also are useful to effectively identify
authentic aDNA reads. Modern DNA contamination is another issue that must
be dealt with before conducting reliable analyses on aDNA data. Among the
many available methods to estimate present-day contamination, three
approaches were applied here, two based on mtDNA and one based on
chromosome X. The rationale behind this choice is that all aDNA genomes
were low coverage, preventing us to use autosome-based contamination
estimates. In particular, the mtDNA is very useful to this purpose since it is

43



6. Methods

present in multiple copies in cells and much smaller in size than the nuclear
genome, allowing to have enough coverage after sequencing to perform
contamination analyses. For all three methods, a threshold of 3% of
contamination was applied, considering as contaminated, and therefore
removing from downstream analyses, aDNA sequences with estimates above
this value.

The first tool used has been schmutzi [140], a set of programs that jointly
estimate modern human contamination and reconstruct the endogenous
mitochondrial sequence by considering both deamination patterns and
fragment length distributions. It is worth mentioning that, since this tool is
based on the detection of deamination patterns, aDNA data fully treated with
uracil-DNA glycosylase to remove typical aDNA damage are likely to
negatively impact these contamination estimates. Schmutzi can be applied to
ancient data with both low and high levels of contamination. In details,
schmutzi assumes that contaminant modern reads are not deaminated.
Based on this, it measures the rates of deamination for the endogenous reads
and compare them to the deamination rate of all fragments in the dataset,
providing a rough contamination estimate. As an example, if the endogenous
reads have 30% of deamination level, but the observed rate for all reads is
15%, the contamination estimate is 0.5. This first estimate is used as a prior
in the next step, an iterative process, which includes the following three
phases: (i) The endogenous consensus is called; (ii) the consensus called in
the first step, together with measures of deamination rates and fragment
length distribution of endogenous and contaminant fragments, are used to re-
estimate contamination; (iii) the most likely contaminant from a non-
redundant database of 197 human modern mitogenomes is estimated by
determining the most likely contamination rate using sites where endogenous
and contaminant genomes differ.

The second method used to estimate modern contamination on mitochondrial
DNA data was ContamMix v1.0-10 [251]. This software package provides the
maximum a posteriori probability of the consensus sequence being authentic.
ContamMix assumes that the sequence coverage is high enough to call the
true endogenous mtDNA consensus sequence, since contamination estimate
is based on this reconstructed consensus. Moreover, it assumes that
contamination in the data should not exceed 50%. The inferred fractions of
exogenous mitochondrial sequences correspond to the amount of
contamination. In detail, a consensus sequence is built from the alignment by
running ANGSD v0.923 [252] with parameters -doCounts 1 and -doFasta 2,
therefore using a majority rule. Only reads with mapping quality higher than
30 and base quality greater than 20 are kept. In addition, only positions with
a minimum depth of 5 are considered. Original reads that mapped uniquely
to the mtDNA reference sequence are converted to FASTQ and then re-
mapped to this consensus. The consensus sequence and a panel of 311
worldwide modern mtDNA genomes [253], serving as a source of potential
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contaminants, are aligned using MAFFT v7.475 [254, 255]. Finally,
contamMix is run using as inputs both this multiple sequence alignment as
well as the new BAM file produced. It uses a MCMC framework to estimate
the level of contamination. Five independent Markov chains are run from
different random starting parameters, which are then used to test the Gelman-
Rubin convergence [256]. Each chain is usually run for 50,000 iterations.
Default values are used for other parameters. The results are checked by
monitoring the Gelman diagnostic to confirm convergence. Generally, for
mtDNA-based methods the contamination rate is acceptable until a threshold
of 3% or 5% [5, 220].

The third tool was instead based on the X chromosome [257]. This method
relies on the fact that males are hemizygous for X-linked loci outside the
pseudo-autosomal regions, therefore making multiple alleles in these loci
attributable to either errors or contamination. This contamination estimate can
be used as a proxy for nuclear contamination in ancient male individuals. This
software can estimate modern human contamination in low-coverage (as low
as 0.2-0.5X on the X chromosome when contamination is below 15-25%)
sequencing data. ContaminationX models base counts as a function of an
error rate estimated from the data, the allele frequencies in the contaminant
populations, and the contamination fraction, which is estimated by a
maximum likelihood optimization. In details, ANGSD v0.923 [252] is first used
to compute the allele counts on the X chromosome. This software is also
applied to exclude pseudo-autosomal regions and then to estimate
contamination fraction on reads with mapping quality greater than 30, base
quality greater than 20, and minimum depth of 2X [221], using as a potential
contaminant source the HapMap CEU allele frequencies [258]. The final
estimation is carried out by contaminationX considering only individuals with
a minimum number of 100 overlapping SNPs [221] to the potential
contaminant reference panel. Contamination is estimated with a maximum
likelihood approach, setting to 1,000 the maximum number of jackknife
samples used for estimating standard errors and considering the estimates
from the Two-consensus method. The threshold value for contamination
estimated on the X chromosome is usually set at 3% [220].
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7. Mitochondrial DNA analyses of modern and
ancient populations

Most of the projects presented in this thesis employed mtDNA sequence data
to reconstruct the genetic history of human populations in different
geographic contexts, from Eurasia (chapter 7.1) to the Americas (chapter
7.2). Hereafter, the main conclusions of each work are presented together
with a more detailed description of the main project, which is focused on
Panama and describes the uniparental gene pool of admixed and Indigenous
population groups currently living in the Isthmus.

7.1 Eurasia

In the works presented hereafter, a total of 2,965 control-region sequences
and 338 complete mitogenomes from Eurasian populations have been
analyzed.

7.1.1 The mitogenome portrait of Umbria in Central Italy as
depicted by contemporary inhabitants and pre-Roman remains

The Italian Peninsula played a pivotal role in human migrations around the
Mediterranean Sea, as testified by the higher degree of its current genomic
variability compared with other European populations [259-264]. This
complexity results from several different inputs that shaped the gene pool of
this region since the Upper Paleolithic. Inferring the contributions of each
process is further complicated by similar (or partially overlapping) migration
events from, to and even within the Italian Peninsula, often separated by short
time frames. It is generally agreed that the ancestral contribution is evident in
the ancient ltalic people known as Latins, while the invasions after the fall of
the Roman Empire did not significantly alter the already established Italian
gene pool [259, 263]. Several studies based on autosomal and uniparental
markers tried to identify a clear genetic pattern able to discriminate northern,
central, and southern ltalian populations [263, 265-269]. Most of these
studies were performed on a large geographic scale and mainly focusing on
modern populations. So far, only a few microgeographic studies have been
conducted in central Italy, specifically on Etruscans (in Tuscany) and on
Picentes (in Marche) [270-277]. However, Umbria, another crucial region in
central Italy, is still unexplored. The origins and genetic affinities of the ancient
Umbri, traditionally considered an indigenous and very old population [278],
are still debated. During the Early Iron Age (9™-8™ centuries BCE), the Umbri
were among the first communities with strong and well-defined cultural
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identities in central Italy. They originally occupied today’s eastern Umbria and
then extended to the western part of the region, later occupied by the
Etruscans. After 260 BCE, Umbria was already under the full control of Rome
[279]. An important necropolis in east Umbria is in the so-called Plestinam
Paludem (now Colfiorito, up in the Apennines). The Plestia plateaus
represented an obligatory passage way in the trans-Apennine routes, but
stable settlements have not been attested before the beginning of the Iron
Age [280].

In this work [1], we produced and analyzed 198 complete mtDNAs from
modern Umbrians (191 sequenced here for the first time), selected from a
larger dataset of 545 control-region sequences, to investigate mtDNA
variation in a microgeographic context and to obtain new insights of the
maternal genetic history of Umbria. These data were integrated with 19
ancient mitogenomes from Iron Age Umbri Plestini, who were buried in the
Colfiorito necropolis (Figure 14).
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Figure 14. Geographic origin and Hg classification of ancient and modern Umbrians. The
region is divided into six differently colored areas. Points represent the geographic origin of all
modern individuals (N = 545), while complete mtDNAs are reported in squares (N = 198). Pie
charts summarize haplogroup distributions considering complete mitogenomes of ancient (N
= 19) and modern individuals, while the bar plot represents control-region data of the overall
modern dataset. The location of the Colfiorito necropolis is indicated by a star. Adapted from
Figure 1 in Modi et al. [1] under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/).
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The 545 control-region sequences of modern Umbrians clustered into 369
haplotypes (haplotype diversity = 0.994), showing an extensive mtDNA
variation in present-day Umbria. Most (97%) of the dataset was represented
by western Eurasian lineages, with a rather homogenous distribution. A
notable exception was Hg J, which has significantly higher frequency (30%)
in eastern Umbria. PCA (Figure 15) comparing our dataset with a large
Eurasian dataset (15,972 control-region seqeunces) [270], showed that east
Umbria clusters together with eastern Europe, with major contributions to this
clustering coming from haplogroups U4 and U5a (inset of Figure 15).
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Figure 15. PCA of Eurasia based on haplogroup frequencies from control-region data. The
inset shows the frequency distributions of U4 and U5a in western Eurasia (left side) as well as
in ltaly (right side). Adapted from Figure 3 in Modi et al [1] under the terms of the Creative
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

A total of 198 complete mtDNAs were sequenced randomly selecting
representative individuals from the six established regional divisions (see
Figure 14) and considering current population densities. By using the capture
technique, we recovered mtDNAs from 19 ancient individuals (dated from the
early 9" to the late 3" century BCE) from the necropolis of Plestia (Figures 14
and 16), with an average depth of coverage ranging from 5.86X to 50.98X.
By comparing the mitogenomes of modern Umbrians and pre-Roman
individuals, we found a continuity in the eastern part of the region, testified by
a similar high frequency (~30%) of haplogroup J in both modern and ancient
sequences, and probably maintained by geographic isolation. However, such
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a continuity is probably extended over the entire region, since almost all
present-day lineages were already present in pre-Roman times and more
than half of the ancient individuals share terminal branches (H1e1, J1c3,
J2b1, U2e2a, U8b1b1, K1a4a) with modern Umbrians, all dated back to the
Holocene (Figure 16).
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Figure 16. Schematic phylogeny of ancient Umbrians. Bayesian ages refer to the MRCA
shared with modern Umbrians. The inset highlights the closeness of the Umbrian J1c3g
mtDNA to other available ancient mitogenomes from western Eurasia. Adapted from figure 5
in Modi et al. [1] under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).

These specific lineages were also found in published ancient individuals from
different regions of western Eurasia and northern Africa and covering a long-
time span. J1c3g could be considered a paradigmatic example of these
heterogeneous connections, as attested by its aDNA tree, which includes the
ancient Umbrian aUMBO050 and other eight published ancient mitogenomes
[281-287] (inset of Figure 16). These include Neolithic, eastern Europe
Bronze Age, Bell Beaker, and more recent Medieval individuals. These
results suggest that specific mtDNA variants have been brought into the
region by the ancestors of ancient Umbri, coming from various sources at
different times. These connections range from Neolithic farmers, spreading
along the Mediterranean, to Bronze Age and Medieval connections with
central-eastern Europeans, possibly including nomadic groups (Yamnaya)
from the Pontic-Caspian steppes.
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This microgeographic and diachronic mtDNA portrait of Umbria fits well with
recent Y-chromosome and genome-wide data on the entire peninsula [263,
266, 288] and agrees with historical sources that list the Umbri among the
most ancient Italic populations, genetically and linguistically distinct from the
neighboring Etruscans.

7.1.2 Mitochondrial DNA footprints from Western Eurasia in
modern Mongolia

Archaeological evidence [289, 290] and genetic studies on modern and
ancient populations provided information on the complex Mongolian past
[291-300]. These studies revealed at least four ancestral sources that arose
in Mongolia through the Neolithic. Two were associated to hunter-gatherers
from northeast Asia and northern Eurasia, one was associated with the
eastward expansion of the Yamnaya culture (Afanasievo culture), and the
fourth was constituted by a mixture of Yamnaya culture and European
farmers [301, 302]. During Middle and Late Bronze age (~1900-900 BCE)
dairying and nomadic herding was widespread. Development of large-scale
polities in this period led then to dynasties and empires in the Early and Late
Medieval times. Since then, the entire Eurasian Steppe became an important
crossroads through the Silk Road, which played a major role in the economic,
demographic, and cultural processes shaping the history of several Eurasian
populations [293]. Another important event in the history of Mongolia was the
rise of the Mongol empire in the late 12" century CE with the ascent of
Genghis Khan (“Universal Ruler”). At its peak (1206-1368 CE), the empire
stretched from present-day Poland in the west to Korea in the east, and from
Siberia in the north to the Gulf of Oman and Vietnam in the south. During this
time, the so-called Pax Mongolica allowed a period of commercial, cultural,
religious, and scientific exchanges between western and eastern populations,
including trades between nomadic groups and urban centers [303].

MtDNA studies contributed several pieces of information to disentangling the
genetic history of Mongolia. Evidence deriving from the mtDNA Hgs shared
between Afanasievo and Yamnaya people supports an eastward migration
from the Pontic-Caspian steppes [186, 295]. The presence of a Ub5a1
mitochondrial haplotype in an Eneolithic grave, dated at ~3000 BCE and
associated with the Afanasievo archaeological culture in the Khangai
Mountains, attested the presence of people with "western" origin in the east
of the Altai Mountains before the Bronze Age [304]. To further investigate the
impact and legacy of eastern and western mitochondrial lineages on the gene
pool of modern Mongolian populations, we analyzed the mtDNA profiles of
2,420 individuals from 20 different Mongolian provinces. In addition, the entire
mitogenomes of 147 individuals, representative of different Hgs, were
sequenced.
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We assembled a control-region dataset of 2,420 sequences, 2,335 of which
encompassing the complete HVSI region (and used for diversity indexes
analyses), which revealed a high mtDNA variation heterogeneously
distributed across the country (Figure 17A). The increase near the capital,
Ulaanbaatar, could be probably explained by very recent migrations that may
have hidden the original mtDNA pool. Other populations possibly remained
more isolated due to geographic barriers, which reduced the number of
different mitogenomes since ancient times (e.g., in the Khangai Mountains)
or only recently (e.g., in the Khovd region). Most of mtDNAs belong to Hgs
typical of eastern Asian populations whose frequency decreases from eastern
to western regions (Figure 17B). An opposite pattern could be observed for
western Eurasian lineages. Overall, both contributed to create the mtDNA
differentiation currently detectable in Mongolia, as highlighted by the PCA
(Figure 17C).
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Figure 17. The mtDNA variation within Mongolia based on 2,420 modern control-region
sequences. A) Map of genetic variability in each macro-area expressed as nucleotide diversity
(Pi) and haplotype diversity (Hd). B) Pie charts showing the macro-Hgs distribution. C) PCA
plot representing the genetic landscape of Mongolia based on macro-Hgs frequencies. The
following groups were excluded: “Khangai Mountains”, “Near Ulaanbaatar’ and “Not
Specified”. Adapted from Figure 1 in Cardinali et al. [2] under the terms of the Creative
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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The western Eurasian lineages JT, RO (mostly made of H mtDNAs), and X
determine the genetic distinction of the three westernmost provinces along
PC2, with Bayan-Olgii (encompassing Altai mountains) having an outlier
position. The Altai mountains have traditionally been considered a genetic
barrier to gene flows from the west until the discovery of ancient individuals
with western haplogroups east of these mountains before Bronze age
challenged this view [304]. These results confirm that a western influence can
also be detected in modern mitogenomes. Different eastern Asian lineages
characterize the southern regions, while the northeastern provinces (Dornod,
Khentii, Khévsgdl and Sikhbaatar) cluster together, separately from the
others, and are characterized by a high number of different mitogenome
variants that arrived mostly from the surrounding eastern Asian countries.
When evaluating the Mongolian gene pool in a Eurasian context, we
observed a greater proximity to the surrounding East Asian populations,
mostly driven by eastern Asian haplogroups. The legacy of western Eurasian
lineages was less marked and more widespread. To deepen the
understanding of mtDNA peculiarities of Mongolians, we sequenced 147
complete mtDNAs, 26 representative of eastern Asian lineages and 121
belonging to western Eurasian Hgs. In the phylogenetic tree of western
Eurasian clades, many lineages coalesced during and soon after the last
glacial maximum (LGM, ~25-15 kya; purple nodes) (Figure 18A-B). The BSP
describes a demographic trend with two major increases of the effective
population size (Figure 18C). The first one reflects post-LGM migrations from
glacial refuges in western Eurasia, as also attested by haplotype sharing with
Europe and Balkan populations, and by the high frequency of haplogroup H1,
a genetic marker of the post-LGM expansions [305]. The second took place
during the early Holocene and was probably facilitated by ecological changes
associated with the Holocene climatic optimum (~10-6 kya) [306, 307], that
was accompanied by the development of farming, pastoralism and more
sedentary communities. A mixed ancestry between Yamnaya and European
farmers was recently identified in Bronze Age Mongolians [301, 302]. We did
not find western Eurasian sub-lineages specific to Mongolia. Therefore, most
of the lineages detected in modern Mongolians actually evolved in western
Eurasia. Some lineages started to coalesce in the early Bronze Age (~5 kya),
while very few Hgs originated in more recent times (<3 kya). The lack of
Mongolia-specific sub-branches might also suggest that the western Eurasian
lineages arrived in the Eastern Steppe in more recent times. The ages of
some western Eurasian lineages dates between 5 and 3 kya could be linked
to Bronze Age migrations across the Eurasian steppes that probably involved
also the Afanasievo first (~3300-2500 BCE) and later the Sintashta culture
(~2100-1800 BCE).
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Figure 18. The mtDNA variation in Mongolia based on 121 (new) modern and 25 (published)
ancient complete mitogenomes belonging to western Eurasian haplogroups. A) Bayesian tree
with internal nodes colored according to common ancestor (CA) average age estimates. B)
Age estimates and 95% high posterior densities. LGM timeframe is highlighted in grey, while
the red shade indicates Bronze Age. C) BSP displaying changes in the effective population
size through time considering a generation time of 25 years. Adapted from Figure 3 in Cardinali

et al. [2] under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).

Finally, by searching the available database of ancient mitogenomes for
western Eurasian lineages identified in our modern Mongolians, we found 13
different sub-haplogroups in ancient Mongolians dated after the Bronze Age.
They might testify for small population movements from the west less than 3
kya that can be probably related to commercial routes. The migration path
from western Eurasia to Mongolia marked by some of these mitochondrial
sub-lineages (H5a1, J1b2, T2g, U2e1b, U4b1ala1, and U4b1a4) occurred
~2.5 kya, thus temporally and geographically overlapping with the Silk Route,

while other sub-haplogroups, such as J1b1b1 and U2e1a1, seem to have
arrived in Mongolia later.
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In conclusion, we observed a clear genetic differentiation in Mongolia, which
reflects a history of connections with eastern Asia as well as with western
Eurasia. The prevalent Asian contribution reveals continuous connections
with neighboring populations until recent times, likely facilitated by the so-
called Genghis Khan’s Pax Mongolica. As for the western Eurasian
haplogroups, the analysis of complete mtDNAs highlights two major changes
in the effective (female) population size. The less recent one started in the
Late Pleistocene, before increasing in the early Holocene, and for the first
time points to a mtDNA connection with post-glacial repopulation events
involving western Eurasian refuges. Finally, a diachronic comparison with
ancient mtDNAs links six mitochondrial lineages of present-day and ancient
Mongolians with the timeframe and geographic path of the Silk Route.

7.2 The Americas

In the following mtDNA studies on American populations we produced a total
of 2,452 control-region sequences. Moreover, in the works on Panamanian
populations we also generated Y-chromosome data for 248 male individuals,
as well as 84 modern and nine ancient complete mitogenomes (see chapter
8.1).

7.2.1 The mitochondrial DNA landscape of modern Mexico

After the first peopling [308—311] and the development of (maize) agriculture
[309, 312-315] in South-Central regions, Mexico was characterized by
population movements and growth of complex socio-economic, political, and
religious civilizations [309, 315, 316]. Population decline and bottlenecks
occurred before, and coincided with, European contact after 1519 CE [316].
Even if Indigenous populations recovered since the 17" century and
remained largely isolated until the mid-18™ century [312], the demography of
Mexico was drastically reshaped following colonization. African slaves were
brought in as a workforce and the pre-Columbian civilizations were eventually
displaced and annihilated [317, 318]. Mixed populations increased during the
17" and 18" centuries [319]. Today, Mexico shows one of the richest ethnic
and linguistic diversities of the world [311, 320]. Most of the Mexican
population is largely formed by descendants of Indigenous Americans,
Spanish (European) immigrants, and African slaves [321]. Considering that
census data on ethnicity are not officially collected, the proportions and
definitions of population groups are not consistent. Most people (~85-95%)
identify themselves as a mixture of Indigenous American and European
ancestry, while present-day Indigenous groups are defined by culture,
traditions, language, and oral history. Recent estimates found 2% of the
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population seeing themselves of African ancestry. For these reasons, Mexico
has been, and remains, a preferential target for genetic studies, particularly
on mtDNA. However, previous studies were either based on very short
sequence fragments [318, 319] or on a small number of subjects [317, 322]
from geographically restricted regions [323], or did not report the actual
haplotypes [324]. To address these limitations, this study presents the first
comprehensive overview of modern mtDNAs from Mexico reporting control-
region data of 2,021 individuals from the general population across the
country (Figure 19).

West Eurasian (8%) Asian
B Mexico unspecified African (2.1%) (0.8%)
{ X2 (0.1%)
D4h3(0.6%

Unassigned

23 D1
(5%)

NW: —
C1
N E (23.7%)
:
Square sizes indicate sample numbers,
steps starting from the central white square SW S E

are n=3/10/50/100/200/300/500

Figure 19. Geographic origin and haplogroup classification of the 2,021 Mexican individuals.
The map shows the administrative units of Mexico and the individuals from each of the units
analyzed in this study. The geographic subsets indicated by orange lines and text are
Northwest (NW), Northeast (NE), Center-West (CW), Center-East (CE), Southwest (SW), and
South-East (SE). The pie chart shows the proportions of haplogroups in the Mexican mtDNA
pool. Figure 1 in Bodner et al. [3] under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/).

All 2,021 haplotypes passed quality control on EMPOP, the forensic online
mtDNA population database [325]. The final dataset contained 799 different
haplotypes, 502 of which (62.8%) were unique (haplotype diversity = 99.6%).
This dataset revealed a wide-ranging spectrum of mtDNA haplogroups
present in the general country-wide Mexican population. The predominant
proportions of clades were attributable to Indigenous American lineages and
altogether comprised 1,804 (89.2%) of the individuals. All major pan-
American haplogroups (A2, B2, C1b, C1c, C1d, and D1) [110] were highly
represented (Figure 19). The high number of sub-lineages likely reflects the
history of settlement, combining multiple populations with different origins,
history, and bottlenecks [311]. Haplogroup A2 was the most prevalent with
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845 individuals (41.8%), subdivided into 30 different sub-haplogroups. B2
was represented by 356 individuals (17.6%) and 21 sub-lineages. Hg C1
comprised 478 individuals (23.7%) and 19 clades. Lastly, 111 individuals
(5.5%) fell into the D1 lineage with six sub-haplogroups. Moreover, two rare
founder lineages, D4h3a and X2a [109], were found, represented by 12
(0.6%) and two (0.1%) individuals, respectively. A total of 162 individuals
(8.0%) belonged to West Eurasian haplogroups (H, HV, J, K, RO, R6, T, and
U), while 42 individuals (2.1%) were classified into sub-Saharan African
lineages (LO, L1, L2, and L3). Finally, South, Southeast, and East Asian
haplogroups were represented by six individuals bearing F1a1’4 and M
lineages. The frequency of Indigenous lineages is in line with previous
estimates in the general Mexican population [318, 319, 326, 327], although
on a finer geographic scale some heterogeneity of frequencies was detected.
The spatial distribution of haplogroups within Mexico was highly
heterogeneous (Figure 20).
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Figure 20. Spatial frequency (%) distributions of Indigenous American haplogroups A2, B2,
C1, D1, and D4h3 and the combined West Eurasian lineages in Mexico. Adapted from Figure
2 in Bodner et al. [3] under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/).

The distribution of Indigenous lineages showed specific patterns along the
country. Haplogroups A2 and B2 show a decrease of frequency from south
to north, while C1 has an opposite trend, from northwest toward south. These
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findings illustrate the peculiarity of lineage dispersal at a microgeographic
level, since it contrasts with the overall gradients in the double continent [319].
D4h3a and X2a behavior was in line with previous reports on their specific
distribution in the Americas [109]. African lineages were uniformly distributed,
while the Western Eurasian Hgs were mainly found in the northeast. In
general, this study shows overwhelming Indigenous American maternal
legacy in the extant admixed Mexican population, with almost 90% of mtDNAs
belonging to Indigenous lineages, in contrast with estimates from the Y
chromosome [328]. This is explainable by the mode of European conquest
that included “directional mating” of immigrant men with indigenous women,
causing asymmetric genetic admixture in Indigenous and urban populations
in and beyond Mexico [321, 329, 330]. Moreover, the haplogroup frequency
patterns, corroborated by the haplogroup frequency based PCA revealing
clear haplogroup structure, suggested the necessity of evaluating regional
subsets to yield accurate dispersal patterns and forensic rarity estimates.
Thus, database subsets containing northern (n = 545), central (n = 589), and
southern (n = 679) haplotypes were compared. The relevance of regional
databases was clearly proven by the fundamental differences revealed in the
dispersal of haplotypes and singletons, which are of high relevance for
forensic statistics [331]. Around 80.0% of each subset’s haplotypes were not
shared at all among them. In total, 85.0% of the unique haplotypes per region
were restricted to their region.

In conclusion, this study provides for the first time a comprehensive overview
on the mtDNA variation in the present-day general population of Mexico using
a large dataset covering the entire country. The outcomes confirm a slight
genetic impact of European conquest in terms of maternal introgression,
resulting in the preservation of the pre-Columbian pattern of mtDNA variation
in Mexico, as confirmed by the heterogeneous spatial distribution of some
lineages. Then, a microgeographic analysis argued in favor of regional
databases at least for forensic genetic investigations. Finally, this study has
also provided insights of a possible sex-based differential mobility and
mixture that impacted cultural as well as biological survival in Mexico.

7.2.2 Weaving mitochondrial DNA and Y-chromosome
variation in the Panamanian genetic canvas

The Isthmus of Panama was an obligatory passage for the first peopling of
the Americas and played a pivotal role during the European colonization and
the African slave trade [332-334]. After the first peopling of the Isthmus,
attested ~16 kya [335, 336], and the establishment of agriculture from 8.6-5
kya [337, 338], three cultural regions could be distinguished in the Isthmus
starting from ~3 kya. The Greater Chiriqui (corresponding to present-day
western provinces and Indigenous comarcas of Panama, and eastern Costa
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Rica) was the most coherent historical unit [339], speaking Nuclear Chibchan
languages [340]. Greater Coclé (comprising present-day central provinces)
was a culturally coherent unit, although it is not known whether it was
linguistically united. Finally, the Greater Darién (corresponding to eastern
provinces and Indigenous comarcas) was less coherent and was inhabited
by people speaking Cueva, since 1500 CE. This vernacular was more likely
a lingua franca for social and trading communication [341]. This cultural
heterogeneity persisted upon the arrival of the Spaniards at the beginning of
the 16" century CE [332]. European colonization had a severe impact on
autochthonous populations, which experienced a decline due to infectious
diseases [342], warfare and labor in mines and pearl fisheries [343]. Panama
became a principal redistribution point for the slave trade and mixture among
African and Indigenous peoples became common [344]. Consequently,
according to the latest Panamanian census (https://inec.gob.pa/), the
percentage of citizens who identify themselves as Afro-descendants is 9.2%,
while 12.3% consider themselves Indigenous.

Recent genomic analyses of populations currently living in the Americas
confirmed the existence of sex biases in the convergence of diverse ethnic
groups during and after European contact [345-347]. This was often
documented by the differential inheritance of uniparental lineages [348-351].
In Panama, previous studies have shown greater Indigenous maternal legacy
[352] in the general population and a much lower Indigenous paternal
component [353], which is mostly characterized by Western Eurasian Y-
chromosome lineages. This sex bias has been interpreted as the result of
asymmetric coupling between European males and Indigenous American as
well as African women. A related hypothesis suggests that more Indigenous
men than women perished or were deprived of reproductive rights after
contact, due to warfare and forced displacements of enslaved Indigenous
males. Another peculiar feature of these previous studies concerned the
general population of Panama presenting a lower African male than female
component, which contrasts with historical records of approximately two men
for every woman being involved in the trans-Atlantic slave trade [354, 355].
However, these previous studies did not consider any self-reported ethnic
affiliation. Here, we generated mtDNA control-region data for 431 maternally
unrelated individuals (301 males and 130 females), which were sampled from
the general population (N = 210), five Panamanian Indigenous groups (N =
200; Naso, Bribri, Ngabe, Guna, and Embera), and two admixed groups,
Mestizo (N = 10) and Moreno (N = 11). Y-chromosome haplogroups were
classified for a subset of 248 Panamanian unrelated males, belonging to the
same population groups.

The classification into mitochondrial haplogroups (Figure 21) revealed a
prevalence of the Indigenous pan-American founding lineages (A2, B2, C1,
D1), totaling 86.3% of the entire dataset and 75.7% of the general population,
which is in agreement with Perego et al. [352]. All individuals from Indigenous
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American (IAm) populations belonged to Indigenous lineages, except for one
Embera individual whose mtDNA was identified as haplogroup R*. A2 is the
most represented IAm haplogroup (51.7%), followed by B2 (27.1%), C1 (6%),
and D1 (1.4%; found only in the Embera group). A2 could be further classified
into two main sub-lineages: A2w represents 11.8% of the entire dataset and
is found among the Ngéabe (43.7%), the Mestizo (60.0%), and the general
population (6.7%); A2af1 (24.6% of the total) is found across all Indigenous
groups (except for the Embera), although with significant differences (Chi-
square test, p-value < 0.01), and reach the highest frequencies in Guna
(52.0%) and Naso (56.3%) populations. This lineage is found in one Mestizo
individual and is also the most represented in the general population (26.2%).
Haplogroup B2 is found in all groups, with significant differences among the
IAm populations (Chi-square test, p-value < 0.01), and the highest
frequencies in Embera (46.9%) and Bribri (64.3%). C1 and D1 are found in
the eastern populations (Guna and Embera), with D1 present only in the latter
and C1 equally distributed (Chi-square test, p-value = 0.83) in both groups
(~20-22% in each population).
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Figure 21. Map showing the Hg distribution of the 431 mtDNAs according to the self-reported
affiliation of the study participants. Location of Indigenous groups corresponds to their specific
Indigenous Comarca (Naso Tjér Di, Ngébe, Guna, and Emberd). As for the Bribri, most of them
live within Costa Rican borders, and about 3,000 are settled in Panama. The size of each pie
chart is proportional to the number of individuals from each group. Adapted from Figure 1 in
Rambaldi Migliore et al. [4] under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/).
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Non-Indigenous lineages (13.7%) are represented by Western Eurasian
(WEu; 2.3%) and sub-Saharan African (SAf; 11.4%) Hgs. WEu lineages are
only found in the general population (4.3%), except for the previously cited R*
mtDNA from Embera. The Mestizo do not present any WEu clade.
Conversely, SAf haplogroups are found in the general population (20.0%) and
in the Moreno group (63.7%). In the latter group, SAf maternal ancestries are
represented by L2 (36.4%) and L3 (27.3%) lineages.

Y-chromosome haplogroups were classified for a total of 248 Panamanian
unrelated males (Figure 22). The IAm component is represented by
haplogroups Q-M848 and Q-Z780. For Q-M848, only the Q-M925 branch is
observed, with ~82% of individuals belonging to its sub-branch Q-Y12421.
The remaining Q-M848 Y chromosomes are negative for downstream
markers and therefore are classified as Q-M848*. As for Q-Z780, ~50% of Y
chromosomes belong to the Q-SA02 sub-branch. The remaining Q-Z780
chromosomes, negative for downstream markers, are reported as Q-Z780".
The general population is mostly represented (69.8%) by WEu haplogroups,
the most frequent being the Iberian R1b-S116 (28.2%). The second most
frequent source in the general population is represented by SAf haplogroups
(16.8%), with E-M2 being second in frequency (15.4%), after R1b-S116.
Lastly, IAm Q sub-lineages accounts for 13.4% and are mainly represented
by Q-Y12421 (6.7%). Among the admixed groups, Mestizo accounts for, in
order of frequency, IAm, WEu, and SAf contributions, while among the four
Moreno Y chromosomes, three were E-M2 and one was J2-M172, thus
identifying a predominantly SAf paternal ancestry (E-M2). The Indigenous
populations have mostly retained an IAm paternal ancestry (80.9%). Only the
Bribri differ from this trend, represented only by the IAm Q-M848* (25%). The
most frequent sub-haplogroup among IAm groups is Q-Y12421, which
reaches its highest frequencies (~31%) in the Guna and the Naso. Q-SA02 is
only observed in western groups (Naso and Ngabe), while all the Q-Z780 in
the Embera remain classified as Q-Z780*. No Q-Z780 Y chromosomes were
identified in the Guna. Q-M925* is almost exclusively found in the Ngabe,
except for one Guna individual.
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Figure 22. Map showing the haplogroup distribution of the 248 Y chromosomes according to
the self-reported affiliation of the study participants. See Figure 21 for further details. Adapted
from Figure 2 in Rambaldi Migliore et al. [4] under the terms of the Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

Both uniparental systems showed significant differences in haplogroup
distributions among all Panamanian Indigenous groups (Chi-square test, p-
values < 0.001). A paradigmatic example is the mtDNA haplogroup A2w,
which is only present in the Ngabe group and previously found in North and
Central American modern individuals [5, 37, 356—360] and, more recently, in
an ancient pre-Hispanic individual excavated in Panama City [5]. Likewise,
the male paragroup Q-M925* is exclusively found (except for one Guna
individual) in the Ngabe. The mtDNA haplogroups C1 and D1 are found in
Embera and Guna (only C1) in the east and not observed in western groups.
Similarly, Q-Z780 Y chromosomes from the west (Naso and Ngébe) all belong
to the sub-lineage Q-SA02, while those in the east (Embera) remain classified
as Q-Z780".

To compare Y-chromosome and mtDNA data (Figure 23), we restricted the
total mtDNA dataset of 431 individuals to the one used for Y-chromosome
analyses (248 males). We did not find any statistically significant difference
when comparing the mtDNA haplogroup distribution between the two
datasets (Fisher’s exact test, p-value = 0.998).
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Figure 23. Map showing the distributions of mtDNA and Y-chromosome haplogroup origins
(indicated by different colors) among 248 Panamanian males. See Figure 21 for further details.
Adapted from Figure 3 in Rambaldi Migliore et al. [4], under the terms of the Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

IAm groups reach 100% frequency of IAm mtDNA lineages, but show an
important WEuU Y-chromosome contribution, which is predominant in the
Bribri. The Moreno show the lowest proportion of IAm lineages for both
systems, being SAf haplogroups predominant. The Mestizo and the general
population are characterized by similar patterns, with predominant IAm
mtDNA lineages and substantial WEu and SAf Y chromosomes. Here, in
contrast to previous estimates [352, 353], the general population shows the
same proportion of SAf lineages (16.8%) for both systems.

These analyses confirmed a sex bias in the general population currently living
in Panama, with high frequencies of IAm mtDNAs (75.7%) and much lower
IAm Y chromosomes (13.4%). This trend confirms patterns observed in other
population contexts around the Isthmus, such as Mexico [3, 312, 319, 328]
and Colombia [348]. However, this is not proved for other admixed
populations with lower frequencies of IAm mtDNA lineages [361]. These
patterns can be explained by statistically inadequate datasets and low-
resolution uniparental screening of only modern individuals, but they surely
testify to the complexity of admixture processes between populations with
various cultural and biological backgrounds. An additional proof of this
complex scenario is the different patterns detected in the IAm groups
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currently living in Panama. The Indigenous mtDNA lineages frequency
reaches 100%, while the Y-chromosome haplogroups range from 25% in the
Bribri to 100% in the Naso. Similar patterns have been detected in IAm
populations currently living both to the north (Costa Rica, Nicaragua, and
Mexico) [312, 328, 346] and to the south (Colombia) [350] of Panama, as well
as in other regions from all over the double continent [362]. Within the
Isthmus, we pointed out a different post-contact impact of allochthonous Y-
chromosome lineages on the Indigenous genomic pool of the western
Panamanian groups that were the most homogeneous in pre-Hispanic times
[5]. This may be due to a sample bias, particularly for the groups with less
than ten individuals in the Y-chromosome dataset (Bribri and Naso), but
cultural implications should also be considered. It is possible that Bribri
women intermarried or otherwise coupled with men of both WEuU and SAf
origins, and the newborns were considered members regardless of their
paternal origin. We also re-evaluated estimates of SAf contributions to the
general population when comparing the mtDNA and Y chromosome. The
same values for both uniparental systems (16.8%) appear somewhat closer
to historical data. These estimates are probably more accurate than those
obtained in previous studies [352, 353] where the self-declared ethnic
affiliation was not recorded during sampling. Therefore, it is likely that some
individuals of the general population were actually members of the
Indigenous communities, where the incidence of sub-Saharan Y-
chromosome lineages is much lower (~1%).

We computed genetic diversity either as haplogroup frequency-based

heterogeneity [235], or as intra-population pairwise genetic distance based
on variable SNPs for both systems (Figure 24).
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Figure 24. A) Heterogeneity based on haplogroup frequencies. Bars are shaded (from blue to
red) according to the proportion of Indigenous lineages in each population. B) Intra-population
uniparental genetic pairwise distances of different Panamanian groups computed for mtDNA
and the Y-chromosome. Dashed lines represent the mean value of all distances for mtDNA
(above, mean = 0.12) and for the Y chromosome (below, mean = 0.14). Adapted from Figure
4 in Rambaldi Migliore et al. [4] under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/).

Opposite trends are observed for the Guna group. The low level of Guna Y-
chromosome heterogeneity is probably due to a strong bottleneck in the
population size before contact and/or loss of male lineages in post-contact
times. The Naso show similar values for the two. This observation is also
confirmed by a much higher median value of genetic distance on the mtDNA
gene pool for Bribri, Guna, and Moreno, thus testifying to a more diversified
mtDNA gene pool with respect to the Y-chromosome one (although there
could be a sample bias due to the sample size of Bribri and Moreno). Higher
heterogeneity of the mtDNA pool is in agreement with the hypothesis of a
very ancient |IAm mtDNA legacy [5]. The high median value of the Y-
chromosome heterogeneity estimates among the Mestizo may be due to the
various allochthonous paternal contributions (both WEu and SAf) in post-
contact times, although this pattern does not appear in the general
population. To summarize the contribution of both uniparental lines to the
gene pool of each individual, we computed the mean of Y-chromosome and
mtDNA pairwise distances and used the resulting dissimilarity matrix to
compute a MDS (Figure 25).
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Figure 25. MDS plot computed on the mean of mtDNA and Y-chromosome pairwise distances.
Adapted from Figure 6 in Rambaldi Migliore et al. [4] under the terms of the Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

The first dimension, accounting for 52% of the total variation, separates
individuals with both paternal and maternal IAm haplogroups; this separation
is mainly driven by the Y chromosomes, while Indigenous mtDNA Hgs form
two main clusters along dimension two. The first clusters (quadrants | and Il)
include only individuals belonging to A2, whereas the clusters in the third and
fourth quadrants enclose all individuals belonging to the other IAm lineages
(B2, C1, and D1). WEu and SAf lineages characterize only mtDNAs falling in
quadrant 1V, instead. These findings indicate that the Indigenous uniparental
lineages largely contributed to the current differentiation in Panama and
further highlights the strong footprint of the mitochondrial Hgs A2af1 and A2w.
A2af1 has been mostly found in the Isthmo-Colombian area, including pre-
Hispanic individuals [5, 352, 359], and in a few individuals from Central
Mexico [3], consistently with a probable origin from the north. The Y-
chromosome lineage Q-M848* shows the same pattern of A2af1, with high
frequencies across all Panamanian IAm populations, especially in the Guna
(59.4% and 52.0%, respectively). This hints at the existence of an Isthmo-
specific male source, yet to be identified, which could mirror the A2af1 lineage
on the maternal side. Age estimates for A2af1 (15.82 + 4.09 kya, [5]) and Q-
M848 node (14.78 + 0.02 kya, [363]) are in line with this hypothesis.
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In conclusion, it is evident that both pre- and post-contact events contributed
to shaping the uniparental gene pool of modern Panamanians. Before
contact, the Indigenous groups probably remained isolated, forming three
main clusters. The western Isthmian cluster is now represented by Bribri,
Naso, and Ngabe, despite some dissimilarities in the latter (i.e., the
mitochondrial A2w and the Y-chromosome Q-M925*). This cluster is only
clear on the maternal side. In the eastern Isthmus, the Guna preserve a
specific Isthmian genome-wide component (see below and [5]) and show a
major legacy of very ancient uniparental footprints, i.e. the previously defined
mtDNA haplogroup A2af1 and the Y-chromosome paragroup Q-M848*.
Conversely, the Embera show traces of inputs from the south (e.g., the
mtDNA haplogroup D1). These different footprints are still evident mostly in
the mitochondrial gene pool because the maternal lines of Indigenous
populations were only marginally involved in post-contact admixtures. We
have confirmed a sex-biased introgression of only paternal non-Indigenous
lineages into local communities, but our findings also updated previous
assessments concerning sub-Saharan African genetic inputs. In fact, our new
estimates on the general population, defined more accurately as formed by
individuals not identifying themselves as members of any specific population
group, contribute to solving an apparent discrepancy between genetic and
historical data. This and other issues have been further investigated and
directly tested through a genomic and diachronic comparison between pre-
and post-contact individuals, as described hereafter.
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8. Genome-wide analyses on modern and ancient
individuals

Considering the new frontiers of archaeogenomics and the recently built
aDNA facility in our Department, in parallel to the studies on mtDNA detailed
above, | had the possibility to be involved in projects dealing with ancient and
modern genome-wide data. It is well known that genomic analyses based
only on mitogenomes have advantages (e.g., a very good molecular clock)
and disadvantages (e.g., incomplete lineage sorting, drift, etc.). Certainly, this
uniparental system can reconstruct only one of the several ancestries which
can be instead identified by deciphering the “mosaic” of the entire genome.
Therefore, a single genome can help reconstructing the complex history of a
population and, even in population genetics, the analyses can be restricted
to less individuals. In this view, a subset of the Panamanian individuals,
previously analyzed for the uniparental systems, have been genotyped with
high-density SNP arrays, while low-coverage ancient genomes have been
obtained from pre-Hispanic and colonial individuals excavated in Panama
City (chapter 8.1). Another, still ongoing, project moved further south along
the double continent and focused on genome-wide data from an Indigenous
Peruvian population (chapter 8.2).

8.1 Archaeogenomic distinctiveness of the Isthmo-Colombian
area

An overview of Panama history has already been given in chapter 7.2.2.
Considering its crucial geographic location, an archaeogenomic study of the
Isthmus could reveal further hints on its past as well as on movements
between North and South America. However, this region represented a gap
in the genomic datasets of modern and ancient DNA sequences. This was
mainly due to difficulties in collecting biological samples from Indigenous
communities and to the bad preservation of ancient DNA in this tropical
region. Nevertheless, in this work [5], we were able to produce 84 genome-
wide profiles, genotyped with the Axiom™ Genome-Wide Human Origins 1
Array (see chapter 4.2), from five Indigenous (Bribri, Embera Guna, Naso,
Ngabe) and two admixed (Moreno, Mestizo) groups currently living in
Panama. Moreover, we shotgun-sequenced the first 12 low-coverage ancient
genomes from the Isthmus. These ancient DNAs were extracted from an
original collection of 20 human remains (13 pre-colonial and seven colonial)
retrieved from seven different archeological excavations along the Pacific
coast of Panama City. These data were compared with modern and ancient
available genome-wide data from the Americas and selected worldwide
populations that left a greater genomic impact on Indigenous Americans
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during colonial times [66, 347, 364, 365].

To validate the aDNA data produced in this project, | investigated the possible
modern human contamination in our sequence data using the three different
methods detailed in chapter 6.2.3. These analyses revealed that two male
individuals had mitochondrial contamination higher than 3%, while X
chromosome contamination could not be estimated due to their low coverage.
These two sequences were not used in downstream analyses, which
provided novel and multidisciplinary information on the history of the Isthmian
area.

We provided final answers to long-lasting anthropological and archaeological
questions concerning the possible kinship relationships among individuals
buried together in the sites of Panama Viejo and Coco del Mar, in both of
which one adult female skeleton was surrounded by male crania. The
absence of biological relationships together with the long-time span of the
different remains (~1000 years) allowed us to hypothesize that they were
female seers with heads of prestigious enemies (obtained in warfare) that
would have facilitated their access to their knowledge, as well as their ability
to communicate with other worlds.

The major outcomes of this work were on the genetic history. ADMIXTURE
analyses (Figure 26A) revealed distinctive genomic profiles which
differentiate the gene pool of the Panamanian groups. The two admixed
groups Moreno and Mestizo, as expected, revealed large proportions of their
genomes not derived from Indigenous peoples of the Americas. This
allochthonous contribution was also observed in individuals who self-
identified as Indigenous and genealogically unadmixed but showing variable
amounts of African and European ancestries in their genomes, with the
lowest average values in the Guna and Ngabe.
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Figure 26. Overview of the genetic structure of ancient and modern Isthmian groups. A)
ADMIXTURE plot for K = 14 (the K with the lowest cross-validation error from K1 to K20). Each
bar shows the average ancestry proportion of individuals within the same group considering a
modern worldwide dataset (1,560 individuals and 545,942 SNPs before pruning) plus
American and Siberian ancient individuals (N = 341). (B) PCA analysis computed on
individuals with more than 95% of Indigenous American ancestry (217 individuals and 534,569
SNPs). Ancient genomes (N = 341) and individuals with masked non-Indigenous ancestry (N
= 417) were projected onto the modern variability. The inset shows a specific Isthmo-
Colombian PCA. Adapted from Figure 2 in Capodiferro et al. [5] under the terms of the Creative
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

The modern and ancient Isthmian individuals are also characterized by a
specific Indigenous component (Figure 26A) that probably drives the Isthmo-
Colombian axis observed along the PC1 in the PCA analysis of Indigenous
American groups (Figure 26B). We also identified a remarkable genomic
structure within Panama, largely overlapping with past and present
Indigenous groups (inset of Figure 26B). This implies that each group has its
own genetic history. However, some groups (Bribri, Cabécar, Naso Djérdi and
Ngabe) also show relatedness, especially in the western Isthmian area,
extended to southeastern Costa Rica. Fewer genetic similarities were
identified between the Indigenous groups in eastern Panama (the Guna and
Embera), and between the Embera and the pre-Hispanic Panamanians.
These macro-groups seem to reflect the pre-colonial cultural areas,
especially in the western Greater Chiriqui region, while the link in the eastern
region, previously known as the Greater Darién, is less evident.

The present research had an impact that expands far beyond the Isthmian
area. The ADMIXTURE analysis revealed the prevalence of one component
(represented by the red color in Figure 26A) that is not found in other
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Indigenous groups and makes the Panamanian genomes unique. A pre-
Hispanic origin of the Isthmo-Colombian distinctiveness was suggested by
the estimates of effective population size we obtained from the analysis of
identical-by-descent (IBD) fragments. A reduction in the population size of the
Panamanian groups probably started in pre-colonial times (~1 kya), thus
before the average time of other Indigenous American populations. Moreover,
shared IBD fragments among the Panamanian groups and other Indigenous
American populations revealed ancient interactions within the Isthmo-
Colombian area. However, based on the limited number and resolution of our
genomic data, it was not possible to provide a more precise time frame and
an accurate demographic reconstruction. Therefore, we employed the well-
calibrated mtDNA molecular clock and my main contribution to this work was
the analysis of modern and ancient mtDNAs from 80 (out of 84) present-day
Panamanians (belonging to Indigenous lineages) and nine ancient pre-
colonial individuals. The Bayesian phylogenetic tree (Figure 27) shows that
the most represented haplogroups among ancient and modern Panamanian
mitogenomes belong to the four main founding lineages (A2, B2, C1, and D1).
Moreover, the comparison with published mitogenomes belonging to the
same sub-haplogroups highlighted the presence of four Isthmian-specific
sub-lineages (in black in Figure 27), the most represented one being A2af1,
which has been dated to ~13 kya and confirms the ancient legacy of Isthmo-
Colombian populations. Finally, the BSP based on Panamanian
mitogenomes (inset of Figure 27) shows an increase in the effective
population size starting ~10 kya in the Early Holocene.
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In conclusion, this work confirms that the ancient and modern Indigenous
groups on the Isthmus of Panama share a common genetic history with other
Indigenous peoples in North, Central and South America, but along a specific
variation axis, clearly detectable within the America’s genetic landscape. On
a continental scale, the comparison with available ancient and modern
genomic data revealed a distinctive Isthmo-Colombian Indigenous genetic
component. The ancestral origin of this genomic distinctiveness is
summarized in the graphical abstract of our paper (Figure 28), where we tried
to represent the different ancestries (with different colors) brought by the first
Indigenous American groups (here also indicated as Native Americans, NA)
into the Americas along different migration paths (dotted lines). The stars
indicate, with different colors, admixture events that have been identified so
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far by studying both modern and ancient individuals.
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Figure 28. Ancestries and admixture events that shaped the archaeogenomic distinctiveness
of the Isthmo-Colombian area. Adapted from the graphical abstract in Capodiferro et al. [5]
under the terms of the Creative Commons Atftribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).

Coming from Beringia, a land bridge connecting northern north America with
eastern Siberia during the LGM (~25-18 kya), the first settlers left signs all
over the double continent, spreading the so-called SNA1 (Southern Native
American 1, blue lines in the left panel) ancestry, reaching the southern cone
~15 kya, as confirmed by archaeological evidence. However, recent studies
of ancient and modern genomes describe a complex scenario prior to
European contact with multiple migrations from Beringia, as initially
suggested by mitochondrial DNA, as well as demographic spreads and
admixture events along the two continents. The great majority of these
additional ancestries (right panel) differentiated sometime between the late
Pleistocene and the early Holocene (~15-8 kya), based on the earliest
archaeological human evidence. One ancestry remained limited to northern
north America (NNA, purple line) without crossing the Isthmus. Another one,
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strongly related to a Pleistocene ancient individual from the Spirit Cave,
Nevada (dated to ~10.9 kya), passed the land bridge and reached southern
south America leaving strongest traces on the Pacific coast (yellow line).
However, to fully explain the genetic variation of ancient and modern
Panamanians, we need to consider an additional ancestry of northern
American origin that parallel the Spirit Cave one, but which remained
restricted to the Isthmian area (red line). We called this previously
undescribed ancestry Unsampled Population of the Isthmus (UPopl), which
is still unrepresented in ancient datasets probably because it was bound to
now-submerged archeological sites on the Pacific coast of the Isthmus.
Nevertheless, the genomes of the pre-Hispanic individuals from Panama City
(i.e., from the archeological areas of Panama Viejo and Coco del Mar) attest
to these events.

The genomic data we used in this study provide a starting point for future
interdisciplinary studies on the Isthmo-Colombian crossroads. We are
currently sequencing high-coverage genomes from present-day
Panamanians and ancient (admixed) human remains dated to early colonial
times. This will allow us to refine the region’s genetic history with more
statistical power and higher molecular resolution, by for example detailing the
genetic patterns we found in the present study and to investigate the
demographic changes of Indigenous population before, during, and after
European contact.

8.2 A genome-wide survey of Ashaninka from Peru

The peculiar geophysical characteristics of South America created over time
a perfect setting for the development of complex population dynamics,
migrations, and adaptations, which targeted the attention of many scholars. |
was involved in the so-called South American genome project, which aims to
provide a genomic portrait of South America to infer and date a number of
events concerning the history and pre-history of the human populations that,
at different times, inhabited the subcontinent.

Among south American countries, Peru has been subject to several studies
on modern Indigenous populations and ancient individuals [42, 208, 215, 218,
366, 367], which highlighted a genomic structure, often reflecting
geographical features [218, 366]. Peruvian Amazonian communities show a
higher genetic homogeneity in comparison to Andean and coastal groups,
probably due to longer isolation periods [367]. The Ashaninka is the most
numerous Indigenous groups of Peru, mostly living in the Pasco region
between the eastern slope of the Andes and Yurua in the Ucayali region of
western Amazonia. Ashaninkas speak a language that belongs to the Arawak
family. Previous analyses on the uniparental systems showed the mtDNA
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haplogroup D and Y-chromosome haplogroup Q as the most represented
lineages, with low genetic input of non-Indigenous maternal lineages [368,
369]. To extend the molecular screening, we genotyped 51 Ashaninka
individuals from the Pasco region with the Axiom™ Genome-Wide Human
Origins 1 Array. After quality check, 44 Ashaninka genome-wide profiles were
compared to a worldwide dataset of modern and ancient individuals, mainly
from the Americas.

The Ashaninka shows an outlier position in the PCA at the continental level,
with Caribbean, Amazonian, and other Peruvian populations as the closest
genetic neighbors (data not shown). When considering the South America
continent (Figure 29A), they are more closely related to groups from north
Peru than to eastern Amazonians, particularly far from those living in the east
and who experienced isolation periods (i.e., Surui and Karitiana). Allele
frequency analyses (PCA and ADMIXTURE, Figure 29) also show that the 44
Ashaninka individuals cluster into two main homogeneous genetic groups.
The most numerous, Ashaninka1, comprises a high percentage of individuals
with less than 5% of non-Indigenous ancestry, while this percentage is higher
in the second cluster, Ashaninka2. A third cluster, Ashaninka3, was also
identified, but with a genetic profile different from the others. All three clusters
have their own cline of variation in the PCA and show the highest percentages
of a specific Indigenous component (in red) in the ADMIXTURE analysis (at
K16, Figure 29B).
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Figure 29. A) PCA computed only on South American modern and ancient Indigenous people,
selected from the datasets of all individuals with more than 95% of Indigenous American
ancestry (245 individuals and 409,084 SNPs), of IAm ancient genomes and individuals with
masked non-Indigenous ancestry (N = 455) which were projected onto the modern variability.
B) ADMIXTURE analyses of the modern dataset (1,604 individuals and 409,084 SNPs before
pruning) and ancient individuals (N = 557) at K16 (the one with the lowest cross-validation
error from K2 to K20). Unpublished Figure.

These findings confirm that various gene flows differentially impacted the
Ashaninka group(s), as already suggested [218]. As evident from the PCA
depicted in Figure 29A and from preliminary results from fs-statistics, our
analyses also support a previously hypothesized Arawak connection to the
Caribbean [220]. Further analyses will be required to build a statistically
significant model that could explain and summarize these findings.
Multidisciplinary inputs, particularly from archaeology, anthropology, history,
and linguistics, will be essential to interpret this genetic pattern and/or to
formulate alternative hypotheses to be tested.
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9. Conclusions and future perspectives

This thesis highlights some key features in the field of population genetics.
First, mtDNA studies are still fundamental to build accurate phylogenies and
for evolutionary reconstructions, with implications also in forensic genetics.
However, this uniparental system can trace back only one ancestral
(matrilineal, successful, and unbroken) path out of the thousands that
contributed to a present-day genome. This complexity can be grasped by
accompanying autosomal data to uniparental systems. Furthermore, the
study of ancient DNA (known as palaeogenomics or archaeogenomics) has
become an opportunity for a real-time investigation on the genetic past of
populations. Finally, depending on the specific topic and/or objective, it is also
crucial to accurately set the molecular screening at both a macro- and
microgeographic scale.

The projects presented here combined one or more of these aspects and
investigated the genetic histories of different human populations from Eurasia
and the Americas. Three works were conducted exclusively on the
mitochondrial DNA. In the first study, the diachronic comparison of 198
complete mtDNAs (selected from 545 modern mtDNA control regions) with
19 ancient mitogenomes from the Umbria region in Italy highlight a long and
complex history of migrations from different sources and in different times,
with genetic continuity between ancient and modern individuals in the eastern
part of the region. The second research analyzed 2,420 modern mtDNAs
(147 at the level of complete mitogenomes) from all over Mongolia. The
results suggest: (i) continuous connections with East Asian neighboring
populations until recent times, (ii) a link with post-glacial repopulation events
from Western Eurasian refuges, and (iii) a connection with the path and the
time frame of the Silk Route. In another macrogeographic work, a country-
wide dataset of 2,021 mtDNAs from the present-day general population of
Mexico revealed that the genetic impact of European conquest was modest
in terms of maternal lineage introgression, with preservation of Indigenous
haplogroups. Moreover, we show the importance of country-wide and
regional databases at least for forensic genetic investigations.

The other research extended the analysis to the entire genome. In a still
ongoing project on Peru, we are analyzing genome-wide autosomal data from
44 Ashaninka Indigenous individuals. This population shows an outlier
behavior in the South American genomic landscape and at least two main
genetic clusters can be identified. Moreover, peculiar connections with
modern and ancient individuals from Central/South America emerged,
especially with ancient Caribbean groups (dated to the Ceramic Age), a link
that will need further investigation.

My main projects focused on the Isthmus of Panama and encompassed all
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the (previously mentioned) main characteristics of an archaeogenomic
population study. The characterization of the uniparental genetic history of
431 individuals from Indigenous and admixed groups and the general
population shows that the local mtDNA gene pool (especially among the
Indigenous populations) was marginally involved in post-contact admixtures,
whereas the Indigenous Y chromosomes were differentially replaced mostly
by West Eurasian lineages. Moreover, we provide new estimates of the sub-
Saharan African contribution to a more accurately defined general population
of Panama. In the second project, we increased the molecular resolution
power. A total of 84 genome-wide profiles from Indigenous and admixed
groups currently living in Panama were analyzed, together with the first
reliable 12 low-coverage ancient genomes from this region. The results
identify genomic structure within Panama, although some groups show
relatedness, especially in the western regions, mirroring pre-contact cultural
areas. We also describe for the first time a distinctive Isthmo-Colombian
component in the Americas’ genomic landscape, which derives from the
admixture of different ancestries, including a still unsampled population that
likely reached the Isthmus in the late Pleistocene, expanded during the
Holocene, and left genomic traces up to present times.

My future work will build on the results of these two works on the Isthmus of
Panama, trying to investigate two aspects: (i) the sex-biased gene flows from
Europe and Africa into Indigenous American populations after contact, and
(ii) the decline in population size of Indigenous groups before and during
European expansion, and the subsequent demographic recovery. To this
aim, the next steps of the Panama project will include whole genomes from
present-day individuals and high-coverage ancient genomes from early
colonial times. These data will be used to investigate gene flows and
demographic changes with more statistical power and higher molecular
resolution.
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