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Abstract

This bachelor’s thesis aims to identify the timings and trajectories of major pre-historic
population movements. The ancient mitochondrial genomes from Allen Ancient DNA
Resource are used to construct the phylogenetic relationships with the help of the BEAST
software. The first chapter gives the theoretical background for phylogenetic analysis of
mitochondrial DNA genome sequences. The second chapter introduces the chosen model with
its parameters, the Ancestral Trails Framework principles, and the data preparation for the
phylogenetic analysis. The third chapter presents the analysis results performed on the
mitochondrial data and models constructed with Ancestral Trails Framework. The author
manages to assemble a large dataset with mitochondrial sequences ranging from ancient to
present-day samples and estimate the phylogenetic relationships and divergence times between
them. The analysis concluded that it is possible to detect ancient migration events and their
directions. However, due to the analysed sample’s limitations, the human groups’ exact timings

of splits are uncertain.

CERCS research specialisation: P160 Statistics, operations research, programming, financial

and actuarial mathematics.
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Muistsete rindeteede konstrueerimine mitokondriaalsete genoomide pohjal
Bakalaureuset6o

Erik Mandel

Lithikokkuvéte

Kéesoleva bakalaureusetdo eesmirk on tuvastada peamised muistsete rdndeteede toimumise
ajad ning trajektoorid. Muistsete inimeste DNA proove koondavast andmebaasist nimega
Allen Ancient DNA Resource sorteeriti vélja mitokondriaalse DNA jirjestused ning analiilisiti
andmesubjektide fillogeneetilisi suhteid BEAST tarkvaraga. Esimeses peatiikis kirjeldatakse
t00 teoreetilist tausta, mis on vajalik mitokondriaalse DNA genoomidel fiilogeneetilise
analiilisi 1abiviimiseks. Teises peatiikis tutvustatakse analiiiisi ldbiviimiseks loodud mudelit,
eellaste rinderaamistiku (Ancestral Trails Framework) pohimotteid ning andmetootlust
fiilogeneetilise analiiiisi tarbeks. Kolmandas peatiikis esitatakse fiilogeneetilise analiiiisi
tulemused ning eellaste rinderaamistiku pdhjal koostatud mudelid. Labiviidud analiiiisist
selgus, et muistseid rindeteid ning peamisi trajektoore on vdimalik analiiiisitud andmete
pohjal tuvastada. Analiiiisitud andmete vihesuse tottu ei ole voimalik tdpselt madrata

inimrithmade lahknemisaegu.

CERCS teaduseriala: P160 Statistika, operatsioonianaliiiis, programmeerimine, finants- ja

kindlustusmatemaatika.

Mirksonad: mitokondriaalsed genoomid, evolutsioon, migratsioon, Markovi mudelid, Bayesi

statistika



Table of Contents

INEEOAUCTION ...ttt ettt s b e e bt e s be e et e e saeeanbeesbeeennee e 5
1. Theoretical Background............ccouiiiiiiiiiiiiiii s 7
1.1 Mitochondrial DINA .........ooiiiiiii e ne e 7
1.2 Molecular Clock MOdEIS........ccuiiiiiiiiiiieii e 7
1.3 Nucleotide Substitution MOdeIS.........cccooviiiiiiiiiiieie s 8
1.3.1 The HKYY MOAEL.....cuiiiiiiiiiiii ettt 10

1.3.2 Rate variation ACTOSS SIEES ....uuriuierueerreesieesriesteeareesteeaneesseesneesseeanseesseeaneessneenee e 11

1.4 PhylOogeNnEtic TT@E......ueiiitieiiiieiee ittt ne e 12
1.4.1 Methods to Construct the Phylogenetic TIees ...........ccuvveriiiiriiiieiiniisiene e 13

2. Materials and MeEthOdS. ........oiuiiiiiiiiiie e 15
2.1 Mitochondrial Genomes from Ancient Individuals ...........ccccoeiiiiiiiiiiniei e 15
2.2 Phylogenetic RECONSIIUCTIONS ........eeiiviiiieiiiiiiie et 17
2.2.1 The BEAST PrOZram ......ccviiiiiiiiiiie e 17
2.2.2 Reconstructing phylogenetic trees with BEAST ... 18

2.3 Ancestral Trails Framework ..........c.cooviiiiiiiiiiiiii e 21
2.3.1 Estimating Past Geographical LOCations ..........cccccvvviviiiiiiiniiiic e 21
2.3.2 Spatially Explicit Coalescent Background Model ............cccceviiiiiiiiiiiiiiice, 22

B R ESUILS .ttt e R e e R et nr e e abe e ane e e anes 24
3.1 Reconstruction of Dated Phylogenetic Tree .........cccocviiiiiiiiiiiiiiiciccce 24
3.2. Spatial RECONSIUCLION .....viiuiiiiiiiiiii et 26
(07071161 10 107 s ST UPPSPP 30
RETETEINCES ...ttt ettt s b e st e e st e e tr e abee e 32
Appendix 1. Complete Genome of Homo Sapiens Mitochondrion............cccccoiiiiiiiiiinene, 36
Appendix 2. Phylogenetic TIEE.......c.ciiiiiiiiiiiiiiiiiiiei e 37



Introduction

The studies of ancient migration paths are vital to understanding the cultural history of humans
and population genetics, as it provides valuable insights into humanity's expansion across the
globe. By analysing the DNA samples found in modern-day humans and ancient remains, it is
possible to reconstruct the historical movements and densities of human populations and their
interactions for the last 100 000 years. One of the most used biological tools to reconstruct such
paths is mitochondrial DNA (mtDNA). The advances in Human Genome Project, especially in
DNA sequencing, have allowed scientists to extract high-quality mtDNA sequenced from
poorly preserved samples, allowing us to construct the movements of different populations

under a large timescale with unprecedented resolution. (Lipson et al., 2018; Soares et al., 2011)

Several recent discoveries have helped to put human history in different regions of the world
into a new perspective and changed previous beliefs. To illustrate that fact, analysing the
sequences of ancient DNA from the Americas has shed new light on the continent's
colonisation. Contradictory to earlier beliefs, it was found that the first humans arrived on the
continent much earlier than historians previously thought (Raghavan et al., 2015). Other
research found that multiple waves of migration from different parts of the world contributed
to the genetic diversity of the Native American populations (Moreno-Mayar et al., 2018). By
leveraging open datasets and computational tools, it is now possible to construct
comprehensive maps of ancient migration paths based on mtDNA analysis, providing insights

into the complex movements of our ancestors throughout history.

This project aims to analyse genetic differences between individuals to uncover populations'
joint maternal demographic history worldwide. The author assembles a large, global dataset of
mitochondrial genome sequences from present-day and ancient people and uses a spatially
explicit framework to reconstruct the locations of ancestors to the individuals in the dataset.

The main objectives of the thesis are:

1. Assembly of a global dataset of whole mitochondrial genome sequences (mt genomes)

from present-day and ancient populations worldwide.
2. Estimate the phylogenetic relationships and divergence dates between the mt genomes.

3. Identify timings and trajectories of major (pre) historical population movements and

human habitats that were key genetic sources to present-day genetic variation.



The project is carried out using computational methods and bioinformatic tools, such as
BEAST, and the data is obtained from publicly available resources, such as Allen Ancient DNA

Resource.

The thesis consists of three major parts: in the first one, sufficient theoretical and mathematical
background about mtDNA, phylogenetic trees and ancestral trails framework is given to the
reader; the second part describes the data and methods used to reconstruct phylogenies of
mitochondrial genomes and the ancient migration paths. The third part presents the results and

conclusions of the study.

The author would like to express his sincere gratitude to this paper's supervisor Professor
Anders Eriksson. His patience, enthusiasm towards the topic, and expert academic and mental
guidance throughout this thesis's entire work process have proved invaluable. His exceptional
character and expertise have shaped the direction of the following paper and the future of the

author's education.



1. Theoretical Background

1.1 Mitochondrial DNA

Mitochondrial DNA (mtDNA) is a circular chromosome found in the powerhouse of the cell
known as mitochondria. The mitochondrial genome of humans consists of the displacement
loop (D-loop) and 37 genes: 13 genes for protein coding, 22 for transfer RNA (tRNA), and two
ribosomal RNA (rRNA). The genes in the mtDNA are responsible for producing ATP in the
mitochondria. The D-loop initiates mtDNA replication and transcription. Moreover, the D-loop
has a significantly higher mutation rate than the other 37 genes, primarily concentrated to three

short hyper-variable regions. (Doimo et al., 2020)

Contrary to nuclear DNA, inherited from both parents, the mtDNA passes only from mother to
its offspring without recombination. This attribute helps us to trace maternal lineages through
generations and map hierarchic relationships between individuals. Furthermore, human cells
typically harbour large numbers of mitochondria, each carrying a copy of the mt genome. As a
result, it is often possible to recover mt genomes also when nuclear DNA is too degraded to
sequence, making it possible to obtain genomic data from a wide temporal and geographic

range. (Bandelt et al., 2006; Doimo et al., 2020)

Thanks to these properties, we can use phylogenetic methods to analyse mtDNA sequences and
draw valuable insights from the origins and migrations of our ancestors. We can analyse the
sequenced mtDNA data by grouping them into haplogroups. A haplogroup is a set of related
mtDNA sequences that share a common ancestor and are defined by one or more mutations
that distinguish them from other haplogroups. Comparing haplogroup distributions in different
populations allows to infer differences in ancestry between populations and movements of
individuals over time (Torroni et al., 2020). Additional substitution, molecular clock or tree
prior models can further solidify the generated models to draw even more insights from the

sequenced mtDNA data (Bandelt et al., 2006).

1.2 Molecular Clock Models

The technique that uses the mutation rate of biomolecules, such as protein sequences or DNA,
to estimate the amount of time needed for a certain amount of evolutionary change to occur is
often figuratively referred to as the molecular clock. The underlying theory behind such clock

models is that most amino acid mutations and substitutions in a nucleotide in a gene occur at a
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constant rate, making it possible to count those differences between two separate organisms.
The differences themselves mark the passage of time and therefore help scientists to estimate
the time since the species last shared a common ancestor. (Hedges & Kumar, 2009; Rodriguez-

Trelles et al., 2003)

The main limitations of molecular clocks, in their most simple form, come from the assumption
that mutations are uniformly distributed over the genome. However, that is not primarily true
for the whole gene. Natural selection also plays a crucial role in real life in favouring some
changes over others. In particular, most mutations that change the structure of expressed
proteins (non-synonymous mutations) are detrimental and therefore tend to be suppressed by
natural selection. Because of the way DNA codes for amino acids, mutations at the first and
second codon positions are more often non-synonymous than mutations at the third codon
positions, and consequently have lower substitution rates. Meanwhile, most molecular clocks
portray genetic differences as selectively neutral, which do not affect the organism's fitness.
Despite the criticism, numerous research has proven the minimal overall effect of these
problems on the analysis results, declaring the usage of molecular clock models as an
invaluable tool for building evolutionary timescales and its service as the null model for testing

evolutionary and mutation rates in different species. (Hedges & Kumar, 2009; Kumar, 2005)

One of the most widely used molecular clock models is the strict clock model, with the
additional assumption that the constant rate at which mutations occur is the same for all

lineages. Mathematically, the clock model is represented as:

where T is the estimated time of divergence between two species, D is the number of genetic
differences between two sequences and  is the estimated rate of genetic mutations per unit

of time. (Yang, 2006)

1.3 Nucleotide Substitution Models

Unless stated otherwise, the following paragraph and its subparagraphs are based on the

books Yang, 2006 and Drummond & Bouckaert, 2015.

A nucleotide 1s a molecule consisting of a nitrogen-containing base. In DNA the nucleotides

are A, C, G and D, which mark adenine, cytosine, guanine, and thymine respectively. The



substitutions between the two pyrimidines (T <> C) or between the two purines (A <> G) are
called tranmsitions, while those between a pyrimidine and a purine (T, C < A, G) are called
transversions. The distance between two sequences is the expected number of nucleotide

substitutions per site.

In molecular evolution, nucleotide substitution models (a.k.a. mutation or site models) are
Markov-Chain models used in phylogenetic analysis. They help to describe the variability in
rates and substitution patterns among the different sites in a nucleotide sequence alignment.
These models allow us to calculate pairwise distances between two sites and, using cluster
algorithms, convert the distance matrix into a phylogenetic tree. The Markov-process models
of nucleotide substitution used in the distance calculation can be used to calculate the likelihood
of a given phylogenetic tree, given the observed sequence data and assumptions about the

distribution of substitution rates among sites.

Molecular scientists categorise site models into either empirical or theoretical models.
Empirical models estimate the rates and patterns of substitution directly from the data. In
contrast, theoretical models make assumptions about the underlying process of molecular

evolution and use these assumptions to derive a mathematical model of sequence evolution.

The theoretical models, like the Jukes-Cantor Model (JC69) and the Kimura (K80) model, are
independent of the sequence; only transition rates are considered. Therefore, when their
substitution process reaches equilibrium, the sequence will have equal proportions of four
nucleotides. This assumption, however, is primarily unrealistic for every real-world dataset.
Therefore, the models which fall into this category will not be used to analyse the topic of this

thesis.

The empirical site models, such as Tamura-Nei (TN93) and Felsenstein (F84), accommodate
unequal base compositions. Compared to the theoretical substitution models, they allow for
different rates for transitions and transversions calculated from the analysed data. They can
also incorporate site-specific heterogeneity and accommodate comprehensive options for
parametrisation that make the computational process significantly faster. The models that fall

into this category are therefore more directly relevant for analysing ancient migration paths.



1.3.1 The HKY model

One widely used empirical site model is the Hasegawa-Kishino-Yano (HKY) model. It was
proposed by the authors with the same names in 1985 to better model the substitution process
in mtDNA. The HKY model is a simplified version of the more general but computationally
complex General Time Reversible (GTR) model. It, therefore, is often used instead of GTR

when the computational resources are limited.

The HKY model combines the parameters in the K80 and F81 models to allow for both unequal
base frequencies and a transition/transversion bias. The assumption is that the relative rates of
different types of substitutions remain constant over time and that the nucleotide frequencies

reach a steady-state distribution.

Let X(t) be the random variable representing the state of nucleotide substitution at time t.
Assuming that this Markov process is in state i € {T, C, 4, G} at time t, the probability that the

process transitions to state j € {T, C, 4, G} is governed by a substitution rate matrix.

The substitution-rate matrix under the HKY model is

—(am¢ + Brg) amc BTy Brg
0=(q;) = amy —(amy + Brg) BTy Brg
—\ij) = Brr B¢ —(amg + Bry) amng '
Brr B¢ amy —(amy + Bry)

where parameters my, e, 4, e are used to specify substitution rates (number of times the
nucleotide is observed in a sequence divided by the total number of nucleotides at that position),
a and [ are the rates of transitions and transversions respectively, my = my + m, and
mg = my + 1. The diagonal elements are omitted for clarity so that the rates for a given state

should sum to zero across the row. The matrix of transition probabilities over time ¢, is
P(t) = exp(Qt).

The steady-state distribution under HKY is © = (7, ¢, 74, ¢ ), as can be verified directly by

checking the identity 7Q = (0,0, 0,0), which implies P (t) = = for all t.
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1.3.2 Rate variation across sites

All nucleotide substitution models assume that different sites in the DNA sequence evolve at
the same rate and in the same way. However, DNA or protein sequences may evolve at different
rates among different sites due to various factors such as natural selection, mutation rate
variation, and structural or functional constraints. Therefore, allowing rate variation across sites

is common because ignoring them may lead to underestimating the sequence distance.

One possibility to consider the rate variation across sites is to use a random variable, for
example r, drawn from a statistical distribution. The most used distribution for such cases is

the gamma distribution. The final models are represented by a suffix +T', e.g., HKY + T'.

The density function of the gamma distribution is

o

e—ﬁrra—l

B
I'(a) '

where o, 3,7 > 0 and a and [ are the scale parameters. The mean and variance are

gr;a,p) =

E(r) = a/B and var(r) = a/B2. To keep B for adjusting the variance of the distribution, we
set a = E(1r)p.

A common extension of this principle is to model a proportion of the sites to be so strongly
constrained by natural selection that their substitution rate is zero. The resulting model is

usually denoted HKY + I' + I:

o

g(r; o B,x) =k B e Prra—1 4 (1 — x)8(p),

I'(o)

where 8(r) is the delta function.
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1.4 Phylogenetic Tree

A phylogenetic tree is a mathematical structure called a tree graph representing individuals'
shared ancestry. The tree nodes (vertices) represent the common ancestors, while the branches
(edges) represent evolutionary (ancestry) relationships between individuals (Yang, 2006). Such
trees are widely used in biology with the primary goal of studying evolution. The trees can tell
different stories depending on whether the research focuses on the long or short evolutionary
timescales.

On long evolutionary timescales, phylogenetic trees can give insights to the evolution of highly
conserved genes. For example, phylogenetic trees for genes involved in fundamental cellular
processes or metabolism provide insights into the early evolutionary history of life and the
relationships between major groups of organisms. (Hedges & Kumar, 2009; Wiley &
Lieberman, 2011)

On short evolutionary timescales, the topology and the timing of splits can inform on past
demographic processes, such as population expansions or contractions. They can help to
understand, for example, the spread of early human populations across the globe. The
construction of phylogenetic trees involves the usage of several mathematical methods. All of
which require careful consideration of the assumptions and limitations of each method. (Wiley
& Lieberman, 2011)

According to Wiley & Lieberman, 2011, the work to construct such trees can be organised in

four steps:

1. The molecular data is aligned to identify corresponding (homologous) positions in the
sequence for each taxon.

2. The evolution model with the theoretical molecular clock is chosen that describes the
evolution of the data.

3. The method to construct the tree is chosen based on various criteria, such as the
likelihood of the observed data given to the tree and the complexity of the tree.

4. The resulting tree is evaluated and compared to other possible trees to assess its

accuracy and to infer evolutionary relationships among the taxa.

The following subsection briefly introduces the most well-known methods for constructing

phylogenetic trees.
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1.4.1 Methods to Construct the Phylogenetic Trees

Several methods to construct phylogenetic trees have been developed to find the tree that best
fits the molecular data and represents the evolutionary relationships among the studied
organisms. The four most well-known approaches are, in approximate order of increasing
sophistication, Neighbour Joining, Maximum Parsimony, Maximum Likelihood, and Bayesian

Inference.

The Neighbour-Joining (NJ) method constructs a tree based on the distance matrix of pairwise
differences between molecular sequences. It starts by joining pairs of taxa to a star tree, where
all the taxa are connected to the central node and then iteratively joins pairs closest in the
distance until the result tree is obtained. The Neighbour-Joining method is often used when the
relationships among data are complex, and the molecular data is highly divergent. Examples
of software programs that use this approach are the MEGA and SplitsTree programs. (Huson
& Bryant, 2006; Kumar et al., 2018; Saitou & Nei, 1987)

The Maximum Parsimony (MP) method aims to find the tree that requires the fewest changes
in character states, like nucleotides or amino acids, to explain the observed data. This method
is based on Occam's razor principle, which states that the simplest explanation is usually the
best. The maximum Parsimony method is used when the relationships among the taxa are
relatively simple. The PAUP* or TNT programs are examples of software programs that use

this method. (Felsenstein, 2004; Wiley & Lieberman, 2011)

The Maximum Likelihood (ML) method seeks a tree that maximizes the likelithood of the
observed molecular data, given a particular model of molecular evolution. This method is based
on Bayesian statistics and assumes that the probability of observing the data is proportional to
the likelihood of the tree under consideration. The Maximum Likelihood method is often used
when the amount of molecular data is large, and the relationships among the data are complex.
Examples of software programs that use this approach are the RAXML and PAML programs.
(Stamatakis, 2014; Wiley & Lieberman, 2011; Yang, 2007)

The Bayesian Inference (BI) method aims to estimate the posterior probability distribution of
the trees given the observed molecular data and a prior distribution of the trees. This method
uses Bayes' theorem to update the prior probability distribution of the trees with the help of
observed data resulting in a set of trees with associated probabilities. The Bayesian Inference
method is often used when the amount of molecular data is moderate, and the relationships

among the taxa are uncertain. The MrBayes and BEAST are examples of software programs
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that use this method. (Drummond & Bouckaert, 2015; Felsenstein, 2004; Wiley & Lieberman,
2011)

All the above methods can be used to estimate the topology of the phylogenetic tree and
estimate branch lengths, but to estimate the age of divergences between genetic sequences (in
years or generations) it is necessary to calibrate the rate of evolution against reference points.
There are two main approaches for this. The first, called node calibration, uses information
about the age of an internal node to determine the evolutionary rate for the tree (often using
archaeological information about the divergence of species as estimated by characteristic
anatomical features). The second approach, called tip-dating, that has only recently become
available with DNA from archaeological remains, is to use a panel of sequences from different,
known, time points. Of the methods mentioned above, only the BI methods support this
inference. Recent research suggest that tip-dating offers better accuracy for recently diverged
sequences, such as when constructing phylogenies of sequences from different human

populations (Rieux et al., 2014).
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2. Materials and Methods

The key steps used to analyse ancient migration paths are the following:

1. Assembly and data quality analyses of mitochondrial sequences from human

archaeological remains with matching geographic and temporal information.

2. Reconstruction of phylogenetic trees and estimation of split times informed by the dates

of the archaeological samples.

3. Based on the phylogenetic trees, reconstruction of the geographic locations of the

ancestors of the samples.

This chapter gives a theoretical overview of the used datasets and programs. It describes the
initial steps of the analysis to construct phylogenetic trees and ancient migration paths based

on such trees and the beginning steps of the analysis to construct such trees.

2.1 Mitochondrial Genomes from Ancient Individuals

The Allen Ancient DNA Resource (AADR) is a public database that provides a central
repository for ancient DNA data. It was founded in 2014 by David Reich. Currently, the
database contains genomes from more than 800 species and over 10,000 ancient DNA samples.

(Mallick et al., 2023)

The dataset of mitochondrial genomes from ancient individuals used in this research is also
from the AADR repository. Because the database is frequently updated, we use version 52.2 of
the dataset, published on the 22nd of August 2022 (David Reich Lab, 2022). It consists of two
files:

1. A file in fasta format (.fa) that consists of the genetic ID of the sample and the

mitochondrial genome sequence.

2. The Anno file holds each sample's legend and background information, like latitude and

longitude coordinates, sample age, mtDNA haplogroup and country of origin.

The dataset consists of 3,877 samples, all of which are present in the Anno file. Unfortunately,
the file has duplicates of some samples since some of the mtDNA sequences have been
sequenced multiple times, or the samples have been published in multiple research papers.
After removing the duplicate samples (126), we can conveniently say the dataset has 3,751

unique samples.
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Another aspect to consider is the quality of the data. Human genomes (e.g. mtDNA) tend to
decay over time, and therefore the data sequences might not be complete. To ensure the high
quality of the data and conduct reliable phylogenetic inference, we excluded mtDNA sequences
with more than 10% loss outside of the D-loop (14,534 nucleotide positions, see Appendix 1
for beginning and end index of the D-loop) from the dataset. 157 samples were removed,
resulting in a dataset of 3594 samples. The summary statistics of the age of each sample are

represented in the following table (Table 1).

Table 1: Summary Statistics for the age of mtDNA samples in years

Mean 3593
Median 3407
Standard deviation 2339
Min 60

Max 30 950

The table concludes that this data should be sufficient to perform the phylogenetic analysis of

the samples and investigate ancient migration paths.

Another issue to be considered is how the samples are spread across the globe. The particular
interest in the problem comes directly from the research question of investigating ancient
migration paths. If the sample had missing coordinates in the 4Anno file, we tracked down the
original research and successfully replaced the missing values with actual coordinates. The
samples should be spread over the globe to get the most information on possible migrations.
To justify the case, we plot the sample coordinates on the world map using statistical software
R. As we can see from the world map, although the data is most abundant in Europe and Central
Asia; Africa, Oceania, and the Americas are also represented, enabling a global analysis of

possible migration paths of ancient people (Figure 1).
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Figure 1: Geographical Locations of mtDNA samples.

2.2 Phylogenetic Reconstructions

2.2.1 The BEAST Program

We used the Bayesian Evolutionary Analysis Sampling Trees (BEAST) software program for
the inference of phylogenetic trees. The main reason is that the program uses Bayesian
inference, which suits well for moderate data in which taxon relationships are unknown.
Additional property that justifies the approach is the possibility of using tip-date sampling. This

approach makes it possible to include the ages of mtDNA sequence samples in the samples' ID.

The following sections of this paragraph are based on the Drummond & Bouckaert, 2015 book
“Bayesian Evolutionary analysis with BEAST”.

Bayesian Evolutionary Analysis Sampling Trees (BEAST) is an open-source Markov chain
Monte Carlo (MCMC) sampler for phylogenetic models. The program was first released in
2002 and developed by Alexei Drummond at the University of Auckland. The newest version
of the program, BEAST 2, was released in 2014. It is supported by the BEAGLE library, which

helps to increase computation power with optimised usage of multi-core processors.

The critical innovation of BEAST is its ability to simultaneously estimate the tree topology

(i.e. the branching pattern of the evolutionary relationships), branch lengths (i.e. the amount of

17



evolutionary change along each branch), and the parameters of a molecular clock model (i.e.

the rate of evolution and the age of the common ancestor) using an MCMC algorithm.

One of the strengths of BEAST is its ability to generate posterior distributions of parameters
of interest, such as the age of the common ancestor or the rate of molecular evolution. This
quantifies uncertainty in the estimated values, which is vital for robust evolutionary biology

inference.

However, BEAST can be computationally intensive, especially for large datasets or complex
models. It also requires expertise in Bayesian statistics and molecular evolution to interpret the

results correctly.

The following list shows the contents of the BEAST software package and additional software
tools to analyse BEAST output:

o BEAST - this package contains the BEAST program and a set of tools supporting it:

e BEAUTiI — program to generate BEAST .xml files specifying the data, its

parameters and models used in the phylogenetic analysis.

o TreeAnnotator — program to generate a consensus phylogenetic tree from

BEAST output that represents the posterior distribution of the trees.
e Logcombiner — program to combine log files produced by MCMC analysis.

e Tracer —program used to explore the output of BEAST. It summarises both graphically
and quantitatively the distributions of continuous parameters and provides diagnostic

information.

o Figtree — application for displaying and printing molecular phylogenies obtained using

BEAST.

2.2.2 Reconstructing phylogenetic trees with BEAST

A consensus tree is a representation of a set of phylogenetic trees on the same set of taxa
(Degnan et al., 2009). The burn-in is the number of samples it took for the MC calculations to
approach equilibrium (7reeAnnotator | BEAST Documentation, n.d.).
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To begin the reconstruction of phylogenetic trees, we first had to generate the BEAUT:I file in
Nexus format, which allows us to define parameters for models and distributions used in the

analysis along with the sequence data to be analysed.

To use the tip-date sampling possibilities available in BEAST, the MasterID of the sample was
modified to the format MasterID@Date. Using tip dates in the sample name allowed us to

specify the sample's age later in BEAST without constructing taxon sets for the data.

We used the Analyses of Phylogenetics and Evolution (ape) library for statistical software R to
write the nexus file from the data with new IDs with function write. nexus(). We wrote the

data in sequential DNA format. In the mtDNA sequences, we marked the gaps with the

symbol and missing values with “n”.

Since different genes in an individual's mtDNA genome have different mutation rates, we first
partitioned the genome into groups of sites with similar expected mutation rates (Appendix 1).

We excluded the D-loop from the analysis due to its high mutation rate.

In phylogenetics, partitions refer to the division of a dataset into non-overlapping subsets of
characters (e.g., genes or codons) that are assumed to evolve independently or have different
evolutionary models applied to them. The partitions are used to account for differences in

substitution patterns among sites. (Kainer & Lanfear, 2015)

The protein encodings (CDS) had to be read in three partitions (starting from first, second and
third codon position with a step of three), while complement proteins must follow the same
rule but be read from back to front. The resulting protein partitions starting from indices 1 and
2 were merged. A control algorithm was constructed to avoid overlaps, where protein positions
starting from 1 and 2 take priority over 3, and protein positions starting from 3 take priority
over RNA positions. The RNA positions of the mtDNA were read from starting index to the

end with a step of one. The generated partitions were appended to the Nexus file.

After importing the prepared data in the Nexus file format to BEAUT], the model parameters
to construct the phylogeny of the data needed to be specified. I used the tip-date sampling
possibility and parsed the dates from the ID-s thanks to the format they were rewritten in.

Additional specification before the present were used to mark each sample's age correctly.

No previously defined taxon sets were used for any model. The decision not to use any taxon
sets was made because no prior knowledge about the different relationships between two

random samples in the dataset was known.
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As the previously defined protein and RNA partitions have different biological roles and
functional constraints, they may evolve at different rates and their substitution and clock
models where therefore unlinked. The tree models were kept unliked because our goal was to
get one consensus tree. As suggested in previous work, we used the HKY-+I'+I site model for
all partitions (the number of gamma categories was kept at the default 4), and assumed a strict
molecular clock. The tree prior was chosen to be Bayesian Skyline with then groups, allowing

for changes in the effective populations size in the history of sample.

The only prior distribution that was changed from the standard was the root height of the tree
model. The prior distribution was changed to uniform, with the lower bound being close to the
oldest sample in the dataset and the upper bound 500,000 to avoid the root height parameter
from reaching infinity. In short, the root height of the tree was set to U(30,682; 500,000).

The length of the MCMC chain was increased ten times compared to the standard length for
the calculations to reach equilibrium distribution. The final length of the chain produced was
100 million, with a parameter sampling step of 1,000. Lastly, the BEAST input file (in XML

format) was generated using these model specifications.

The author of this thesis used the generated XML file with previously described model
specifications to run BEAST. The BEAGLE package was used to increase the computational
efficiency of BEAST. The BEAST run was done in the Institute of Genomics HPC cluster and

project author’s personal computer (Lenovo P52 with 8™ generation Intel Core i7 processor).

The BEAST run produced the output file for the trees and log files. Due to the size of the file
that holds the states of the tree and its inability to be processed by treeAnnotator to find a

consensus tree, we used logcombiner to resample the tree states at a lower frequency.

The treeAnnotator was used to get one consensus tree inferred from multiple phylogenetic
trees. The author specified the burnin as the number of states. The target tree was maximum

clade credibility tree with median hights.
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2.3 Ancestral Trails Framework

The following paragraph and its subparagraphs are based on (Eriksson et al., 2012) or seminars
that the author of the thesis had with Dr Anders Eriksson during the period of October 2022 to
May 2023.

The ancestral trails (AnTs) framework is a tool for studying species’ evolutionary history by
reconstructing their ancestors’ ancestral geographic locations, developed by the supervisor, Dr

Anders Eriksson.

One key aspect of the AnTs framework is the concept of movement through space as a random
process. The movement through space is often modelled using a diffusion model, which
assumes organisms move through space their environment randomly and unpredictably. This
model can be applied to simple cases, such as homogeneous diffusion on a sphere or plane, or

more complex scenarios incorporating geography, terrain, and climate.

For example, by considering factors such as land vs sea/water, mountain chains, deserts and
arctic regions, researchers can build more sophisticated models of how species might have
moved through their environment over time. These models can shed light on the geographic

distribution of species that can be overlooked by phylogenetic analysis alone.

Bayesian inference is one way to combine these models with the phylogenetic tree. This
approach uses probabilistic models to estimate a given species’ most likely ancestral locations
based on its evolutionary history and environmental factors, which might have influenced its

movement.

The usage of ancestral trails framework and Bayesian inference can help researchers to better
understand the movement of species and their evolution. This helps to shed new light on various
research areas such as the species’ adaptation to changing environments and the maintenance

and generation of biodiversity.

2.3.1 Estimating Past Geographical Locations

For each lineage in the tree, starting from the present and moving backwards in time, AnTs
calculate the probability of finding a lineage in a given location at a given time based on the
modelled background migration process. When pairs of lineages (A and B) have a most recent

common ancestor, the probability for this ancestor to be in hexagon i is
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where Z is a normalisation such that the sum over all locations is unity. The calculation of the

probability distribution of the joint lineage then proceeds from this distribution. This way, the

probability distributions of locations are calculated for every internal node in the tree.

To sample spatiotemporal trajectories consistent with these distributions (and the tree), AnTs
starts from the root and picks a location according to the distribution at the root. Conditional
on this, the trajectories for each descendant lineage become statistically independent. To sample
the locations of an immediate descendant A of the root, AnTs draws the location i randomly
with a probability proportional to P/*M; j where j is the location of the root and M;; is the

probability of migrating from j to i in one generation.

This procedure is only correct if there is no interaction between lineages until they coalesce
(according to the observed tree). To correct for this, AnTs offers a rejection sampling approach,
based on the probability of no coalescence given the sampled trajectories. The product of
1 —1/K; gives this probability over all generations in which the lineages are in the same
hexagon at the same time. If more than two lineages are present in the same hexagon the
calculation is adjusted accordingly. These probabilities are then combined across the tree to
yield the joint probability of observing the tree (i.e., not having any extra coalescent events),

which are used for rejection sampling and to calculate weighted averages.

2.3.2 Spatially Explicit Coalescent Background Model

The spatial demographic model is based on (Eriksson et al., 2012) and further developed in
(Raghavan et al., 2015). The world is divided into hexagons ~100 km wide, represented as a
graph in which hexagons are nodes and links between neighbouring hexagons are edges. Each
cell can be either land or uninhabitable (sea or ice), which can change over time, informed by

bathymetry and reconstructions of past sea levels and ice sheets during glacial periods.

Land hexagons have a maximum population size K, linked to net primary productivity (NPP).
NPP is a measure of total plant and animal productivity estimated as a function of annual mean
temperature and precipitation. The population size is zero below a lower threshold NPP,;,,
grows linearly so that it reaches K at the upper threshold NPP,,,«, and stays equal to K for

larger values of NPP. The values for K, NPP,,;, and NPP,,,x were taken from Eriksson et al.
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(2012), where NPP values were reconstructed from global circulation models of past climate
for the last 120 000 years. The parameters were fitted to genetic data from diverse ancestry

panel of populations around the world (the HGDP panel).

The model assumes local random mating within each land hexagon and random migration to
neighbouring hexagons in each generation. Neighbouring land hexagons (4 and B) exchange
migrants with the following rate:

K4Kp
m )
K,+Kp

migrant exchange rate =

where the parameter m sets the scale of migration. In each generation, lineages in the same
population can have a common ancestor with a probability of 1/K. The value of K varies across

space and time, depending on NPP.
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3 Results

3.1 Reconstruction of Dated Phylogenetic Tree

The author explored different models of sequence evolution suggested by the literature. It
involved changing the parameters of the previously defined model (increasing and decreasing
of different group sizes), trying different substitution models (e.g., TN93), experimenting with
different clock types (e.g., relaxed clock) and using different tree priors (e.g., Bayesian Skygrid
and constant size) However, the problems with the convergence of the model remained.
Additionally, the running times of the program increased with no significant improvement in

the output quality.

Considering these problems, it was decided to reduce the model complexity and dataset size.
The size of the dataset was fixed at 400 samples. To create a dataset balanced in temporal and
spatial distribution, all samples from Africa (143 samples) and those over 7500 years old (198
samples) were included in the analysis. The remaining samples were picked from the remaining
samples with simple random sampling without replacement (59 samples). The geographical
locations of the samples are represented on a world map (Figure 2). Compared to the first model
represented in paragraph 2.2.2, the number of groups of the tree prior Bayesian skyline was

reduced to 5.

ay
e

-

Figure 2. Geographical Locations of mtDNA samples in the Final Dataset
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After 5.4 days of running time in the Molecular Institutes cluster and 4.8 days in the author’s
personal computer, the program finished its calculations. The calculations were finished with

tree and log files.

Comparing the log file’s clock rates with the work of Rieux et al., 2014, which used 350 ancient
and modern human mtDNA genomes to investigate reliable rate estimates for DNA substitution
rate, shows that the substitution rates of the named analysis are lower than us (Table 2). The
difference is also statistically significant, since 95% confidence HPD intervals do not overlap.
This means additional rescaling to the spatial reconstruction of ancient migration paths should

be done to get a better overview of possible results.

Table 2. Comparison of Molecular Clock Rate Parameter Estimates by Partition between

Mandel and Rieux et al., 2014

Substitution Rates (u/Site/Year) (Units of 10®)
Mandel Rieux et al., 2014
PC1+PC2 PC3 RNA | PCI1+PC2 PC3 RNA
Best Estimate 1.576 5.066 1.935 0.756 3.323 1.007
Lower 1.275 4.167 1.523 2.568 0.757 0.757
o
95% HPD Upper 1.893 6.012 2.381 4.074 1.266 1.266

Due to the size of the tree file and the treeAnnotators inability to find a consensus tree, we used
log-combiner to resample the tree states at a lower frequency. The author increased the

parameter sampling step from 1000 to 2000 while keeping the original burn-in of the data.

We then used treeAnnotator with a specified burn-in of 6 million states to get the consensus
tree. Our target tree was a maximum clade credibility tree with median heights. The consensus
tree file was then modified to add the samples' geographical locations to the phylogenetic tree

leaves. This allowed us to inspect the consistency of the tree.

Examining the tree led us to discover two inconsistencies in the tree. The tree's topology was
consistent with official haplotype assignments, with few exceptions. Two samples found in
nowadays Russia (genetical IDs [1193 and [7455), with haplogroup C5b, were nested in a clade
consisting of samples assigned to the sister haplogroup C1b, all of which are found in South
America. This phenomenon could be caused by the problem within the dataset regarding these

samples or by some program-related problem responsible for the tree's reconstruction. Due to
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the inconsistency between the official and placement mtDNA haplogroup, the author removed

these two samples using the APE package in the statistical software R.

The resulting final consensus tree had 398 tips. At closer inspection, this tree was found to have
nine internal nodes with negative branch lengths (negative branch lengths ranging 29-1,000
years). According to Bagley, 2016 it is a problem that people encounter from time to time while
conducting phylogenetic analysis, which substantially affects the analysis made on that tree.
An approach suggested by Bagley, 2016 is to use the R software's APE package that allows
resolving these problems using functions used to solve the problem in this thesis. However,
any approach mentioned in the article comes with the same cost; the tip-to-node distance is
shortened for the adjacent branch. Luckily, this should be fine for our migration path

reconstruction.

After fixing negative branch lengths, the author plotted the final consensus tree with a program
called Figtree (Appendix 2). The tree's tip labels (leaves) are formatted as the country where
the sample was found. For example, Sudan, written in red, refers to this specific sample in the
tree found in Sudan and red to Africa, the region where that country is located. The branch
lengths are in years, specified as the time before the present. The internal nodes are theoretical
maternal ancestors of the species up to the root node, which should be the maternal ancestor

for all the samples in the dataset.

3.2. Spatial Reconstruction

To visualise ancient migration paths, the phylogenetic tree was plotted in 3D space (consisting

of longitude, latitude, and time).

Two such trees were generated. The first used the original parameters of the dataset (Figure 3).
The second was constructed by the result that the molecular clock rates in this thesis are higher
than those proposed by Rieux et al., 2014 (for justification, see Table 2 in par. 3.1). Therefore,
divergence times in the original phylogeny were rescaled (by factor of 1.45) to approximately
match the lower evolutionary rate of Rieux et al., 2014, and AnTs was used to estimate the
ancestral paths based on the rescaled phylogenetic tree. The resulting plot is a stretched-out
version of the original one, with changes in the scale of the y-axis, some moving trajectories,

and split locations of some migrating groups (Figure 4).
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The samples were plotted on a world map where the x-axis represents the latitude and y-axis
longitude coordinates. The z-axis represents the node's age in the phylogenetic tree in years.
The years follow the time before the present logic. The only fixed nodes in the tree are the leaf
nodes of which we know the background information. The internal nodes and the root node
locations are assumed considering the principles of the AnTs framework (e.g., the climate of

the time and sea levels).
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Figure 3. The Original Phylogenetic Tree in 3D Space. Vertical axis, time before present (t)
in units of 1,000 years. Filled circles show the location of internal nodes of the phylogenetic
tree (coloured by age, see colour bar to the right of the plot), and black lines are the edges in
the tree. For reference, land contours are shown For reference, land contours are shown in

light yellow in the plane of t = 0.
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Figure 4. The Rescaled Phylogenetic Tree in 3D Space, as in Figure 3. Not the longer time

scale.

From both 3D plots, we can see the main historical migration events of the human species. For
example, the emigration from Africa to Eurasia is clearly visible (the orange node on top of
Europe). It can be observed that the same group of people then diverged into subgroups. One
of the groups settled in Europe, and the other started their expansion towards Eastern Eurasia
and the Americas. Both figures illustrate well how the new founders, benefitting from the low
sea levels at the time, crossed the land bridge between Eurasia and North America to colonise

the new land from the top of the continent to the bottom of it.

The similarities between the original and rescaled phylogenetic trees continue as the author
observes more simplistic migration paths. It is visible that Japan was colonised from Eastern
Eurasia by crossing the sea between them. Another example is the migration to Micronesia,
where ancient humans crossed islands and seas in Oceania. Both plots suggest that most people
living in Africa are the descendants of people who have lived on the continent for tens of

thousands of years and never left Africa.

The main differences between these models arise when we look at them in greater detail, trying
to explore the scenarios and timings of such expansions. The original tree dates the expansion
out of Africa 40,000-50,000 years back, but the rescaled tree states that it happened around

60,000-70,000 years ago. The same difference is related to expansion to America, which
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according to the original tree, started 15,000 years ago, whereas rescaled tree dates the start of

the journey 20,000 years to the past.

Another distinguishable difference is the scenario when and where the group of people who
colonised the Americas split. The original model locates the group's split to Central America
(10,000 years ago). Meanwhile, while exploring the rescaled plot, the split is positioned to
Canada and Alaska region, dating it approximately 19,000 years ago, right after the
colonisation of the North-West part of the continent.

The parameters and assumptions of the AnTs framework justify such a geographical shift in
the split place. Since most of Northern America was covered by ice until 15,000-16,000 years
ago (Raghavan et al., 2015), people could not continue their journey towards Central America.
The phylogenetic analysis, however, has determined that the split of these people has happened
genetically; therefore, it is placed in a location populated by the same group of people. Small
shifts between the trajectories of the plots can also be seen elsewhere, so they go hand in hand

with the climate at the time.

To investigate whether the author of the thesis has managed to rediscover previous findings of
other academic papers, a small comparison between the findings of this thesis and academically
published papers was made. It should be remembered that the timings of such significant events

are of great debate.

Comparing the results with Fu et al., 2013, we see that the separation of non-Africans from the
sub-Saharan African mitochondrial DNAs happened less than 62,000 to 95,000 years ago. The
separation dates from the analysis of this thesis range from 40,000 to 70,000 years ago, which

overlap the lower end of the range found by Fu et al., 2013 and are therefore broadly consistent.

According to Moreno-Mayar et al., 2018, emigration to the Americas began approximately
21,000 years ago using the land bridge between Eurasia and Northern America, after which the
split in the founders’ group happened in Northern America around 15,500 years ago. The author
understands that the close resemblance of the dates should be taken with a grain of salt, but the
fact that the split and expansion existed in both models, somewhat approves the existence of

such a migration path.

Jinam et al., 2012, and Liu et al., 2022, support the migration paths to Japan from Eastern Asia
and to Micronesia from Japan. The study by Schuster et al., 2010 on Khoi and Bantu-speaking
populations in Africa agrees that some African populations have genetic markers indicating

long-standing ancestry in the region.
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Conclusion

The main objective of this thesis was to assemble a global dataset of the whole mitochondrial
genome sequences (mt genomes) from present-day and ancient populations. Then estimate the
phylogenetic relationships and divergence dates between the mt genomes and finally identify
the timings and trajectories of major (pre) historical population movements and human habitats

that were key genetic sources to present-day populations.

To reach these objectives, the author used Alen Ancient DNA Resource to obtain the original
data of ancient mtDNA sequences, statistical software R to prepare and modify the dataset of
400 samples and the programme BEAST to generate the phylogenetic relationships between
individuals. The author of this thesis used the strict clock model with the Bayesian Skyline tree
prior. The first phylogenetic tree was constructed with the help of FigTree. The population
models, both in 3D and video format, were generated from MATLAB codes by Dr Anders

Eriksson as part of the AnTs framework.

The thesis’ main results were that the trees, and mutation model parameters obtained were quite
robust and broadly consistent with previously published analyses. The uncertainty lays in the
clock rates, which were higher than previous studies have suggested. Nevertheless, the author
of this thesis achieved most of his goals. It was discovered that the uncertainty in time does not
affect spatial reconstructions but the timings of the events. Even though the dates of the events
were unlikely compared to previously published academic papers, we could still inspect the

emigration out of Africa and the colonisation of the Americas.

Additionally, smaller migrations like colonising Japan or Micronesia were distinguishable
events. Moreover, we could see the evidence that sampled lineages constrain the inferred
ancestral locations. However, lowering the uncertainty in the future would allow us to inspect
more accurate timings (e.g., out-of-Africa emigration, expansion to America) and geographic

locations of the splits (e.g., Northern American immigrants' split).

The author's suggestion to the people willing to conduct similar analyses would be to find a
way to scale the size of the dataset up to the entire AADR mtDNA database and combine it
with available modern samples. To increase the accuracy of the parameters, longer
computational times are a must. Checking that the parameters converge helps to have a more
reliable analysis in the future. Additionally, comparing the spatial patterns inferred from

different non-combining markers (e.g., Y chromosome) would give new insights into how
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people might have migrated in the past. If this could be achieved, the researcher could have a

much higher resolution for the spatial analysis and a tighter tree to investigate even more.
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Appendix 1. Complete Genome of Homo Sapiens Mitochondrion

The following table is based on the source (Homo Sapiens Mitochondrion, Complete Genome,

2023)
Name Type Starting index End index Complement

- D-loop 1 576 +
TRNF tRNA 577 647 -
RNRI1 rRNA 648 1 601 -
TRNV tRNA 1 602 1670 -
RNR2 rRNA 1671 3229 -
TRNLI1 tRNA 3230 3304 -
NDI CDS 3307 4262 -
TRNI tRNA 4263 4331 -
TRNQ tRNA 4329 4 400
TRNM tRNA 4 402 4 469 -
ND2 CDS 4470 5511 -
TRNW tRNA 5512 5579 -
TRNA tRNA 5587 5655 +
TRNN tRNA 5657 5729 +
TRNC tRNA 5761 5826 +
TRNY tRNA 5 826 5891 +
COX1 CDS 5904 7 445 -
TRNSI1 tRNA 7 446 7514
TRND tRNA 7518 7 585 -
COX2 CDS 7586 8269 -
TRNK tRNA 8295 8 364 -
ATP8 CDS 8 366 8572 -
ATP6 CDS 8 527 9207 -
COX3 CDS 9207 9990 -
TRNG tRNA 9991 10 058 -
ND3 CDS 10 059 10 404 -
TRNR tRNA 10 405 10 469 -
ND4L CDS 10 470 10 766 -
ND4 CDS 10 760 12 137 -
TRNH tRNA 12 138 12 206 -
TRNS2 tRNA 12 207 12 265 -
TRNL2 tRNA 12 266 12 336 -
ND5 CDS 12 337 14 148 -
ND6 CDS 14 149 14 673 +
TRNE tRNA 14 674 14 742 +
CYTB CDS 14 747 15 887 -
TRNT tRNA 15 888 15953 -
TRNP tRNA 15956 16 023 +

- D-loop 16 024 16 569 +
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Appendix 2. Phylogenetic Tree
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