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1. Abstract 

Present-day Ukraine has been a crossroads of peoples and cultures since 
the Paleolithic, due to its strategic location on the northern shore of the Black 
Sea, between Eastern Europe and the Pontic-Caspian steppe. It served as 
one of the glacial refuges (the East European Plain) where populations 
survived during the Last Glacial Maximum and later repopulated Europe. 
Ukraine was also the cradle of the Slavic and Crimean Tatar civilizations
which significantly contributed to the gene pool of Eastern Europe. Its 
strategic location, fertile lands, and favourable climate attracted migrations, 
settlements, and conflicts. These have resulted in a high number of admixture 
events that have layered the genetic history of Ukrainians, making it valuable 
to untangle this complex genetic variation for reconstructing the genetic 
landscape of Europe and Western Eurasia. 

The ultimate goal of this work of thesis was to investigate the genetic 
variability of the Donetsk oblast population within the context of Western 
Eurasia for reconstructing its origins and genetic history. Through separate 
and combined analyses of genomic data from modern and ancient individuals 
living in the territory of present-day Ukraine, this dissertation aims to add 
another piece of information to the complex genetic landscape of Europe. 

The first part of the thesis is focused on the current population of the Donetsk 
oblast, which is located in the region of the Great Eurasian Steppe, on the 
border between the nomadic pastoralists and more sedentary communities. 
This has contributed to the complex history of admixture in the area. The most 
recent migratory processes in this region took place during the 19th and 20th 
centuries in the context of urbanisation and social modernization. Nowadays, 
Donetsk oblast borders with the Russian Federation, and still a large part of 
the region is occupied by Russian forces since 2014; therefore, it is of 
particular interest to reveal the events of migration and gene flow with the 
surrounding regions, which left their own footprint in the formation of the local 
population. The gene pool of the modern population of Donetsk oblast (in year 
1999) has been described through the study of 91 complete mtDNA 
sequences, complemented by genome-wide data from 45 individuals to 
provide both matrilineal and biparental perspectives. 

Phylogenetic analysis of the complete mitogenomes revealed extensive 
mitochondrial DNA variation, with 80 lineages predominantly of western 
Eurasian origin (96.7%), plus two East Asian haplogroups (D4 and G3; 3.3%). 
Age estimates suggest that some haplogroups (i.e., D, U5, U8, I, and J2) 
have been present on the territory of Ukraine since pre-glacial times. 
Bayesian skyline analysis indicated two population growth phases: one 
during the Paleolithic (44338 kya), coinciding with the arrival of modern 
humans in Europe, and another during the Neolithic (1136 kya), linked to 



agricultural expansion. High haplotype diversity (0.999) and low nucleotide 
diversity (0.0018) suggest a population bottleneck followed by rapid growth, 
probably associated with Bronze Age Yamna expansions. Genome-wide data 
from Donetsk oblast individuals clustered with Eastern Slavic groups 
(Russians, Belarusians) and Northern Europeans (England, Lithuania) in 
PCA, reflecting historical connections. Admixture analysis revealed two main 
components: one from Neolithic farmers and another from Eneolithic steppe 
pastoralists.  

The second part of this work contributed to the archaeogenomic 
reconstruction of the history of Ukraine by generating mitochondrial and low-
coverage genomic data via shotgun sequencing of ancient samples found on 
the territory of modern Ukraine. This evidence lays the genomic groundwork 
for a diachronic study of modern inhabitants and ancient individuals from 
Ukraine to provide insights into the ancestral origins of early settlers and later 
migrants.  

We analysed seven ancient individuals belonging to three different cultures: 
two from Yamna, three from Catacomb, and two from Scythian. Radiocarbon 
(14C) dating confirmed their cultural affiliation. Three ancient DNA sequences 
reached a sufficient quality for further analysis: a Catacomb male and two 
Scythian females. Kinship analyses revealed that these two ancient Scythian 
genomes represent the same individual. When compared to other ancient 
genomes and projected onto the modern genetic landscape of Western 
Eurasia, the Catacomb genome consistently clusters with other Catacomb 
individuals as well as with others available for the Yamna and Corded Ware 
cultures, which shared similar territories. This <steppe= group lies between 
Northern European and Turkic ethnic groups, supporting existing theories 
about the origins of the Kurgan cultures. The merged Scythian genome falls 
between previously reported Scythians from Kazakhstan and Ukraine on one 
axis, and between Northern/Eastern Europe and the Caucasus/Middle East 
on the other axis. This positioning suggests significant admixture due to the 
extensive nomadic lifestyle of the Scythians. The closest ancient genomes 
are from the Sarmatians, who succeeded the Scythians around the 3rd 
century BCE. This connection points to genetic continuity in the area, which 
is also suggested by the diachronic comparison of ancient and modern 
mitochondrial haplogroups. The mitochondrial haplogroup H1, found in the 
Catacomb individual and in nine modern Ukrainians, is frequently observed 
in Slavic populations nowadays. The Scythian individual belongs to 
haplogroup D5a2a2, which is a sister clade of the D4 branch detected in the 
Donetsk oblast. 

In brief, this work of thesis has contributed to a better understanding of the 
genetic history of Europe by adding an important piece of information to the 
complex genetic landscape of Eastern Europe through the concurrent 



analysis of mitogenomes and genomic (low-coverage) data from modern and 
ancient individuals of present-day Ukraine.



2. Abbreviations 

1KGP 1000 Genomes Project 

A adenine 

aDNA ancient DNA 

ANGSD Analysis of Next Generation Sequencing Data 

bam binary alignment map 

BCE Before Common Era 

BEAST Bayesian Evolutionary Analysis by Sampling Trees 

bp(s) base pair(s) 

BSP Bayesian Skyline Plot 

BWA Burrows-Wheeler Aligner 

C cytosine 

CE Common Era 

CI confidence interval 

CRS Cambridge Reference Sequence 

cv cross-validation  

ddNTPs dideoxynucleotides 

D-Loop displacement loop 

dNTPs deoxynucleotides 

DNA Deoxyribonucleic acid 

dsDNA double-stranded DNA 

D-style Damgaard-style cementum sampling 



FTDNA Family Tree DNA 

G guanine 

Gb Gigabases 

Hg(s) haplogroup(s) 

HGDP Human Genome Diversity Project 

HGP Human Genome Project 

HMM Hidden Markov Model 

HO The Human Origins array 

HS High Sensitivity 

Kb(s) kilobase(s) 

kDa kiloDalton 

kya thousand years ago 

LD Linkage Disequilibrium 

LGM Last Glacial Maximum 

LR PCR long-range PCR 

MAFFT Multiple Alignment Fast Fourier Transform 

Mb Megabase 

MCMC Markov chain Monte Carlo 

MDE minimally destructive extraction method 

MDS Multidimensional Scaling 

ML Maximum Likelihood 

MP Maximum Parsimony 

MRCA Most Recent Common Ancestor 



MSY Male Specific Region of the Y chromosome 

mtDNA mitochondrial DNA 

Ne effective population size 

NFW nuclease-free water 

NGS Next Generation Sequencing 

NJ Neighbor-joining 

np(s) nucleotide position(s) 

PC(s) Principal component(s) 

PCA Principal Component Analysis 

PCR Polymerase chain reaction 

PNK Polynucleotide Kinase 

rCRS revised Cambridge Reference Sequence 

READ Relationship Estimation from Ancient DNA 

rRNA ribosomal RNA 

RSB Resuspension Buffer  

SBS sequencing by synthesis 

SNP(s) Single Nucleotide Polymorphism(s) 

STR(s) Short Tandem Repeat(s) 

T thymine 

TMA terminal maternal ancestor 

TPA terminal paternal ancestor 

tRNA transfer RNA 

U uracil 



UDG uracil-DNA glycosylase 

UGI uracil glycosylase inhibitor 

USER uracil-specific excision reagent 

UV ultraviolet 

vcf variant calling format 

WGS Whole Genome Sequencing 

WTR Whole Tooth Root 

ya years ago



3. Introduction 

3.1 Population genetics overview 

It is important to know the answers to questions about people9s own origins 
and lay more evidence on the history written in textbooks. The contribution 
of population genetics in answering these questions has become 
fundamental in the last decades (Torroni 2006, Gasparre 2020). This branch 
of genetics investigates genetic variation in different populations and how 
they evolved during time and space. Its particular focus stays on the 
distributions and frequencies of alleles. Changes in the occurrence 
of particular genotypes can be a result of natural selection, mutations, 
migrations or genetic drift. All these factors, but particularly natural selection 
and genetic drift, are able to change the survival of organisms, therefore the 
passage of the allele through generations (Cavalli-Sforza 2003).  

Natural selection can explain to us the evolution of specific genes or the 
preservation of some genotypes, such as the high frequency of heterozygotes 
for the gene of sickle cell anemia in some regions of Africa, where malaria 
is widespread, which gives opportunity to natives to survive despite of the 
plasmodium parasite presence. Another clear example is lactose intolerance 
in many human populations, such as East and South Asians, native 
Americans and indigenous Australians, some Arabs, and West Africans. 
In the past none of these groups had a significant contribution of dairy farming 
in the diets, therefore, there was no selective pressure to maintain lactase 
production into adulthood (Ingram 2009). Population genetics can also 
provide the answers about events shaping the genetic pool of populations, 
e.g. isolations, migrations, founder effects or bottlenecks. 

What is the source of all those events and what gives living organisms 
flexibility to adapt and survive? The key answer here is the complex 
organisation of the hereditary material, Deoxyribonucleic acid (DNA), which 
serves as the only information storage and passage source for almost all 
living things. Despite all the mechanisms of preservation and repair of this 
<molecule of life=, mutations occur in every form of life. Mutations are 
an essential driver for evolution, allowing to survive and adapt to some niches 
in competitive environments. 

Speaking about human beings, DNA is organised in two sets of 
chromosomes, which are inherited from the parents and therefore, every 
gene for an individual can be represented only by two alleles. Each allele has 
its own particular location on the chromosome which is called locus. The pair 
of alleles from the same locus is called a genotype (Krebs 2018).  



For all organisms characterised by sexual reproduction another source 
of variation is the recombination of parental DNAs during meiosis, through 
crossing-over and segregation. This random shuffling between homologous 
chromosomes creates new combinations of traits inherited from ancestors. 
When the frequency of certain alleles is higher or lower than expected 
by chance, it is called linkage disequilibrium (LD). There are some exceptions 
for particular DNA molecules, which do not have recombination and are 
transmitted from generation to generation, and evolve only through 
accumulation of mutations. In humans those molecules are the mitochondrial 
DNA (mtDNA) and the non-recombining region of the Y chromosome 
(Watson 2014).  

Mutations occur from time to time in every organism. The measure which 
estimates the probability of mutations occurring in a genome each generation 
is called the mutation rate. For humans this rate is approximately 1.2 x 10-8 
mutations per base pair (bp) per generation (Scally 2012). The most common 
type of mutation is the substitution of one nucleotide with another one and it 
is called single nucleotide polymorphism (SNP). To be classified as SNPs, 
the mutation rate must reach at least one percent frequency in a population. 
If it occurs less frequently, such alterations are called private mutations. 
Another type of genomic variation includes insertions and deletions (indels) 
and short tandem repeats (STRs), which usually involve larger segments of 
genetic material, ranging from one to six base pairs (Mullaney 2010). Lastly, 
larger structural changes can occur, such as deletions, duplications, 
insertions, inversions, and various types of translocations (Pritchard 2023). 

There are several statistical models which are trying to predict the direction 
of evolution driven by genetic drift. The first fundamental model was proposed 
independently by two geneticists, R. Fisher and S. Wright, at the beginning of 
the 20th century. The <Wright-Fisher model= assumes that the population has 
a fixed number of individuals (N) overtime, with non-overlapping generations, 
random mating and no selection towards or against any alleles. Frequencies 
of the alleles change over generations due to random sampling process, 
leading to genetic drift. This causes the alleles frequency to fluctuate 
randomly, sometimes resulting in allele fixation or loss (Fisher 1923, Wright 
1931). Later this model was upgraded to make it fitting to the real populations 
(Ewens 2004, Kimura 1968). 

Another important model developed to understand the evolutionary process 
is the coalescent theory, which is derived from the Wright-Fisher model and 
was implemented by (Kingman 1982). This is a backward-in-time theory that 
traces an ancestry of an individual allele back to the most recent common 
ancestor (MRCA). The main idea here is that a pair of alleles merge to one 
ancestral allele in the past. The estimated coalescent time can be used for 
estimation of selection, genetic drift and population size changes. The 
coalescent model is based on Markov process (stochastic process, where the 



probability of transitioning to the next state depends only on the current state, 
not on the sequence of events that preceded it) and it says that the rate of 
merging between two lineages is inversely proportional to the population size. 
If population size equals Ne (effective population size), the expected 
coalescence of two alleles will occur in 2Ne generations. This process is done 
to all sampled alleles of different individuals until a single common ancestor 
is found, forming a genealogical tree.  

Another crucial concept of molecular biology, the molecular clock, states that 
<DNA and protein sequences evolve at a rate that is relatively constant over 
time and among different organisms= (Ho 2008). It means that evolution 
of different species is proportional to time when these species diverged and 
goes with the same frequency. This theory based on empirical observations 
of E. Zuckerkandi and L. Pauling is a useful instrument for estimation 
of timescales of evolution. Studying fossils, they observed that in hemoglobin 
proteins the number of differences in amino acids of different species 
correlated with their divergence times (Ho 2008). Back in the 1960s, the first 
theoretical backing by M. Kimura suggested that mutation rate is fixed and 
that mutations do not affect organisms9 evolutionary fitness. This theory, 
of course, simplifies the complexity of biological organisms and population 
mechanics, and nowadays it is considered as a strict molecular clock. 
To <relax= the clock and make it closer to reality, two more relaxed-clock 
models were developed, one of which assumes that the rate fluctuates over 
time and between different species, with variation mostly around an average 
number. The second one assumes that the pace of molecular evolution is 
linked to other biological traits that also experience change, and permits the 
evolutionary rate to "evolve" over time. Calibration of molecular clocks must 
be done with independent data, i.e. fossil records or known biological or 
geological events, then the clock can be used for estimation of divergence 
times for other organisms or events.  

All these fundamental theories are still used in population genetics by curious 
scientists who are trying to figure out the timeline of life. These concepts and 
their new extinctions give us a chance to trace events as migrations and to 
find divergence back to MRCA.   

 

 

 



3.2 Population genetics technologies 

Nowadays we have additional opportunities given by the most up-to-date 
methods of genetics and archaeogenetics to study with higher efficiency 
migrations and the demographic history of humanity.  

Following the discovery of DNA structure, it came to the comprehension that, 
to advance in phenotype understanding, knowledge about the sequence of 
the nucleic acid molecule is crucial. A breakthrough happened with the 
development of polymerase chain reaction (PCR) technology, which allowed 
to obtain high copy numbers of targeted DNA sequences (Mullis 1987). 
Sequencing of DNA began in the 1970s with Sanger sequencing 
(Sanger 1977), which was dominant for a few decades. In this technology, 
the ddNTPs, or chemically modified deoxynucleotides, which randomly attach 
to the synthesised DNA chain, are substituted for regular dNTPs in this 
sequencing approach, because they cannot extend the elongation due to the 
lack of 3' hydroxyl group. This method is called <chain termination method=, 
since it allows obtaining different length fragments with dye-labelled ddNTPs 
in the ends. In this way, by making a comparison between the different chains, 
by capillary electrophoresis and fluorescence detection it is possible to trace 
the order of all bases and so, make the sequencing (Metzker 2010, 
Heather 2016).  

 

Figure 3.2.1. Historical development of sequencing technologies (Yang 2020) 

Over the past 40 years, significant advancements in sequencing technologies 
have had a major impact on DNA sequence variation research. As a result, 
the number and diversity of sequenced genomes have increased 
(Figure 3.2.1), while the cost per megabase went down (Mb) (Goodwin 2016).  

The human genome project (HGP) initial draft was published in 2003 thanks 
to Sanger sequencing (Figure 3.2.2). After that, the first high-quality reference 
genome sequence was produced, making gene identification possible. 



High-density microarrays are another technical advancement in the 
investigation of genetic diversity (Figure 3.2.2). Numerous short 
oligonucleotide probes target particular regions of the genome where SNPs 
that differentiate populations are located. As a result, it is possible to 
determine the genotypes of millions of variants with great precision and 
repeatability (Nielsen 2011). One of the most widely used arrays nowadays 
in population genetic studies is the Axiom™ Genome-Wide Human Origins 
1 Array (Keinan 2007). It covers ~630,000 SNPs, known to be variable in 
human populations, extracted from 13 population-specific panels, analysed 
in the Human Genome Diversity Project (HGDP) as well as the Neanderthal 
Genome Project (Green 2010). 

 

Figure 3.2.2. DNA sequencing technologies (Shendure 2017) 



A fundamental event for all genetics branches, which started a new era, was 
next-generation sequencing (NGS) (Metzker 2010), first commercially 
introduced in 2005 by 454 Pyrosequencing (Margulies 2005) and one year 
later Illumina Sequencing by Synthesis was presented (Shendure 2008). The 
second-generation technology (Figure 3.2.1) remains leading till nowadays 
thanks to its high throughput and accuracy, reducing the cost and the time 
needed for whole-genome sequencing (WGS). It gave a boost to such global 
projects as the 1000 Genome Project (1KGP) (The 1000 Genomes Project 
Consortium 2015), the Simon Genome Diversity Project (SGDP) (Mallick 
2016), and the Human Genome Diversity Project (HGDP) (Bergström 2020). 
And from 2010 NGS technologies allowed the sequencing of whole ancient 
genomes (Rasmussen 2010). 

Further development in technology after NGS (Figure 3.2.1), have led to the 
emergence of a new branch known as third-generation sequencing (TGS) 
(van Dijk 2018, Shendure 2017). TGS allows a direct sequencing of single 
DNA molecules without previous amplification. These technologies produce 
long reads, which are useful for resolving complex genomic regions, 
structural variants, and tandem repeats. Leading positions on third-
generation sequencing technologies are held by PacBio (Pacific Biosciences) 
(Eid 2009) and Oxford Nanopore Technologies (ONT) (Laver 2015). It helped 
to fill gaps in the reference human genome (Nurk 2021).  

 

3.3 Methods for analysing genomic data 

Genomic data can be analysed by a variety of different methods, depending 
on the aim of the research. There are tools for sequence alignment, variant 
calling, de novo assembly, gene expression analysis or epigenetics, 
population genomics and many other fields. Three methods are commonly 
used to analyse genomic data: phylogenetic trees, principal component 
analysis (PCA), and admixture. 

3.3.1 Phylogenetic trees 

Phylogenetic trees represent diagrams with reconstruction of historical 
coalescence of individuals or populations through the analysis of variation 
that clusters samples into groups. These groups (taxa) derive from the 
common ancestor. The trees are composed of internal nodes and branches, 
which display the MRCA of each group and the genetic distance, or degree 
of kinship, between individuals or populations. The ability to infer genetic links 
between populations using uniparental markers, which do not take admixture 
events into account because of recombination, is a critical function of this 
technique (Li 2011). 



Different methods can be used to build a phylogenetic tree. Distance matrix 
methods use a matrix with pairwise genetic distances between entities, such 
as genes or species. The distance shows the number of differences between 
each pair of entities. The Unweighted Pair Group Method with Arithmetic 
Mean (UPGMA), which generates a unique phylogenetic tree, progressively 
combines the two taxa which have the lowest genetic distance between them. 
The Neighbor Joining (NJ) approach generates the minimalistic evolution 
tree, which represents the shortest sum of the branch lengths, which 
gradually creates branches until the last evolutionary relationship is found. 
The character state methods analyse the common and different traits among 
the entities: The Maximum Parsimony (MP) algorithm creates a tree with the 
fewest evolutionary changes; the Maximum Likelihood (ML) (Figure 3.3.1) 
assesses several tree topologies and, given an evolutionary model, 
determines the tree that has the highest likelihood of explaining the data 
(Sharma 2018). 

 

Figure 3.3.1.1. Example of ML tree, modified from (Slon 2017). Phylogenetic tree 

relating the mtDNA from one Sima de los Huesos, four Denisovans, ten Neandertals 

and ten modern humans. The Denisova 2 mtDNA clusters with the three previously 

determined Denisovan mtDNAs, confirming its origin into the subspecies Denisova. 

The asterisk shows the MRCA of the groups Neandertals and modern humans 

Three more methods are particularly useful for studies of uniparental genetic 
systems (see paragraph 3.4). For mitochondrial DNA phylogeny, one method 
calculates the average distance between a group of sequences and their 
MRCA, assuming a constant mutation rate in all the branches of the tree. 
Another method, based on the ML approach, calculates the maximum 
likelihood of the DNA sequences based on the branch length, substitution and 
transition rates. The third one, a Bayesian method, estimates the highest 
likelihood of the tree hypothesis, using Markov chain Monte-Carlo (MCMC) 
simulations (Soares 2009). 



3.3.2 Principal component analysis  

Population structure can be measured and visualised using Principal 
component analysis method (PCA). This is a statistical technique which 
keeps most of the variability while simplifying the dimensionality of complex 
datasets (Figure 3.3.2). Calculations can be done in two ways: based on a 
correlation matrix or a covariance matrix derived from the genotype data 
(Patterson 2006). Principal components (PCs) capture the maximum 
variance in the data and are derived from eigenvectors (the directions in 
which the data varies the most), indicating the corresponding variance of 
each PC9s eigenvalues (how much variance is captured in each of those 
directions). Usually, the first two strongest components account for most of 
the variation, which then defines location of the data on a coordinate system 
defined by this PCs.    

Figure 3.3.2.1. Four-dimensional region-based PCA of mtDNA haplogroup profiles 

in Europe and the Near East (Achilli 2007)  

Therefore, PCA is a powerful tool for reducing data's complexity without 
sacrificing its essential structure, which facilitates analysis and interpretation. 



3.3.3 Admixture 

Another model-based clustering methods which are based on differences in 
allele frequency are ADMIXTURE (Alexander 2009) and STRUCTURE 
(Pritchard 2000). The algorithms are based on selectable K value, which 
defines the possible number of ancestral populations from which the 
population of interest derived (Figure 3.3.3). These techniques use separate 
or unlinked loci, typically needing a predetermined number of components 
(K), to which each genome is then allocated. It can be difficult to determine 
the ideal number of Ks, thus ADMIXTURE, for instance, uses a cross-
validation technique to determine which K is best. More information on K 
value can also be obtained from EvalADMIX software (Garcia-Erill 2020) 
which estimates whether the selected model fits the described population 
ancestry. 

 

Figure 3.3.3.1. Estimated population structure. The estimated membership fractions 

of each individual in each of the K clusters are illustrated by a thin vertical line that is 

divided into K coloured segments. Individuals from distinct populations are divided by 

black lines. Modified by Ida Moltke from (Rosenberg 2002) 

 

3.4 Uniparental markers 

Despite the accessibility of a broad range of tools which gives ability to dive 
into the complete autosomal genomes and receive high resolution data, 
uniparental molecular systems remain very popular and highly informative 
sources of information in population genetics. These are genetic systems 
which are inherited from only one parent. In humans, uniparental molecular 
systems are represented by mitochondrial DNA (mtDNA) and by the Male 
Specific Region of the Y chromosome (MSY) (Underhill 2007). The mode of 
inheritance makes these two of particular value for studies of evolution, 
genealogy, medical genetics and forensics (Henn 2010, Kivisild 2015, Wilkins 
2006).  

Mitochondrial DNA can be inherited only through the maternal line 
(Figure 3.4.1), because, during fertilisation, of oocytes the mitochondria that 



power the sperm are destroyed. Therefore, all children, despite their sex, 
inherit maternal mitochondrial DNAs (Schon 2012). The Y chromosome, 
instead, passes only from father to son, because this chromosome normally 
determines sex, and genes located on it, turn on the cascade of biochemical 
reactions which turns embryos into a male (Skaletsky 2003).  The advantage 
of studying uniparental markers is the absence of recombination, which 
makes it possible to reconstruct the genealogies of single and/or groups of 
individuals, and to build phylogenetic trees, which, together with the 
phylogeographic approach, can be used to reconstruct the origins and 
migrations of populations (Torroni 2006). All changes that occur in the genetic 
material of mitochondria (that is, random mutations) accumulate and transmit 
through the maternal line. Over time, such mutations become fixed and 
remain stable in the gene pool, thus serving as reliable markers for classifying 
DNA into haplogroups. Each mitochondrial haplogroup (Hg) is a 
monophyletic unit that is defined by a set of variants inherited from the same 
maternal ancestor (Gasparre 2020). 

Figure 3.4.1. Scheme of inheritance of recombining and non-recombining segments 
of the genome (Jobling 2014) 

All variation presents nowadays in mtDNAs and MSY regions can be traced 
back in time to one ancestral molecule, which existed in some moment in the 
past (so called <mitochondrial Eve= and <Y-chromosomal Adam=) 
(Poznik 2013). The accumulation of new mutations in uniparental genetic 
systems is relatively fast (due to exposure to reactive oxygen in cellular 



respiration for mtDNA; or lack of recombination, limited effective population 
size, founder effects and migrations for both MSY and mtDNA), and thus 
these mutations occurred and accumulated while modern Homo sapiens 
were colonising new lands and continents. Therefore, these mutations reveal 
remarkable traces of geographic and populational affiliations for different 
haplogroups, making them geo-referenced (Torroni 2006). Building 
phylogenetic trees, together with phylogeographical knowledge, is used to 
investigate the origins and migrations of populations, as well as their 
demographic histories (Avise 2000).   

Since this PhD thesis contains a part where mtDNA is analysed, it is 
reasonable to give a deeper description on the mtDNA features and structure. 

 

3.4.1 Genetic peculiarities of mitochondrial DNA 

The human mitochondrial DNA molecule (16,569 base pairs, kb) is shorter 
than the nuclear genome (3.2 billion bases, Gb) and this feature simplifies the 
way of analysing, shortens the time of studying and reduces the costs of each 
research (van Oven 2009). Mitochondria are present in multiple copies in the 
cell and can contain several mtDNA molecules each, thus, every cell has 
many copies of mtDNA, from a few units to hundreds, depending on the cell 
type. Human mtDNA encodes 37 genes (Figure 3.4.1), including 13 protein-
coding genes, two ribosomal RNAs, and 22 tRNAs (Yan 2019). 

 

Figure 3.4.1.1. The human mtDNA genome (Amorim 2019) 



The mtDNA molecule is circular and, according to the Endosymbiotic theory 
(Gray 1999), has a protobacteria origin. Therefore, it reminds prokaryotic 
nucleoid by the organization. The mtDNA molecule is double stranded and 
has a heavy (H) and light (L) strands, with differences in guanine and cytosine 
quantity. The H-strand is guanine-rich while the L-strand is cytosine-rich. 
Most of the genome is coding, while the primary non-coding portion is known 
as the "control region" or D-loop and it is responsible for controlling 
transcription and replication (Brandstätter 2004). As the most polymorphic 
region of the mtDNA, the D-loop spans 1,121 bps (nucleotide positions, nps, 
160243576) and contains three so-called hypervariable segments: HVS-I 
(nps 16024316400), HVS-II (nps 443340), and HVS-III (nps 4383576). 
Recombination does not occur in the mtDNA, as previously stated (Hagström 
2013, Hutchison 1974, Merriwether 1991), but this molecule has a 10-20 
times higher rate of mutation than that of nuclear DNA (Brown 1979). These 
features made mtDNA a crucial tool for evolutionary genetic studies for more 
than 40 years now. 

The first sequenced human part of DNA was mtDNA, which became a 
reference sequence (Cambridge reference sequence, CRS), which was 
published in 1981. It was later re-sequenced and corrected for some 
nucleotides and ambiguities (Andrews 1999). Until now, this revised 
reference sequence (rCRS) is used as a standard reference for human 
mtDNA.  

Restriction fragment length polymorphisms (RFLPs) served as the foundation 
for the mtDNA phylogeny from the 1990s, and alphabetic labels were used to 
identify the most prevalent haplogroups (Torroni 1993). For American and 
Asian branches were assigned Hgs from A to G (Torroni 1993, Torroni 1994), 
for Europeans from H to K (Torroni 19942) and for African countries 3 L 
(Chen 1995). Up to date mtDNA phylogeny (http://www.phylotree.org/) 
coming from multiple studies on complete mtDNA sequencing across the 
world. The worldwide phylogeny on base of PhyloTree 17 had a recent update 
with 966 haplogroups to version named PhyloTree 17 Forensic Update 1.2 
(Dür 2021).  

Therefore, all these features of mtDNA and information background allows 
one to obtain knowledge about genomic variability only by sequencing a 
molecule much smaller than a chromosome. Moreover, human cells can 
contain up to 1000 mitochondria which, in turn, possess several copies of 
mtDNA each. Therefore, it can be analysed also when the biological 
specimen is poor on genomic DNA, i.e. archaeological finds and forensic 
samples (Budowle 2003). 

http://www.phylotree.org/


3.4.2 Human mitochondrial DNA phylogeny 

The mutation rate in mtDNA of vertebrate animals is not easy to estimate 
because mutation frequencies are not uniform and can be deteriorated by 
factors such as the presence of heteroplasmies (more than one type of 
mitochondrial DNA in a cell or entire organism) and genetic drifts, which lead 
to the loss of de novo mutations (Rebolledo-Jaramillo 2014). Genetic drift can 
also switch the direction of mutations as well as result in a higher effective 
transition/transversion rate biases (Frank 1999, Bandelt 2006). Nevertheless, 
according to two different estimates for the coalescence time of the mtDNA 
to the MRCA using more relaxed-clock models (paragraph 3.1), the age of 
ancestral mtDNA molecule (mitochondrial Eve) is estimated to be between 
100 to 200 thousand years ago (kya) (Behar 2012, Poznik 2013).  

The <mitochondrial Eve= has evolved in Africa, as African populations show 
the highest genetic diversity (the longest tree branches, figure 3.4.2). Sub-
Saharan African populations belong to seven main haplogroups (L0-L6) 
(Chen 1995). Although, L3 haplogroup is also found in Mediterranean Europe 
and West Asia (van Oven 2009). Interesting fact, that L3 was the maternal hg 
for all non-African mtDNA lineages, affirms presence of a big bottleneck effect 
during the exit of humans <out of Africa= and their further migrations 
(Cerezo 2012).   

 
Figure 3.4.2. Mitochondrial DNA tree and worldwide distribution map of the 
haplogroups from (Kivisild 2015). Labels are reported according to the nomenclature 
of PhyloTree. Geographic distribution corresponds to the haplogroup colours. 

First non-African haplogroups M and N separated from L3 approximately 62-
95 kya (Fu 2013). These two clades diverged one from the other 40-70 kya 
(Macaulay 2005). They spread in Asia, Australia, Oceania, and Americas, 
while their sub-branches have more specific distribution. Remains with hg R 
were found in Western Siberia and the age estimate of this hg divergence is 



dated at 45 kya (Fu 2014). In South Asia, particularly in India and in Southeast 
Asia exists the largest variety of sub-branches of hgs M, N and R (Chaubey 
2008, Hill 2007). These findings suggested a possible way of leaving Africa 
by the South Asian route (Quintana-Murci 1999). The hgs U, HV, JT, N1, N2 
and X are reported in Europe, Southwest Asia, and North Africa (Soares 
2010). The hgs R5-R8 and M2-M6, A-G, Z and M7-M9 are found in East Asia 
and the Americas (Stoneking 2010).  

Peopling of the Americas happened in the end of global migration of modern 
humans, relatively recently, and associated with at least three migration 
waves (Reich 2012). The first migration to the Americas dated back to 15-18 
kya, and brought A2, B2, C1b, C1c, C1d*, C1d1, D1, D4h3a, and D4e1c 
lineages to both continents. In the second wave arrived people with C4c and 
X2a lineages to North America. And the third wave, approximately 5 kya, 
came D2a lineages to the Arctic through Northern Canada and Greenland, 
which were later replaced, by people with A2a, A2b, and D3 lineages 
(Achilli 2013). 

Yet, all the research conducted in the past does not cover all the issues, such 
as the numbers and sources of Mesolithic and Neolithic gene flows in Europe, 
colonisations, peopling of Oceania etc. Nowadays all this and other open 
questions are being studied with not only uniparental genetic systems, but 
also on autosomal markers, especially with ancient DNA (aDNA), on macro- 
and micro-geographical levels.  

 

 3.5 Biparental markers 

Genetic variation can also be studied by using higher resolution methods 
which concentrate on autosomal markers. While maternal or paternal lines 
can be interrupted, for example, if a father has only daughters, therefore he 
does not pass the Y chromosome to future generations, and his Y-line 
disappears with him. The same applies to mtDNA, which cannot be inherited 
further from sons to their offspring. Autosomes carry variants and information 
from all genetic ancestors of an individual.  

The human genome is relatively large and complicated, it is organised into 23 
pairs of molecules called chromosomes. The total size of the haploid nuclear 
genome is around 3.2 billion bp. The chromosomes are named by numbers, 
ordered by size, from 1 to 23, or from 1 to 22 and the last separated pair are 
the sex chromosomes (X and Y). Sex chromosomes are crucial for sex 
determination in humans, and according to the XY system, females have two 
X chromosomes, while males one X and one Y (Graves 2006). Autosomes 
and pseudoautosomal regions of sex chromosomes undergo meiotic 
recombination (crossover) (Jeffreys 2001), which allows to shuffle genetic 



material every generation and creates new combinations for increasing 
variability of offspring. This mechanism works during the meiotic formation of 
gametes, which is going through two particular cell divisions, reducing the full 
set of chromosomes by half. Thereby, each gamete, under normal conditions, 
carries only a haploid set of chromosomes, which gets restored during the 
fertilisation process (Zickler 2015). 

Complications in studies on autosomes come not only from crossover, but 
also from the presence of different types of genes, which can either be linked 
or not linked, and can always be inherited separately, even if they are located 
on the same chromosome. These gene combinations can be inherited from 
the same parent as haplotypes. Usually, the degree of linkage can be 
described by the distance between genes, however, in some regions of 
chromosomes, the recombination frequency is much higher than in the 
others, and these regions are called hotspots. Highly recombining regions are 
small (1-2 Kb) and are usually separated by larger segments with low 
recombination activity (Jeffreys 2001).  

All these details must be considered when performing population genetic 
analyses of complete nuclear genome or genome-wide SNP chips.  

 

3.6 The ancient DNA revolution 

The genomes of present-day individuals can already give us quite many 
answers about past events, hypothesising how genetic information has 
changed based on reconstructing models. However, the advent of the ancient 
DNA field, which began a few decades ago, has opened windows directly into 
the evolutionary events of the past (Tuross 2018).  

Ancient DNA can be defined as DNA extracted and analysed from fossils and 
archaeological remains (such as bones, mummies, etc.). The first attempt of 
sequencing of aDNA was made in 1984 from the extinct species of horse 
family, a quagga. This fragment was very short, just 229 bp (Higuchi 1984). 
Sequencing of complete ancient genomes became available only after the 
development of NGS technology (Metzker 2010). Thus, the archaeogenomic 
revolution (Achilli 2018) started in 2010 when the first human (Rasmussen 
2010), Neanderthal (Green 2010) and Denisovan (Reich 2010) genomes 
were sequenced. Since that time tens of thousands of human and other 
organisms9 ancient genomes have been sequenced and published 
(Bergström 2020, Daly 2021, Frantz 2020, Kocher 2021, Librado 2021, 
Spyrou 2019, van der Valk 2021, Reich 2010). 

Working with aDNA is challenging due to various degradation processes, 
such as physical fragmentation, post-mortem DNA damage, and modern 



DNA contamination. One of the most frequent chemical hydrolytic 
modifications of aDNA is the deamination of cytosine. This nucleotide 
becomes a uracil, when losing its amino group (-NH2). Cytosine is a 
pyrimidine which is losing the amino group in a faster and easier way 
compared to other types of nucleobases. Such substitutions happen more 
frequently at the ends of fragmented DNA molecules where they are more 
exposed and vulnerable to chemical changes. Consequently, while 
replicating aDNA fragments, according to complementary base-pairing rules, 
uracil will be paired with adenine, resulting in thymine appearance on the 
complementary strand (C to T nucleotide substitutions) (Figure 3.6.1). As a 
result, GC pair is substituted with AT, accumulating these <phantom= 
mutations, which must be taken in consideration while analysing aDNA 
(Hofreiter 2001).  

These changes in DNA show a correlation with time and environmental 
surroundings. If specimens were found in the same environmental conditions 
but they belong to different ages, the older specimen will show more post-
mortem damage. When the environment is more humid and warmer the 
changes in DNA structure are much faster than in cold and dry places 
(Sawyer 2012, Wagner 2018, Weiß 2016). Nevertheless, DNA damage can 
bring not only problems for the geneticists, but also it has become an 
important instrument for distinguishing endogenous DNA from modern 
contaminants (Pääbo 2004).  

 

Figure 3.6.1. Characteristic damage pattern in aDNA: (a) length distribution of 
sequenced fragments; (b) enrichment of deamination toward the fragments ends 
(Balding 2019). 

Excavation, further transportation of remains, and laboratory analyses all 
pose risks for contaminating ancient human samples with modern human 
DNA. In addition, contamination from soil bacteria or other microorganisms 
that accumulate after the death of the organism, is far easier to detect and 



handle. The concentration and quality of these contaminant DNAs are usually 
much higher than for the ancient DNA, presenting a significant challenge 
when working with it. If the studied species belongs to other animal branches, 
distant from modern humans, it is easier to remove contamination by mapping 
the sequenced genome to a specific reference and detecting the 
contamination sources by mapping against potential contaminants. 
Therefore, the aDNA damage pattern has become a handful method for 
detecting authentic ancient human DNA (Renaud 2015).  

Modern methods of analyses triggered by NGS and development of 
bioinformatics opened the age of aDNA investigations. Such meaningful 
breakthroughs like sequencing of a one-million-year-old mammoth (van der 
Valk 2021), and the sequencing of distinct hominin species and modern 
Homo Sapiens dating back as far as 45 kya have improved the knowledge 
about our past. This data allows us to calibrate molecular clocks for different 
phylogenies and make them more precise (Fu 2014, Helgason 2015, Posth 
2016).  

It is worth mentioning that the further development of methods for working 
with such complicated DNA samples, like ancient DNA, allows nowadays to 
retrieve DNA from samples with very low endogenous content (even below 
1%). For these, specific capturing techniques and laboratory equipment must 
be used. This can be achieved with enrichment methods such as deep 
sequencing, single-stranded DNA library preparation, hybridization capture, 
and selective amplification. These methods selectively pull out ancient DNA 
from a contaminated background by improving the signal-to-noise ratio 
(Carpenter 2013, Maricic 2010).

 

3.7 The complex history of present-day Ukraine 

The migrations of Homo sapiens around the continents took place unevenly, 
and these processes took place in a wave-like manner, with different intensity 
and at different intervals of time. The peopling of Europe and the population 
diversity of the continent is one of the most studied topics in population 
genetics (Haak 2015, Allentof 2015, Mathieson 2018, Hofmanová 2016, 
Omrak 2016, Olalde 2018, Lazaridis 2018). Anatomically modern humans left 
Sub-Saharan Africa about 60 kya. At that time admixture with Neanderthals 
had occurred. Migrations brought the first known settlers to Europe about 
45 kya, according to archaeological evidence. However, recent findings 
suggest even earlier settlements of anatomically modern humans in Europe, 
particularly in France, around 55 kya (Slimak 2022). In fact, these first settlers 
did not contribute to the formation of the genetic pool of modern Europeans. 
Later, a younger settlement was found with remains related to present-day 
Europeans (Kostenki 14 3 37 kya; Buran-Kaya - 36-37 kya; Goyet Q116-1, 



Bacho Kiro 1653 3 35 kya) (Lazaridis 2018, Bennet 2023; Posth 2023). 
Different cultures emerged across Europe, with the Last Glacial Maximum 
(LGM), around 26 to 19 kya, having a significant impact on the genetic 
makeup of populations. Many populations of that era were replaced or 
admixed with the wave of hunter-gatherers with strong components from the 
Near East (Villaburna cluster) (Lazaridis 2016). Later, around 8-9 kya, a 
period of big cultural and behavioural changes, marked as <Neolithic 
revolution=, occurred. European populations experienced a significant influx 
of new migrants from the Near East, who were mainly represented by 
farmers. During this period many animals and plants were domesticated. 
(Oberkassel cluster) (Aneli 2021).  

From Eneolithic time, the Trypillia culture flourished in the central and western 
regions of present-day Ukraine, from approximately 7-5 kya. This culture is 
known for its exceptionally large settlements, sometimes referred to as proto-
cities, some of which housed thousands of inhabitants, a remarkable size for 
the time.  The Trypillia culture influenced neighbouring groups and eventually 
declined for reasons that remain uncertain, possibly due to environmental 
changes, social factors, or interactions with neighbouring nomadic groups 
(Schmidt 2020). Importantly, the Trypillia cultural complex played a pivotal 
role in the spread of farming into Eastern Europe (Gelabert 2022).  

During the early Bronze Age, another significant migration event occurs 
(Haak 2015). Populations from the Caucasus reached Eastern Europe and, 
together with local populations, formed steppe groups. Around 4.9 kya, the 
Yamna culture emerged in the Pontic-Caspian steppe and expanded both 
westward and eastward, which gave rise to the Corded Ware culture in central 
Europe (Haak 2015). This culture coexisted for some time with another, 
equally important, Catacomb culture. Since that period, the formation and 
admixture of various cultures have continued, contributing to the present-day 
European gene pool. Modern Europeans carry a substantial genetic influx 
from Early Bronze Age steppe pastoralists, Neolithic farmers from the Near 
East, and Upper Paleolithic hunter-gatherers (Richards 2016).  

The area of present-day Ukraine has been a crossroads of people and 
cultures since Palaeolithic times because of its strategic location on the 
northern shore of the Black Sea at the intersection between East Europe and 
the Pontic Caspian steppe. The territory of Ukraine was also a cradle of 
civilization for Slavs and Crimean Tatars, both of which massively contributed 
to peopling of the countries located in East Europe (Abdulaeva 2021, 
Yakubova 2014). In more recent times, its strategic location allowed it to 
develop markets, and ports. Therefore, the past population(s) of Ukraine 
experienced a high number of admixture events, which make it of great 
interest to untangle the knot that wraps the origin and genetic history of 
Ukrainians in a lot of different layers. Moreover, these features make the 



assessment of Ukrainians9 genetic variation of particular value to fully 
reconstruct the genetic landscape of Western Eurasia.  

Since the ancient individuals studied in this thesis belong to three major 
ancient cultural groups, a brief description of each is provided below. 

The Yamna (Pit-grave) archaeological culture appears around six kya, 
named after its particular burial tradition. Burials typically contained a single 
individual in a supine position with bent knees. On the remains could be found 
red ochre, and they could be accompanied with different grave goods such 
as tools, weapons, and ornaments, reflecting social differentiation. Tombs 
were often covered by a kurgan. Geographically, the Yamna culture was 
spread across parts of modern-day Ukraine, southern Russia, Moldova and 
eastern Romania. Later, it expanded westward into the Balkans and eastward 
to the Volga region, interacting with other cultures. In the North Pontic area, 
this period is roughly spanned from 3000 to 2300 BCE (from the Early Bronze 
Age (EBA) to the Late Copper Age (LCA)) (Rassamakin 2008, Rassamakin 
1999, Telegin 1999), while in Caspian-Ural region it was recorded even 
earlier. The Yamna people worked with bronze and copper to produce tools 
and weapons, though they also used stone tools, flint daggers, copper and 
bone ornaments. The tribes were nomadic or semi-nomadic, moving across 
the steppe with their cattle, sheep, and goats. Their mobility was enhanced 
by horse domestication and use of horse-drawn chariots. The Yamna culture 
is also associated with the Proto-Indo-European language, which is ancestral 
to many modern South Asian and European languages (Anthony 2007).  

The Catacomb culture occupied a territory roughly similar to that of the 
Yamna, extending into Lower Don and Lower Volga regions. It emerged later 
than Yamna, but for some short period of time both cultures coexisted. The 
Catacomb culture also took its name from a particular burial practice which 
featured a side chamber under a primary gravel pit. The body position, grave 
goods and presence of kurgans are similar to those found in the Yamna 
culture. Metalwork on bronze and copper indicates that these materials were 
essential to their economy and daily life. In the North Pontic steppe, it is dated 
back to 2450 to 2000 BCE (Telegin 1999). Early monuments of the Catacomb 
culture in the Northern Black Sea region are approximated to date from 2800 
to 2500 BCE (Pustovalov 1994), while the Late Culture monuments are dated 
to 2450-2400 BCE (Govedarica 2006) with extreme dates ranging from 2000 
to 1900 BCE (Shishlina 2009). The Catacomb culture was primarily pastoral 
with some evidence of limited agriculture and its people engaged in hunting, 
fishing and gathering. Social stratification is indicated by burials containing 
specific grave goods for warriors and leaders. Additionally, fortified 
settlements with defences suggest that conflicts between different groups 
were a part of their daily life. This culture played a significant role in the 
transition from EBA societies to more complex in later periods (Anthony 
2007).  



The Scythian culture was represented by ancient nomadic civilization that 
thrived in the Eurasian steppes. It emerged in the North Pontic-Caspian 
region in the first half of the 7th century BCE, which is regarded as the core 
zone of the Scythians. Their territory encompassed modern-day Ukraine, 
including Crimea, southern Russia and part of Kazakhstan, while their 
broader sphere extended to the lands of Anatolia and regions along the 
Danube river. The Scythians were mostly nomadic pastoralists herding large 
numbers of cattle, horses and sheep. They were exceptionally talented riders 
and were recognized for the invention of several aspects in mounted combat, 
including cutting-edge cavalry strategies. Ancient sources frequently depict 
the Scythians as fierce warriors capable of launching fast and lethal raids 
(Sulimirski 1995). 

Their military strength allowed them to confront powerful empires such as 
the Persians and Greeks, impose tribute on surrounding nations, and 
exercise authority over enormous swaths of land. A common trait among the 
Scythians and other related cultures was the tradition of kurgan burials which 
often featured richly furnished graves with different items. Notably, elite 
Scythian burials included horses that were sacrificed and buried alongside 
the owners. Interesting fact, that the burials frequently contained artefacts 
made of gold, which can reflect the craftsmanship and their connections to 
trade networks. The Scythians played a crucial role in cultural exchanges 
between the East and the West, influencing and being influenced by the art, 
technology, and trade patterns of other ancient civilizations. However, the 
decline of the Scythian culture started in the 3rd century BCE, as intense 
movements of new cultural groups, such as Sarmatians and other tribes in 
Central Asia, began to displace them in most parts of the territory (Gerling 
2015). By the early 2nd century BCE, only a small Scythian population 
remained in the Crimea (Parzinger 2009). 

3.7.1 Focusing on Donetsk oblast 

Donetsk oblast (region) is located in the Great Eurasian Steppe, on the border 
between the nomadic pastoralists and more sedentary communities. This 
geographic position contributed to the mixing of the populations with diverse 
gene pools. Recent migration processes in this region were particularly 
dynamic during the 19th and 20th centuries, driven by urbanisation and social 
modernization under the occupations of the Russian Empire, the Soviet 
Union, and finally, independent Ukraine (Yakubova 2014). Nowadays it 
borders the Russian Federation, and still a big part of the region has been 
under Russian occupation since 2014. This context makes it particularly 
important to reveal the events of migration and gene flows with surrounding 
regions that left their footprint in the formation of the local population.  

Donetsk oblast is a large region located in southeastern Ukraine, covering 
26.517 km2 (4.4% of the total Ukrainian territory). This province is the most 



populated of the entire country, with a population approximately 4.1 million 
inhabitants (State Statistics Service of Ukraine 2001). Geographically, 
Donetsk oblast is located in the Eurasian steppe landscape, surrounded by 
woods, hills, spoil tips, lakes, rivers; with access to the Sea of Azov to the 
south (www.encyclopediaofukraine.com). The region of modern Donetsk 
oblast was actively settled by Ukrainian Cossacks in the 16th century, with 
many villages fortified by the Zaporizhian Cossacks to defend against the 
Crimean Tatars and the Ottoman Empire (Plokhy 2015). Later, from the 
18th century, this land was annexed by Russia which initiated significant 
restructuring and policies aimed at the colonisation of the native population.  

The main city of modern Donetsk oblast is Donetsk, founded in 1869, by John 
Hughes (a Welsh businessman) who established a steel plant and owned 
several coal mines in the region. First name of the settlement was Yuzovka, 
from Slavic simplification of Hughes9s surname, <Yuz=. The city rapidly grew 
due to industrialization, particularly around coal mining and steel production, 
during the 19th and 20th centuries. In 1961, the city was renamed to Donetsk 
and became the administrative centre of Donetsk oblast 
(https://www.britannica.com/place/Donetsk-Ukraine). Donetsk oblast 
became a key part of the USSR9s heavy industry. To break the Ukrainian 
resistance to Soviet authority and accelerate politics of collectivization, many 
areas of Eastern Ukraine, including Donetsk region experienced a man-made 
famine, known as the Holodomor in 1932-1933 (Applebaum 2017, Plokhy 
2015). During World War II, the region suffered significant destruction and 
loss of life. As a result of these events, the indigenous population was rapidly 
replaced by migrants from various regions of Russia (Applebaum 2017, 
Yakubova 2014). Furthermore, the socio-political situation over the last ten 
years has led to substantial changes in the population composition and 
economic conditions, impacting the region's development. Thus, the 
collection of samples conducted in 1998-1999, used for this thesis, provides 
unique and valuable evidence of the various historical events that have 
shaped this population.  

 

3.8 Population genetics studies on Ukraine 

The study of mtDNA variation in different populations around the world, 
including those in Europe, has intensified over the past few decades, though 
it remains far from complete. Currently, further advancements in mtDNA 
phylogeny can be primarily achieved by investigating small populations and 
specific regions at a micro-geographic level (Cardinali 2022). 

According to previous mtDNA studies (Pshenichnov 2013, Malyarchuk 2001, 
Malyarchuk 2023), the main haplogroups found in Ukraine were typical of 
Western Eurasia, including H, V and other sub-lineages of HV, J, T, I, N1b, 

http://www.encyclopediaofukraine.com/
https://www.britannica.com/place/Donetsk-Ukraine


W, and X. Additionally, various sub-branches of U, i.e. U4, U5a (U5a1 and 
U5a1a) typical of the Volga region were observed. These data point out 
similarities between the Ukrainian gene pool and other European populations. 
However, haplogroups of East Asian origin, such as A, B, C, D and G, were 
also found, typically between one to three percent of the studied cohort. 

It should be noted that previous studies on mtDNA variation in Ukrainians 
primarily were focused on the analysis of nucleotide sequences of HVS1 and 
HVS2, as well as the distribution of mtDNA haplogroup frequencies in 
populations (Malyarchuk 2001, Nikitin 2009, Ба?а=>вE><= 2012, Mielnik-
Sikorska 2013, Pshenichnov 2013). Georeferenced analyses of mtDNA 
polymorphism have demonstrated that East Slavic populations show a 
significant degree of affinity among themselves. Specifically, the gene pool of 
Ukrainians is most similar to those of populations in Poland, Belarus, and 
southern Russia (Ба?а=>вE><= 2012, Pshenichnov 2013). Additionally, 
studies have highlighted that certain western Ukrainian populations living in 
mountainous regions exhibit greater genetic similarity to western Slavs than 
to other Ukrainians (Nikitin 2009, Kushniarevich 2015).   

Therefore, the investigation of the mtDNA diversity based on data on the 
variability of entire mitogenomes from the population of Donetsk oblast is 
crucial for exploring the genetic history of this eastern region of Ukraine. This 
research will help to refine its genetic history and to better understand the 
dynamics of population movement and demography in the area.



4. Aims 

Present-day Ukraine has been a crossroads of peoples and cultures since 
the Paleolithic, due to its strategic location on the northern shore of the Black 
Sea, between Eastern Europe and the Pontic-Caspian steppe. It served as 
one of the glacial refuges (the Eastern European Plain) where populations 
survived during the Last Glacial Maximum and later repopulated Europe. 
Ukraine was also the cradle of the Slavic and Crimean Tatar civilizations, both 
of which contributed significantly to the gene pool of Eastern Europe. Its 
strategic location, fertile lands, and favourable climate attracted migrations, 
settlements, and conflicts. These have resulted in a high number of admixture 
events that have layered the genetic history of the Ukrainians, making it 
valuable to untangle this complex genetic variation for reconstructing the 
genetic landscape of Western Eurasia. 

Nowadays, the Donetsk oblast, located in eastern Ukraine, borders 
the Russian Federation, and much of the region has been occupied by 
Russian forces since 2014. In the past, its location on the edge of the Great 
Eurasian Steppe attracted both nomadic pastoralists and more sedentary 
communities. In the 19th and 20th centuries, the same area also experienced 
intense migration processes triggered by urbanisation and social 
modernization. Considering this history, it is clear why there is interest in 
disentangling the migration events and gene flows that left their own footprint 
in the formation of the local population. Therefore, one of the aims was to 
investigate the genetic variability of the modern population of Donetsk oblast 
(in the year 1999) for reconstructing its origins and history, by studying the 
complete mtDNA sequences and, for selected samples, genome-wide data 
to achieve higher molecular resolution and statistical power. 

A second goal of this thesis is to provide a diachronic picture of genomic 
variation in the territory of present-day Ukraine at different times in the past. 
This is made possible by the availability of ancient remains related to three 
different cultures: Yamna, Catacomb, and Scythian. The analysis of ancient 
DNA obtained from these individuals will provide sequential genomic 
snapshots that will help to uncover the ancestral origins of the first settlers 
and subsequent arrivals, and to evaluate the effects of various gene flows 
and admixtures that occurred over time, ultimately adding the missing piece 
of genomic information on the Ukrainian population to the complex genetic 
landscape of Eastern Europe.



5. Materials and Methods 

5.1 Modern Individuals    

We received genealogical data for 104 male individuals, along with written 
informed consent for genomic studies. This collection was provided by our 
collaborators with Prof. Svetlana Arbuzova at the International Medico-
Genetic Centre, Hospital Nol, Donetsk and Prof. Ornella Semino at the 
University of Pavia. A total of 104 biological samples from male individuals 
(aged between 18 and 75 years) were collected in Donetsk oblast (Ukraine) 
in 1998-1999, together with pedigree charts. Subjects participated voluntarily 
and provided written informed consent for genomic studies. Successfully 
extracted DNAs were preserved at - 20 °C in plastic tubes. Historical parts of 
the study were discussed with Yevhen Zakharhcenko (PhD, senior lecturer), 
Department of History of Ukraine of V. N. Karazin Kharkiv National University. 

Nowadays, Ukraine's population is composed of more than 100 national or 
ethnic groups (Kubicek 2008). However, the main part of the population was 
represented by ethnic Ukrainians (78%) and ethnic Russians (17%) in 2001 
(http://2001.ukrcensus.gov.ua/results/general/nationality/). 

 
Figure 5.1.1. Geographic distribution of the last known terminal maternal ancestors 

by regions (n= 104). ( Donetsk oblast, Ukraine, the sampling region. Other colours 

show regions of origin of TMAs according to the country) 

http://2001.ukrcensus.gov.ua/results/general/nationality/


The 104 individuals showed different TMAs, originating not only from different 
regions of Ukraine but also from two neighbouring countries, Russia and 
Belarus (Figure 5.1.1).  

Among the 70 individuals with a Ukrainian TMA, 33 people marked Donetsk 
oblast as the birthplace of their grandmother, six had TMAs from both 
Zaporizhzhia and Vinnytsia oblasts, four from Kyiv and Kirovohrad oblasts 
each, three from Dnipropetrovsk and Kharkiv oblasts each, and two each from 
Sumy, Odesa, and Poltava oblasts. Mykolaiv, Khmelnytskyi, Rivne, Lviv, and 
Chernihiv oblasts were represented by one person.  

Russian TMAs were registered for 33 individuals, and only one had a TMA 
from Belarus. Some regions of Russia are not shown on the map due to their 
great geographical distance: Omsk oblast, Amur oblast, and Irkutsk oblast. 
Other Russian regions were represented in the following way: six people each 
from Kursk and Rostov oblasts, three from Oryol and Smolensk Oblasts each, 
and two each from Tambov and Pskov oblasts. The remaining Russian 
regions, including Amur oblast, Belgorod oblast, Irkutsk oblast, Kaluga oblast, 
Krasnodar krai, Leningrad oblast, Moscow oblast, Nizhny Novgorod oblast, 
Omsk oblast, Orenburg oblast, and Volgograd oblast, were each represented 
by only one individual. 

All individuals which were analysed in this study were redistributed according 
to the birthplace of the last known terminal maternal ancestor (TMA), as 
reported in (Figure 6.1.1, Сhapter 6.1). It is worth to mention, that one third of 
probands who reported genealogical information had a TMA from Russia. 
This is in agreement with the 2001 census that estimates that Russians make 
up 38% of present-day Donetsk oblast population due to relocation of people 
during the existence of the USSR and after its fall (State Committee of 
Statistics of Ukraine). This agrees with historical data, since these Russian 
regions were very poor, thus pushing people to migrate to industrially 
developed places seeking for a job. 

The provided data were analysed not only according to TMA origin, but also 
for the mitochondrial DNA complete genome study, while the Human Origin 
array sampling also considered the origin of terminal paternal 
ancestors (TPA). 

 

 

 



5.1.1 Modern mitochondrial DNA 

A total of 94 DNA samples, out of 104, were still available for this thesis. 
These DNAs had been extracted in a previous project studying the Y 
chromosome (Semino 2000), using the classic phenol-chloroform protocol 
with Corex centrifuge tube and TE 10:1 buffer. The extracts were quantified 
using the Invitrogen Qubit™ fluorometer.  

5.1.1.1 Amplification and sequencing 

The complete mtDNA was amplified in two partially overlapping fragments of 
~8-9 Kb using Long-range (LR) PCR amplification. Primers for first amplicon 
were 5,193 Forward (sequence: CCCTTATTCCATCCACCCT), 13,829 
Reverse (sequence: AGTCCTAGGAAAGTGACAGCGA), and for the second 
amplicon they were 13,477 Forward (sequence: 
AGGAATACCTTTCCTCACAGGTT) and 6,151 Reverse (sequence: 
GTGGTAAGGGCGATGAGTGT). To carry out this reaction, the Promega 
GoTaq® Long PCR Master Mix kit was used, with a reaction mixture that 
contains, in addition to the cofactors and buffers necessary for the correct 
functionality of the reaction, a thermostable and highly performing 
Taq polymerase. The final volume for each sample, including DNA, is 25 µl 
(Table 5.1.1.1).  

Table 5.1.1.1. Summary scheme of the initial and final concentrations and volumes 
for each reagent, used in the whole mitogenome amplification reaction. 

Reagents Initial conc. Volume (µl) Final conc. 

GoTaq® Master Mix 2X 12.5 1X 

Primer For 10 µM 0.5 0.2 µM 

Primer Rev 10 µM 0.5 0.2 µM 

H2O  11.5  

Total  25.00  
 
Table 5.1.1.2. PCR protocol used for Long Range amplification of DNA samples. 

Step Temperature (°C) Time Cycles 

Initial denaturation 94 2 min 1 

Denaturation 94 30 sec 

20 Annealing 58 30 sec 

Elongation 65 10 min 

Denaturation 94 30 sec 

10 Annealing 55 30 sec 

Elongation 65 10 min 

Final extension 72 10 min 1 



The amount of DNA required was evaluated following the quantification of the 
initial extract with Qubit 4™ Fluorometer; the volume of DNA therefore varied 
between 1 and 5 µl, keeping the final volume constant. The used PCR 
program has two consecutive reaction cycles, to allow the correct 
amplification of both long-range fragments (Table 5.1.1.2). 

An agarose gel electrophoretic run was performed to verify correct 
amplification. A ladder of Sharpmass™ 1 kb plus ladder (Euro Clone) was 
loaded to control the amplicon size; this can also be used for the reading of 
Long-range fragments, as it has bands in a range between 10000 and 250 
bp. The percentage of agarose used was 1%, since large fragments (8-9 kb) 
were analysed. After this evaluation step, LR PCR products were used to 
prepare NGS libraries, using the Illumina Nextera® XT DNA library 
preparation kit. The quality of prepared libraries was checked on an 
automated capillary electrophoretic platform Agilent Tapestation 4150, and 
then sequenced on an Illumina NextSeq 550 platform at the Genomic and 
Post-Genomic Unit, IRCCS Mondino Foundation in Pavia, in collaboration 
with Dr. Stella Gagliardi and Dr. Rosalinda Di Gerlando, as in previous works 
(Brandini 2018, Modi 2020).  

5.1.1.2 Sequence analysis 

Raw data were analysed using mtdna-server.uibk.ac.at (Weissensteiner 
2016) and in-house scripts specifically developed by Dr. Nicola Rambaldi 
Migliore (https://github.com/NicRamb/mtDNA_pipe) to obtain the final 
haplotypes versus the revised Cambridge Reference Sequence (rCRS) 
(Andrews 1999). Ambiguous regions were manually checked. Three samples 
have been excluded due to the bad quality of sequences. Haplogroup 
classification and a maximum parsimony tree were obtained with 
HaploGrep v3.2.1 (Schönherr 2023), a classification tool which is based on 
the latest worldwide mtDNA phylogeny (PhyloTree 17 Forensic Update 
(FU) 1.2). The .fasta files were produced with HaploGrep v3.2.1 and used for 
downstream analyses.  

5.1.1.3 Phylogenies 

Phylogenetic trees for mitochondrial DNA were built using a maximum 
parsimony approach with the mtPhyl software (eltsov.org/mtphyl.aspx). The 
classification used in the mtPhyl is based on the PhyloTree 17 worldwide 
phylogeny (Van Oven 2009). These trees were manually corrected to reflect 
recent improvements in the mtDNA phylogeny (Dür 2021). Trees were also 
built with a Bayesian inference approach by using the software BEAST2 
(Bayesian Evolutionary Analysis by Sampling Trees v.2.7.7) 
(Bouckaert 2019). This phylogeny was built with the HKY substitution model 
and a fixed molecular clock. Mutation rate was considered as in (Fu 2013). 
Coalescent age estimates were also calculated through BEAST2 using their 

http://eltsov.org/mtphyl.aspx


radiocarbon dates of mtDNA haplogroup L3a as priors. Subsequently, the 
resulting trees were processed with TreeAnnotator to obtain a merged tree. 
The tree was visualised using the FigTree software 
(http://tree.bio.ed.ac.uk/software/figtree/). Additionally, BEAST2 provides a 
demographic trend output, which displays the variation in effective population 
size (Ne) over time. Tracer v1.7.2 was used to visualise this trend as a 
Bayesian Skyline Plot (BSP). 

 

5.1.2 Genome-wide analyses 

5.1.2.1 The Human Origins (HO) array 

The DNA of 45 out of 94 modern Ukrainian individuals from Donetsk oblast 
were selected according to the origin of their grandparents (all four from 
Ukraine) for genotyping with the Axiom Genome-Wide Human Origins 1 Array 
(HO) at the Institute of Health Research institute of Santiago de Compostela 
(CEGEN). It provides a genotyping panel specifically designed for population 
genetics, with genomic markers from 11 different modern human populations 
and ancient hominin individuals. Approximately 629,000 SNPs can be typed 
according to the samples of known ancestry, including data from 
Neanderthals, Denisovans and chimpanzees, avoiding the ascertainment 
biases which can be observed in genotyping with GWAS arrays. 
(https://assets.thermofisher.com/TFS-Assets/LSG/brochures/axiom_hu_ 
origins_datasheet.pdf). 

All 45 genotyped individuals passed the quality checks with a call rate higher 
than 97%. The Axiom Analysis Suite V5.3.0.45 software was used to analyse 
the raw genotyping data. The resulting variant calling format file (VCF) was 
converted to plink format using PLINK v.1.9 for further evaluation (Chang 
2015), retaining only autosomal and biallelic SNPs. Three different files were 
generated: .bed, .bim, and .fam. The .bed file is a binary file with the genotype 
calls. The .bim file contains extended variant information which has a row for 
each variant and information about chromosome, variant identifier, position in 
Morgans or centimorgans, base-pair coordinates, allele 1 and allele 2. The 
.fam file has sample information for each individual and information about 
family ID, within-family ID, within-family ID of father, within-family ID of 
mother, sex code and phenotype value. Variants with a missing rate higher 
than 2% were filtered out.  

5.1.2.2 Kinship tests 

To assess possible relatedness among the individuals in the dataset, the 
Kinship-based Inference for Genome-wide association study (KING) tool was 

https://assets.thermofisher.com/TFS-Assets/LSG/brochures/axiom_hu_


used (Manichaikul 2010), which can estimate kinship up to third-degree for 
arrays data. KING can be used through PLINK 2.0, which allows for the 
estimation of pairwise kinship coefficients.  

Modern individuals from Donetsk oblast, Ukraine, were tested with KING and 
all were retained for further analyses as no relatedness was found (up to the 
third degree).  

5.1.2.3 Principal component analysis (PCA) 

PCA was performed with the software EIGENSOFT v.7.2.0 (Patterson 2006), 
using the <smartpca= program. Modern individuals which were coming from 
Donetsk oblast were analysed together with a published west Eurasian 
dataset (1469 individuals) of modern high-coverage sequences or genotypes 
acquired with Human Origin chip as in (Capodiferro 2021). For all modern 
individuals, analyses were done with pruned dataset and option 
numotulieriter set to 0 to disable outlier removal. The modern and ancient 
datasets were pruned in the plink format using PLINK v.1.9 (Purcell 2007) 
using the 3indep-pairwise option. Parameters were set to 200 (indicates the 
window of SNPs in bp and calculates the linkage disequilibrium (LD) between 
each pair of SNPs in the window); 25 (shift for the new window); 0.4 (is for 
convergence criterion which is the threshold for stopping the algorithm based 
on log-likelihood improvement). In the end, the final dataset of modern 
published and studied in this research individuals reached 1514 and 
contained 409,084 SNPs.  

PCAs were plotted with the ggplot2 package (Wickham 2016) using 
R version 4.3.0.  

5.1.2.4 Admixture 

A software program called ADMIXTURE (Alexander 2009) was used to 
estimate an individual's maximum likelihood of ancestry from multilocus SNP 
genotype datasets in which the individuals are unrelated. Admixture shows a 
gene flow between two ancestral previously separated individuals or 
populations in a new admixed individual/population. Through this process, 
patterns of genetic variation within and between individuals/populations are 
given an ancestry-based structure, which in turn affects the ability to infer 
demographic history, identify genetic targets of selection, and predict 
complex traits (Gopalan 2022).  

The K values were set from 1 to 20, which represents the number of ancestral 
populations. For each K value ten repetitions were done. A log file with details 
about the run itself is also generated for every repeat; among other things, 
the CV (cross-validation) error value of every run was utilised to identify the 
K value with the lowest CV error value. One of the output files (Q files, which 



contain an ancestry fraction) were used for clustering inference in the Pong 
tool (Behr 2016) v1.4.7. With the use of this tool, the best run out of the ten 
runs of for each K value was determined. This is achieved by folding the data 
(folds are distinct, non-overlapping subsets of the data), and using some folds 
for model training, and other folds for model validation. The model's 
performance is estimated by averaging the error over various folds. 
Usually, the value of K that has the lowest cross-validation error is selected. 
This suggests that the model will probably generalise well to fresh data 
containing that quantity of populations.  



5.2 Ancient individuals 

The archaeological specimens from seven ancient individuals analysed in this 
PhD thesis were obtained from our collaboration with the Archaeological 
Museum and the Department of Archaeology and Museum Studies, Faculty 
of History of Taras Shevchenko National University of Kyiv in face of 
Assoc. Prof. Pavlo Shydlovskyi and a Director of Archaeological Museum 
Liubov Samoilenko and a student Claudia Sharapova. We picked different 
fragments of bones or teeth of seven different individuals according to 
anthropological estimations. These individuals were found in four 
archaeological sites on the territory of modern Ukraine. They were originally 
gathered from archaeological excavations of burial mounds by a rescue 
expedition led by the Department of Archeology and Museum Studies 
between 1974 and 1994. The expedition, carried out by a renowned Ukrainian 
archaeologist, Prof. Dmytro Telegin (1919-2011), served as a base for 
student archaeological practice at the University Faculty of History. Remains 
belong to different cultures and periods of time: Yamna, Catacomb and 
Scythian.  

For all but one of the analysed individuals listed in table 5.2.1, we were able 
to obtain the petrous part of the temporal bone, which is considered one of 
the best preservation sites for ancient DNA (aDNA) molecules (Pinhasi 2015, 
Pinhasi 2019). One specimen was represented only by two molars (UKR-b8). 
The bone fragments and teeth were processed in the ancient DNA facility of 
the Department of Biology and Biotechnology of the University of Pavia. 

We studied three individuals from kurgan 21, which was located on a hill in 
the middle of a flat field surrounded by plantations, 1.8 km east of 
Pershotravneve village, in Nikopol raion of Dnipropetrovsk oblast (Figure 
5.2.1, table 5.2.1). The kurgan, damaged annually, had a steep hemispherical 
shape with a flattened top. It was constructed in the Yamna period in three 
phases, containing ten burials: eight from the Yamna culture (one of which 
UKR-b8, Figure 5.2.2.A), one from the catacomb (UKR-k21b-10A, UKR-
k21b-10b, Figure 5.2.2.B), and one Scythian. 

The burial #8 had (UKR-b8, Figure 5.2.1.A) a grave filled with chernozem 
mixed with mainland clay. The vertical-walled pit measured 2.36x1.74 m and 
was 4.72 m deep. Plant decay, likely from a woven mat, and fragments of 
wood were found in the grave. The adult buried lay on the left side, head 
facing northeast, with poor bone preservation. Red ochre traces were noted 
on the skull and throughout the grave, but no artefacts were found. 

Information on the burial #10 (with UKR-k21b-10A, UKR-k21b-10B, Figure 
5.2.2.B) says that it was located 22 m southwest of the kurgan9s centre. This 
burial had two adult skeletons (A and B) lying flat on their backs, heads to the 
north. Bones were poorly preserved and displaced, likely due to a vault 



collapse. Skeleton A had disorderly bones, with the lower jaw resting on the 
femur and the skull damaged. Skeleton B's skull was densely filled with 
chernozem and dark red ochre. Articulated animal bones were found near the 
eastern wall. This burial had no accompanying artefacts (Б>=даDь 1978). 

 

Figure 5.2.1. Map of Ukraine with four collection places represented by dots of 
different colours according to each site code (see Table 5.2.1) 
 
Table 5.2.1.  List of ancient individuals 

 NA - data not available 

Sample ID Collection place 
Site 
code 

Culture Skeletal 
element 

14C (BP) 

UKR-K4b13 Krynychne, Dovzhansk 
raion, Luhansk oblast 

01 

Yamna 

Petrous 4165±21 

UKR-b8 
Pershotravneve, Nikopol 

raion, Dnipropetrovsk 
oblast 

02 Molars 4194±21 

UKR-k21b10A Pershotravneve, Nikopol 
raion, Dnipropetrovsk 

oblast 
02 Catacomb 

Petrous NA 

UKR-k21b10B Petrous 3891±21 

UKR-K4b4 
Novoivanivka, Nikopol 
raion, Dnipropetrovsk 

oblast 
03 Catacomb  

Petrous 3928±21 

Ukr-K1b1.1 Novovitebske, Kryvyi Rih 
raion, Dnipropetrovsk 

oblast 
04 Scythian 

Petrous 2203±19 

Ukr-K1b1.2 Petrous 2179±19 



 

Figure 5.2.2. Individuals UKR-b8 (A), and UKR-k21b-10A, UKR-k21b-10B (B) 
(Б>=даDь 1978) 

Kurgan 4 of burial with individual UKR-K4b13 (Figure 5.2.3) was located 3.35 
km south of the village Krynychne in Dovzhansk raion, Luhansk oblast. It was 
discovered at a construction site for the Dovzhan irrigation system, it is the 
easternmost point of Ukraine, close to the Russian border (Figure 5.2.1, table 
5.2.1). The area is currently under Russian occupation. 

 
 

Figure 5.2.3. Individuals UKR-K4b13, kurgan 4 (Б>=даDь 1978) 

The kurgan had a hemispherical shape with a diameter of up to 25 m and was 
preserved to a height of 1.7 m. In ancient times, it was covered with small 
rough stones, likely protecting it from plowing. The ancient horizon was 
recorded 1.5 m below the surface, and the chernozem beneath the mound 



was 0.6-0.65 m thick. Here were found individual UKR-K4b13, belonging to 
Yamna culture. The deceased was an adult, lying on his back with his legs 
bent at the knees, which fell to the right, his head to the West. The skull was 
turned on the left temple. The right hand is stretched along the body, the left 
hand is bent at the elbow and placed on the stomach. Bone preservation was 
satisfactory. The bone of the buried person and the bottom of the burial were 
abundantly sprinkled with ochre. No inventory was found in the grave. 

The representative of Catacomb culture (UKR-K4b4) was found in 
Novoivanivka, Nikopol raion, Dnipropetrovsk oblast, which is very close to 
Pershotravneve (Figure 5.2.1). The kurgan also has number 4. The kurgan 
was plowed annually and damaged by burrows, but was preserved to a height 
of 0.63 m with a diameter of 30 m. Buried chernozem was found at a depth 
of 0.58 m, reaching a thickness of 0.35 m. Six burials were uncovered: three 
from the Yamna culture, two from the Catacomb culture (one of which 
individual UKR-K4b4), and one from the Zrubna culture. Burial 4, located in 
the southwestern sector of the kurgan, was in a catacomb and measured 
2.14x1.5x1.38 m, though heavily damaged by fox holes. The skeleton was 
largely destroyed, except for a few bone fragments, finger phalanges, and a 
part of the skull found in the northeastern corner of the chamber. No grave 
goods were discovered. 

Remains of Scythian individuals from the Early Iron Age (UKR-K1b1.1 and 
UKR-K1b1.2) were found in kurgan 1 (primary of a catacomb burial), which 
was located 4.25 km southwest of Novovitebske village of Kryvyi Rih raion, 
Dnipropetrovsk oblast (Figure 5.2.1, Table 5.2.1), the kurgan had been 
damaged by agricultural activity, surviving to a height of 1.13 m with a 34 m 
diameter. Amphora fragments, possibly from a winepress, were found on the 
surface. The entrance, partially collapsed and looted, revealed scattered 
human bones from two adults, along with bull bones, pottery fragments, and 
pieces of an iron scale armour. Based on a mix of skeleton fragments and 
bones, it was assumed, there were two Scythian individuals a male and a 
female (Б>=даDь 1977).   

Geographical location of the burials (Figure 5.2.1) makes these individuals 
unique and precious, since eastern and central-southern Ukraine is massively 
destroyed in the Russian-Ukrainian war, which began in its full scale during 
my PhD on February 24, 2022. Some of these areas are still occupied and 
there is much evidence of destruction and robbery of archaeological and 
historical museums of Ukraine by Russian forces.  

 



5.2.1 Radiocarbon dating 

Radiocarbon dating, or 14C dating, is a widely used dating technique in 
environmental and geosciences studies as well as archaeology. The 
technique can be used to determine the age of a range of organic materials 
back up to 50,000 years.  We performed 14C dating on outsourcing in 
Germany, Mannheim in Curt-Engelhorn-Zentrum Archäometrie gGmbH 
facilities (https://ceza.de/english/cezapedia/methods/c-14-dating).  

Individuals, selected for the radiocarbon analysis based on endogenous DNA 
content following preliminary sequencing results, were the following: from 
Yamna culture UKR-K4b13 and UKR-b8; from Catacomb culture only UKR-
k21b10B; from Scythians both Ukr-K1b1.1 and Ukr-K1b1.2. 

According to the report received on 12.07.2024 (#240241), for our sample 
preparation collagen was extracted from the bone or teeth by modified Longin 
method, purified by ultrafiltration (fraction > 30kD) and freeze-dried. The 
remaining sample material is combusted to CO2 in an Elemental 
Analyzer (EA). CO2 is then converted catalytically to graphite. 14C analyses 
were realised on a MICADAS-type Accelerator Mass Spectrometry system 
with following normalisation and calibration.  

5.2.2 Ancient DNA laboratories 

All work with ancient individuals, up to the preparation of the libraries for 
sequencing, was carried out in the ancient DNA Facility at the Department of  

Biology and Biotechnology of the University of Pavia (Figure 5.2.2.1). Bench 
work was performed in a dedicated clean area: the Boone Room and the 
Molecular Room. To reduce the risk of contamination in this area, a procedure 
of appropriate laboratory clothing is used. To access the clean area, 
operators must wear a mask, bouffant cap, shoe covers, and gloves while still 
in the first room. Once in the cloak room, they must put on a gown, shoe 
covers, and an extra pair of long gloves. The procedure must be completed 
by cleaning the outer clothing with DNA-Exitus PlusTM or other detergents 
designed to remove DNA contamination from surfaces. 

 

 

 

 



Figure 5.2.2.1. Schematic representation of the aDNA facility at the University of 
Pavia 

 

5.2.3 Ancient DNA extraction 

A silica-based method was used for aDNA extraction that allows recovery of 
very short DNA fragments (Pinhasi 2019, Damgaard 2019, Harney 2021). 
The DNA extraction process takes two days and involves multiple steps.  

5.2.3.1 Sample decontamination 

Given the prevalence of soil contamination and the use of museum glue in 
archaeological specimens, a decontamination process is essential prior to 
DNA extraction. Typically, bone fragments or teeth are received at the 
laboratory in plastic bags, which must be cleaned with DNA-Exitus Plus and 
alcohol before being introduced into the clean rooms.  

Once the samples are brought to the bone room, the bags containing them 
must be placed in the short-wave (254 nm) UV crosslinker for five minutes on 
each side. Archaeological specimens may be removed from the bags and 
placed in a prepared sterile plastic cuvette. Large visible soil particles can be 



removed manually at this stage using sterile forceps or spatulas. Later, a 
wash in distilled water can be performed to remove any remaining dirt and 
broken fragments. If the examined fragments still appear soiled, they may be 
washed in 1:5 bleach, then rinsed rapidly in H2O, then in isopropanol to 
accelerate drying and remove any remaining water; each step may take up 
to 30 seconds. If radiocarbon dating of the bone is expected, this last step 
should be skipped, or a portion of the bone may be cut for this purpose before 
the isopropanol wash. The specimens are dried in a cross-linker for 3 minutes 
on each side, then cleaned with sandpaper if necessary. Finally, the 
specimens are dried in the UV cross-linker for up to 5 minutes on each side. 
After these steps, the bones are ready for drilling or further digestion. 

5.2.3.2 Temporal bone drilling and powdering 

After the decontamination process the petrous bone can be processed in two 
main ways: 1) direct drilling for obtaining sample powder or 2) pre-digestion 
followed by powdering of the fragment.  

The hood used for cutting and drilling must be cleaned with DNA-Exitus Plus 
and alcohol and covered with aluminum foil at the bottom. Cleaning and 
changing the foil is critical before each new sample is placed under the hood 
to prevent cross-contamination. To access the inner portion of the petrous 
bone where the cochlea is located, which is considered one of the best 
sources of aDNA preservation bones due to its protected inner location in the 
scull, a diamond disk attached to a Dremel tool is used to cut through the 
surrounding spongy bone. The cochlea is cut perpendicularly and half of it is 
used to make bone powder. The prepared fragments are placed then in 
zirconium oxide grinding jars of the Retsch MM400 mixer mill. After grinding, 
the powder is collected with a spatula in sterile tubes, and 50-100 mg of the 
powder is taken for the following digestion process, while the rest is stored 
at -20 °C.  

In case of predigestion, first, selected fragments are placed in falcons or 2 mL 
tubes in a predigestion solution (1mL EDTA + 50 μL of proteinase K 
(20 ng/μL) + 50 μL of 10% N-lauroylsarcosine) for 1 or 1.5 hours at 37° C. 
The bone fragments obtained from the pre-digestion must be dried well for at 
least 30 minutes on each side, only then they can be powdered as described 
in the previous paragraph. 

5.2.3.3 Teeth drilling and powdering 

Teeth are one of the best parts of the human body for preserving ancient DNA 
(Dabney 2013). Several techniques can be used to extract DNA from such 
remains, including whole tooth root (WTR), Damgaard-style cementum 
sampling (D-style), and minimally destructive extraction (MDE).  



The extraction method we routinely use in our laboratory is WTR (Posth 
2016), which requires cutting and powdering the entire root of each tooth. 
After the surface of the teeth was cleaned, we proceeded to cut the crown 
from the teeth using a Dremel drill with a diamond wheel. Finally, the root was 
powdered using the Retsch MM400 machine. The powder was collected and 
part of it was used for the next step of digestion, the rest was kept in the 
freezer at -20°C.  

5.2.3.4 Minimally destructive extraction from teeth 

Minimally Destructive Extraction (MDE) was performed on the UKR-b8 
specimen on both molars we received. This method allows the sample to be 
preserved without drilling or grinding. This makes it useful for other analyses 
such as radiocarbon dating or morphological studies (Harney 2021). The 
biological target of this protocol is the thin layer of cementum on the outside 
of the tooth root, which is composed of multipotent stem cells. The cells within 
the cementum matrix, cementocytes, can secrete cementum to stabilise the 
teeth in their sockets (Lindsay 2013). Cementum shares some similarities 
with petrous bone in that cementocytes can retain DNA like osteocytes. 
However, cementum does not undergo structural changes in the same way 
as the cochlea, but accumulates throughout life (Pinhasi 2015, Harney 2021).  
According to estimates of DNA preservation in ancient specimens, dentin has 
a lower content of endogenous DNA than cementum (Damgaard 2015). 
According to the MDE protocol we proceeded with the following steps:  

 Physically clean the tooth: the tooth surface was cleaned with a 
2% bleach solution until visible stains were removed. We used 
isopropanol to remove the bleach.  

 UV irradiation: the tooth was dried with UV in a cross-linker for five 
minutes at 254 nm on both sides. It is important that the sample is 
dried. 

 Crown protection: we covered the crown and root tip with parafilm 
to protect these parts from the digestion reagents used in the next 
steps (Figure 5.2.3.4.1). In this step, it is important not to apply too 
much pressure, as the old tooth may crack.  

 Digestion: The tooth was placed in a 5 mL tube with the exposed 
part of the root facing down. The tube was filled with 1 mL of 
extraction buffer and digested for 2.5 hours at 37°C with gentle 
vertical rotation to allow the buffer to circulate around the root.  



 

Figure 5.2.3.4.1. Example of a tooth that has been wrapped in parafilm, leaving only 

the lower part of the root exposed. Note the tail of parafilm present to allow for easier 

handling of the tooth 

5.2.3.5 Sample digestion 

Approximately 50-100 mg of powder (petrous bones or teeth) was digested 
with a lysis buffer consisting of EDTA solution pH 8.0 (0.5 M) with 50 μL of 20 
mg/mL Proteinase K and 50 μL of 10% N-laurylsarcosine for 24 hours with 
constant inclined rotation at 37°C in a 2 mL Eppendorf LoBind tube. The 
reagents and their concentrations are listed in the table 5.2.3.5.1.  

Bivalent metal ions are sequestered by the chelating effect of EDTA. By 
inhibiting metal-dependent enzymes such as nucleases, this ability stops 
DNA degradation. Cell proteins are degraded, and peptide bonds are 
hydrolysed by Proteinase K. The addition of a reducing chemical 
(N - Lauroylsarcosine) causes cell membranes to rupture and accelerates 
protein degradation. A negative control was included in this step to check for 
reagent contamination. Parafilm was used to seal the tubes, and the powder 
was vortexed to suspend it. Continuous oblique rotation at 15 revolutions per 
minute (rpm) was performed during an overnight incubation at 50°C.  

Table 5.2.3.5.1. Reagents used for digestion during the first day of DNA extraction 

Reagent Description 

Lysis buffer 1 mL of 0.5 M EDTA pH 8.0 
50 µL of 20 mg/mL proteinase K 
50 µL of 10% (g/mL) N-lauroylsarcosine 



5.2.3.6 Ancient DNA purification 

The second day of extraction takes place in the molecular room. It involves 
purification of the extracted DNA using the Qiagen MinElute PCR Purification 
Kit.  

The kit contains: 

 PB Buffer, which contains a high concentration of guanidine 
hydrochloride and isopropanol and is used to denature proteins and 
promote DNA binding to the silica membrane in the spin column, 
allowing DNA to adhere to the membrane while impurities do not. 

 PE Buffer, which is diluted 5X in absolute ethanol; it helps to wash 
away residual impurities that may still be bound to the silica 
membrane. Ethanol helps to keep the nucleic acids bound to the silica 
membrane while washing away impurities. 

 EBT Buffer, which consists of 10 mL EBT Buffer (10 mM Tris-HCl, pH 
8.5) and 5 µL Tween 20 (final concentration: 0.05%). Buffer EBT is a 
low salt buffer designed to facilitate the release of nucleic acids from 
the silica membrane. 

Samples that have undergone digestion should be centrifuged to precipitate 
undigested particles. The supernatant should be mixed with 9 mL PB in 
a 15 mL Falcon tube and incubated for 10-15 minutes at room temperature. 
During incubation, the Zymo Research Reservoir can be attached to the 
MinElute silica membrane columns and placed in a 50 mL Falcon tube. The 
solution consisting of PB and supernatant is then applied to the MinElute 
column. During centrifugation, nucleic acids bind to the silica membrane of 
the columns. Therefore, the supernatant is discarded.  

Then the DNA has to be washed from contaminants and proteins by two 
washing steps with the alcohol-based PE buffer. For this purpose, 
the MinElute columns are transferred into 2 mL sterile tubes. After washing, 
the columns are dry-spun by centrifugation at 16,400 g. Dried columns are 
transferred into 1.5 mL Eppendorf LoBind tubes.  

Finally, purified DNA is eluted in 50 °C preheated EBT buffer. First, 52 µL of 
EBT is added to the centre of the column, incubated and centrifuged 
(at 3,500g for 1 min). The second step is repeated in the same way but with 
23 µL EBT. After spin-drying at 8,000g for 1 min, the extracted DNA is safely 
stored at -20 °C. 



5.2.3.7 Ancient DNA quantification and quality checks 

Quantification of the DNA extracts (2 µL) is performed in the modern 
laboratory on the Qubit 4™ Fluorometer. Accurate quantification from 5 pg/μL 
to 120 ng/μL is possible with the Qubit 1X dsDNA High Sensitivity (HS) Assay 
Kit, which has a detection range of 0.1-120 ng dsDNA in 1-20 μL of sample. 
The fluorescent dye (PicoGreen dye) contained in the kit binds selectively to 
double-stranded DNA (dsDNA) and its fluorescence intensity is directly 
proportional to the amount of dsDNA present in the sample. Calibration of the 
Qubit instrument is performed using Standard 1 and Standard 2 (10 µL each) 
with the 190 µL of ready-to-use working solution. After calibration, 
quantification of the samples is performed in this step by adding 1 µL of DNA 
to 199 µL of working solution in new clear 0.5 mL PCR polypropylene tubes. 
After centrifugation and vortexing for five seconds, the tubes are left at room 
temperature for approximately five minutes. It should be noted that the 
negative control must be quantified to screen for potential contamination. 

 

Figure 5.2.3.7.1. Tape station analysis of different extracts from the petrous bones 
of individuals UKR-K1b1.1 and UKR-K1b1.2. Co stands for Cochlea, Vg stands for 
Vestigial channels, LTB means Lateral Temporal Bone 



All extracted DNAs were screened by capillary electrophoresis using the 
Tape Station 4150 (Agilent, USA) with High Sensitivity Kit. Capillary 
electrophoresis checks the quality and fragment size of the extracted DNA. 
The average size of the fragments should be less than 200 base pairs 
(Figure 5.2.3.7.1).  

5.2.4 Ancient Library preparation 

All extracted DNAs with a concentration higher than the blank and a suitable 
pattern from the Tape Station analysis undergo library preparation. This 
process takes two days and is performed entirely in the molecular room.  

For library preparation, the protocol of half-UDG treatment was used 
(Meyer 2010, Rohland 2015). The protocol involves the use of USER 
enzymes designed for the treatment of C to T (or G to A) nucleotide 
substitutions. Such damage is a result of hydrolytic deamination that occurs 
in ancient DNA. Cytosine is a pyrimidine that loses its amino group more 
quickly and easily than other types of nucleobases. After deamination, it 
becomes uracil, which by the complementary rule is paired with adenine 
during the replication cycles.  In another chain, after replication, it brings 
thymine to the actual place of cytosine. Uracil-DNA glycosylase is able to 
reduce the amount of this substitution by catalysing the hydrolysis of the 
N-glycosidic bond to release Uracil. For downstream analysis, UDG treatment 
significantly reduces the rate of ancient DNA errors. However, libraries 
without UDG treatment have an advantage in damage pattern analysis for 
endogenous read detection. The ancient DNA error rate is reduced by half of 
the UDG treatment, but the damage signal at the terminal bases of the 
molecules is still detectable and allows the validation of ancient DNA reads 
(Rohland 2015). 

5.2.4.1 Partial UDG treatment 

A mixture containing USER enzymes should be prepared using the 
components listed in Table 5.2.4.1.1. 

Table 5.2.4.1.1. Reagents used for partial UDG 

 

 

 

 

Reagents Volume (µL) per sample 

Tango Buffer (10X) 5 

dNTPs (10mM each) 0.5 

ATP (100 mM) 0.5 

USER (1U/µL) 3.6 



The amount of DNA to be added should be between five and 15 ng, as 
follows: 35 µL if concentration (C) of the DNA <0.2; 23 µL if C <0.5; 15 µL if 
C<1; 5-10 µL if C>1. The final amount of DNA must be 35 µL, the missing 
volume is made up with water. It is crucial to follow this balance of DNA input, 
because too low quantity of aDNA can result in too high Uracil removal, this 
fragmentation of aDNA and making it not accessible for libraries preparation, 
in case of too high input the reaction enzymes can be overloaded and do not 
work sufficient, leaving Uracil on place. A Nuclease Free Water (NFW) 
negative control is also included. 

Incubation for 30 minutes at 37°C is needed to activate the enzyme. Then an 
incubation for 2 min at 12°C stops the hydrolysis of N-glycosidic bonds.  

5.2.4.2 UDG inhibition 

To prevent any further work of USER enzymes 3.6 µL of uracil glycosylase 
inhibitor (UGI) is added to each tube. The 9.5 kilodalton (kDa) UGI protein 
from Bacillus subtilis bacteriophage PBS1 dissociates UDG-DNA complexes 
and inhibits UDG binding with a 1:1 stoichiometry. The samples are quickly 
centrifuged and incubated in a heat cycler at 37 °C for 30 minutes after being 
mixed by flicking the tube with a finger. This is followed by 2 min at 12 °C. 

5.2.4.3 Blunt-End Repair 

This step requires the use of T4 Polynucleotide Kinase (which is capable of 
phosphorylating the 5' of DNA for ligation, labelling the ends, and removing 
3' phosphoryl groups) and T4 DNA Polymerase (which catalyses the 
synthesis of DNA in the 5'→ 3' direction and fills in the gaps, removes 3' 
overhangs, or fills in 5' overhangs to form blunt ends). For preparation of the 
highly fragmented DNA these reagents are used in the proportions described 
in the Table 5.2.4.3.1.  

Table 5.2.4.3.1. Reagents used for blunt-end repair 

Reagents Volume (µL) per sample 

T4 PNK (10 U//µL) 2.5 

T4 polymerase (5 U/µL) 1 

The samples are mixed by flicking the tube with a finger, rapidly centrifuged 
and incubated in a thermal cycler at 25 °C for 20 min, then in another thermal 
cycler at 12 °C for 10 min.  



5.2.4.4 Sample clean-up 

After this treatment, we proceeded to the first purification step. This was 
performed using the QIAQuick Purification Kit according to the standard 
protocol. Each end-repaired DNA sample is mixed with 500 µL PB Binding 
Buffer and incubated for 2 min at room temperature in a QIAQuick column.  

500 µL of PB Binding Buffer are added to each end-repaired DNA sample, 
which is mixed and then incubated for 2 min at room temperature on a 
QIAQuick column. The columns are then centrifuged in an Eppendorf 
MiniSpin for 1.5 min at 7000 rpm. As the DNA binds to the silica-based 
membrane, the flow-through is discarded. The columns are then washed with 
600 µL of PE buffer, centrifuged at 3400 g for 1 min and then centrifuged 
again at maximum speed to dry-spin. The columns are transferred to a new 
1.5 mL Eppendorf LoBind tube and the DNA is eluted from the silica 
membrane by adding 32 µL of pre-heated (50 °C) EBT buffer and incubating 
for 10 min at room temperature. Samples were centrifuged after this step for 
1 min at 7000 rpm on Minispin plus 1 min at 11000 rpm. 

5.2.4.5 Adapter ligation and second clean-up 

The adapter ligation step is done with T4 DNA ligase which joins blunt end 
and cohesive ends and fix single stranded nicks in duplex DNA. Adapters are 
needed for creation of binding sites for primers of subsequent amplification 
and for recognition of DNA fragments by sequencing platform. A master mix 
is prepared according to proportions from table 5.2.4.5.1.  

Table 5.2.4.5.1. Reagents used for adapter ligation. 

Reagents Volume (µL) per sample 

T4 DNA ligase buffer (10X) 4 

PEG-4000 (50%) 4 

Adapter mix (10 µM each) 1 

T4 DNA ligase 1 

Ten µL of the mix is applied to each sample, mixed by pipetting, and 
incubated for 30 minutes at 22°C. At this point, a further clean-up is required 
to remove adapters in the residue. This is done using the QIAQuick 
Purification Kit as described in the previous section. This time the amount of 
PB buffer is increased to 600 µL, while the rest of the protocol remains the 
same. After this process, the samples could have a safe freezing point for up 
to two weeks.  



5.2.4.6 Adapter fill-in 

Adapter fill-in is performed with Bst polymerase, which has 5'→ 3' polymerase 
activity but lacks 5'→ 3' exonuclease activity (Kircher 2012). 

A reagent mixture is prepared according to Table 5.2.4.6.1. Samples are 
mixed by pipetting 10 µL of the mixture and incubated at 37°C for 30 minutes 
followed by incubating at 80°C for 10 minutes. 

Table 5.2.4.6.1. Reagents used for adapter fill-in 

Reagents Volume (µL) per sample 

Thermopol reaction buffer (10X) 4 

dNTPs (2.5 mM each) 4 

Bst polymerase, large fragment (8 U/µL) 2 

To move forward to the amplification step, the libraries have to be quantified 
with Qubit 4 Fluorometer and Qubit 1X dsDNA HS Assay kit, as described in 
paragraph 5.2.4.7.  

5.2.4.7 Library enrichment and indexing 

Finally, the libraries should be amplified with the Platinum SuperFi™ II PCR 
Master Mix using MPI and LP indexed primers as described in (Kircher 2012). 
Indexes must be selected with a unique combination of barcodes for sample 
identification after sequencing.  The amount of adapter-ligated DNA 
fragments added can vary from 2 to 8 µL, resulting in a final concentration in 
the PCR tube of 1-1.5 ng. NFW is added to make up the remaining volume.  
Reaction components are added as described in Table 5.2.4.7.1. Final 
volume of the PCR reaction is 20 µL.  

Table 5.2.4.7.1. Reagents used for amplification 

Reagents Volumen (µL) per sample 

2X PlatinumTM SuperFiTM II PCR 10 

P7 index primer MPI (10 µM) 0.5 

P5 index primer LP (10 µM) 0.5 

PCR mix with added DNA is taken out of the sterile area and amplified in a 
dedicated thermocycle using the program in table 5.2.4.7.2. 

 

  



Table 5.2.4.7.2. PCR program for amplification 

Step Temperature (°C) Time Cycles 

Initial denaturation 98 30 seconds 1 

Denaturation 98 10 seconds 

12 Annealing 67 10 seconds 

Extension 72 5 seconds 

Final extension 72 5 minutes 1 

Hold 4 ∞  

5.2.4.8 Library clean-up 

After the amplification, the libraries were quantified with the Invitrogen Qubit 
fluorometer. The best libraries were eventually purified with the QIAQuick 
PCR purification kit as described in paragraph 5.2.4.4, or with Illumina DNA 
Prep Purification Beads (IPB). Bead cleanup is required if short dimers or long 
fragments (which can derive from modern DNA contamination) are detected. 
The type of purification should be selected based on the contamination 
present and can be done in three different ways: Left Size Selection (1.2x);  

 

Figure 5.2.4.8.1. Example of electropherogram (TapeStation) for library UKR-K1b1.2 
processed with IPB purification. Fragment size is indicated on the horizontal axis and 
the intensity of the fluorescent signal on the vertical axis. The peak between 400-700 
might be represented by modern DNA contamination, therefore on this step we also 
select the best samples for further sequencing. The peak of 182 bp is compatible with 
aDNA fragment size 



Right Size Selection (0.7-1.5x); or Double Size Selection (0.7-1.2x). In all 
cases, the DNA volume was brought to 80 µL with NFW.  

Purified libraries were eluted with 35 µL of preheated EBT buffer pre-warmed 
at 50°C (QIAQuick) or 32 µL RSB from Illumina (Illumina DNA Prep 
Purification Beads). Quality control of the purified product was performed on 
the Agilent TapeStation using the D1000 kit, as it covers the range of 35 bp 
to 1000 bp with a concentration between 0.1 and 50 ng/µL (Figure 5.2.4.8.1).  

  

5.2.5 Preparation for shotgun sequencing on Illumina platform 

Prepared libraries were sequenced in different runs on Illumina platforms 
using paired-end and for some trials single-end sequencing after 
normalisation and pooling steps.  

5.2.5.1 Library normalisation and pooling 

Different libraries should be normalised to achieve uniform coverage across 
different samples and/or fragments. If this step is skipped, overrepresented 
libraries may consume a disproportionate amount of sequencing reads. 

The libraries were normalised to either 2nM or 4nM. Normalisation considers 
the average size of the DNA libraries estimated on the TapeStation and the 
concentration measured on the Qubit 4 Fluorometer system to calculate the 
molarity of each dsDNA library using the following formula: �Āÿāăÿāÿÿā�Āÿ �ÿ ÿĀ = �Āÿāăÿāÿÿā�Āÿ �ÿ ÿą/Ăý660 ąþĀý × �ăăÿÿąă ý�Āÿÿÿÿ Ā�Āă �ÿ 150 − 750 Āā ÿăą�Āÿ × 106
660 g/mol represents the average molar mass of a single base pair (Duewer 2018)  

Each library was diluted to the final concentration with Illumina Resuspension 
Buffer (RSB) according to the following formula: �ý�Āÿÿÿÿ = �Ą�ÿÿý × ��ÿÿý āĀĀý āĀÿāăÿāÿÿā�Āÿ ÿĀÿ�Āÿÿÿÿ āĀÿāăÿāÿÿā�Āÿ ÿĀ���� = ����ÿ� − ���Ā�ÿ��
Volume of each library in the final pool was calculated using the formula:  �ý�Āÿÿÿÿ āĀ Āă āĀĀýăĂ = 3 × ( ��ÿÿý āĀĀý āĀÿāăÿāÿÿā�Āÿ �ÿ ÿĀāĀÿþÿý�ĀăĂ ý�Āÿÿÿÿ āĀÿāăÿāÿÿā�Āÿ �ÿ ÿĀ)



The final molarity of the pool was checked by quantification on Qubit 
1X dsDNA HS Assay kit and through the TapeStation analysis. 

5.2.5.2 Pool denaturation and dilution 

The pool is diluted and denatured in accordance with "Protocol A: standard 
normalisation method" as outlined in the Illumina handbook for the NextSeq 
550 and NextSeq 500 sequencing systems. Table 5.2.5.2.1 lists the reagents 
needed for pool dilution and denaturation.  

Table 5.2.5.2.1. Reagents used for pool denaturation and dilution 

Reagents Description 

0.2 N NaOH 98 µL NFW + 2 µL 1 N NaOH 

200 mM Tris-HCl (pH 7.0)  

HT1 hybridization buffer 
(Illumina) 

High-salt concentration buffer used to dilute 
denatured libraries 

PhiX control v3 (Illumina) Diluted with HT1 to 1.5 pM or 1.8 pM) according 
to the Illumina kit used 

For pool denaturation, 0.2 N NaOH solution is added to the pool in the 
following volumes (Table 5.2.5.2.2) and incubated for 5 minutes at room 
temperature. 

Table 5.2.5.2.2. Volume of 0.2 N NaOH to be added to the denature pool 

Starting library concentration Library (µL) 0.2 N NaOH (µL) 

4 nM 5 5 

2 nM 10 10 

To dilute the denatured pool 200 nM Tris and prechilled HT1 are added in 
turn to obtain a final concentration of 20 pM (Tables 5.2.5.2.3 and 5.2.5.2.4). 

Table 5.2.5.2.3. Volumes of Tris-HCl to hydrolyse the NaOH 

Starting library concentration 200 mM Tris-HCl pH7 (µL) 

4 nM 5 

2 nM 10 

Table 5.2.5.2.4. Volumes of HT1 to dilute the pool 

Starting library concentration Prechilled HT1 (µL) 

4 nM 985 

2 nM 970 



The flow cell to be utilised for sequencing determines the library pool's final 
dilution. To get the loading concentration of 1.8 pM for high output kits, mix 
1183 µL of prechilled HT1 with 117 µL of denatured library solution. The 
loading concentration for mid output kits should be 1.5 pM, which can be 
accomplished by diluting 1203 µL of prechilled HT1 with 97 µL of denatured 
library solution. In both situations, the total volume is 1.3 mL. Lastly, as a 
sequencing control, an Illumina Phix spike-in equal to about 1% of the final 
pool is introduced. 

 

5.2.5.3 Illumina Sequencing 

Most of the ancient libraries were sequenced on the Illumina NextSeq 550 
platform on mid- or high-output flow cells with a run of 75 to 150 cycles, since 
the ancient DNA is highly degraded and its size is often under 100 bp. A few 
last runs were performed with the Illumina NextSeq 2000 on flow cell 
cartridges P2 and P3, with a run of 200 cycles, pair end sequencing (2x100). 

Illumina NGS systems use a sequencing by synthesis (SBS) method 
(Figure 5.2.5.3.1). It starts with the clustering process, where the prepared 
DNA anneals to the oligos ("P5" and "P7") located on the flow cell, which are 
complementary to one of the adapters of the library chains. The first 
amplification fixes the DNA fragments attached to the flow cell and allows the 
bridge amplification to begin after the denatured DNA strands are separated 
and the original template is washed away. The amplification process is carried 
out by DNA polymerase and takes place simultaneously in millions of clusters, 
resulting in massive clonal amplification of the DNA fragments. After the 
clusters are filled with copies of libraries, the reverse strands are removed 
from the clusters. Sequencing begins with primer fixation and extension of 
the first nucleotides. Only one of the four fluorescence-labelled dNTPs is 
incorporated into the new strand at a time. Each fluorescent labelled 
nucleotide also has a terminator sequence that allows the reaction to be 
stopped. This gives the Illumina sequencer's optical system time to read the 
light signal and define the nucleotide added to the growing strand. After the 
terminator sequence is removed, the polymerase can continue its work at the 
next nucleotide position (https://emea.illumina.com/science/technology/next-
generation-sequencing/beginners/ngs-workflow.html). 

Illumina sequencing has high accuracy, especially in homopolymers, a high 
yield of error-free reads, and a high percentage of base calls above Q30, 
which means that the probability of an incorrect base call is 1 in 1000, or 0.1% 
(Bentley 2008, Ross 2013). 

https://emea.illumina.com/science/technology/next-generation-sequencing/beginners/ngs-workflow.html
https://emea.illumina.com/science/technology/next-generation-sequencing/beginners/ngs-workflow.html


Figure 5.2.5.3.1. Illumina sequencing process overview (Lu 2016) 

The ancient libraries were sequenced on the Illumina NextSeq® 550 System 
at the IRCCS Mondino Foundation of Pavia (Drs. Stella Gagliardi and 
Rosalinda Di Gerlando) and on Illumina NextSeq® 2000 System at the Dept. 
of Molecular Medicine (Dr. Elisa Giorgio). 

Medium output cartridges were used for pre-screening of endogenous yield. 
If the endogenous yield was greater than 5%, the libraries were re-sequenced 
on high output cartridges to achieve a final depth of coverage of 0.5x.  

 

5.2.6 Ancient data analysis 

Ancient DNA has to be analysed in a modified way compared to modern DNA. 
A workflow includes processing of raw data retrieved after sequencing, 
alignment to a reference genome and estimation of the endogenous content 
of ancient DNA in a sample. Important step is evaluation of the possible 
modern human DNA contamination (Orlando 2021).  



5.2.6.1 Demultiplexing 

Demultiplexing of the libraries sequenced on the Illumina NextSeq 550 
system and NextSeq 2000 has the same workflow. It is a process of 
identification and assortment of the raw data from Illumina systems in Binary 
Base Call (BCL) format.    

Libraries which were sequenced with Illumina NextSeq 550 system and 
Illumina NextSeq 2000 were demultiplexed from BCL format, based on the 
detection of dual indexes that were added to DNA fragments during library 
preparation. The conversion from binary files into FASTQ files is done with 
Illumina software bcl-convert v.4.2.4 (https://support.illumina.com/ 
sequencing/sequencing_software/bcl-convert/downloads.html).  

All parameters were used in default, except for <--no-lane-splitting true=, which 
is used to put together in one file the FASTQs from different lanes. FASTQ 
files are text files that contain the information about sequence identifier, the 
nucleotide sequence, separator and a base call quality scores, data from the 
filtered clusters on a flow cell. As a result of this demultiplexing the software 
generates one or two FASTQ files: Read 1 (R1) and Read 2 (R2, if it was 
a paired-end run).  

5.2.6.2 Quality check 

A Unix-based pipeline created by our research group (with assistance from 
Drs. N. Rambaldi Migliore and M. Capodiferro) was used to evaluate the two 
raw FASTQ files. The program fastQC v0.11.8 (Andrews 2012) is used to 
check the quality of the raw reads. In order to determine whether there are 
any problems with the data before performing additional studies, it provides 
a modular collection of analyses. 

5.2.6.3 Processing of raw reads  

The software AdapterRemoval v2 was used to remove the adapters from the 
DNA sequences and for trimming low-quality bases. In brief, the minimum 
base quality score was set as 2 from the 59/39 ends of reads (Lindgreen 2012, 
Schubert 2016). Ambiguous bases (N) from 59/39 ends of reads were 
removed, as well as whole reads with more than 2 Ns after trimming. Short 
reads (less than 30 bp) were excluded from further analyses. Good quality 
paired-end reads which overlapped for at least 11 nucleotides were merged 
into a single consensus sequence. The software determines which of the two 
overlapping bases is of the highest quality and keeps it. The FastQC tool was 
used to verify the improvement of quality of the data produced and that 
adapter sequences have been completely removed. It is important to be sure 
that data is clean and suitable for downstream analyses. 

https://support.illumina.com/%20sequencing/sequencing_software/bcl-convert/
https://support.illumina.com/%20sequencing/sequencing_software/bcl-convert/


5.2.6.4 Alignment and filtering 

Mapping of the trimmed reads were made on the human reference genome 
hs37d5 with aln and samse commands of Burrows-Wheeler Aligner (BWA) 
v0.7.17 (Li 2010). Outputs are generated in the formats of .sai and .sam files, 
respectively. The aln algorithm is used for aDNA analyses because of better 
quality alignment of very short reads, which are typically less than 70 bp. For 
reducing the bias during the mapping step in aDNA analyses the edit distance 
which shows how dissimilar two sequences are by counting the minimum 
number of insertions, deletions or substitutions, was decreased to 0.01, which 
allows more mismatches, therefore reducing reference bias. To deal with 
ancient DNA post-mortem damage the maximum number of gap opens 
(which refers to the insertion or deletion of bases in the alignment), was 
increased to 2, and the seeding was disabled which makes the alignment 
more flexible (Schubert 2012, Martiniano 2020). 

One of the produced types of files in .sam format was converted into a binary 
alignment map (.bam) file by using the software SAMtools v1.17. (Li 2009). 
This file facilitates the storage and computation, because it stores the same 
information as .sam but in a binary version. SAMtools also removes all low-
quality reads (less than 20) and all unmapped reads, making the reads ready 
for the downstream steps of analyses.  

5.2.6.5 Duplicates removal and indexing 

Removal of duplicates is crucial for minimisation of biases introduced during 
PCR amplification, prevention of overestimation or false positivity in detection 
of variants. It ensures more accurate measuring of effective sequencing 
depth and confirms reliability of aDNA damage patterns.  

The DeDup tool which is made for ultra-short DNA (Peltzer 2016) was used 
to remove duplicates. DeDup is specific for ultra-short DNA and removes 
reads with the same starting position at both 59 and 39 ends. After that .bam 
files were indexed with SAMtools and .bai files produced as outputs. This 
indexing gives efficient data retrieval for analysis. Indexing allows fast random 
access to different genomic regions, which in turn, ease the visualisation, 
enables faster downstream analyses for extraction of alignments of particular 
overlapping genomic regions. 

5.2.6.6 Soft clipping  

Variant calling and further analyses require a BAM file without post-mortem 
damage aDNA pattern. The half-UDG protocol for preparation of the libraries 
gives us mistakes in the last two nucleotides from both sides of a read, 
therefore the aim is to mask these positions. Hence, TrimBam from the 
bamUtil v. 1.0.15 software (Jun 2015) was used to soft clip the two terminal 



bases at each end of the reads. Hence, soft clipping keeps the nucleotides in 
the reads, but labels them as not a part of the primary alignment. This 
maintains the overall length and integrity of the sequences while excluding 
potential confusion from further analysis. 

5.2.6.7 Quality control 

A quality control of the BAM files was made with Qualimap v.2.2.2-dev 
(Okonechnikov 2016). The tool provides summary statistics of the BAM file, 
such as number of mapped and unmapped reads, duplication rates, and 
overall alignment rates. Also, it shows depth of coverage across the genome, 
GC content of reads, the distribution of read lengths in the dataset. For the 
mapping statistics it provides mapping quality scores, which designate the 
estimates of the placement of reads on the reference genome. 

5.2.6.8 Damage patterns analyses  

The original BAM file (not soft clipped) can be used for estimation of the 
damage, error rate, and contamination and ancient DNA authentication, since 
it retains typical aDNA damage patterns in the terminal(s) bases of the reads. 
To make sure of the typical aDNA characteristics the software mapDamage 
v. 2.1.0 (Jónsson 2013) was used. Two types of input files are necessary for 
the software: a BAM file with the correct header and a FASTA file with 
included reference sequence for mapping the reads. To lower the running 
time, a downsampling option was used which randomly chooses a fraction of 
the reads, equivalent to 20% of the total.  

The software mapDamage v.2.1.0 is designed for ancient DNA analyses. It is 
needed for assessing and quantifying the aDNA damage patterns and 
visualising them with graphic outputs. The software is able to identify and 
quantify C-to-T and G-to-A transitions, point higher damage rates at the ends 
of DNA fragments, which is typical for ancient DNA in particular, differentiate 
between ancient DNA and potential modern contaminants. 

DNA fragments in ancient samples typically have higher damage rates at the 
ends compared to modern DNA. The mapDamage can pinpoint these end-
specific damages, which are crucial for distinguishing ancient DNA from 
modern contaminants and length distribution of DNA fragments, showing the 
fragmentation patterns.  

5.2.6.9 Error rate 

The software Analysis of Next Generation Sequencing Data (ANGSD) 
v. 0.940 (Korneliussen 2014) was used for estimation of the error rate of the 
sequences reads. This method considers the excess of derived alleles in a 
sequenced individual compared to the derived alleles in an <error-free= 



genome. The analysed genome and the <error-free= sequence should have 
the same number of derived alleles, while any additional polymorphisms 
found are the result of errors (Orlando 2013). The derived alleles are 
determined with respect to an outgroup sequence (we used the chimpanzee 
genome). As an <error-free= individual we considered a high-coverage 
genome from the 1000 Genomes Project (Byrska-Bishop 2022).  

5.2.6.10 Sex estimation 

The molecular sex of the individuals can be sometimes the only accessible 
estimation for some kind of badly preserved remains, and after all the 
previous steps of analysis of the sequenced data it is a highly reliable 
instrument of information, surely in case of good quality aDNA outputs 
(White 2011). Therefore, the molecular sex was identified by consideration of 
the number of alignments to chromosomes X and Y. 

RY method 

According to the method of (Skoglund 2013) a 95% normal approximation 
confidence interval (CI) is established using the RY approach and is 
computed as the number of Y chromosome alignments (ny) divided by the 
total number of sex chromosomal alignments (nx+ny). If the confidence 
interval lower bound exceeds 0.077 and the confidence interval upper bound 
is less than 0.016, the sample is categorised as male. 

RX method 

Another estimation of the sex is made according to (Mittnik 2016) which 
computes the Rx value, i.e. the average normalised ratio of the reads aligned 
to the X chromosome to the reads aligned to the 22 autosomes. In this 
method 95% normal approximation confidence interval (CI) is established as 
in RY. If a sample's CI upper bound is less than 0.60 it is deemed a male, 
while if its CI lower bound is greater than 0.80, the sample is considered a 
female.   

5.2.6.11 Classification of mtDNA  

As mtDNA is a circular molecule it has some difficulties with mapping it 
against rCRS. CircularMapper v.1.93.5 (Peltzer 2016) was therefore used to 
map reads to a linear reference sequence, but accounting for circularity. This 
tool elongates the linear representation of the genome by duplicating a small 
segment (500 nucleotides) from the beginning of the sequence and attaching 
it to the end. This allows to align correctly the reads which overlap the <end= 
of the linear genome, since these extra 500 nucleotides simulate the circular 
nature of the genome. After that, reads were again remapped to the standard 
rCRS with the same tool. Reads which did not pass the quality filter of a 



mapping quality score of 30, unmapped reads, or duplicates were then 
discarded. 

The newly produced BAM files were analysed with the ANGSD software to 
create a consensus FASTA file. For this output only reads with a minimum 
quality of 30 and positions with a minimum depth of 5 are considered. 

The obtained FASTA file was run through the Haplogrep 3.2.1 software 
(Schönherr 2023), which classified FASTA files assigning a haplotype and 
mitochondrial haplogroup for each sample. 

5.2.6.12 Contamination estimation methods 

Contamination of extracted DNA from ancient remains still has to be checked 
for the presence of any modern human contaminants. In case of detected 
contamination, it must be eliminated before going to further steps of analyses 
(Racimo 2016). Two different methods were used to evaluate the 
possible contamination. These methods are based on mtDNA investigation. 
One called ContamMix, another one Schmutzi. These methods are popular 
due to easier usage and more precise estimation for low-coverage DNA 
sequencing, because of the size and the amount of the copies of mtDNA per 
cell, allowing to use it as a proxy for nuclear DNA contamination. For each 
method used a BAM file generated at the very beginning (paragraph 5.2.6.4), 
which contains the whole picture of the damage pattern.  

ContamMix 

ContamMix v1.0-10 (Fu 2013) is a tool designed for estimation of 
contamination on aDNA sequences. The software is able to identify modern 
DNA contamination by comparison of the sequences from the aDNA sample 
to known modern reference genomes. ContamMix is working with low-
coverage samples, yet with coverage that allows it to call the true endogenous 
mtDNA consensus sequence. It works with ancient samples as if they are 
sufficient and also it is considered as granted that contamination in the data 
cannot be higher than 50%. The consensus sequence was built from the 
alignment with ANGSD v.0.940 (Korneliussen 2014) with reads of mapping 
quality higher than 30 and base quality more than 20, and with 
parameters -doCounts 1 and -doFasta 2. All positions covered by less than 
three reads were discarded and considered as Ns. 

After being converted to FASTQ, the original reads that mapped uniquely to 
the mtDNA reference sequence were remapped to this consensus. Multiple 
Alignment Fast Fourier Transform (MAFFT) v7.475 (Katoh 2002, Katoh 2013) 
was used to align the consensus sequence with a panel of 311 modern 
mtDNA genomes from around the world (Green 2008), which served as a 
source of probable contaminants. The multiple sequence alignment and the 



newly created BAM files were used as inputs. To evaluate the degree of 
contamination, a Markov chain Monte Carlo (MCMC) framework was applied. 

Schmutzi 

Schmutzi is a software used for analysing contamination in mitochondrial 
aDNA data. Schmutzi utilises Bayesian statistical methods and likelihood 
calculations to find the differences between endogenous ancient sequences 
and contaminant modern sequences by considering measures of both 
deamination (considering that modern DNA is not deaminated) and fragment 
length distributions (Renaud 2015). The primary input is also BAM files. This 
estimate is used as an input for the next step, where contamination is 
evaluated using differences in SNPs between the endogenous mtDNA 
sequence and a database of potential contaminant modern mitochondrial 
genomes. The procedure is repeated until a solid estimate of the 
contamination rate is obtained and a single contaminating mitochondrial 
genome is found. In fact, the tool can output a consensus sequence of the 
found contaminant, for identification of the source. Important to consider that 
the protocol of library preparation that had been used with half-UDG 
treatment for removing typical aDNA damage can have a negative effect on 
this type of contamination estimates due to removal of deamination pattern. 

HapCon 

The software HapCon (https://haproh.readthedocs.io/en/latest/hapCon.html) 
works well with aDNA of modern Homo Sapiens, while it cannot be used for 
study of Neanderthals or Denisovans or other archaic hominins. Also, it has 
some difficulties with data from Sub-Saharan individuals, because of big 
amount of related ancestry, which is not covered in the 1000Genome dataset. 
Nevertheless, this method allows to obtain reliable results for WGS data with 
coverage as low as 0.02X on the male X chromosome or even 0.1X for SNP 
capture data (1240k). The software assumes that the haplotype of interest 
of X chromosome can be a mosaic copy from the modern reference 
sequences.  Mismatches between the observed sequences and the copied 
haplotypes are modelled as either errors or contamination (Huang 2022). 
Finally, the software uses a Hidden Markov Model (HMM) to estimate 
contamination by maximum likelihood. We used default parameters together 
with 1000Genome reference panel for our male individual UKR-K4b4.  

5.2.6.13 Pseudo-haploid variant calling 

Given the low coverage nature of aDNA sequences, aDNA variant calling is 
usually performed in a <pseudo-haploid= manner. One allele is picked for each 
covered position by randomly sampling only one of the reads. The pseudo-
haploid variant calling was done with ANGSD with option -doHaploCall 1 on 



the 1240K SNP set. The output file comes in haplo.gz format, in which each 
row contains information about a SNP site, chromosome name, specific 
position of SNP and major allele in populations. The haplo.gz file must be 
converted into PLINK format files .tped and .tfam, which are required for 
further downstream analyses.  

5.2.7 Kinship analysis 

To find relatedness of the individuals in the datasets two different methods 
were used in this work. Ancient data were analysed with help of READv2 
(Relatedness Estimation from Ancient DNA version 2) software. It uses 
pseudo-haploid input data (.tped and .tfam files) with the genome divided into 
1 Mbp windows for estimation of pairwise mismatch rate per window.  After 
that, it uses the genome-wide mean for classification of the relationship. The 
estimated pairwise mismatch rate on an unrelated pair of individuals from the 
same population is used to normalise the data and adjust for variations in 
background relatedness caused by SNP ascertainment and population 
diversification. Next, READ classifies pairs of individuals as identical/twins, 
first-degree relatives, second-degree relatives, third-degree relatives, or 
unrelated using this normalised pairwise mismatch rate (P0). After 
normalisation of the P0, this value is used to classify each pair of individuals 
as unrelated (P0 g 0.90625), second-degree relationship 
(0.90625 < P0 f 0.8125), first-degree relationship (0.8125 < P0 f 0.625) 
or identical twins or individual (P0 < 0.625) (Alaçamlı 2024). 

Another method used for checking of the kinship was KIN tool 
(https://github.com/DivyaratanPopli/Kinship_Inference), which is used for 
kinship analysis of aDNA, designed to identify close relatives within a dataset 
by analysing genetic similarities. It measures the probability of two alleles of 
the same locus from different individuals to be identical by descent. As input 
files were used soft clipped .bam and .bai files with .bed file which contains 
information about the positions of SNPs to be analysed from 1240K panel.  

Among ancient genomes from the territory of Ukraine were observed two 
Scythian individuals which were shown as identical or twins with the READv2 
software, therefore we double checked it with the KIN tool. It was proved that 
the bones we obtained were from the same individual, also by this test, since 
the studied bones were coming from left and right temporal bones, we 
assumed and assured with colleagues in collaboration (P. Shydlovskyi, 
L. Samoilenko, C. Sharapova) that it could be destroyed cranium of the same 
individual. Therefore, for the further analysis the obtained BAM files were 
merged and analysed as one sample UKR-K1b1&2. The other individuals 
under study, according to a second-degree relatedness threshold, were found 
as not related.  



5.2.8 Allele frequency analysis 

All main steps for PCA were done as described in paragraph 5.1.2.3. The 
pseudo-haploid genotypes of ancient individuals were merged with a panel of 
modern populations genotyped with the Human Origin array (Capodiferro 
2021) using PLINK v.1.9. This dataset was converted from PLINK into the 
EIGENSOFT format, using EIGENSOFT convertf tool (Patterson 2012). 

Important modifications were done on the ancient DNA dataset.  Smartpca 
was run using the option lsqproject, allowing the calculation of the principal 
components only of the modern populations and projecting on them the 
ancient individuals. For plotting the outputs, the ggplot2 package of R 4.3.0 
was used (Wickham 2016).  



6. Results on modern individuals from present-day 
Ukraine (Donetsk oblast) 

 

6.1 Mitochondrial variation in Donetsk oblast 

After sequencing all 94 mtDNAs, we excluded three samples (UA11, UA72) 
due to very low-quality sequences or contamination (UA87). All these three 
samples belong to the group with Ukrainian TMA; two of them were from 
Donetsk oblast, and one from Mykolaiv oblast. 

In the final dataset of 91 complete mitogenomes, the number of polymorphic 
sites (S) shows high variation among individuals (Table 6.1.1). Such genetic 
variation can be explained by extensive admixture and/or large effective 
population size. Haplotype diversity (Hd) evaluates the uniqueness of 
haplotypes within the population. The closer the value is to 1, the more 
genetic diversity is present in the population. The studied population displays 
very high diversity, in agreement with other neighbouring European 
populations (with sample sizes g 80 and Hd = 0.999; Table 6.1.1). An 
interesting exception is Sardinia (n = 63 and Hd = 0.992), which is known for 
being an isolated population with a higher level of inbreeding. The high values 
of Hd of the Ukrainians, both published and studied in this research, suggest 
either a large stable population or recent expansions with new mutations 
differentiating haplotypes.  

Table 6.1.1. Comparison of genetic diversity indices among European populations 

Population 
N 

samples 
N 

haplotypes 
S 

Hd 
(std dev) 

Ã 
(std dev) 

Donetsk oblast 91 91 520 0.999 (0.00002) 0.0018 (0.0007) 

Ukrainians * 144 141 na 0.999 (0.001) 0.0018 (0.0001) 

Russians * 376 361 na 0.999 (0.000) 0.0018 (0.0001) 

Czechs * 150 140 na 0.999 (0.001) 0.0017 (0.0001) 

Slovaks * 139 133 na 0.999 (0.001) 0.0017 (0.0001) 

Poles * 300 287 na 0.999 (0.0003) 0.0019 (0.0001) 

Hungarians * 80 78 na 0.999 (0.002) 0.0018 (0.0001) 

Sardinians * 63 50 na 0.992 (0.004) 0.0015 (0.0001) 
S is Number of polymorphic sites; Hd is Haplotype diversity; π is Nucleotide 
diversity; the asterisk indicates data from (Malyarchuk 2023) 

Nucleotide diversity (π) measures the average genetic differences per site 
when comparing pairs of sequences. The π value for the Donetsk oblast 
population is 0.0018 (Table 6.1.1), which is relatively low and indicates that, 
despite the large number of polymorphic sites, the overall genetic divergence 
among individuals is small. These data suggest that the Ukrainian population 



may have passed through a bottleneck followed by rapid growth, as seen in 
other European populations. The even lower value in Sardinia confirms a 
closely related population with a recent common ancestry.  

In conclusion, these data suggest that the current population of Donetsk 
oblast has experienced expansions and/or a complex admixture history (high 
haplotype diversity), but probably in recent times (low nucleotide diversity). 

The maximum parsimony tree of the final dataset of 91 mitogenomes reveals 
extensive mtDNA variation within the region, with different branches and sub-
branches corresponding to 80 haplogroups and sub-haplogroups 
(Figure 6.1.1). 

 

Figure 6.1.1. Maximum parsimony tree of the entire Donetsk oblast mitogenome 
dataset with an African outgroup (Af) belonging to L3a 



The main branches of the tree represent 37 major haplogroups, most of which 
are of western Eurasian origin (96.7%; Figure 6.1.2). According to the 
literature (Pshenichnov 2007, Malyarchuk 2023, Ба?а=>вE><= 2012), the 
most frequent haplogroup in this area is H. In our dataset, the most frequent 
haplogroup is also H (42.9%), which includes several sub-branches: H1-H3, 
H5-H7, H10, H11, H13-H15, H23, H34, H36, H41, H54, H55, H102. Other 
common haplogroups are U5 (11%) and J1 (10%). Haplogroups typical of 
western Eurasia were also found at very low frequencies, such as V and sub-
branches of U, i.e. U4, U5a (U5a1 and U5a1a) and K. These data indicate 
similarities between the Ukrainian gene pool and other European populations. 
However, haplogroups of East Asia origin, D4 and G3, are also present at low 
frequencies (3.3% in total), consistent with previous studies on Ukraine where 
D, G and Z were reported at 1.6% (Pshenichnov 2013), 2.5% (Mielnik-
Sikorska 2013), and 2.8% (Malyarchuk 2023) in total. 

 

Figure 6.1.2. Haplogroup frequencies in the present-day Donetsk oblast region 

These similarities with available mtDNA datasets on Ukrainian populations 
are also confirmed when considering the HVS1 sequences (nps 16024-
16400) and coding-region genotyping data published in (Ба?а=>вE><= 2012) 
(Table 6.1.2). The Ukrainians in that study were from western regions 
(Khmelnytska oblast, Lviv oblast, and Ivano-Frankivsk oblast), the central 
region (Cherkasy oblast), and Ukrainians from Belgorod oblast (present-day 
Russia). The Cossacks are represented by groups currently living in Russia 
(Kuban and Terek Cossacks), with some degree of descent from Ukrainian 
Cossacks. 



Table 6.1.2. Comparison of frequencies of major mtDNA haplogroups in East Slavic 
populations 

Mt Haplogroup Ukrainians* 
(n= 610) 

Cossacks* 
(n= 256) 

Ukraine Donetsk 
(n= 91) 

D 0.002 0.008 0.022 

G 0.002 0.000 0.011 

H 0.384 0.394 0.429 

HV 0.035 0.015 0.022 

I 0.027 0.038 0.033 

J 0.086 0.106 0.153 

T2 0.077 0.061 0.055 

U4 0.052 0.023 0.044 

U5 0.098 0.083 0.109 

U* 0.057 0.069 0.065 

K 0.049 0.068 0.022 

V 0.050 0.015 0.011 

W 0.026 0.008 0.022 
*Ukrainians and Cossacks data taken from (Ба?а=>вE><= 2012). Cossacks cohort 
represented by Kuban and Terek Cossacks

In conclusion, our data are consistent with other mitochondrial datasets on 
Ukraine, already published on larger cohorts, thus confirming the goodness 
of the mitochondrial gene pool described in this thesis at the highest possible 
molecular resolution. The final picture describes a high level of mtDNA 
variation within the present-day Ukraine, testified by a variety of different 
haplogroups, mostly of western Eurasian origin. 

To summarise the information embedded in the mtDNA haplogroups, we 
performed a principal component analysis (PCA). In Figure 6.1.3, we 
compared our high-coverage Ukrainian modern mitogenomes from Donetsk 
oblast with modern data reported in GenBank (Nucleic Acids Research, 
2013). This comparative dataset included 22 Ukrainians (labelled in green in 
the final plot) as well as 54 populations from Europe, western and southern 
Asia and North Africa. 

The peculiar position of the Ukrainian GenBank dataset along the PC2, close 
to southern European and Middle Eastern populations, can be due to the low 
number of samples (only 22). In contrast, our Ukrainian dataset from Donetsk 
oblast is plotted near to European countries, while most of the Asian part of 
Russia is pushed farther away by the first and more significant principal 
component. This confirms a scenario already reported in the literature 
through analyses of hypervariable mtDNA sequences (Pshenichnov 2007, 
Pshenichnov 2013). 

https://www.ncbi.nlm.nih.gov/pubmed/23193287
https://www.ncbi.nlm.nih.gov/pubmed/23193287
https://www.ncbi.nlm.nih.gov/pubmed/23193287


Figure 6.1.3. PCA with complete mitogenomes from Europe, western and southern 
Asia, and North Africa. - Ukrainian population from Donetsk oblast studied here, 

- Ukrainian mitogenomes recorded in GeneBank 
 

6.1.1 Age estimates and demographic trends 

Figure 6.1.1.1 shows age estimates for haplogroups that include at least three 
mitogenomes. These age estimates are consistent with those reported in the 
literature. The oldest estimate is for macrohaplogroup L3, which marks the 
out-of-Africa exit (Torroni 2006). It is dated between 60 and 70 kya, based on 
the entire dataset. Two of the most ancient western Eurasian (Palaeolithic) 
Hgs, U5 and U8, are both dated between 30 and 50 kya, while the ages of 
Hgs H1 and U5b1b1 (about 10-15 kya) point to the late glacial repopulation 
of western Eurasia (Achilli 2004, 2005). Notably, an H1 mitogenome has also 
been identified in an ancient Catacomb individual (see section 7.2.1). The 
more recent estimates of H5a and J1c2, less than 10 kya, could be related to 
movements of Neolithic farmers from the Near East (Roostalu 2007).  



Figure 6.1.1.1. Age estimates based on entire mitogenomes from Donetsk oblast 

plus two ancient mitogenomes (see section 7). Different colours represent different 

haplogroups  

The fact that the modern mitogenomes analysed here belong to haplogroups 
of different ages implies that the current mitochondrial gene pool of Donetsk 
oblast has been shaped by multiple migrations over time. This is further 
supported by the demographic trend depicted by the Bayesian Skyline Plot 
(BSP, Figure 6.1.1.2).  

 

Figure 6.1.1.2. Bayesian plot of the dynamics of the effective population size over 

time of the Donetsk oblast population. The plot shows the median values and 

the 95% confidence interval with the highest a posteriori probability 



An initial increase in the effective population size (Ne) started around 45 kya 
and lasted until about 38 kya, corresponding to the first peopling of Europe 
during the Paleolithic. A second increase is shown between 11 and 6 kya. 
This period is also known as the Neolithic Revolution associated with the 
spread of agricultural technology from the Near East.  

In the literature (Malyarchuk 2023), a BSP for Ukrainian individuals and 
neighbouring populations from Russia reported a fluctuation in population 
size around 21 kya (corresponding to the Last Glacial Maximum). This may 
suggest the presence of human populations in eastern Europe (e.g., in glacial 
refugia). Additionally, it was found that the Ne of mixed cohorts from Ukraine 
and Russia has grown exponentially over the past 5,000 years beginning in 
the Bronze Age. This growth could reflect the spread of Kurgan culture 
bearers into northern and eastern Europe. In contrast, our plot, based on the 
Donetsk population, shows a plateau with a stable Ne, probably due to the 
small sample size. 

 

6.2 Combining genealogical and mitochondrial data 

After analysing the documents regarding the origin of the 91 mitogenomes, 
we identified 67 with TMAs from Ukraine and 24 from Russia. Among the 
probands whose DNA was sequenced and who had TMAs from Ukraine 
(n = 67), approximately 45% were from Donetsk oblast. To visualise the 
birthplaces of the Ukrainian TMAs, a map was created (Figure 6.2.1). The 
map illustrates the broad geographic distribution of the mtDNAs studied in 
this thesis. Given the comprehensive coverage across the country, this study 
not only describes a specific regional population but can also be extended to 
the national level. 



 

Figure 6.2.1. Distribution of TMAs from Ukraine with birthplace localities, the size of 
the dots indicates the number of probands with the ancestry from a particular place 
or region. The dots represent exact localities when available; otherwise, they were 
placed in the administrative centre of each oblast 

When comparing the haplogroup frequencies between probands with TMAs 
from Ukraine and TMAs from Russia (Figure 6.2.2), no statistically significant  

 
Figure 6.2.2. Comparison of haplogroup frequencies in the two TMA subsets 
(Ukraine and Russia). H* includes H6, H7, H13-H15, H23, H34, H36, H41, H54, 
H55, H108. U* includes U1-U3, U7, U8 



difference was found (p >0.05). However, the smaller number of mtDNAs with 
TMAs from Russia must be considered, which also accounts for the higher 
number of haplogroups in the Ukrainian dataset. In particular, two 
haplogroups of East Asian origin and seven from western Eurasia were found 
only in Ukraine. Taking into account the sample bias and the observed 
differences in the mtDNA gene pools of the two datasets, the possibility that 
Ukraine and Russia have different ancestral roots from a maternal 
perspective cannot be entirely ruled out. 

 

6.3 Genome-wide profiles in Donetsk oblast 

The DNA of 45 modern individuals from Donetsk oblast, whose grandparents 
were born in Ukraine, was genotyped using the Axiom Genome-Wide Human 
Origins 1 array. All 45 genotyped individuals passed the quality checks and 
were kept for further analysis. 

6.3.1 Kinship 

The kinship analysis performed with the KING software revealed no evidence 
of relationships up to the third degree, thus none of the genotypes were 
excluded from subsequent analyses. 

6.3.2 PCA  

The Principal Component Analysis of our 45 modern individuals from Donetsk 
oblast (with TMA and TPA from Ukraine) and 1469 modern individuals from 
Western Eurasian populations (Mallick, Micco 2023, Mallick, Reich 2023, 
Reitsema 2022) is shown in figure 6.3.2.1. 



 

Figure 6.3.2.1. PCA plot of 45 modern Donetsk oblast individuals (in red) with a 

comparative dataset of Western Eurasia populations (in grey). Other Ukrainian 

populations are highlighted in blue (northern Ukraine) and yellow (unspecified 

regions) 

The first principal component (PC1) accounts for the greatest variance among 
the populations and roughly separates the eastern countries from the western 
ones along the horizontal axis. The second principal component (PC2) 
divides northern European countries from southern ones, with a gradual 
transition. On the left side of the plot, we can observe a cline from northern 
European populations at the upper end toward Mediterranean ones. The cline 
on the right is characterised by Caucasian populations transitioning toward 
North African groups. Individuals from the Mediterranean region and Jewish 
communities fall between these two main genetic clines.  

Ukrainian individuals from Donetsk oblast are plotted together with published 
Ukrainian genomes, with only one clear outlier (UA36, mtDNA haplogroup 
H55a) positioned closer to Balkan populations. Similar outliers with a genetic 
profile resembling those of southern Europe have been reported previously 
(Oleksyk 2021). The main Ukrainian cluster almost overlaps with an eastern 
Slavic cohort that includes Russian and Belarusian groups, and is close to 
northern European countries (e.g., England and Lithuania). The next closest 



groups are Bulgarians and Gagauz, who are geographically located to the 
southwest of Ukraine.  

 

6.3.3 Admixture 

The same dataset used for the PCA was also used to perform an admixture 
analysis up to K 20. The smallest CV error was 0.424 at K= 4 (Figure 6.3.3.1).  

The admixture analysis appears to confirm the genetic similarities between 
northern and eastern European groups. Compared to other modern 
populations of western Eurasia, Ukrainian individuals from Donetsk oblast 
have a similar pattern with respect to published Ukrainians, Belarusians, and 
Russians. In Lithuania the proportion of blue and purple components is also 
comparable, though without the contribution of the green ancestry. 

Neolithic farmers are potential sources of the blue component, which is widely 
represented in all present-day European populations, such as France, Spain, 
Italy, northern and eastern Europe, and Ukraine. The purple component may 
derive from the steppe pastoralists of the Yamna culture, which connected 
Europe and Asia through widespread movements between 5 and 4.5 kya 
(Lazaridis 2022). The Yamna expansion also crossed the Caucasus around 
4000 years ago, leaving genetic traces in the modern Caucasian populations. 
The green component, identified at low frequency in Ukrainians, may 
represent a complex ancestry derived from Neolithic Iran and Caucasus 
hunter-gatherers (Clemente 2021). Finally, the red component, more 
pronounced in a single Ukrainian individual from Donetsk, may confirm the 
influence of another Near Eastern ancestry, clearly observed in Levantine, 
Arabic, and Anatolian populations. These were probably other nomadic 
groups that spread pastoralism across the North Pontic-Caspian steppe 
(Penske 2023). 

In summary, modern Ukrainians from Donetsk oblast have two main 
components derived from Neolithic farmers (blue), and Eneolithic steppe 
pastoralists (purple), but also experienced admixture events with Neolithic 
Iranian groups and Caucasian hunter-gatherers (green), as well as with Near 
Eastern farmers (red).  

 

 



Figure 6.3.3.1 Admixture plot including the population of Donetsk oblast at K=4 

In the reported barplot, each colour denotes an inferred ancestral population, and 
each thin vertical line represents an individual. The length of each vertical bar 
indicates the percentage of an individual's ancestry that comes from the inferred 
ancestral population associated with that colour



7. Results on ancient individuals from 
archaeological sites of present-day Ukraine 

 

7.1 Anthropological context and radiocarbon dates 

We selected bone or tooth fragments from seven individuals representing 
three different cultures and time periods (Yamna, Catacomb, and Scythian) 
based on anthropological assessments, which are summarised in table 7.1.1. 

Table 7.1.1. Anthropological information on individuals studied for this thesis 

Extraction ID Skeletal element 
Anthropol. 

sex 
Anthropol. 

age 
Bone Quality 

UKR-b8    
Molar I, 6 or 7 

F 18-25 
brown root, little 

cracks Molar III, 7 

UKR-K4b13 Temporal bone M 25-30 Bad, porous 

UKR-k21b-10A 
Pre-Mo, upper 

M 40+ 
Brown root, little 

cracks 
Temporal bone Porous bone 

UKR-k21b-10B Temporal bone F 35+ Outside porous, 
inside good 

UKR-K4b4 Temporal bone M 50+ Good 

UKR-K1b1.1 Temporal bone F 35+ Good 

UKR-K1b1.2 Temporal bone M 35+ Good 

The results of radiocarbon dating confirmed the temporal and cultural 
contexts (Table 7.1.2). The Yamna culture existed in the territories of Ukraine 
from approximately 5,000 to 4,300 years before present (yr BP). The 
Catacomb culture spanned from 4,800 to 4,500 yr BP, with the Late Culture 
monuments dating back to 4,45034,400 yr BP, and extreme dates ranging 
from 4,000 to 3,900 yr BP. Finally, the Scythian culture is dated from 2,700 to 
2,200 yr BP in separate areas.  

Table 7.1.2.  Radiocarbon dating results 

Culture Sample code
14C Age 
[yr BP] 

Yamna 
UKR-b8 4194±21 

UKR-K4b13 4165±21 

Catacomb 
UKR-k21b10A NA 

UKR-k21b10B 3891±21 
UKR-K4b4 3928±21 

Scythian 
UKR-K1b1.1 2203±19 
UKR-K1b1.2 2179±19 

NA - data not available 



7.2 Ancient low-coverage genomes  

After 44 extraction attempts, the sequencing results of 32 good quality 
libraries from seven ancient individuals are summarised in table 7.2.1. 

Unfortunately, none of the sequencing efforts on the two Yamna individuals 
(UKR-b8 and UKR-K4b13) yielded sufficient endogenous reads for further 
analysis.  

One (UKR-K4b4) of the three representatives of the Catacomb culture 
provided good sequencing results, which allowed us to obtain low-coverage 
genome data and to classify the mtDNA haplogroup. The endogenous 
content of this individual was estimated to range between 7.2% and 9.9% 
across three runs, with a merged average depth of 0.5X. The other two 
samples from a paired burial (UKR-k21b-10A and UKR-k21b-10b) yielded 
less than 0.03% endogenous DNA. 

The aDNA extracted from the two Scythian individuals (UKR-K1b1.1. and 
UKR-K1b1.2) performed well, revealing an endogenous content between 3% 
and 33%, with a merged average depth of 0.6X. It is worth mentioning that 
anthropological and molecular sex determination differed for UKR-K1b1.2 
(Tables 7.2.1 and 7.1.1). 

In summary, we successfully obtained three low-coverage genomes (UKR-
K1b1.1. UKR-K1b1.2 and UKR-K4b4) from the initial collection of seven 
individuals, achieving a 43% success rate. 

Fragment length distributions, misincorporation patterns and error rates of 
these ancient genomes revealed typical patterns of ancient DNA, serving as 
a valuable tool to confirm the authenticity of the reads (see Figure 7.2.1 for 
an example). The complexity curves suggest the potential to increase the 
average depth by performing deep sequencing on the same libraries. 

 

 

 

 

 

 
 
 
 



Table 7.2.1. Sequencing results on ancient individuals from Ukraine 

Culture 
Sample 

ID 

Read 
leng. 
avg 

% 
duplic
ates 

% 
endo 
gen. 
DNA 

Avg 
depth 
(entire 

genome) 

Sex 
 

Avg 
depth 

MT 

mtDNA 
Hg 

Yamna 

UKR-b8 

47 12.28 0.02 <0.001 NA 0.01 NA 

53 10.21 0.03 <0.001 NA 0.01 NA 

47 12.28 0.02 <0.001 NA 0.01 NA 

53 10.21 0.03 <0.001 NA 0.01 NA 

UKR-
K4b13 

58 13.89 0.04 <0.001 NA 0.004 NA 

54 8.46 0.05 <0.001 NA 0.005 NA 

77 17.36 0.05 <0.001 NA 0.059 NA 

77 16.43 0.14 <0.001 NA 0.102 NA 

58 13.89 0.04 <0.001 NA 0.005 NA 

54 8.46 0.05 <0.001 NA 0.005 NA 

Cata-
comb 

UKR-
k21b-
10A 

37 2.71 0.01 <0.001 NA NA NA 

37 3.11 0.02 <0.001 NA 0.01 NA 

39 2.29 0.01 <0.001 NA NA NA 

36 4.83 0.02 <0.001 NA 0.001 NA 

36 3.78 0.01 <0.001 NA 0.002 NA 

37 3.97 0.01 <0.001 NA 0.002 NA 

36 3.37 0.02 <0.001 NA NA NA 

54 14.97 0.01 <0.001 NA 0.003 NA 

54 13.33 0.26 0.001 NA 0.139 NA 

46 12.70 0.02 <0.001 NA 0.004 NA 

UKR-
k21b-
10B 

35 13.61 0.01 <0.001 NA 0.004 NA 

36 15.94 0.03 <0.001 NA 0.006 NA 

38 14.99 0.01 <0.001 NA NA NA 

40 12.62 0.01 <0.001 NA 0.003 NA 

UKR-
K4b4 

50 16.59 9.86 0.025 M 2.89 H1b 

53 24.28 7.54 0.263 M 28.81 H1b 

53 23.47 7.20 0.354 M 38.02 H1b 

Scythian 

UKR-
K1b1.1 

54 16.7 20.2 0.172 F 27.73 D5a2a2 

54 1.09 8.56 0.012 F 1.62 D5a2 

UKR-
K1b1.2 

55 18.62 33.10 0.337 F 30.40 D5a2a2 

52 10.95 3.86 0.031 F 3.87 D5a2a2 

68 1.49 3.05 0.004 F 0.54 NA 
Avg – average; Mt – mitochondrial; leng. – length; NA – not available 



 

Figure 7.2.1. Sequence analysis of the UKR-K4b4 reads. (A) complexity of the 

library, (B) the length fragment distribution with a peak around 50-70 bp, (C) error 

rates compared to a modern DNA individual, and (D) the frequency of transition (C to 

T and G to A) at the end of the reads 

Due to the low coverage, three methods were employed to estimate the level 
of contamination and confirm the results. ContamMix provides the probability 
of the authenticity of the endogenous sequence, with higher values being 
preferable, ideally approaching 1. In contrast, Schmutzi and hapCon estimate 
contamination, where lower values are preferable, ideally close to 0 with an 
acceptable threshold up to 3%. All three methods provide a confidence range 
for the contamination estimates, shown in parentheses (Table 7.2.2). 

Table 7.2.2. Contamination estimates with confidence intervals for UKR-K1b1.2. 

UKR-K1b1.1 and UKR-K4b4  

NA means undetermined 

For samples UKR-K1b1.1 and UKR-K1b1.2, hapCon could not be applied, 
because it relies on haploid chromosomes, specifically the X chromosome in 

Culture Sample ID Sex ContamMix Schmutzi HapCon 

Scythian 

UKR-K1b1.1-
Co 

F 0.994 
(0.982-0.999) 

0.01 
(0-0.02) 

NA 

UKR-K1b1.2-
Co F 0.982 

(0.968-0.991) 
0.02 

(0.01-0.03) 
NA 

Catacomb UKR-K4b4 M 0.962 
(0.811-0.992) 

0.99 
(0.98-0.99) 

0.000 
(-0.007-0.007) 



males, and these individuals were female. The high contamination level 
detected by the Schmutzi method in sample UKR-K4b4 is likely due to the 
low coverage depth. In fact, the other two methods indicated no 
contamination. Therefore, all three sequences are considered to be 
uncontaminated. 

 

7.2.1 Same ancient individual revealed by kinship analysis 

An interesting outcome emerged from the kinship analysis: READv2 revealed 
that the two Scythian genomes belong to the same female individual. To 
increase the robustness of the results, additional Scythian genomes from a 
published study (Gnecchi-Ruscone 2021) were included in the analysis.  
Figure 7.2.1.1 confirms the initial results for the two genomes under study. 

Figure 7.2.1.1. Kinship results of UKR-K1b1.1 and UKR-K1b1.2 samples with the 

READv2 software 

Additional confirmation of the relatedness of these two individuals was 
obtained with KIN analyses, which were performed three times with different 
sample sizes. The same data set was used for both READv2 and KIN.  

All results supported the initial hypothesis that these two individuals were 
identical (Table 7.2.1.1). Additionally, we noted that the two original ancient 
bones were left and right temporal bones (Figure 7.2.1.2), consistent with the 
possibility that they were from the same individual.  

 



 Table 7.2.1.1. KIN results for UKR-K1b1.1 and UKR-K1b1.2-Co samples.  

IBD – Identical by Descent, related to the number of DNA segments shared between 
individuals; k0-k3 – probability that two individuals share 0, 1 or 2 alleles IBD at a 
given locus respectively 

 

 

Figure 7.2.1.2. Left (A) and right (B) temporal bones corresponding to samples 

UKR-K1b1.1 and UKR-K1b1.2 

We merged the original reads from UKR-K1b1.1 and UKR-K1b1.2 into an 
ancient genome named UKR-K1b1&2. All quality controls, including 
contamination tests, were repeated on this merged genome, confirming the 
typical ancient DNA pattern (Figure 7.2.1.3).  

KIN 
run7 

Pair 
Related-

ness 
Second 
Guess 

Log 
Likelih 
Ratio 

k0 k1 k2 
IBD 
Len. 

IBD 
Num 

1 
UKR-K1b1.1 3  
UKR-K1b1.2 

Identical Parent-
Child 

1.334 0 0 1 0 1 

2 
UKR-K1b1.1 3  
UKR-K1b1.2 

Identical Siblings 8.008 0 0 1 0 1 

3 
UKR-K1b1.1 3  
UKR-K1b1.2 

Identical Siblings 46.301 0 0 1 0 1 



Figure 7.2.1.3. Sequence analysis of the UKR-K1b1&2 reads. (A) the length 

fragment distribution with a peak around 50-70 bp, (B) error rates compared to a 

modern DNA individual, and (C) the frequency of transition (C to T and G to A) at the 

end of the reads 

Finally, by merging together the sequencing reads obtained from UKR-K4b4 
and UKR K1b1&2 we were able to obtain two ancient genomes with a depth 
of coverage higher than 0.5X (Table 7.2.1.2). 

Table 7.2.1.2. Results on merged genomes of ancient individuals for UKR-K1b1&2 
and UKR-K4b4 

 Avg – average 

 

 

Sample ID Sex 
Read length 

avg 
% endogen. 

DNA 
Avg depth 

(entire genome) 

UKR-K1b1&2 F 55 27.17 0.51 

UKR-K4b4 M 53 7.42 0.64 



7.2.2 Ancient mitochondrial haplogroups 

Thanks to the increased coverage, we were able to classify the two ancient 
mitogenomes into specific haplogroups with high confidence (Table 7.2.2.1). 
The individual UKR-K4b4, associated with the Catacomb culture, carries 
mitochondrial haplogroup H1b, commonly found in eastern Europe and 
frequently observed in Slavic populations, suggesting a matrilineal genetic 
continuity in the region. On the other hand, the Scythian sample UKR-K1b1-2 
exhibits haplogroup D5a2a2, a subclade of the typical East Asian haplogroup 
D, which has been detected at low frequencies in modern Ukrainian 
populations (see Chapter 6.1). The identification of a typical Western 
Eurasian haplogroup (H1) alongside an East Asian one (D), suggests a 
complex pattern of migration that has shaped the gene pool of this area over 
time.  

Table 7.2.2.1. Haplogroup classification of individuals UKR-K4b4 and UKR-K1b1&2 

Individual Haplogroup Quality 
mtDNA depth of 

coverage 
Covered 

sites 

UKR-K1b1&2 D5a2a2 0.981 58.126 18292 
UKR-K4b4 H1b 0.953 69.725 23751 

The ancient samples from this study were incorporated into the maximum 
parsimony tree of modern mitogenomes from Donetsk oblast (Figure 7.2.2.1). 
The results show that the ancient mitogenomes are embedded within modern 
mitochondrial branches. In particular, D5a2a2 is a sister clade of the modern 
D4 branches, both of East Asian origin. Haplogroup C, another subclade of 
the East Asian macrohaplogroup M, has been identified in the territory of 
present-day Ukraine during the Neolithic (Juras 2017). Other study on 
Scythians found on the territory of Ukraine (Nikitin 2012) also reported 
haplogroup D among the studied individuals. The ancient H1b, together with 
nine others modern mitogenomes, clusters within the H1 branch, which dates 
back over 10 kya (see Figure 6.1.1.1) suggesting the continuity of Ukrainian 
mitochondrial lineages over thousands of years. 

 



Figure 7.2.2.1. Maximum parsimony tree of the entire Donetsk oblast mitogenome 
dataset plus two ancient mitogenomes (UKR-K1b1&2 in purple and UKR-K4b4 in 
green) from archaeological sites of present-day Ukraine. Af indicates an African 
outgroup belonging to L3a 

 

7.2.3 Genetic relationships with other populations 

To assess the relatedness of ancient individuals to modern populations and 
compare the obtained ancient genomes with other published ones, PCA was 
performed by "projecting" the ancient genomes onto modern data. The same 
dataset used in Chapter 6.3.2 was applied for these analyses. In the PCA, 
the first principal component (PC1) roughly separates eastern and western 
countries along the horizontal axis (Figure 7.2.3.1). The second principal 
component (PC2) mostly distinguishes northern from southern populations.  

 



The Catacomb individual UKR-K4b4 plots near other published Catacomb 
individuals (blue star on the plot) and occupies a position between Northern 
European populations and Turkic ethnic groups such as Besermyan, Udmurt, 
and Chuvash, located in the Volga federal district of Russia, west of the Ural 
Mountains (Figure 7.2.3.1).  This positioning is consistent with the spread of 
Kurgan cultures. The nearest ancient genomes to UKR-K4b4 are from the 
Yamna and Corded Ware cultures, which share overlapping territories, 
cultural practices, and, to some extent, time periods. 

 

Figure 7.2.3.1. PCA plot of 45 modern Donetsk oblast individuals (in red) and two 

ancients (UKR-K1b1&2 and UKR-K4b4) with a comparative dataset (Mallick 2023; 

Reitsema et al., 2022) of Western Eurasia populations (in grey). The modern 

Ukrainian populations are highlighted: North Ukraine in blue, not specified Ukraine in 

yellow 



The Scythian genome UKR-K1b1&2 occupies an intermediate position 
between Scythians from Kazakhstan and those found in Ukraine, situated 
along a continuum from Western Eurasia to the East (Figure 7.2.3.1). 
Scythians reported from Ukraine and neighbouring regions, particularly 
Russia, take a central position between Northern and Eastern European 
countries and the cline from the Caucasus and the Middle East. This 
positioning likely reflects significant admixture resulting from their nomadic 
lifestyle and expansions across the Eurasian steppes. The Scythian 
civilization stretched from present-day Ukraine, including the Crimea, to 
southern Russia and parts of Kazakhstan, encompassing lands of Anatolia 
and regions along the Danube river. The closest ancient populations to the 
studied individual are the Scythians found in Ukraine and the Sarmatians, 
which were one of the groups that replaced the Scythian civilization around 
the 3rd century BCE.



8. Discussion 

The aim of this thesis was to investigate the genetic variability of the Ukrainian 
population to reconstruct its origins and history on the map of Europe, through 
separate and combined analyses of genomic data from the modern 
population of Donetsk oblast and past individuals who lived in the territory of 
present-day Ukraine.  

The mitochondrial DNA analysis presented in this study provides crucial 
insights into matrilineal history. First, using genealogical data, we grouped 
individuals by their TMA birthplace and found that one-third were from 
western Russia, which is consistent with the recent history of Donetsk oblast. 
Extensive mitochondrial DNA variation was revealed in the 91 mitogenomes 
obtained via Illumina sequencing. These genomes show high haplotype 
diversity (Hd: 0.999) and depict a complex phylogenetic history. The 
maximum parsimony tree identified 37 major branches with 80 haplogroups 
and sub-haplogroups, predominantly of Western Eurasian origin (96.7%). 
Haplogroups D4 and G3, of East Asian origin, made up 3.3% of the total, 
aligning with previously published studies. A differential distribution of 
mitochondrial haplogroups was observed between individuals from Ukraine 
and Russia, suggesting different female ancestral roots, although the 
differences were not statistically significant.  

The age estimates obtained on these haplogroups suggest that Donetsk's 
mitochondrial gene pool has been shaped by multiple migrations, confirming 
many events in Western Eurasian history. Macrohaplogroup L3 (60370 kya) 
was involved in the out-of-Africa exit; Paleolithic haplogroups U5 and U8 (303
50 kya) indicate the initial settlement of hunter-gatherers in Western Eurasia; 
H1 and U5b1b1 (~10315 kya) correspond to the late glacial repopulation of 
western Eurasia. Finally, more recent haplogroups H5a and J1c2 (<10 kya) 
align with Neolithic migrations from the Near East. 

The overall matrilineal demography depicted by the Bayesian Skyline Plot 
(BSP) reveals two demographic expansions: one around 45338 kya, 
corresponding to the first peopling of Europe, and another between 1136 kya, 
coinciding with the Neolithic Revolution. A similar pattern has already been 
reported for the Ukrainian and Russian mitogenomes (Malyarchuk 2023), but 
with two additional fluctuations: one at about 20 kya, roughly at the end of the 
Last Glacial Maximum; the other over the last 5,000 years, probably linked to 
the spread of the Kurgan cultures. These fluctuations were not visible in the 
Donetsk oblast plot, likely due to the smaller sample size. However, this 
recent expansion could be suggested by the low nucleotide diversity 
(π: 0.0018) despite the presence of many polymorphic sites, which together 
could indicate a recent bottleneck followed by rapid growth. Biparental 



information was obtained from the genome-wide analysis (~629,000 SNPs) 
of 45 modern individuals from Donetsk oblast (with TMA and TPA from 
Ukraine).  

In the genomic landscape of Western Eurasia depicted by Principal 
Component Analysis (PCA), the Donetsk group clusters with other published 
Ukrainian genomes and overlaps with an Eastern Slavic cohort, together with 
Russian and Belarusian populations, positioned near Northern European 
populations. The closest non-Slavic groups are Bulgarians and Gagauz from 
the southwestern border of Ukraine. Admixture analysis confirms genetic 
similarities between northern and eastern European groups. Ukrainians from 
Donetsk oblast show patterns comparable to published Ukrainians, 
Belarusians, and Russians, with similarities to Lithuanians. Among the four 
genetic components identified, two major ones can be linked to Neolithic 
farmers and Bronze Age steppe pastoralists of the Yamna culture, 
respectively. Two smaller contributions could be related to a complex 
ancestry of Iranian farmers and Caucasian hunter-gatherers, as well as 
connections with the Levant, Arabia, and Anatolia. 

The past of present-day Ukraine was also explored through the analysis of 
seven individuals from different cultures and time periods: Yamna, Catacomb, 
and Scythian. We were able to obtain mitochondrial and low-coverage 
genomic data by shotgun sequencing of only three samples. However, 
kinship analyses revealed that two petrous bones, from the left and right 
temporal bones, came from the same Scythian individual. This finding 
highlights the need for rigorous quality control in ancient DNA analysis and 
underscores the importance of incorporating anthropological and molecular 
data to confirm identities. For this merged Scythian genome, as well as for a 
Catacomb one, we were able to obtain a depth of coverage higher than 0.5X. 
One of the most significant observations regarding these low-coverage 
genomes concerns the identification of haplogroups of different origins. 
Haplogroup H1b, associated with the Catacomb culture, testifies to a link with 
Western Europe and suggests genetic continuity in the region, given its 
presence in modern Ukrainians since the Late Pleistocene/Early Holocene. 
On the other hand, the detection of haplogroup D5a2a2 in the Scythian 
sample points to fluxes from East Asia, probably reflecting the dynamic 
interactions among steppe populations since the Late Bronze Age. The 
presence of another D sub-haplogroup in contemporary Ukrainians further 
highlights the role of ancient nomadic movements in shaping the Ukrainian 
gene pool. These findings emphasise both continuity and diversity within the 
mitochondrial genetic pool, which has been shaped by multiple matrilineal 
waves over millennia. 

When these two ancient genomes are projected onto the Western Eurasian 
landscape depicted by the PCA, the Catacomb individual consistently 
clusters with other published Catacomb individuals as well as with those 



available for the Yamna and Corded Ware cultures, which shared similar 
territories. This <steppe= group lies between Northern European and Turkic 
ethnic groups, supporting existing theories about the origins of the Kurgan 
cultures. The closest ancient populations to our Scythian individual include 
the Sarmatians, who succeeded the Scythians around the 3rd century BCE. 
They fall between other Scythian groups from Kazakhstan and Ukraine and 
lie along a continuum from Western Eurasia to the east, reflecting the 
extensive nomadic lifestyle of the Scythians.  

In conclusion, mitochondrial and genome-wide analyses of present-day 
individuals have revealed that the genetic landscape of Donetsk oblast results 
from complex migratory dynamics that have also shaped most of other 
Eurasian regions. The comparison of ancient Scythian and Catacomb 
genomes further supports this scenario, but also demonstrates long-term 
genetic continuity in the region, even if it was traversed by nomadic groups. 

This dissertation adds another important piece of information to the complex 
genetic landscape of Eastern Europe. Future studies with larger sample sizes 
and deeper sequencing could further refine these insights and provide a more 
nuanced understanding of the genetic history of Europe.



9. Additional project: Medieval individuals from 
<Sant’Anna di Sopramonte= (Trentino, Italy) 
 

Eleven Medieval burials were recently discovered in Sopramonte near Trento 
(Figure 9.1). Seven graves were found in 2019 and four more in 2021. 
Historical documents indicate that the cemetery was located in the immediate 
vicinity of the historic monastery of Sant9Anna. This has also been confirmed 
by detailed stratigraphic studies of the area. In <Tomb 1= was found a 
particularly interesting skeleton of a high-ranking person, buried in clothes 
embroidered with gold thread. 

Figure 9.1. Excavation site and human remains of <Sant’Anna di Sopramonte= 
(credits to Fabio Peterlongo, S.I.E. S.p.A. Società Iniziative Editoriali) 

The historical centre of Sant'Anna is located two kilometres above the town 
of Sopramonte and includes the church dedicated to the saint of the same 
name and the nearby "Casa del Preposto". In this place, some wall structures, 
about one metre deep, have been found. They can be traced back to a 
monastery that housed a community of nuns and monks between the 
thirteenth and the end of the fifteenth century. Historical sources present it as 
a significant political and religious entity of its time. The documents issued by 
Pope Urban IV in 1263 granted monks and nuns the privilege of being buried 
in the local cemetery. 



 

The excavation was carried out by Christian Fogarolli and Mattia Segata 
under the coordination of the Superintendency for Cultural Heritage of the 
Autonomous Province of Trento (Fabio Peterlongo, S.I.E. S.p.A. Società 
Iniziative Editoriali). 

Four molars were sent from the archaeological site of Sant9Anna Sopramonte 
to the University of Pavia for ancient DNA analysis, thanks to collaboration 
with Professor Luca Pagani from the University of Padua. They were dated 
between 1100 and 1400 CE based on the archaeological context and 
historical knowledge. A more accurate radiocarbon dating is still in progress. 

Molars are among the best parts of the human body to preserve ancient DNA 
(Dabney 2013). The extraction methods used for these four teeth were 
different.  One method requires cutting and powdering the whole tooth root 
(WTR method). The minimally destructive extraction (MDE) method aims to 
obtain ancient DNA from the dental cementum that is located on the surface 
of the teeth roots, see chapters 5.2.3.3 and 5.2.3.4. 

All extracted DNA samples were quantified using a Qubit Fluorometer and 
evaluated through capillary electrophoresis (Figure 9.2). 

 

Figure 9.2. Analysis of the Tb10 DNA sample with the Tape Station 4150 (Agilent, 
USA) to check the quality and size of the extracted DNA fragment (after purification). 

Half-UDG libraries (Meyer 2010) were sequenced on the Illumina NextSeq-
500 platform at the Genomic and Post-Genomic Unit, IRCCS Mondino 
Foundation in Pavia. The raw reads (2x75bp pair-ends) were validated by 
estimating standard ancient DNA parameters, such as fragmentation, error 
rate and misincorporation pattern (Figure 9.3). 



Figure 9.3. Ancient DNA data validation on Tb01. (A) Read length distribution; (B) 
Error rate estimated using the chimpanzee genome as an outgroup and the modern 
genome NA12778 (from the 1000 Genomes Project) as an error-free individual and 
comparison with a down-sampled version of the NA12778 data (orange); (C) Post-
mortem damage pattern. 
 

All samples were initially extracted with the WTR approach and sequenced 
multiple times. The main results of the sequencing runs, which were analysed 
with a pipeline developed in our laboratory, are shown in Tables 9.1 and 9.2.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table 9.1. Sequencing results on ancient Medieval individuals from Sant’Anna di 
Sopramonte. 

Sample 
ID Indexes 

Read 
leng. 
avg 

% 
duplic
ates 

% 
endo 
gen. 
DNA 

Avg 
depth 
(entire 

genome) 

Sex  
ry 

Avg 
depth 

MT 

mtDNA 
Hg 

Tb01 

MPI101-LP6 56 2.44 5.13 0.02 M? 1.77 H5a+152 

MPI101-LP6 71 2.37 1.90 0.003 M 0.24 NA 

MPI99-LP1 66 1.57 0.53 0.001 F 0.52 NA 

MPI99-LP1 58 2.82 2.83 0.003 M? 0.37 NA 

MPI101-LP6 54 10.23 4.78 0.19 M 13.42 H5a2 
MPI101-

LP06 55 18.00 4.59 0.09 M 8.07 H5a2 

MPI101-LP6 55 19.94 4.53 0.09 M 7.55 H5a2 

Tb10 

MPI101-LP3 84 4.71 8.26 0.02 F 6.92 U4a1b2 

MPI101-LP3 68 24.88 6.35 0.14 F 34.49 U4a1b2 
MPI101-

LP03 79 24.19 4.92 0.09 F 31.62 U4a1b2 

MPI101-LP3 80 31.02 4.55 0.13 F 45.13 U4a1b2 

Tb11 

MPI98-LP1 79 0.12 1.33 1.33 F 1.33 U4a1 

MPI98-LP1 86 2.76 1.65 1.65 F 1.65 U4a2a 

MPI98-LP1 67 6.00 1.51 1.51 F 1.51 U4a1d 

MPI98-LP1 93 25.72 0.78 0.78 F 0.78 U4a1d 

Tb14 

MPI101-LP4 66 1.58 0.53 0.001 F 0.52 NA 

MPI101-LP5 73 2.38 0.54 0.001 F 1.87 H14a 

MPI115-LP4 61 13.12 0.42 0.003 F 4.73 H14a 

MPI115-LP4 68 32.87 0.35 0.006 F 8.88 H14a 
Avg - average; Mt – mitochondrial; leng. – length; NA – not available, not possible to 
obtain data from the sample 
 

Table 9.2. Examples of contamination estimates (with confidence intervals). 

NA means undetermined 

Sample ID ContamMix Schmutzi HapCon 

Tb01 
0.962 

(0.929-0.981) 0.01(0-0.02) 0.004 
(0.001-0.008) 

Tb10 
0.993 

(0.983-0.997) 0.01(0-0.02) NA 

Tb11 
0.998 

(0.988-0.999) 0.01(0-0.02) NA 

Tb14 0.994 
(0.965-0.999) 0.01(0-0.02) NA 



Taking into account the low endogenous content obtained (<9%), we also 
tested the alternative MDE extraction approach on the sample Tb14. Table 
9.3 summarises the extraction and library results on two remains, Tb14 and 
a sample from another archaeological site (<Palafitte= di Ledro, Trento), both 
extracted with both WTR and MDE methods.  

Table 9.3. Comparison of results obtained by using different extraction protocols.  

 
Sample ID 

Extracted DNA 
QubitHS (ng/ul) 

PostPCR Libraries 
QubitHS (ng/ul) 

% Endogenous 
DNA 

MDE WTR MDE WTR MDE WTR 

Tb14 1.17 0.66 16.70 11.50 0.54 0.52 
Led6 1.05 0.82 10.50 12.00 2.13 0.98 

MDE - Minimally Destructive Extraction; WTR - Whole Tooth Root protocol 

The MDE protocol shows higher DNA concentrations and library yields for 
both samples, although the estimate of endogenous content after sequencing 
remained almost similar for Tb14.  

The very few genomic reads obtained allowed for sex determination, 
confirming that the main individual buried in the <Tomb 1= could be a monk, 
while the others are likely nuns. We also obtained sufficient mtDNA data for 
a phylogenetic classification of all individuals (Table 9.1). The three different 
haplogroups identified suggest that the religious individuals buried in the 
cemetery probably had different origins, as these lineages are common in 
distinct geographical areas: from Northern and Eastern Europe (U4a1) to the 
Caucasus (H14a) and the Middle East (H5a). Further analyses of these 
ancient genomes are underway to clarify the genetic origins of the ancient 
individuals recovered from the archaeological site of Sant'Anna di 
Sopramonte.
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