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1. INTRODUCTION

The study of human genetic variation has continued to fascinate scientists and
the general public alike. A scientific field which began by surveying a handful
of protein polymorphisms is now able to produce data on hundreds of thousands
of markers across the genomes of hundreds of individuals at a reasonable cost
within the timeframe of days. This technological development has provided new
input for traditional tools of population genetics — mitochondrial DNA
(mtDNA) and Y chromosome — by enabling researchers to expose the true
variation behind the main uniparental lineages, which was previously shadowed
by low level of phylogenetic resolution caused by scarcity of informative
polymorphisms. Recombination-free inheritance mode and its substantial length
make the human Y chromosome suitable for reconstructing the sequential and
time-resolved branching pattern of male lineages, each of them traceable to a
single common paternal ancestor and interpretable within a geographic frame-
work. However, the uniparental markers characterise only two genetic loci and
may fail to capture the evolutionary history represented throughout the entire
genome. It is thus becoming paramount to illuminate the extant autosomal
variation with novel methodologies designed for extracting relevant information
from the large amount of generated autosomal genotyping data. In complement
to data on modern populations, additional layers of human demographic history
are now being uncovered by the rapidly developing ancient DNA (aDNA) field.

The Uralic language family is one of the few linguistic families disrupting
the homogeneity of the European linguistic landscape dominated by the Indo-
European languages. Uralic languages are spoken by approximately 25 million
people from populations inhabiting northeastern Europe, the Volga-Uralic
region, Western Siberia and, somewhat exceptionally, central Europe. No
archaeological consensus on connecting the wide spread of Uralic languages
with any known material culture exists and it remains largely unknown whether
the dispersal involved a migration of people or was mainly a cultural diffusion.
Studies on the uniparental markers have provided contradicting results, with
maternally transmitted DNA lineages determined by geography, whereas a large
portion of paternal lineages are united though a common haplogroup (hg) N. Hg
N reaches prominent frequencies across entire northern Eurasia whereas in the
European context, it is primarily featured in the Uralic speakers, which justifies
a closer inspection of an assumed connection between them.

The first aim of the present dissertation is to describe the distinctive features
of the Y-chromosome in the population genetic framework, to provide a brief
insight into research on autosomal genetic variation and give an overview of the
current knowledge on the composition of paternal and autosomal gene pool of
northern Eurasia. The second aim is to add to this knowledge new information
on hg N obtained with a novel approach of initially constructing a time-resolved
phylogenetic tree from full Y-chromosomal sequences and then describing the
dispersal of revealed clades in a comprehensive set of populations from
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northern Eurasia. This is complemented by autosomal genetic research into
previously sparsely described Uralic speakers — major carriers of hg N — and an
examination of admixture as a likely trail to the presence of a potential co-
unterpart of the Y-chromosomal paternal connection on the level of the entire
genome.
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2. LITERATURE OVERVIEW

2.1. Overview of the human Y chromosome

2.1.1. Evolutionary development of the mammalian Y
chromosome

The unique properties of the human Y chromosome stem from its evolutionary
history and are a consequence of the emergence of genetic sex determination
system in the mammalian lineage. Known alternatives to genetic determinism
present in mammals include haplodiploid system discovered in some insect spe-
cies, including honeybees (Hasselmann et al., 2008), and environmentally mo-
dulated sex determination, found in some species of reptiles and fish (Bachtrog
etal., 2014).

Genetic sex determination systems and sex chromosomes have evolved inde-
pendently many times and represent a fascinating example of evolutionary con-
vergence. However, the processes leading to differentiated sex chromosomes
are remarkably similar across different taxa. The consensus model for sex
chromosome evolution suggests sex chromosomes originate from ordinary auto-
somes (Ohno, 1967) that acquire a sex-determining locus followed by recombi-
nation suppression between the two initially homologous chromosomes (Bach-
trog et al., 2014; Abbott et al., 2017). This triggers a cascade of evolutionary
processes, including Muller’s Ratchet, genetic hitchhiking and background
selection (Figure 1, Wright et al., 2016). Muller’s Ratchet refers to the irre-
versible accumulation of deleterious mutations in finite non-recombining popu-
lations owing to stochastic effects. Recombination can recreate mutation-free
chromosomes, whereas non-recombining chromosomes that lack back mutation
are passed on entirely. In the case of genetic hitchhiking, a new beneficial muta-
tion will simultaneously promote the positive selection of linked deleterious
mutations. If the deleterious mutation load becomes too high, purifying selec-
tion will eliminate deleterious mutations along with the beneficial ones, causing
the non-recombining chromosome to undergo comparatively less adaptive evo-
lution. Eventually, it can become advantageous for the carrier of a non-recom-
bining chromosome to inactivate its maladapted linked genes (Bachtrog, 2013).

Why recombination suppression occurs in the first place remains elusive.
The most commonly accepted model predicts a recombination arrest at the loci
tightly linked to the sex-determining gene (Wright et al., 2016). This promotes
accumulation of sexually antagonistic alleles — mutations that benefit one sex
and are detrimental to the other — around the sex-determining locus (Rice, 1987,
Wright et al., 2016). Once such alleles begin to accumulate, they are likely to
continue crossing over to the homologous chromosome with harmful effects to
the opposite sex. An evolutionary approach to counter this would be sex-limited
gene expression or recombination suppression near the sex-determining locus,
essentially locking the sexually antagonistic genes in the preferred sex (Rice,
1996). However, empirical evidence for the sexual conflict theory as well as
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some non-adaptive alternative models have remained inconclusive (Wright et
al., 2016).

In mammals, the mechanism for recombination elimination is multiple
sequential chromosomal inversions on the proto-sex chromosomes (Lahn and
Page, 1999). However, regardless of the exact mechanisms, the degradation of
sex-specific sex chromosome reaches a similar end-state for any differentiated
sex chromosome: many genes are represented by two doses in one sex and a
single dose in the other — the heterogametic sex that is determined by a single
sex chromosome. Thus, a gene dosage compensation system is set to evolve. It
can be partial and gene-specific or the whole X chromosome can be epigene-
tically silenced in the somatic cells of females (Graves, 2016b). The latter
seems to be a unique approach limited to birth-giving therian mammals that
carry the most known and well-studied XY/XX sex-determination system
(Graves, 2016b).

loss of the least
mutated Y

S
td

Population of
Y chromosomes

background Purifying selection against
i l i i
selection strongly mutations
rg

r g

il

Fixation of slightly
mutation associate with strongly

beneficial mutations
rd

@ strongly beneficial mutations

@ strongly deleterious mutation

I 0

o slightly deleterious mutation

Figure 1. Evolutionary forces driving the degradation of the male-specific region of Y
chromosome (MSY) in absence of recombination.

The figure shows a population of seven Y chromosomes that have undergone delete-
rious and beneficial mutations. In light grey colour: chromosomes that will be lost due
to the action of different evolutionary forces. Muller’s ratchet consists in the stochastic
permanent loss of the least mutated chromosomes that cannot be restored within the
population. Background selection refers to the elimination of strongly deleterious
mutations, the reduction of the effective population size and the increase in frequency of
slightly deleterious mutations by drift. Genetic hitchhiking in which strongly beneficial
mutations drag along the initially associated deleterious mutations. Figure reprinted
with permission of ,Springer Berlin Heidelberg“ from Figure 4 in Trombetta and
Cruciani, (2017).



The most basal of the four mammalian evolutionary groups, Prototheria, com-
prises of the order Monotremata, which harbours the platypus and echidna fami-
lies that both display a complex sex determination systems. The platypus has 10
sex chromosomes, five genetically distinct X that form a chain rather than a pair
with five Y chromosomes during male meiosis (Figure 2, Wilson and Makova,
2009). The echidna has nine sex chromosomes with the terminal Y5 fused onto
another Y (Rens et al., 2007). None of the chromosomes show any homology
with those of therian mammals (Veyrunes et al., 2008) — a clade that contains
Metatheria (marsupials) and Eutheria (placental mammals). This suggests that
the XY system present, for example, in humans, originated after the split of
monotremes from therians approximately 200 million years ago (MY A) (Luo et
al., 2011). The best candidate for monotreme sex determining gene is currently
an AMH (anti-Miillerian hormone; also involved in sex determination pathway
in some other vertebrate species) orthologue that lies on the smallest Ys (Cortez
et al.,, 2014). Gene dosage compensation mechanism is currently unclear
(Graves, 2016Db).

Marsupials and placental mammals share the XX female/XY male sex
chromosome system and a male-dominant testis-determining gene SRY (Sex-
determining region Y), signifying a common origin for sex determination and
an evolutionary development time of about 20 million years predating the split
of these two lineages (Graves, 2016a). The evolutionary history of now heavily
degraded chromosome Y has been retained on its conserved counterpart
chromosome X. Comparison of marsupial and eutherian sex chromosomes has
revealed added and ancient regions on the X and Y chromosomes (Graves,
1995). The X conserved region (XCR; YCR identified on human Y by mapping
the X homologues of Y genes) is preserved in both clades, but is autosomal in
monotremes (Figure 2) (Veyrunes et al., 2008). The X added region (XAR/
YAR) is autosomal in marsupials, but on the sex chromosomes in all eutherian
mammals, indicating a major fusion event within a potentially large pseudo-
autosomal region before the X and Y complete differentiation, but after the
marsupial split from placental mammals (Figure 2) (Murtagh et al., 2012;
Graves, 2016a). Nearly all of the human Y genes derive from this acquired Y-
chromosomal region (Waters et al., 2001).
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Mammalian MRCA

XA

Y3XaYaXsYs Y3XaYaXsYs XAR/YAR

£
Echidna Platypus Marsupials Eutherians
X1Y1X5YoX3Y3XaYaXsYs XY X5YoX3Y3X,Y4XsYs XY XY
Monotremes Therians

- N

Figure 2. Schematic overview of mammalian sex chromosome evolution.

The figure shows the shared common ancestry of mammalian sex chromosomes in both
lineages: monotremes and therians. Coloured boxes without a border identify additions,
whereas boxes with a dotted border identify putative loss events. The monotreme and
therian sex chromosomes are not homologous. Monotreme sex chromosomes are further
distinguished from one another by independent additions along each lineage. Although
marsupial and eutherian mammals share a common XY pair, the eutherian sex chromo-
somes are larger owing to a translocation to both X and Y of a sequence segment,
denoted the X- or Y-added regions (XAR/YAR). The most recent common ancestor of
mammals is indicated by the label “Mammalian MRCA”. Approximate split times are
given in million years (MY) according to Cortez et al., (2014). Figure republished and
modified according to minor editing privileges with permission of ,,Annual Reviews,
Inc* from Wilson and Makova, (2009); permission conveyed through Copyright Clea-
rance Center, Inc. The vector shilouettes of mammals provided under the terms of the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/). Links to originals provided in the Web Resources section under
References.

2.1.1.1. Characteristics of the human Y chromosome

In humans, the two terminal ends of Y chromosome carry pseudoautosomal re-
gions (PARs) that recombine with homologous regions on the X chromosome
during male meiosis, ensuring sequence identity between these parts (Rappold,
1993; Skaletsky et al., 2003). The two PARs aggregate about 3 megabases
(Mb), whereas the rest of the roughly 57 Mb-sized human Y chromosome se-
quence (data according to Ensembl GRCh38 release 95) (Zerbino et al., 2017)
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escapes recombination, which leads to diversification independent from the X
chromosome and uniparental inheritance from father to son, thus being termed
the male-specific region of the Y chromosome (MSY). Of this region, approxi-
mately half is a variably sized block of highly condensed transcriptionally inert
heterochromatin and the remaining is transcriptionally active euchromatin com-
posed of three major sequence classes (Figure 3) (Skaletsky et al., 2003; Jobling

and Tyler-Smith, 2017; Skov et al., 2017):

1) the X-degenerate (XDG) region consists of sequence directly descended
from the pair that became the sex chromosomes roughly 200 MY ago and
that has retained 16 genes homologous to the X genes;

2) the X-transposed region (XTR) is unique to humans and originated by a
duplication event from the X chromosome approximately 3—4 MY ago after
the human lineage diverged from the human-chimpanzee common ancestor;

3) the ampliconic regions are all highly repetitive and contain large direct
repeats and inverted repeats, including eight palindromes with some as large
as 1.5 Mb and >99.9% similarity between arms. Genes in these regions tend
to be present in multiple copies and are predominantly expressed in the
testes.

a Yp [ 71 i
b_- ‘cen. - e
[ Il | 7 I 1 I [
—1Mb

O X-transposed O Ampliconic [0 Pseudoautosomal

[0 X-degenerate E Heterochromatic O Other

Figure 3. Schematic overview of the human Y chromosome.

a) Schematic representation of the whole chromosome, including the pseudoautosomal
and heterochromatic regions. b) Enlarged view of a 24-Mb portion of the MSY,
extending from the proximal boundary of the pseudoautosomal region on the short arm
to the proximal boundary of the large heterochromatic region of the long arm. Shown
are three classes of euchromatic sequences (X-transposed, X-degenerate and
ampliconic), as well as heterochromatic sequences. A 1-Mb bar indicates the scale of
the diagram. Figure republished with permission of ,,Springer Nature* from Skaletsky et
al., (2003); permission conveyed through Copyright Clearance Center, Inc.

As homologous genes are in a completely different order on the human X and Y
chromosomes, Lahn and Page (1999) suggested that large Y-chromosomal
inversions had regionally halted the recombination and caused independently
diversified regions. Thus, suppression of recombination has occurred in a step-
wise progressive manner — approximate sequence regions, termed “evolutionary
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strata”, stopped to recombine and consequently started to diverge around the
same evolutionary time measured by the degree of nucleotide divergence (Lahn
and Page, 1999). Additional research has supported this view for the formation
of the human strata (Lemaitre et al., 2009). A total of five evolutionary strata
have been identified on the human sex chromosomes (Ross et al., 2005). Strata
1-2 are the oldest and most diversified regions located on the XCR/YCR, with
stratum 1 also holding the male-defining SRY gene which has been maintained
in all therian lineages (Cortez et al., 2014). Strata 3—5 are located on the XAR/
YAR and show progressively less X-Y divergence (Ross et al., 2005; Lemaitre
et al., 2009; Cortez et al., 2014). Stepwise diversification of the sex chromo-
somes is not restricted to humans and similar strata have been discovered in
species of rodents, birds, fish and plants (Sandstedt and Tucker, 2004; Bergero
et al., 2007; Roesti et al., 2013; Wright et al., 2014).

The process of Y chromosome degradation has led to the idea of its eventual
disappearance as exemplified by some XX/X0 rodent species with translocated
Y-linked genes (Arakawa et al., 2002). However, comparative primate geno-
mics has challenged this view. Comparison of human and rhesus macaque Y
chromosome sequences has demonstrated relatively stable gene content main-
tained over the timespan of the last 25 million years. The oldest four strata are
composed of identical genes in both human and the rhesus macaque and some
gene loss is evident only from the newest fifth stratum (Hughes et al., 2012).
This indicates a nonlinear degeneration that slows over time until stability level
is reached (Hughes et al., 2012). Additionally, analytical simulation approaches
have demonstrated that intrachromosomal gene conversion, a form of intra-
chromosomal recombination between palindromes located in the ampliconic
regions, can act as an opposing force to Y degeneration, restoring the change-
free state of a locus with a deleterious mutation (Rozen et al., 2003; Bachtrog,
2013). Such evidence suggests with high certainty that despite the seemingly
unstable nature of its evolution, primate Y chromosome is not on the path to
extinction.

2.1.2. Phylogenetic features of the human Y chromosome

The MSY is also known as the non-recombining region of Y chromosome
(NRY). It excludes the pseudoautosomal regions, thus being constitutively
haploid and confined to the male linecage. Male specificity means that the
patterns of diversity accumulated in the MSY reflect male demography in the
past and this feature has direct implications for genealogic and phylogenetic
studies (Jobling and Tyler-Smith, 2003; Underhill and Kivisild, 2007; Calafell
and Larmuseau, 2017). Additionally, MSY plays a defining role in male fertility
(McElreavey et al., 2006; Krausz and Casamonti, 2017), has an effect on
diseases driven by immune and inflammatory responses (Maan et al., 2017) and
is actively used in forensic DNA analysis (Jobling et al., 1997; Kayser, 2017).
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2.1.2.1. Uniparental and recombination-free inheritance of male-
specific region of the Y chromosome

Absence of meiotic recombination allows the combinations of allelic states of
genetic loci to be passed intact to the next generation. Exceptions include a few
occasionally recombining loci located on the highly similar non-pseudoauto-
somal sequences of the X and Y chromosomes (Trombetta et al., 2010, 2014)
and occurrence of gene conversion in the duplication-rich ampliconic regions
(Rozen et al., 2003; Skaletsky et al., 2003; Skov et al., 2017). Gene conversion
is considered inherently different from the conventional meiotic recombination
defined as crossing over between two chromosomal homologues, but its abun-
dance renders MSY, rather than NRY, a more appropriate designation for the
region free of crossing over events (Jobling and Tyler-Smith, 2003, 2017; Skov
et al., 2017). Consequently, despite some exceptions, the MSY can be con-
sidered as an intact single locus deprived of the genetic randomisation process.
This and a number of additional features make MSY especially suitable for
population genetic studies.

2.1.2.2. Sex-specific demography patterns

Assuming equal numbers of males and females in the population, the effective
population size (N¢) of the haploid MSY is one-quarter of that of autosomes and
one-third of that of the X chromosomes (Jobling and Tyler-Smith, 2003). This
makes Y chromosome susceptible to genetic drift, which can be further in-
creased by founder effects endorsed by a variety of sociocultural processes,
such as small numbers of men with social prestige benefitting from a greater
number of offspring (Zerjal et al., 2003; Xue et al., 2005; Karmin et al., 2015;
Poznik et al., 2016) or competition between patrilineal kinship groups (Zeng et
al.,, 2018). Drift accelerates the genetic differentiation of populations and
facilitates rapid temporal change of haplotype frequencies.

It has been suggested that about 70% of human populations adhere to
patrilocality (Burton et al., 1996) — the custom of wives settling in the same
residential area as their husbands’ families. This would result in higher level of
genetic differentiation between populations for the Y chromosome than for
maternally transmitted mtDNA (Heyer et al., 2012). Initial comparisons of
MSY and mtDNA variation in matrilocal and patrilocal tribal populations
supported this hypothesis (Seielstad et al., 1998; Oota et al., 2001), whereas
later research revealed that sex-specific features are often unique to a population
and the higher migration rate among patrilocal females does not have a
significant effect on the global-scale human variation patterns (Wilder et al.,
2004; Balaresque et al., 2006). Latest research utilizing a comprehensive set of
global samples, substantially longer stretches of unique MSY and full mtDNA
sequences concluded that at the global scale, differences in Y chromosome
variation among populations are indeed bigger, although on a lesser level than
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previously proposed and with significant regional differences (Lippold et al.,
2014).

Long-distance migrations produce an effect opposite of patrilocality and
have been predominantly attributed to the male sex. The European expansions
during the colonial era have contributed to discordant geographic origins of
some populations’ maternal and paternal gene pools. Strong introgression of
European Y-chromosomal lineages and the retention of indigenous maternal
mtDNA lineages have been recorded in the gene pools of Polynesia (Hurles et
al., 1998), Greenland (Bosch et al., 2003) and the Americas (Carvajal-Carmona
et al., 2000; Abe-Sandes et al., 2004; Hammer et al., 2006a). In Indonesia,
historic contacts from Chinese, Indians, Arabs and Europeans form a noticeable
fraction of Y chromosome variation, but are not reflected in mtDNA (Tumong-
gor et al., 2013).

2.1.2.3.Types of genetic polymorphisms

Available genetic polymorphisms for assessing Y-chromosomal global diversity
can be broadly categorized as a) biallelic markers and b) multiallelic tandem
repeats. The basis for such categorization lays in their mutation rate. The first of
the two categories — the slowly mutating biallelic markers, comprised of single
nucleotide polymorphisms (SNPs) and certain insertion-deletions, are con-
sidered to be unique or near-unique events in human prehistory each repre-
senting a monophyletic lineage founded by one man. The second category in-
cludes much faster mutating multiallelic microsatellites also known as short
tandem repeats (STRs). Ancestral states of unique biallelic markers are deter-
mined by comparison of homologous regions in an appropriate outgroup such as
the chimpanzee (Hurles and Jobling, 2001). Despite their very low mutation
rate, resequencing of hundreds of entire MSY regions has led to the discovery
of many recurrent SNP markers that deviate from the uniqueness requirement,
appearing on different branches of the Y chromosome tree (The Y Chromosome
Consortium, 2002; Karafet et al., 2008; Hallast et al., 2015; Karmin et al., 2015;
Poznik et al., 2016). Nevertheless, this does not impair the construction of a
robust evolutionary tree as many thousands of additional and reliably unique
markers are currently available to support the tree’s branching pattern.

The rapidly mutating multiallelic STR markers differ by allele numbers and
number of nucleotides in the repetition unit. They have been used to investigate
the diversity within a particular Y chromosome haplogroup (see 2.1.3) and
provide a possible age for the haplogroup-defining mutation and are part of
suspect identification and paternity tests in DNA forensics (de Knijff, 2000;
Jobling and Tyler-Smith, 2003; Kayser, 2017). However, the manifold discre-
pancies between estimated mutation rates proposed in many previous studies
have limited the credibility of STR-based dating (Busby et al., 2012; Wei et al.,
2013b; Hallast et al., 2015).
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2.1.2.4. Caveats in uniparental interpretation of population history

The cost-effectiveness of next-generation sequencing (NGS) platforms has
provided a wealth of Y-chromosomal SNP data, which has resulted in reliable
NGS-based evolutionary trees constructed with advanced methods and a
renewed interest in the phylogeny and phylogeography of the Y chromosome —
the study of spatial distribution of different haplogroups within a phylogeny
(Avise et al., 1987). However, population genetic theory states that a single
locus evolutionary tree is a random realization of a stochastic process and
depends exclusively on relatedness level of sampled individuals, thus cautioning
against over interpretation and necessitating a shift from describing to testing
hypotheses about the processes underlying the discovered patterns of genetic
variation (Avise, 2000; Edwards and Beerli, 2000; Knowles, 2003; Nielsen and
Beaumont, 2009). Coalescent theory first developed by Kingman (1982) and its
succeeding theoretical improvements provide a mathematical framework with a
focus on the distribution of gene trees in populations, thus bridging the divide
between statistical population genetics and primarily tree-based descriptive
phylogenetics (Hey and Machado, 2003; Nielsen and Beaumont, 2009).
Coalescent-based methods connect a demographic model with a tree, but must
account for the uncertainty and stochasticity of genetic trees in populations. In
essence, the coalescent approach is based on forming a likelihood function that
integrates the probability of data given the tree with the probability of tree given
the parameters of the demographic model and considering the set of all possible
trees (Nielsen and Beaumont, 2009). This function is not directly solvable with
known methods, so simulation approaches are used for approximation, followed
by maximum likelihood or Bayesian estimates of the demographic parameters
of interest. Such methods are complex and computationally expensive, but
affordable generation of data along with falling costs of computing power has
facilitated the use and ongoing development of user-friendly software imple-
menting the coalescence-based approaches. For a haploid locus such as the
human Y chromosome, congruent reconstruction of global phylogeny based on
full sequences has been achieved with both maximum likelihood (Poznik et al.,
2016) and Bayesian methods (Karmin et al., 2015), complemented by investi-
gations into historical fluctuation patterns of male and female effective popu-
lation sizes (Lippold et al., 2014; Karmin et al., 2015) and testing discrete
phylogeographic models by Bayesian and maximum parsimony approaches
(Scozzari et al., 2014). Establishing novel approaches with software support to
discern the information embedded in full genomes (Kelleher et al., 2019;
Speidel et al., 2019) is currently one of the most central development trends in
modern genomics.
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2.1.3. Nomenclature of Y-chromosomal haplogroups in humans

The phylogeny of Y chromosomes has expanded from a single marker typed in
1985 (Casanova et al., 1985) to several thousands of binary polymorphisms dis-
covered 30 years later (Scozzari et al., 2014; Hallast et al., 2015; Karmin et al.,
2015; Poznik et al., 2016; Finocchio et al., 2018). New polymorphisms that
define additional sublineages are constantly uncovered and a complex and
expandable nomenclature needs to be maintained in order to accommodate the
growing phylogeny. An initially sufficient and flexible naming system was pro-
posed in 2002, describing the underlying phylogeny in a strictly cladistic
manner (The Y Chromosome Consortium, 2002). A monophyletic clade, that
constitutes a haplogroup (hg), unites all descendants of a single node that share
the derived states of unique polymorphisms (Jobling et al., 2013) and the
sequential accumulation of polymorphisms allows for haplogroups (clades) to
be connected in a tree-like structure. Major haplogroups are identified by single
capital letters beginning with the letter “A” and continuing through the alphabet,
sublineages nested within these clades are given numerical suffixes (for
example, hg R1 and R2) and this can be continued in alternating alphanumeric
manner with lowercase letters and numbers until the most terminal branches
have been named (The Y Chromosome Consortium, 2002; Jobling et al., 2013).
Contrastingly, some Y chromosomes might share derived states of deep-rooted
polymorphisms, belonging to a higher-order clade, but having ancestral states at
the lower sublineages’ level. Such chromosomes are potentially paraphyletic
and new mutations might be discovered that separate them further into new
sublineages. In Y nomenclature, sets of these Y chromosomes are called para-
groups and are highlighted by a “*” (star) symbol (The Y Chromosome
Consortium, 2002). Such nomenclature system also supports partial genotyping
that does not cover all known variability with the “x” suffix, which signifies
“not” (Jobling et al., 2013). For example, if only defining variants for hg R1 but
not the R2 are typed, the corresponding paragroup is named R*(xR1) (Jobling
etal., 2013).

In total five most parsimonious phylogenies unifying all revisions of hg
topology along with defining SNPs and following the described nomenclature
have been published (The Y Chromosome Consortium, 2002; Jobling and
Tyler-Smith, 2003; Karafet et al., 2008; Van Geystelen et al., 2013; van Oven et
al., 2014). The Y phylogeny roots in Africa, with hgs A and B restricted to Afri-
can populations (Figure 4) (Hammer et al., 1998; Underhill et al., 2000; Poznik
et al., 2016). The succeeding out of Africa migration was followed by a geo-
graphic expansion and diversification of all contemporary non-African hgs
within the last 100 000 years (Hammer et al., 1998; Underhill et al., 2000;
Poznik et al., 2016).
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Figure 4. A calibrated Y chromosome phylogenetic tree based on 60,555 SNPs from
1244 present-day chromosomes from the 1000 Genomes Project.

Mutation rate of 0.76 x 10 basepair year ! was used for calibration (Fu et al., 2014).
The labels on the branches and below the triangles are haplogroup names in the form
“haplogroup — key defining mutation”. An asterisk indicates paragroup. Triangle width
represents the frequency of the haplogroup in the sample and height coalescence time.
Labels outlined in grey ovals indicate haplogroups that have undergone rapid recent
expansions (Poznik et al., 2016). Inset, world map indicating, for each of the 26
populations, the geographic source, sample size, and major haplogroup distribution
coloured according to the presented tree. Three-letter labels are abbreviated population
code-names: ACB — African Caribbeans in Barbados; ASW — Americans of African
ancestry in the south-west United States; BEB — Bengali from Bangladesh; CDX —
Chinese Dai in Xishuangbanna, China; CEU — Utah Residents (Centre d’Etude du
Polymorphisme Humain) with northern and western European ancestry; CHB — Han
Chinese in Beijing, China; CHS — southern Han Chinese; CLM — Colombians from
Medellin, Colombia; ESN — Esan in Nigeria; FIN — Finns in Finland; GBR — British in
England and Scotland; GIH — Gujarati Indian from Texas, USA; GWD — Gambian in
the Western Divisions in the Gambia; IBS — Iberian population in Spain; ITU — Indian
Telugu from the United Kingdom; JPT — Japanese in Tokyo, Japan; KHV — Kinh in Ho
Chi Minh City, Vietnam; LWK — Luhya in Webuye, Kenya; MSL — Mende in Sierra
Leone; MXL — Mexican ancestry from Los Angeles, USA; PEL — Peruvians from Lima,
Peru; PJL — Punjabi from Lahore, Pakistan; PUR — Puerto Ricans from Puerto Rico;
STU — Sri Lankan Tamil from the United Kingdom; TSI — Tuscans from Italy; YRI —
Yoruba in Ibadan, Nigeria. Reprinted by permission of “Springer Nature” from Poznik
et al., (2016), permission conveyed through Copyright Clearance Center, Inc.
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Since the advent of NGS technologies the number of Y-SNPs and their cor-
responding lineages has increased to the level that makes alphanumeric branch
names too long to follow and thus infeasible for practical use (e.g., Rlalal-
blala in hg R tree by International Society of Genetic Genealogy (ISOGG) Y-
DNA tree 2019). An increasingly dominant substitute is to use the name of the
most informative derived polymorphism in conjunction with its basal haplo-
group name, proposed as a potential second naming convention by The Y
Chromosome Consortium (2002). This approach was used in the most recent
minimal reference version of the Y-chromosomal tree by van Oven et al.(2014).
Authors of the latest publications that survey Y chromosome variation with
NGS technology have adhered to this “short-hand” notation style (Hallast et al.,
2015; Poznik et al., 2016; Finocchio et al., 2018). Karmin et al.(2015) proposed
to incorporate time depth of respective haplogroups estimated from sequence
data into the alphanumeric naming convention. The alternative naming ap-
proach will probably form the basis for the emerging nomenclature standard as
the number of sequenced Y chromosome samples and thus the tree itself conti-
nue to grow.

2.1.4. Mutation rate of the human Y chromosome

One of the major goals of evolutionary research is to date the events that shaped
the present-day phylogeny and phylogeography of a particular species. For this
aim, the recognition of a correct mutation rate is paramount. In human Y-chro-
mosomal research, there are three main approaches to estimate the mutation rate
and all three of them require certain limitations and assumptions in order to
obtain a credible mutation speed.

2.1.4.1. Genealogical mutation rate

The genealogical mutation rate consists of counting mutations in preferably
deep-rooted pedigrees or in the simplest case, father-son pairs and dividing by
the number or generations (per-generation mutation rate) or number of years
(per-year mutation rate) (Figure 5A, Balanovsky, 2017). In literature, this can
be called “pedigree mutation rate”, “de novo mutation rate” or the “genealo-
gical mutation rate”.

The genealogical approach is the most straightforward one and in addition to
a preferably large number of confirmed pedigrees requires sequencing technology
able to detect polymorphisms with sufficient precision (Balanovsky, 2017). NGS
tends to be error-prone, which makes high coverage and advanced filtering steps
crucial in achieving a reliable result. However, the main disadvantage of genea-
logical mutation rate in the context of evolutionary studies is its indirect applica-
tion, since it derives from an external dataset of scarcely available deep-rooted
pedigrees. For chronological results, a conversion from generation to years is
needed and this brings along questions on the generation time that is difficult to
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estimate for the entire duration of human history. Presently, a consensus male
generation time of 30 years seems to apply to a variety of populations and is
supported by a genetic study of human generation time measured since Nean-
derthal admixture (Fenner, 2005; Moorjani et al., 2016).

A landmark study by Xue et al. (2009) examined a validated Chinese pedi-
gree, which had two male members separated by 13 generations. With the exact
birth year of the common ancestor known, the result yielded a mutation rate
estimate of 1.00 x 10® bp” year . The result compares well with the evolu-
tionary mutation rates of 1.24 — 1.50 bp™' year' deduced from human-chimp
comparisons (Table 1), but is limited by a wide confidence interval stemming
from low sample size. A larger study by Helgason et al.(2015) investigated 753
Icelandic males and resulted in a mutation rate of 0.89 x 10 bp™ year "' for X-
degenerate region (Table 1). A statistically significant lower rate of 0.74 x 107
bp™! year "' was found for the palindromic region and was explained by gene
conversion between paralogous sequences correcting mutations back to their
ancestral states (Helgason et al., 2015). A similar mutation rate was obtained by
analysing members of a patrilineal Kazakh clan with a common male ancestor,
whose date of birth was estimated from written records (Table 1) (Balanovsky
etal., 2015).

2.1.4.2. Evolutionary mutation rate

Evolutionary or phylogenetic mutation rate involves identifying a chronolo-
gically known population founder event and a sufficiently diversified haplo-
group associated with this population. Subsequently, the per-year mutation rate
is estimated as the average number of mutations along all phylogenetic lineages,
divided by the time since the peopling event (Figure 5B, Balanovsky, 2017). A
somewhat different approach designated also as the evolutionary mutation rate
involves the comparison of chimpanzee-human homologous genetic regions and
division by the split time between species as in Thomson et al.(2000) and
Kuroki et al.(2006).

Evolutionary approach produces mutation rate measured per basepair per
year (bp" year '), thus avoiding the problematic generation time conversion,
but is strongly dependent on the extracted variance, which is often incomplete,
and temporal precision of the archaeological calibration point (Balanovsky,
2017). Molecular divergence caused by a demographic increase must coincide
with the archaeological peopling date. In reality, the carriers of the lineages
could have started to expand substantially earlier or later and this results in
either over- or underestimated mutation rate. Applicability of interspecies
evolutionary rate obtained through comparison of chimpanzee-human sequen-
ces raises concerns in the context of human demographic studies due to un-
certainties of the temporal precision of the human-chimpanzee split (Wang et
al., 2014a). Secondly, the Y chromosomes of the two species are structurally
diverse which obscures precise alignment and exemplifies possibly different
selective pressures acting upon the two lineages (Wang et al., 2014a).
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Evolutionary mutation rate for Y chromosome was suggested by Poznik et
al.(2013), who calibrated the split between two main branches of the Amerin-
dian haplogroup Q-M3 against the archaeological estimate of the peopling of
the Americas. Another study by Francalacci et al.(2013) examined the
Sardinian-specific subhaplogroup [2ala and calibrated the discovered variabi-
lity in the X-degenerate region against the archaeological timeframe of the Neo-
lithic peopling of Sardinia. The calculated mutation rates were 0.82 x 10™ bp™!
year "' for the former and 0.53 x 10 bp™ year "' for the latter study. These rates
depend on the extracted variability and thus are expected to vary if more muta-
tions are uncovered. In the case of Sardinian study, four of 1204 samples were
sequenced with higher coverage (>13x), revealing additional SNPs and a faster
rate of 0.65 x 10 bp™' year . The confidence intervals for the three calibration-
based evolutionary mutation rates do not overlap (Table 1), demonstrating the
challenges of connecting archacological dates with phylogenetic events
(Balanovsky, 2017).

An alternative genealogical approach was used by Mendez et al.(2013), who
derived the Y-chromosomal mutation rate using paternal autosomal mutation
rates reported on a dataset of parent-offspring trios. The result is one of the
slowest of existing mutation rate estimates (Table 1). However, several metho-
dological assumptions have been criticised, including the choice of unreason-
able generation time and linear modelling of autosomal and Y-chromosomal
mutation rates (Elhaik et al., 2014).

2.1.4.3. Ancient DNA based mutation rate

Ancient DNA (aDNA) based methodology has appeared rather recently in
connection with the intensified sequencing of DNA obtained from ancient
samples with reliable radiocarbon dates. Ancient DNA has had less time to
accumulate mutations compared to modern samples and the number of such
“missing mutations” divided by aDNA sample’s age provides a per-year
mutation rate estimate (Figure 5C).

The aDNA-based approach has the advantage of reliable radiocarbon dates
of the ancient samples used as calibration points on the phylogenetic tree. It also
provides a direct estimate of the mutation rate as ancient samples can be pro-
cessed together with all samples without an estimation of the generation time
(Francalacci et al., 2016). Currently, main difficulties with this approach lie in
possible contamination and poor quality of the extracted DNA causing under-
estimation of variability due to low coverage sequencing (Balanovsky, 2017) .

Using high-coverage sequences from ancient samples to directly estimate the
Y-chromosomal mutation rate was pioneered by Fu et al.(2014). Palaeolithic
~45 000-year-old Ust’-Ishim sample from Siberia placed near the basal node of
haplogroup NO with an estimated mutation rate of 0.76 x 10 bp™ year "' (Table
1) (Fu et al., 2014). Incorporation of European Mesolithic ~8 000-year-old male
sample from Loschbour and the Siberian Ust’-Ishim sample into a phylogeny
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constructed with a hundred high coverage sequences from modern male indivi-
duals yielded the mutation rate of 0.71 x 10® bp™! year (Table 1) (Trombetta et
al., 2015b). Karmin et al.(2015) placed two ancient samples on a tree con-
structed with modern MSY samples and accounted for “missing” transversions,
as transitions happen frequently due to post-mortem damage, which resulted in
the mutation rate of 0.74 x 10° bp™ year' (Table 1). In conclusion, the current
aDNA-based approach has provided remarkably similar estimates of Y-
chromosomal evolutionary mutation rate with overlapping confidence intervals
(Table 1).
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Figure 5. An overview of the three approaches to estimate the mutation rate on the Y
chromosome.

a) Genealogical approach. Mutations separating members of the pedigree are counted
and divided by the number of generations. b) Calibration approach. The average number
of mutations from the MRCA to the modern samples divided by the time to the MRCA,
which is assumed to coincide with a population event of known date. ¢) Ancient DNA
approach. The older the ancient sample, the less time if has had to accumulate muta-
tions. Thus the number of “missed” mutations is proportional to the (radiocarbon) age of
the sample. Reprinted by permission of “Springer Nature” from Figure 1 in Balanovsky,
(2017); permission conveyed through Copyright Clearance Center, Inc.

2.1.4.4. Comparison of Y-SNP mutation rates

Presently published mutation rates and their corresponding confidence intervals
mostly overlap within two groups based on the calculation approach (Table 1).
Genealogical rates tend to be approximately 20% faster than evolutionary rates
(Balanovsky, 2017), which is in accordance with the notion of a faster, short-
term mutation rate and a slower, long-term substitution rate influenced by puri-
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fying selection (Ho and Larson, 2006). In addition to the uncertainties of
correlating archaeological settlement dates with population expansions, the
remarkably slow evolutionary rate by Francalacci et al.(2013) is depended on
revealed mutations, and is considered to be limited to the phylogenetic tree on
which it was calculated (Francalacci et al., 2016). There is also evidence on
mutation rate variation between and within different regions of the Y chromo-
some and future research needs to take this into account (Helgason et al., 2015;
Trombetta et al., 2015b). The question concerning the choice of the published
mutation rates remains unsettled. Statistically viable options involve applying
the lowest and highest estimated rates or averaging aDNA-based estimates for
lower bound and genealogical estimates for upper bound as choosing a single
published rate might be regarded biased toward a preferential result (Poznik et
al., 2016; Balanovsky, 2017). In the coming years, additional deep-rooting pedi-
grees and the growing database of precisely dated aDNA samples with entirely
sequenced Y chromosomes are expected to alleviate the current confusion and
provide more information toward a potential convergence of Y-SNP mutation
rates (Wang et al., 2014a; Francalacci et al., 2016; Balanovsky, 2017).

Table 1. Mutation rates for human Y-chromosomal single nucleotide polymorphisms.

MbUtﬂtlzl;: ite 95% confidence Approach Reference
[EX }1,0_9) interval (x 10) pp

124 - Evolutionary Thomson et al., 2000
Chimpanzee/human

1.50 - Evolutionary Kuroki et al., 2006
Chimpanzee/human

1.00 03-25 Genealogical Xue et al., 2009

0.61 0.44 071+ | Genealogical Autosomal |y o a1 2013

model

0.89 0.80 — 0.99 Genealogical X- Helgason et al., 2015
degenerated region

0.74 0.64—0.85 Genealogical Helgason et al., 2015
Palindromic region

0.78 0.62-0.94 Genealogical Balanovsky et al., 2015

0.82 0.72-0.92 Evolutionary Poznik et al., 2013

0.53 0.52-0.55 Evolutionary Francalacci et al., 2013

Low coverage
0.65 0.62 - 0.68 Evolutionary Francalacci et al., 2013
High coverage

0.76 0.67-0.86 Ancient DNA Fuetal, 2014

0.74 0.63-0.95 Ancient DNA Karmin et al., 2015

0.71 0.62 —0.82 Ancient DNA Trombetta et al., 2015b

*90% confidence interval

27



2.1.4.5. Mutation rate of Y-STRs

In the earlier age of SNP scarceness, the faster mutating STRs were the markers
of choice for inferring haplogroup age and dating possible migrations associated
with this haplogroup. Over 4 000 STRs are located on the Y chromosome and
they remain key components in paternity analysis and forensic identification. A
study by Ballantyne et al.(2010) investigated 186 of them in nearly 2000 father-
son pairs, resulting in mutation rates from 3.78x10™ to 7.44x10 per locus per
generation. Diverse factors such as repeat tract interruptions, repeat tract length
and father’s age are found to be influencing the mutability of individual STR
loci (Goedbloed et al., 2009; Ballantyne et al., 2010; Willems et al., 2016). In
practise, only a subset of STRs are analysed with commercially available kits
and variation in the mutation rate of individual STR loci highlights the impor-
tance of locus-specific approach in any STR-based dating application. Both
genealogical and phylogenetic approaches have been used to estimate the muta-
tion rates of the most frequently genotyped STRs. In some of the largest pedi-
gree studies, over 1000 family samples have been collected to count the muta-
tions in father-son pairs (Gusmao et al., 2005; Hohoff et al., 2007; Ge et al.,
2009; Goedbloed et al., 2009; Wang et al., 2016). High sample sizes have pro-
duced comparable results with relatively high precision and although some
significant discrepancies with smaller scale studies have been found (Decker et
al., 2008), a general agreement on mutation rate for STR pedigrees is emerging
(Table 2) (Ge et al., 2009; Balanovsky, 2017).

Table 2. Mutation rates for human Y chromosome short tandem repeats (STRs) in
evolutionary and genealogical studies with large sample sizes (>1000).

Mutation Number of
rate (x 1073 | 95% confidence faliher-son Number
per locus interval airs of Approach Reference
per P STRs
generation)
. Gusmao
2.0 1.5-2.6x1073 3026 17 G 1 1
eneaiogica et al., 2005
. Hohoff
2.1 1.5-3.0x1073 102 1 1 1
5-3.0x10 029 5 Genealogica et al., 2007
. Ge
2.1 1.7-2.5%x1073 2913 1 1 1
7 7 Genealogica et al., 2009
2.5 16— 34x103 | 1764 17 Genealogical G‘:;fb;ggg et
_ . Wang
2.6 1.9-3.5%x1073 1033 1 1 1
9 7 Genealogica etal., 2016
~ . Zhivotovsky et
— 4 —
6.9 1.2-129x10 7 Evolutionary al. 2004
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The evolutionary rate of 6.9 x 10 per STR locus per generation was estimated
by Zhivotovsky et al. (2004) using data on STR variation in several populations
with documented recent histories (Table 2). The rate was later revised to better
suit different STR sets, but remained the same for the most commonly geno-
typed 17 STR loci (Shi et al., 2010). The at least threefold difference between
the genealogical and evolutionary mutation rates has been considered contro-
versial. Probable explanations include genetic drift eliminating the genealo-
gically emerged diversity through time and possible back mutations due to the
fast mutation rate of STRs, which all decrease the observed diversity (Zhivo-
tovsky et al., 2006; Wei et al., 2013b). Despite theoretical reasoning at least
partially explaining the discrepancy, it has remained unclear which rate should
be used in population genetic studies. The accessibility of whole genome
sequencing has made it possible to compare time estimates obtained by Y-STR
marker variability with ages calculated with the more reliable Y-SNP substi-
tution rates. The general conclusion states that evolutionary rates are more sui-
table for older haplogroups and the faster genealogical rates work better for
younger haplogroups, although exact age boundaries for “young” and “old”
vary (Hallast et al., 2015; Karmin et al., 2015; Balanovsky, 2017). Ages
calculated with both types of STR-based mutation rates deviate substantially
from the SNP-based ages, which are set to become the gold standard in the
context of evolutionary dating and haplogroup age estimates, while STR-based
approaches will remain restricted to the youngest of lineages.

2.2. Phylogeography of Y-chromosomal haplogroups in
northern Eurasia

Northern Eurasia is a vast region stretching from the Fennoscandian fjords to
the shores of Beringia. The Arctic Ocean forms a natural northern geographic
barrier to the Eurasian landmass, whereas the location of the southern border of
northern Eurasia is subject to a somewhat arbitrary choice. In this thesis,
northern Eurasia is defined as the region north of the Caucasus Mountains,
Black and Caspian Seas and bounded in the south by the present-day political
border of Mongolia with China and further southeast by Russian border with
China. Naturally, both ethnically and linguistically diverse human populations
with a varied history of settlement inhabit such an enormous territory.

Earliest archaeological remains of human colonisation in Fennoscandia — the
most western area of northern Eurasia — date to circa 10 000 BP and follow the
retreating ice sheet formed during the Last Glacial Maximum (LGM) (Bergman
et al., 2004). Solid archaeological evidence of human occupation on the north
and south coast of the Baltic Sea that predate the last glacial period are lacking.
In contrast, the vast majority of northern Eurasian mainland remained ice-free
and habitable during the LGM as the north-eastern limit of the Eurasian ice
sheet did not extend past the Kara Sea (Svendsen, 2004; Kuzmin, 2008;
Ivanovic et al.,, 2016). Archaeological findings of human hunting activities

29



within the Siberian Arctic stretch back to 45 000 years BP (Pitulko et al., 2016).
Direct evidence of human occupation in northern Eurasia comes from genome
sequences of a ~ 45 000-year-old femur (Ust’-Ishim) from a modern human
male discovered in western Siberia (Fu et al., 2014) and fragmented milk teeth
found at the ~32 000-year-old Palaeolithic site on the Yana river well above the
Arctic circle (Pitulko et al., 2004, 2017; Sikora et al., 2018). Archaeological
findings suggest that at least southern Siberia was populated by humans even at
the height of the LGM (Kuzmin, 2008). The latter notion is supported by
sequenced aDNA extracted from ~ 25 000-year-old sample unearthed in Ma’lta
in south-central Siberia (Raghavan et al., 2014). A multitude of migrations and
demographic events has undoubtedly shaped the long history of human settle-
ment in northern Eurasia and most probably only a fraction remain detectable in
the modern genomes. However, genomic studies of contemporary populations
cover sample sizes large enough for general inter- and intrapopulation inferen-
ces and provide necessary background comparison for the emergent field of
aDNA research.

Although earlier publications exploit less markers than are known today and
often have provided only partial resolutions of the available data, a sufficient
number of studies has been conducted to provide a broad overview of the main
haplogroups describing the absolute majority (>95%) of extant male lineages in
northern Eurasia, that is geographically divided into continental northern
Europe and northern Asia at the Ural Mountain range.

2.2.1. Phylogeny and spread of Y-chromosomal haplogroups in
northern Europe

In northern and northeastern Europe, a total of four Y-chromosomal hgs (hgs
R1la, R1b, I and N) describe over 75% of male lineages. Among European men,
two sublineages of hg R (hgs R1a-M198 and R1b-M269) are the most frequent
and are noteworthy for their opposing frequency clines. The hg R1b-M269 itself
is characterized by a dichotomy of primarily L23-defined eastern lineages in the
Caucasus and Uralic region (Figure 6A) and western lineages defined by M412
polymorphism (Figure 6B). Subclades of hg R1b-M412 reach very high
frequencies among Western European men (almost 100% in Western Ireland)
and decline towards the east (Myres et al., 2011). In northern Europe, hg R1b-
M412 characterizes about 20% of Swedish males, but drops abruptly to about
3% in the Finns (Figure 6B) (Karlsson et al., 2006), but has an exceptional
frequency peak (up to 75%) in a northern subpopulation of Bashkirs residing on
the southwestern foothills of the Ural Mountain range (Myres et al., 2011).
Baskhir paternal lineages are however very heterogeneous and geographically
separated subpopulations display differing frequency levels of subclades (Myres
et al., 2011; Post et al., 2019). The clinal spread of hg R1b-M412 has been
linked with Palaeolithic migrations from population refugiums (Semino, 2000)
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and Neolithic demic diffusion (Balaresque et al., 2010), but the latter associa-
tion was subjected to criticism because of highly uncertain and often criticised
STR-based coalescence time calculations (Busby et al., 2012) Novel evidence
based on Y-chromosomal sequences acquired through NGS show a shallow
coalescence time-depth of 5-7 KYA for the most common European subclade
of R1b-M412 (Batini et al., 2015; Hallast et al., 2015; Karmin et al., 2015;
Poznik et al., 2016).

A B R1b-M412

Figure 6. Spatial-frequency distributions of frequency data for human Y-chromosomal
haplogroups a) R1b-L23 and b) R1b-M412.

The frequency data were converted to spatial-frequency maps using Surfer software
(version 7, Golden software Inc., Cold Spring Harbor, NY, USA), following the Kriging
procedure. Adapted by permission of “Springer Nature” from Figure 1 in Myres et al.,
(2011); permission conveyed through Copyright Clearance Center, Inc.

Haplogroup R1a has a remarkably wide distribution area extending from eastern
Europe to southern Siberia and Central and South Asia (Underhill et al., 2009).
It is characterized by a phylogenetic division separating European and Asian
sublineages (Figure 7): hgs R1a-Z282 and R1a-793, respectively (Underhill et
al., 2009; Pamjav et al., 2012). A radiating decline is evident in Europe — Rla-
7282 characterises over 40% of all male lineages in Poland, Ukraine, Belarus
and southern Russia, but occurrence rate falls gradually towards Scandinavia,
Western Europe, the Balkans and the Volga-Uralic region (Figure 7A) (Kayser
et al., 2005; Underhill et al., 2015). The European lineages do not extend to
Siberia past the Uralic Mountains and the Rla lineages that are found at
frequencies as high as 50% in some Altaian and South Siberian populations
form a separate North Asian subclade R1a-Z93(xZ95) (Underhill et al., 2015).
High frequencies of hg R1a-Z95 (a sublineage of R1a-Z93) describe Central
and South Asian populations (Figure 7B) (Underhill et al., 2015). According to
Y-chromosomal sequencing data, the split time of Asian and European Rla
lineages dates to approximately 5-6 kya (Poznik et al., 2016), followed by a
rapid diversification within a relatively short time span (Batini et al., 2015).
Extant basal lineages and high STR diversity within hg Rla suggest Middle
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East and present-day Iran as a possible geographic origin of hg Rla (Underhill
et al., 2015), but this hypothesis remains to be reinforced by future aDNA
research. In aDNA record, extant lineages of Rla and R1b appear in samples
from Europe dated to Late Neolithic/Bronze Age and their spread is connected
with massive migration from the steppe after ~3000 BCE (Haak et al., 2015). In
northeastern Europe, lineages belonging to extant European Rla clades appear
with the Corded Ware Culture as an extension of the steppe cultures and conti-
nue to dominate through the Bronze Age (Saag et al., 2017, 2019; Mittnik et al.,
2018).

R1a-Z293

Figure 7. Spatial-frequency distributions of frequency data for human Y-chromosomal
haplogroups a) R1a-Z282 and b) R1a-Z93.

The frequency data were converted to spatial-frequency maps using Surfer software
(version 7, Golden software Inc., Cold Spring Harbor, NY, USA), following the Kriging
procedure. Adapted by permission of “Springer Nature” from Figure 2 and Figure 3 in
Underhill et al., (2015); permission conveyed through Copyright Clearance Center, Inc.

A large fraction of male lineages in northern Europe belong to hg 1. It contains
two subhaplogroups 11a-M253 and 11b-P37, that exhibit a contrasting frequency
gradient (Figure 8) (Rootsi et al., 2004). Latest research involving NGS sequen-
ces revealed a more nuanced picture with clade I1b-P37 belonging to a higher
lever haplogroup 12°3-M438 that contains several subclades confined mostly to
Europe (Karmin et al., 2015). A deep split of approximately 30 kya separates
[1-M253 and 12°3-M438 (Karmin et al., 2015; Poznik et al., 2016). Hg 11-M253
(nomenclature according to Karmin et al., (2015)) encompasses almost 45% of
the Swedish male population sampled from Scandinavia (Figure 8A) (Rootsi et
al., 2004; Karlsson et al., 2006; Lappalainen et al., 2008). It has an equally pro-
minent occurrence in the neighbouring Uralic-speaking Finnish and Saami
males and shows a decreasing trend south towards the Baltic countries and east
towards the Ural Mountains (Rootsi et al., 2004). Within hg 12°3-M438, clade
[2a-M423 has highest (20—40%) frequencies in northwestern Balkans and
spreads to eastern Europe, where it is the major hg I subclade in Slavic-
speaking Ukrainians and Southern Russians, but is gradually outnumbered by
the subclade 11-M253 in Northern Russians (Figure 8) (Balanovsky et al., 2008;
Kushniarevich et al., 2015). Both subclades can be found outside their high
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frequency areas at a marginal (<5%) level. Lineages of hg I have been found in
aDNA from European hunter-gatherer samples, providing evidence for hypo-
thesized autochthonous European origin of the haplogroup (Semino, 2000;
Haak et al., 2015; Jones et al., 2015; reviewed in Kivisild, 2017).

A I1a-M253 B

Figure 8. Spatial-frequency distributions of frequency data for human Y-chromosomal
haplogroups a) 11a-M253 (11-M253 in Karmin et al., (2015)) and b) 11b*-P37 (12a-
M423 in Karmin et al., (2015)).

The frequency data were converted to spatial-frequency maps using Surfer software
(version 7, Golden software Inc., Cold Spring Harbor, NY, USA), following the Kriging
procedure. Adapted by permission of “Elsevier” from Figure 1 in Rootsi et al., (2004);
permission conveyed through Copyright Clearance Center, Inc.

Haplogroup N, although globally distributed at a shallow frequency level,
shows a remarkably wide distribution area and high frequency particularly in
northern Eurasia (Karafet et al., 2008) (Figure 9A). It transcends the conven-
tional boundary between Asia and Europe by being one of the main haplo-
groups in populations on both side of the Ural mountains (Zerjal et al., 1997,
Rootsi et al., 2000; Tambets et al., 2001; Karafet et al., 2002). It is present in
almost all Siberian populations, reaching above 90% in Yakuts, Nganasans and
Nenets and falls below 10% in the Han Chinese (Yan et al., 2011; Fedorova et
al., 2013). The reduced diversity is a common feature in Siberian populations,
with only one major haplogroup describing whole populations, which reflects
their small effective population sizes and prolonged isolation (Zerjal et al.,
1997; Karafet et al., 2002). In Europe, hg N accounts for a large proportion of Y
chromosomes in all Uralic-speaking populations with the exception of Hunga-
rians, who have a marginal level of hg N (Post et al., 2019), whereas its fre-
quency drops abruptly in Indo-European speaking neighbour populations. Only
Baltic-speaking Latvians and Lithuanians deviate from this pattern and harbour
frequencies of hg N as high as their Uralic-speaking northern neighbour popu-
lations (Villems et al., 1998; Rootsi et al., 2000; Tambets et al., 2001, 2004;
Pliss et al., 2006; Lappalainen et al., 2008). Hg N is suggested to represent a
common “Uralic component”, that is exemplified by the significant decline in
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frequency from north to south within the Russian population, suggesting a pos-
sible language shift in some populations ancestral to contemporary Northern
Russians (Balanovsky et al., 2008). None of the Late Neolithic/Bronze Age
samples associated with migrations from the east into Europe belong to hg N,
signifying hg N to be a later addition to the European paternal gene pool (Saag
et al., 2017; Mittnik et al., 2018).

Haplogroups J, G and E form a minor component in the haploid gene pool
of men in northern Europe. Hg J is present throughout northern Eurasia at low
frequencies. It is one of the most common haplogroups in Anatolia and in
regions surrounding the Mediterranean Sea and was initially considered a signal
of demic diffusion of male farmers from the Middle East to Europe during the
Neolithic (Semino, 2000) (Figure 9B). Later research revealed hg J to consist of
surviving ancient sublineages with subtle radiation signs in the Bronze Age (Di
Giacomo et al., 2004; Zalloua et al., 2008; Finocchio et al., 2018). Modern
populations from Anatolia lack samples that would coalesce to more basal
ancestral nodes (Finocchio et al., 2018), but this haplogroup has been found in
hunter-gatherers from the Caucasus and Karelia (Jones et al., 2015; Mathieson
et al., 2015) and has probably originated north of its present-day main Anatolian
distribution area (Kivisild, 2017; Finocchio et al., 2018).

Figure 9. Global phylogeographic distribution maps for human Y-chromosomal haplo-
groups N, J, E and G.
Adapted with permission of PNAS from Figure 2 in Chiaroni et al., (2009).

Additional two lineages associated with Neolithic expansions are hgs E3b-M35
and G-M201. The former is a subclade of haplogroup E, which is more common
in southern Europe, but falls below the frequency of 10% in the populations of
northern Europe. Hg E is the most common Y chromosome clade in the entire
African continent and forms a collection of deep subclades with very different
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evolutionary histories, including an association with the dispersal of early
pastoralists to south Africa (Cruciani et al., 2004; Henn et al., 2008) (Figure
9C). The broadly defined hg E3b-M35 has now been refined into several deep
subclades with only a few of them observed at higher frequencies outside Africa
(Cruciani et al., 2007; Trombetta et al., 2015a). Detailed analysis of the phylo-
geographic distribution of these lineages in northern Eurasia is currently
lacking, but a survey in a limited number of European populations has demon-
strated the subclade E3b-V13 to account for the majority of European hg E3b-
M35 male lineages (Semino, 2000; Cruciani et al., 2007; Trombetta et al.,
2015a). This subclade originated approximately 8 kya, which is consistent with
the hypothesis of a Neolithic expansion that might have passed through the Bal-
kans, where this lineage encompasses about a quarter of the extant Y chromo-
some pool (Cruciani et al., 2007; Trombetta et al., 2015a).

In northeastern Europe, hg G accounts for less than 5% of male lineages, but
is very common in the Caucasus, Near and Middle East (Rootsi et al., 2012)
(Figure 9D). The co-occurrence of two basal lineages — G1 and G2 and high
diversity within subhaplogroups suggest eastern Turkey, Armenia or western
Iran as potential locations for the geographic origin of hg G. It is the prevalent
male haplogroup genotyped in samples of early farmers from Anatolia and
Central Europe, signifying a connection to the spread of agriculture in Europe
(Rootsi et al., 2012; Haak et al., 2015; Mathieson et al., 2015). The 5 300-year-
old Tyrolean Iceman from the Copper Age belongs to a subhaplogroup of G2,
currently most frequent in Corsica and Sardinia while nearly absent in mainland
Europe, and clusters with modern Sardinians based on autosomal analysis,
which lends support to the demic diffusion of Neolithic agriculturalists and their
male lineages across Europe (Keller et al., 2012).

2.2.2. Phylogeny and spread of Y-chromosomal haplogroups in
northern Asia

Haplogroups N, C, O and Q characterise the majority of Y chromosomes in
northern Asia. Hgs O and C are mostly restricted to Asia, whereas hg Q reaches
high frequency only in some northern Asian populations, but is the defining
male lineage in the Americas. Hg N occupies a wide area across entire northern
Eurasia, but is rare in South and East Asia (Figure 9A, see 2.2.3). Hg O, a
neighbour clade of hg N, is the dominant male haplogroup across populations in
East and Southeast Asia, extending also to eastern India and comprising roughly
three quarters of Han Chinese and at least half of Japanese and Koreans (Figure
10A) (Su et al., 1999; Hammer et al., 2006b; Yan et al., 2011). Some of its
sublineages are associated with rapid expansion 7-5 kya, a timeline that
coincides with the shift to intensive agriculture in East Asia (Yan et al., 2014;
Poznik et al., 2016). In northern Eurasia, the haplogroup is dominant in Mongol,
Kazakh and the indigenous Nivkh populations while being rare in most other
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North Asian populations. In Mongols, the sublineage O3—122 accounts for the
majority of Mongol hg O Y chromosomes, reflecting the proposed northward
migration from South Asia (Katoh et al., 2005; Shi et al., 2005; Wang et al.,
2013).
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Figure 10. Global phylogeographic distribution maps for human Y-chromosomal haplo-
groups O, Q, D and L.
Adapted with permission of PNAS from Figure 2 in Chiaroni et al., (2009).

One of the most widely distributed Y chromosome haplogroups in East Asia
and Oceania is hg C that is characterised by geographic specificity — diffe-
rentiated subclades are restricted to Japan, Oceania, India and Australian Abori-
gines (Figure 11) (Hammer et al., 2006b; Kayser et al., 2006; Sengupta et al.,
2006; Hudjashov et al., 2007). Subhaplogroup C3-M217 has the broadest spread
across Asia, Siberia and the Americas (Zhong et al., 2010). In northern Asia, it
accounts for over 50% of male lineages in Mongolic-speaking Buryats, Mon-
gols and Oirats as well as in small indigenous populations of Siberia, such as
Evens, Evenks, Nivkhs, Nanai, Negidals and Yukaghirs, whereas it is below 1%
in the surrounding Russian population (Karafet et al., 2002; Lell et al., 2002;
Malyarchuk et al., 2010; Balinova et al., 2019). Two haplotypes of subhaplo-
group C3-M217 account for 3—8% of all sampled men in East Asia and show
very rapid spread during last 1000 years based on STR-calculated time to
MRCA (Zerjal et al., 2003; Xue et al., 2005). This has led to its associations
with the male descendants of Genghis Khan and Qing Dynasty nobility (Zerjal
et al., 2003; Xue et al., 2005). However, newer research with the advantage of
NGS has linked the “Genghis Khan” cluster to at least two times earlier diffu-
sion of all Mongolic-speaking populations (Wei et al., 2018b). Regardless of
speculative historical assignments, the notable increase in frequency of such
lineages warrants social selection as a probable explanation (Zerjal et al., 2003;
Malyarchuk et al., 2010).
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Figure 11. Major subclades of hg C in ancient and present-day populations.

The tip of each triangle is in proportion to the subclade’s coalescent time estimated from
high coverage genomes in present-day populations. The phylogenetic mapping of
ancient Y chromosomes is shown with red symbols. Haplogroup names are shown in
brown font and their defining SNP marker names in grey font next to relevant branches.
Time scale shown in KYA (thousand years ago). Triangle colours match geographic
regions on the map. PNG — Papua New Guinea. Adapted from Figure 4 in Kivisild,
(2017) under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).

Subclades of hg C occur in Palaeolithic and Mesolithic hunter-gatherers in
Europe, Early Neolithic hunter-gathers from Lake Baikal region and Neolithic
samples from Central Europe, but none of the ancient lineages are found in
modern Europe, where nowadays hg C is almost non-existent (Figure 11)
(Seguin-Orlando et al., 2014; Mathieson et al., 2015, 2018; Kivisild, 2017; de
Barros Damgaard et al., 2018). Haplogroup’s extensive spread and present-day
limited regional overlap between sublineages suggest that hg C might mark the
earliest settlers of Eurasia followed by long-time isolation between its carriers
(Zhong et al., 2010; Kivisild, 2017).

Haplogroup Q is scattered across Eurasia at generally low incidence but with
frequency peaks in some Siberian populations (Kivisild et al., 2003; Karafet et
al., 2008). It represents one of the founder lineages carried by the initial settlers
of the American continent — sublineage Q1-L54 accounts for at least 75% of
male Native Americans (Karafet et al., 1997; Zegura et al., 2004; Battaglia et
al., 2013; Wei et al., 2018a). Same paternal lineage is present at high frequen-
cies in South Siberian populations residing in Altai region, linking indigenous
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South Siberians and Native Americans through common paternal ancestry
(Figure 10B) (Lell et al., 2002; Dulik et al., 2012). The high frequency of hg Q
in Ket and Selkup populations and its low occurrence or near absence in most
other Siberian populations may reflect founders effect coupled with genetic drift
enhanced by small population sizes (Karafet et al., 2002; Fedorova et al., 2013).
Hg Q incidence above 10% in Tadjik and Turkmen populations and the pre-
sence of rare early branches in Iran and in the Arab Peninsula suggests West or
Central Asia as a possible source area of hg Q (Wells et al., 2001; Balanovsky
et al., 2017). Studies on aDNA indicate wide dispersal of hg Q already in late
Neolithic and early Bronze Age — Y chromosomes belonging to subhaplogroup
Qla have been identified in ancient remains dated 6500 BCE from Latvia
(Mathieson et al., 2018) and in approximately 3000-year old samples from
Central Plain area in China (Zhao et al., 2014).

Haplogroups D and L form a rare and minor addition to the paternal pool of
lineages in Northern Eurasia. Hg D in one of the main haplogroups among
populations in the Japanese archipelago, Tibet, Southeast Asia and the isolated
Andaman Islands, whereas hg L is primarily found in southern Eurasia: South
Asia, Anatolia, South Caucasus and Europe along the Mediterranean coast
(Figure 10CD) (Karafet et al., 2001, 2008; Kivisild et al., 2003; Thangaraj et al.,
2003; Cinnioglu et al., 2004; Hammer et al., 2006b; Sengupta et al., 2006;
Wang and Li, 2013).

2.2.3. Haplogroup N as a sign of gene flow between Eastern and
Western Eurasia

A study by Zerjal et al. (1997) was among the first to identify a frequent SNP
shared by a subset of Asian and European populations. The authors pointed out
that the majority of European men carrying the derived allele speak a language
belonging to the Uralic language family, whereas allele frequency drops abrupt-
ly in most neighbouring Europeans speaking Indo-European languages (Zerjal
et al,, 1997). Authors also suggested a Siberian origin of the polymorphism
based on frequency gradient and STR diversity in the background of the muta-
tion identified as Tat (=M46) that defines one subclade in the broader hg N
(Zerjal et al., 1997; Karafet et al., 2008). Ensuing research detected additional
upstream and downstream polymorphisms that correspondingly define the
whole hg N, its neighbour hg O and the subhaplogroups within hg N (Fig 12A),
followed by attempts to unify the nomenclature of the emergent phylogenetic
tree (Rosser et al., 2000; Semino, 2000; Underhill et al., 2000; The Y Chromo-
some Consortium, 2002; Jobling and Tyler-Smith, 2003; Cinnioglu et al., 2004;
Karafet et al., 2008). Further research revealed additional high incidence in
Indo-European speaking Latvians, Lithuanians and Northern Russians and an
abrupt frequency drop in Polish and Swedish males (Lahermo et al., 1999;
Rootsi et al., 2000; Tambets et al., 2001; Karlsson et al., 2006; Pliss et al., 2006;
Balanovsky et al., 2008; Lappalainen et al., 2008). A curious exception are the
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modern Hungarians, who contrast with other Uralic-speakers by exhibiting
near-absence of hg N (Rootsi et al., 2000; Tambets et al., 2001, 2004). How-
ever, latest studies showed common STR haplotypes within hgs Rla and N
(Dudas et al., 2019) and a shared hg N lineage, although present at low frequen-
cies, between Hungarian and Volga-Ural/West Siberian men (Post et al. 2019).

A discovered bifurcation within hg N resulted in the subclades N2 and N3
(Figure 12A). Continuous addition of new branches has caused several reassess-
ments of the nomenclature (Figure 12A) and this section follows the classi-
fication proposed by Jobling and Tyler-Smith, (2003). Both subclades attain
significant level of incidence in Khanty and Mansi populations residing in
Northwest Siberia (Karafet et al., 2002; Tambets et al., 2004; Pimenoff et al.,
2008). The prominence of hg N in northern Eurasia has led to the question of its
geographic origin and timing of the dispersal. Owning to the limited genetic
resolution available in the early studies, interpretations of the spread of hg N
and its ensuing diversification were primarily dependent on the sampled STR
variation and the uncertainties of the STR mutation rate. This led to inconclu-
sive and conflicting results with suggestions of a possible European origin and a
subsequent west-to-east migration of hg N carriers or a migratory route that
reached northeastern Europe before the Ural Mountain region (Villems et al.,
1998; Rootsi et al., 2000; Derenko et al., 2007; Mirabal et al., 2009a, 2009b).
South Siberia was proposed as a possible area of origin of subclade N2 based on
comparison of STR based TMRCAs (Malyarchuk and Derenko, 2009). How-
ever, wider geographic sampling and increased sample size pointed to high
genetic drift in small and diffusely located Siberian populations, leading to
reduced diversity estimates that confound diversity-based population compari-
sons (Karafet et al., 2002; Fedorova et al., 2013).

Hgs NO, N*, N3* have been found in Neolithic samples excavated from
several archaeological sites in Northern China, whereas currently prevalent hg
O starts to appear in sites dated to a more recent time period (Cui et al., 2013;
Gao et al., 2015; Zhang et al., 2017). Serial male population changes are
reflected in Y chromosome hgs in aDNA samples from the vicinity of Late
Baikal, where hg N2 is the main haplogroup during late Neolithic (~5000 BCE),
but changes to hg Q in Early Bronze Age (~2000 BCE) (de Barros Damgaard et
al., 2018). In northeastern Europe, earliest carriers of hg N appear along with
autosomal Siberian ancestry in hunter-gatherer remains dated to ~1500 BCE in
the Kola Peninsula (Lamnidis et al., 2018) and in samples from tarand-type
graves associated with the onset of Iron Age (~800 BCE) in Estonia (Saag et al.,
2019). Earlier Estonian Bronze Age samples lack both the hg N and autosomal
signs of Siberian ancestry (Saag et al., 2017; Mittnik et al., 2018). Latest
research has revealed a total of 5 hg N3* samples out of 29 graves of the
Conquerors who arrived into the Carpathian Basin ~900 CE and are considered
to be the founders of present-day Hungary and carriers of the Hungarian
language (Neparaczki et al., 2019). However, their pool of Y chromosomes was
extremely heterogeneous featuring major European hgs R1b, Rla, I1 and 12a,
which reflects their multi-ethnic background as an alliance of tribes with poten-

39



tial connections to Bashkirs, Volga Tatars and other populations in the Volga-
Uralic region (Neparaczki et al., 2019).
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Figure 12. Schematic overview of phylogenetic relationships in the NO clade with the
defining SNP markers.

a) nomenclature and tree topology according to the references; b) nomenclature and tree
topology according to Karmin et al.(2015). Dotted lines indicate hg O lineages.

A breakthrough in understanding the precise inner structure of Y-chromosomal
haplogroups, among them also hg N, in a manner free of ascertainment bias
along with branch lengths proportional to time came with application of NGS
sequencing to long sections of MSY (Francalacci et al., 2013; Wei et al., 2013a;
Hallast et al., 2015; Karmin et al., 2015; Poznik et al., 2016; Finocchio et al.,
2018). Publications with a sufficient number of hg N samples show that hg N
separates into two deep basal clades — hgs N4 (nomenclature according to
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Karmin et al.(2015)) and hg N 1°3 that is a large clade formed by males mostly
from Siberia and Europe (Figure 12B) (Karmin et al., 2015; Poznik et al.,
2016). Both Karmin et al. (2015) and Poznik et al. (2016) used mutation rate
derived from aDNA and provided broadly concurrent age estimates of circa
40 — 45 ky for NO clade and 19 — 22 ky for haplogroup N. Karmin et al. (2015)
were the first to publish a comprehensive refined topology of hg N coupled with
geographically broad sampling range and preliminary age estimates of the
reported novel clades. Hg N1°3 separates further into two subclades: hg N1°2
that incorporates the previously known subclade N1b-P43 with its formerly
undetermined diversification, and hg N3 that is a large clade which includes the
initially discovered M46(Tat) polymorphism shared by Siberian and European
populations (Zerjal et al., 1997; Karmin et al., 2015). Hg N3 follows a complex
diversification pattern with a rather recent (~5 kya) subclade N3a3’5 that unites
single sequenced samples from as diverse populations as Finns, Estonians,
Mongols and Koryaks (Karmin et al., 2015). However, the reviewed publica-
tions focus on discovering unbiased variance underlying the true tree topology
and lack broader population-scale approaches for clarifying phylogeography of
the discovered subclades.

2.3. Autosomal approaches in
studying human genetic diversity

2.3.1. Types of available autosomal data

2.3.1.1. Microarray data

Most demographic histories lead to many variable genealogy trees. Any tree
built from a single locus such as the Y chromosome represents one realisation
of many equally possible genetic histories for the same population and the
variance caused by the random nature of trees can be reduced by considering
many nuclear loci simultaneously for estimating genetic diversities, divergence
times, admixture and other population parameters of interest (Rosenberg and
Nordborg, 2002; Brumfield et al., 2003; Hey and Machado, 2003; Nielsen and
Beaumont, 2009). Technological advances have transformed the accumulation
of genetic data from surveying a handful of variable loci with restriction
fragment length polymorphism to rapid genotyping of hundreds of thousands of
SNPs with DNA hybridization microarrays to the massively parallel NGS.

At its core, the microarray approach relies on sequencing a panel of indi-
viduals and then using the discovered polymorphisms for microarray-based geno-
typing in a much larger sample size. Despite being the fastest and most affordable
genome-wide genotyping method, inherent limitations of this approach stem from
ascertainment bias associated with the selection of individuals for the initial
sequencing step and the distorted minor allele frequency spectrum (McTavish and
Hillis, 2015). As the polymorphisms are discovered in a limited number of
samples, there is a relatively smaller probability of capturing variance with rare
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minor allele frequency and the observed variance tends to be skewed towards
SNP loci with intermediate and common occurrence (Nielsen, 2004; Lachance
and Tishkoff, 2013). Ascertainment bias will affect estimates of any population
genetic parameters based on the allele frequency spectrum as well as tests for
natural selection and the magnitude of its effect will depend on the exact
ascertaining scheme. For example, when the heterozygosity of variants
discovered in a European ascertainment panel is assessed in African populations,
it will falsely show European populations to harbour a greater amount of variation
(Eller, 2001). According to the neutral theory of evolution, population bottlenecks
result in deficiency of rare alleles and ascertainment bias can inflate the estimates
of population contraction. Comparison of whole genome sequences and SNP
array data in African hunter-gatherers show higher values for population
differentiation measures, such as Fsr, for ascertained array polymorphisms,
demonstrating the inflating effect of the ascertainment bias on population
differentiation estimates (Lachance and Tishkoff, 2013). Accurately phased
haplotype data are more robust to ascertainment bias (Lohmueller et al., 2009;
Haasl and Payseur, 2010). Ascertainment bias can also be corrected for by
predicting the properties of the missing polymorphisms and several approaches to
account for the absent variance have been proposed (Nielsen, 2004; Clark et al.,
2005; Albrechtsen et al., 2010; Quinto-Cortés et al., 2018), but not extensively
utilised, as they require either resequencing data or precise knowledge of the
ascertainment schemes, which are often complex and unclear (Novembre and
Ramachandran, 2011; Lachance and Tishkoff, 2013).

2.3.1.2. Next generation sequencing data

It is impossible to completely evade ascertainment bias, as all frequency distri-
butions are drawn from small sample sizes and not the entire populations, but
sequencing whole genomes would minimise it significantly. Although the latter
is becoming more and more economically feasible, the costs of good quality
high-coverage data are still prohibitive for routine use in large sample sizes. The
challenges of analysing NGS data come from substantially larger amount of
generated information and shorter read lengths with higher error rates relative to
traditional Sanger sequencing approach and involve many analytical and tech-
nical choices preceding the final set of SNPs subjected to further study (Craw-
ford and Lazzaro, 2012; Schraiber and Akey, 2015). The large amount of data
together with different coverage levels, platform-specific error profiles along
with artefacts have necessitated the development of a multitude of bioinformatic
algorithms for efficient data analysis with computational costs often surpassing
those of data production (Mardis, 2010).

The initial key step, upon which any following NGS analysis is based, is the
accurate mapping of reads to an already sequenced reference genome. The main
challenges lay in mapping reads that differ from the reference genome or
originate from a repetitive genomic region that is longer than the read itself
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(Pfeifer, 2017). By chance, such reads might map to several locations in the
genome, leading to potential biases and errors in the variant calling procedure.
The use of paired-end or mate pair reads has enhanced mapping quality in such
regions, with determined gaps between reads providing information on place-
ment of one read if another is confidently mapped (Pfeifer, 2017). However,
placing reads remains difficult in repetitive or highly polymorphic areas, and
the ongoing development of sophisticated mapping methods along with in-
creasing read length and combining multiple technologies is still required to in-
crease the quality of the final alignment (Pool et al., 2010; Pfeifer, 2017).

The first step in generating the final high-quality variant call set involves
identifying individual alleles at all sites that differ from the reference sequence.
Accurate calling of heterozygous sites requires high-coverage data (>20x) to
mitigate effects of random sequencing errors — observing at least 10 reference
reads and 10 reads with alternative allele makes a strong case for a truly hetero-
zygous site (Schraiber and Akey, 2015). In the most common study design case of
sequencing large number of individuals at a low or medium coverage, probabi-
listic variant calling approaches that compute genotype likelihoods with addi-
tional information (for example, base and alignment quality scores, error profiles
of different platforms, read coverage) need to be applied (Nielsen et al., 2011;
Pfeifer, 2017). The most commonly used software operating in the probabilistic
framework is the Genome Analysis Toolkit (GATK) (McKenna et al., 2010).

After variant calling, a filtering step should remove false positive variant
sites to increase specificity. Filtering can be done by considering certain thres-
holds of variant characteristics, such as location in regions with poorly aligned
reads, low quality scores and tight clustering with other variants, prompting
custom approaches in sex chromosomes that differ in terms of coverage patterns
and rate of homozygous calls. Newer filtering methods use machine learning to
achieve higher specificity at low coverage levels (Cheng et al., 2014). It is also
common practise to filter out sites that excessively deviate from Hardy Wein-
berg equilibrium, as this suggests error-prone regions with unreliable variants.
Although error-mitigating strategies of NGS technology have substantially
improved since its wide introduction in 2005, no gold-standard exists and diffe-
rent sequencing applications, platforms and research goals require custom-
tailored approaches to the selection of numerous, often software-specific, para-
meters and algorithms (Mardis, 2011; Pfeifer, 2017).

2.3.2. Detecting and dating admixture with autosomal data
2.3.2.1. Approaches based on variation of allele frequencies

Finalised variant data set is usually first subject to a population structure ana-
lysis. Understanding the genetic structure of sampled individuals is necessary
for understanding and modelling evolutionary history, including admixture, of
sampled populations, with prior knowledge of population structure often one of
the necessary input parameters for further modelling (Figure 13). Principal
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component analysis (PCA) is now widely used as the most common method for
inferring population structure and its use in conjunction with geography and
human genetic variation was pioneered by Cavalli-Sforza et al., (1994). The
main idea is to reduce the large dimensionality of genotype data by algebraical-
ly identifying principal components that most efficiently represent the variation
present within the data without any prior classification of the samples. Analysed
samples are then plotted according to their first few principal components and
individuals with more similar genotypes will tend to cluster together, whereas
more-distantly related individuals will lie further apart and admixed individuals
will be positioned relatively in-between their ancestral clusters (Figure 13B)
(Brisbin et al., 2012; Schraiber and Akey, 2015). Additionally, PCA can be used
as a quality control measure to detect technical sources of variation that might
arise when samples are genotyped with different instruments or at different faci-
lities (Schraiber and Akey, 2015). However, in the context of population admix-
ture history and geography, genetic resemblance patterns obtained with PCA
should be regarded with caution. Gradient-like patterns that emerge when prin-
cipal components are projected onto a geographic map might arise from either
isolation-by-distance or a directed migration, leading to inconclusive interpre-
tations that require further analysis with additional methods and integration of
alternative sources of information such as aDNA or archaeology and historical
records (Novembre and Stephens, 2008). However, PCA remains a valuable
tool for detecting population (sub)structure within and between populations and
correcting for stratification in disease studies (Reich et al., 2008).

Additional approaches for studying genetic ancestry and structure are
exemplified by the model-based Bayesian method STRUCTURE — a clustering
algorithm first developed by Pritchard et al., (2000). In brief, STRUCTURE and
STRUCTURE-like approaches use genotype data to probabilistically assign in-
dividuals to K number of clusters representing genetically distinct populations,
each of which is characterised by a set of allele frequencies at each locus, group
individuals that share underlying common allele frequencies and identify
admixture proportions from each cluster K at the individual level (Figure 13C)
(Pritchard et al., 2000; Liu et al., 2013). The initial STRUCTURE implemen-
tation is too slow for whole genome data and computationally more efficient
maximum-likelihood estimation approaches such as ADMIXTURE (Alexander
et al., 2009) or FRAPPE (Tang et al., 2005) are recommended for large-scale
datasets. The selection and interpretation of parameter K is the key challenge in
all of the methods mentioned above. The ADMIXTURE software helps to
choose the best K that minimises the cross-validation error and has been shown
to be faster and more accurate than FRAPPE, making it the preferred software
for genetic studies in human populations (Alexander et al., 2009). However, it is
advisable to inspect results from a range of K values and regard any
STRUCTURE-like analysis as the beginning stage of a detailed demographic
and admixture analysis with critical assessment of the underlying model and its
ramifications (Novembre, 2016; Lawson et al., 2018).
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Figure 13. Schematics for the output of various methodological tools for assessment of
population history.

a) A simple three-population model with changes in population size and asymmetric
gene flow. b) Principal component analysis (PCA) qualitatively illustrates population
structure and admixture of populations 2 and 3 by the spread of individuals along the
first (PC1) and second (PC2) principal components. ¢) STRUCTURE provides esti-
mates of the proportion of each individual genome from populations 1, 2 and 3. d)
Chromosomal painting shows the specific tracts of sequences inherited from ancestors
in each population. e) Treemix illustrates asymmetrical migration rates (difference in
arrowhead size) between populations 2 and 3. Figure adapted by permission of
“Springer Nature” with minor alterations from Figure 2 in Schraiber and Akey, (2015);
permission conveyed through Copyright Clearance Center, Inc.
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Specific hypothesis of admixture and population history can be formally tested
with methods that are developed within a framework of fitting mixture events to
allele frequencies observed in multiple populations, allowing exploration of
potential population contacts that fit the genetic data (Patterson et al., 2012).
Expanding upon these ideas, Reich et al.(2009) introduced several F-statistics
and Green et al. (2010) the D-statistic. One of the F-statistics, the Fs-statistic
explicitly tests whether a population of interest (C’) is directly derived from
admixture between two other populations (A’ and B’) as exemplified by the
admixture graph on Figure 14D. The statistic measures the covariance of the
difference in allele frequencies between populations C* and A’ and populations
C’ and B’. Positive result (F; (C’; A’, B”) >0) shows that there is no evidence
that C’ is the result of an admixture event between A’ and B’, whereas negative
result (F3 (C’; A’, B’) < 0) indicates that C’ might be admixed from A’ and B’.
A limitation in interpretation might come from high population-specific drift in
admixed population C’ that increases the value of branch length C-C’ and
masks the true signal of admixture (Figure 14D) (Patterson et al., 2012).

The Fs-statistic was proposed as measurement of shared drift to validate a
proposed unrooted tree topology of four populations (all possible topologies
presented in Figure 14 panels A, B, C). Drift is defined as the frequency change
of an allele along a branch of a tree — hence drift between populations P; and P
is a function of differences in the allele frequencies in P; and P, (Patterson et
al., 2012). If the true tree can be formulated as (P1,P, ; P3,P4), then F4 = 0, in
case of notation (P;,P; ; P,,P4) representing the true clusters, the statistic is
positive and in case of (P,Ps ; P2, P3) being the true relationship the F4(Py,P; ;
P3,P4) < 0. Essentially, the value of F4 measures the length of the internal branch
of the tree with the sign indicating the true topology. A false negative result
might arise if P4 is admixed from both P, and P; in equal proportions, as equal
amount of ancestry stems from each source and is opposite in drift direction
(Reich et al., 2009; Harris and DeGiorgio, 2017).

The D-statistic is used for testing the presence of gene flow from a third
group into either of the two sister groups by validating a proposed rooted four-
population tree topology. The initial D-statistic was applied to detect Neander-
thal introgression into modern humans (Green et al., 2010). The basis lays in
counting alleles that differ between sister groups and that are shared between
the putatively introgressing population and one of the sister groups (Harris and
DeGiorgio, 2017). Additionally, the outgroup population must share the same
allele as the unadmixed sister population, indicating that the derived allele arose
on the genealogical branch connecting the donor and the putatively admixed
population. The value and sign of the D-statistic depends on the excess pattern
of the shared alleles — positive in case of more alleles shared between the
second sister population and the admixing population (non-Africans and
Neanderthals in Figure 14E), negative in case of more alleles shared between
the first sister population and the admixing population (Africans and Neander-
thals in Figure 14E) and zero in case of absent excess of shared alleles. The
statistic can also be called the ABBA-BABA-statistic, according to the sharing
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pattern of ancestral (A) and derived (B) alleles on the branches of the proposed
tree topology (Figure 14E). Low sequencing depth can skew true allele counts
and obscure relationships between populations. Such is often the case for aDNA
studies, where error correction for sample contamination and ensuing calcula-
tion modifications within the D-statistic framework need to be taken into
account (Raghavan et al., 2014; Soraggi et al., 2018). Significance for the F-
and D-statistics is based on Z-score calculated as weighted mean value of the
statistic across all blocks of equal length, divided by the standard error (Harris
and DeGiorgio, 2017) and both statistics have been shown to be robust to
ascertainment bias (Patterson et al., 2012).
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Figure 14. Schematic visualisations for the Fs-, F4-, D-statistic and Alder.

a-c¢) Unrooted four-population trees showing the coloured drift paths for Fi(Pi,P; ;
P3,P,4) for the three possible topologies. a) F4(P1,P> ; P3,Ps) = 0 b) F4(P1,P2 ; P3,P4) >0 ¢)
F4(P1,P> ; P3,P4) < 0. In case of b) and c¢) trees the magnitude of F4 is equivalent to the
length of the internal (purple) branch. d) Three-population admixture graph showing the
relationships between populations A, B and C applicable to Fs-statistic and Alder
software. Present-day population C’ is descended from an admixture between A and B
to form C; populations A’ and B’ are present-day references. Branch lengths represent
drift between ancestral and descendant nodes. e) Asymmetric four-population tree
rooted to the chimpanzee outgroup to which the D-statistic was originally applied in
Green et al., (2010). Ancestral alleles labelled as A, derived alleles as B. ABBA
indicates sites where the derived allele is shared between non-African and Neanderthal,
BABA sites are those where African and Neanderthal populations share the derived
allele (B), while non-African and chimpanzee share ancestral allele (A). Figures
12ABCE adapted from Harris and DeGiorgio, (2017) with permission of Wayne State
University Press and 14D adapted by permission of Genetics Society of America from
Figure 1A in Loh et al., (2013).

47



Building upon the reviewed ideas and the available allele frequency data, graph
construction methods relating a larger number on populations have been
developed. The qpGraph software tests the fit of F-statistics to a user-specified
bifurcating tree of n populations (Patterson et al., 2012). Developed as an
expansion to qpGraph, MixMapper first builds a bifurcating tree of unadmixed
populations using the Fs-statistic and incorporates the a priori defined admixed
populations (Lipson et al., 2013). TreeMix software utilizes a somewhat diffe-
rent approach by building a directed acyclic graph from allele frequency data
through fitting a particular model of population relationship in a maximum
likelihood framework (Figure 13E) (Pickrell and Pritchard, 2012). Descendant
populations have the same mean allele frequencies as their ancestor and branch
lengths reflect the drift measurement descendants share relative to their ances-
tor. Additionally, TreeMix allows to explore alternative demographic scenarios
by evaluating the fit of the data to graphs with and without an arbitrary number
of migration events (Harris and DeGiorgio, 2017). Graph construction methods
fit patterns in allele frequency correlation across populations. Choosing the
most appropriate method relies on the assumed demographic complexity among
populations of interest (Harris and DeGiorgio, 2017). This factor is however
ultimately unknown, necessitating the evaluation of a vast number of possible
tree topologies and potential migration events, making it difficult to assess the
extent to which equally likely solutions exists (Mathieson et al.,, 2018;
Wangkumhang and Hellenthal, 2018).

2.3.2.2. Approaches based on identification of shared haplotypes

It is reasonable to assume that an admixed individual should have genomic seg-
ments inherited from different ancestral populations and that such segments
diminish over time due to the process of recombination. Identifying these seg-
ments, their length, distribution and linkage pattern allows obtaining a more re-
fined picture of admixture. Modelling correlation in ancestry along the genome
leads to the production of mosaic ancestry maps also knows as local ancestry
deconvolutions or chromosome “paintings” (Figure 13D) (Brisbin et al., 2012;
Gravel, 2012; Schraiber and Akey, 2015). Approaches like Saber (Tang et al.,
2006), LAMP (Sankararaman et al., 2008) and PCAdmix (Brisbin et al., 2012)
divide genomes into evenly-sized sliding windows and assign an ancestry label
to each of them. The ancestry assignment depends on either majority vote using
all overlapping windows (LAMP), PCA-based ancestry identification of va-
riants (PCAdmix) or must be predefined by the user (Saber). Most recent alter-
native methods such as RFMix (Maples et al., 2013) and EILA (Yang et al.,
2013) take a different route by modelling the dependency of the unobserved
variables (ancestries) directly as a function of the observed variables (alleles)
and have been shown to be faster and more accurate (Padhukasahasram, 2014).
These methods do not test an explicit parametric population genetic model, but
are valuable for selecting variant reference panels based on ancestry or iden-
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tifying recent targets of selection, and allowing more accurate identification of
genetic variants associated with disease in admixed populations (Pasaniuc et al.,
2011; Brisbin et al., 2012; Jin et al., 2012).

None of the mentioned methods model linkage disequilibrium (LD) in the
ancestral populations and thus omit additional information extractable from
densely genotyped data. An influential model proposed by Li and Stephens
(2003) approximated the coalescent process with recombination in a scalable
and computationally efficient manner featuring hidden Markov model (HMM).
In the context of admixture, HMM combines observed genotypes at neigh-
bouring markers to provide additional information regarding ancestry of a
variant and accounts for uncertainties such as differences in allele frequencies
between true ancestors and their modern population proxies (Falush et al., 2003;
Tang et al., 2006). HAPMIX was the first haplotype-based method to apply and
extend the Li and Stephens model in order to determine the genetic ancestry for
each chromosomal position or segment in the genome (Price et al., 2009).
Unlike HapMix, subsequent haplotype-based-developments — fineSSTRUCTURE
(Lawson et al., 2012) and Globetrotter (Hellenthal et al., 2014) — do not require
predefined ancestral populations, instead building a coancestry matrix, in which
each element estimates the number of haplotypes from a genome of an indivi-
dual that are most closely related to corresponding haplotypes from another
sampled individual. This matrix forms the basis for either performing PCA or
for a model-based analysis to identify clusters of individuals forming geneti-
cally related populations with similar genetic ancestry profiles (Lawson et al.,
2012). FineSTRUCTURE then reconstructs the hierarchical relationship be-
tween clusters in the form of a tree (Busby et al., 2015). If there is no close
proxy for the ancestral populations, especially likely for ancient admixture or
poorly sampled regions, Globetrotter approximates the pattern of haplotype
sharing of the admixed population by combining several most suitable donor
populations (Hellenthal et al., 2014). Both methods have been extensively used
in studies revealing fine-structure and admixture in human populations on both
global and local levels (Busby et al., 2015; Leslie et al., 2015; Hudjashov et al.,
2018) as well as in populations of other species such as for example wheat
(Joukhadar et al., 2017).

An alternative haplotype-based method for detecting admixture involves
identifying genomic segments that are identical-by-descent (IBD) between indi-
viduals. An IBD tract is usually defined as a contiguous region that descends
from a common ancestor without recombination. Lack of recombination means
that there is little need to model complex recombination patters, which signi-
ficantly simplifies the implementation of IBD-based methods (Schraiber and
Akey, 2015). The challenge lies in mitigating the excess of false positive seg-
ments created by identical by state nucleotides that are counted as IBD. False
IBD segments can occur in evolutionary conserved regions or regions with unu-
sually high LD and this issue needs to be addressed with careful filtering criteria
that account for both length and frequency of the segments (Browning, 2008).
Several methods for detecting IBD tracts from chip genotyping data have been
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published (Purcell et al., 2007; Gusev et al., 2008; Browning and Browning,
2013b) and there is an ongoing development of newer approaches that focus on
sequence data, while also incorporating info on demography (Browning and
Browning, 2013a; Tataru et al., 2014). IBD sharing patterns can be used to esti-
mate populations’ historical N. (Browning and Browning, 2015) and fine-scale
substructure on either single-population level or continental between-popu-
lations level, showing a decline in pairwise sharing of IBD tracts that correlates
with geographic distance (Ralph and Coop, 2013; Martin et al., 2018). For
admixture estimation, a test devised to identify deviation from expected
distance-based decay of shared IBD tracts was used to detect an elevated level
of ancestry between Turkic speakers in Western Eurasia and present-day
populations from South Siberia and Mongolia in comparison to their immediate
non-Turkic speaking geographic neighbours (Yunusbayev et al., 2015; Pankra-
tov et al., 2016).

2.3.2.3. Approaches for timing admixture

In addition to detecting potential admixture, estimating the timeframe for the
admixture event allows for a more nuanced picture of the ancestry of a popula-
tion. For whole genome data, most widely used dating methods are haplotype-
based approaches involving modelling the signature of decay in LD between a
pair of variants located on the same chromosome as the distance between the
sites increases (Harris and DeGiorgio, 2017). A schematic phylogeny with point
admixture is represented on Figure 14D, where admixed population C’ retains
longer-range LD from a past mixture event involving previously separated
populations A’ and B’ (Loh et al., 2013). Calculating the exponential LD decay
pattern shows the number of recombination events that have occurred since the
admixture and the latter is reflected in the length of chromosomal segments
from the admixed population that can be used to obtain a timeframe in gene-
rations (Moorjani et al., 2011). In mathematical terms, for two alleles X and Y
drawn from an admixed individual in population C’, the probability after »
generations that X and Y originate from the same haplotype is ¢, and observed
correlation of alleles can be presented as a function of their genetic distance d —
the weighted LD statistic A(d) — that is approximated by the result of expo-
nential decay from the initial state Ao such that A(d) =~ Age™ (Harris and
DeGiorgio, 2017). The rate of decay will allow estimating the time in genera-
tions (n) — steeper decay corresponds to older admixture. ROLLOFF by Moor-
jani et al., (2011) was the original method to apply this idea for testing and
dating African admixture in Europe and the Levant (Figure 15). To avoid con-
founding background LD, the optimal starting distance between markers should
be at least 0.05 cM (Moorjani et al., 2011).

Extending the ideas behind ROLLOFF, Alder derives the formula for A(d)
as dependent on the mixture proportion of each admixing lineages and the ex-
pected squared allele frequency difference for a randomly drifting neutral allele

50



drawn from two admixing sources (Loh et al., 2013). In addition to several
orders of magnitude faster computational speed, Alder implements several im-
provements in comparison to ROLLOFF. It can compute time of admixture
from a single donor population when the other is unsampled and accounts for
shared demography producing spurious false positive results by comparing
background LD in both the test and admixing populations and using only suffi-
ciently distanced loci for fitting the LD decay curve (Loh et al., 2013). As the
true allele frequencies from past populations are unknown, authors of Alder
algorithm show that the genetic drift along the A’’A’/B’’B’ lines (Figure 14D)
adds noise to the LD decay curve, but does not change the timeframe estimates
of admixture. Alder also provides an LD-based test of admixture that comple-
ments the F3 test and in contrast to F3 helps to identify admixed populations that
have undergone extensive drift, but has limitations to detect admixture events
older than roughly 250 generations because of the rapid decay of the LD curve
(Loh et al., 2013).
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Figure 15. Testing for LD due to African admixture in Portuguese, Russians, Sephardic
Greek Jews and Palestinians with ROLLOFF.

Algorithm calculates the LD between pairs of markers in each population, weighted by
their frequency difference between African Yoruba and a corresponding West Eurasian
population to make the statistic sensitive to admixture LD. A significant exponential
curve indicating African admixture is detected in Portuguese, Palestinians and Jewish, but
not in Russians. Republished from Figure 3 in Moorjani et al., (2011) under the terms of
the Creative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/).
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Globetrotter is the most recent LD-decay based admixture dating software that
relies on similar theoretical reasoning that is behind both ROLLOFF and Alder,
but gains power by using haplotypes that are shared between populations
instead of allele frequencies and modelling source populations as a mixture of
several possible “donors” (Hellenthal et al., 2014). Globetrotter also accounts
for a possibility of two admixture events by fitting a model with a mixture of
LD curves with different decay rates and a different set of source population,
estimating timeframe for both admixtures. These improvements provide a more
realistic approach to human population history. Admixture simulations with
samples from real populations have shown haplotype-based Globetrotter to be
more accurate in estimating dates and admixture sources relative to ROLLOFF
(Hellenthal et al., 2014), however Globetrotter authors did not complement the
comparison with results from Alder.

2.4. Uralic-speaking populations

2.4.1. Dispersal of Uralic languages

The Uralic language family comprises of 47 known languages clustered into 9
subgroups and spoken by about 25 million people across northeastern Europe
and Siberia with the exception of Hungarian speakers residing in Central Euro-
pe (Figure 16A) (Janhunen, 2009; Syrjinen et al., 2013). By territorial extension
it is one of the most widespread languages in northern Eurasia, but its spatial
range is uneven with patches of Uralic speakers surrounded by much larger
populations speaking Indo-European and Turkic languages. Hungarian (~ 13
million speakers); Finnish (~5 million speakers) and Estonian (~1 million spea-
kers) are the three Uralic languages with the largest number of native speakers
and statuses of official state languages (Eberhard et al., 2019). All other Uralic
languages are considered to be endangered minority languages spoken in
Russia, Finland, Estonia, Sweden and Norway (Abondolo, 2017). (Abondolo,
2017). However, Erzya, Moksha, Mari, Udmurt, and Komi are constitutionally
recognised as official regional languages of the Russian Federation and dialects
of Sami are official minority languages in several Finnish, Swedish and Nor-
wegian municipalities.
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Figure 16. a) Geographic dispersal of Uralic speakers. b) Simplified phylogeny of Uralic
language family (Korhonen, 1981; Syrjénen et al., 2013). ¢) Uralic languages and their
main subgroupings. Extinct languages are marked with 1 (Syrjénen et al., 2013). Panels
CB adapted from Syrjédnen et al., (2013) with permission from “John Benjamins Pub-
lishing Company” (https://www.benjamins.com/catalog/dia). Distribution of languages
according to Carpelan and Parpola, (2001), geographic landmarks by dr. Mait Metspalu.

The traditional lexical view, that was formed already in the early 20" century
(Szinnyei, 1910), separates the Uralic languages into two large branches, the
more diversified geographically western Finno-Ugric branch and the geo-
graphically eastern Samoyedic branch (Figure 16B) (Korhonen, 1981; Janhu-
nen, 2009). Exact branching order and split times within these two clades has
been debated (reviewed in Kallio, 2006), but latest methods in linguistics that
follow the phylogenetic approaches known from biology have upheld the gene-
ral classification tree presented in Figure 16B (Syrjénen et al., 2013). Diver-
gence times calculations conducted in a Bayesian framework have dated the
first bifurcation of eastern and western branch at ~5300 YBP (years before pre-
sent), followed by the separation of Finno-Ugric to Finno-Permian and Ugric
clades (Figure 17, but also note the wide 95% probability margins for some
branches on Figure 17) (Honkola et al., 2013). Within the latter, Hungarian
diverged from Khanty and Mansi languages ~3300 YBP (Honkola et al., 2013).
Saami languages split from the Finnic clade ~2500 YBP and the latter separated
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into northern (Finnish, Karelian, Veps) and southern (Estonian, Livonian)
~1200 YBP (Figure 17) (Honkola et al., 2013).
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Figure 17. Timing analyses of the Uralic languages.

Green bars represent the 95% highest probability density for the divergence times. Scale
values represent years before present (YBP). Values outside the nodes represent poste-
rior probabilities. Calibration points (Samoyed, Permian and Finno-Saami) are labelled
with blue bars indicating the uniform prior of the calibration points. Names of different
protolanguages are marked on the nodes of the tree, and the names of different sub-
classes are on the right margins. The colour scale of the picture describes the tempera-
ture changes with relation to current temperature (+3.5-0 °C red-white) of the North-
eastern Europe/East European tundra. Figure adapted by permission of “John Wiley and
Sons” from Figure 2 in Honkola et al., (2013), permission conveyed through Copyright
Clearance Center, Inc.

Combination of settlement archaeology, toponymy and proposed linguistic di-
vergence times suggests that Fennoscandia and the territory of Estonia, current-
ly most northwestern Uralic regions, were already inhabited by people speaking
unknown language(s) prior to the arrival of Uralic people. Moreover, some
linguistic evidence shows that the Saami languages were present in entire
Finland before the precursor of modern Finnish, the linguistic carriers of which
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gradually expanded northwards, admixing with as well as replacing the Saami-
speakers (Aikio, 2012). According to historical documents and archaeological
sources, the Hungarian language came to the Carpathian Basin in Central
Europe in the end of the 9" century with conquering tribes most probably from
Volga Ural region or Western Siberia (Rona-Tas, 1999). Classic principles of
linguistic geography place the homeland of languages in the original location of
the deepest split within the language family. For Uralic, this might correspond
to the Volga river area southwest from the Ural Mountains (Salminen, 1999;
Hikkinen, 2009), although alternative theories propose the region between Ob
and Yenisei drainage area as a possible birthplace for the Proto-Uralic language
(Janhunen, 2009). Regardless of the exact location, most linguists agree that the
reconstructions of Proto-Uralic suggest its speakers were foragers who lived far
from the sea in a forest environment in the vicinity of the Ural Mountains
(Anthony, 2007).

Various theoretical explanations have been constructed to explain the wide
spread of the Uralic languages. Archaeological record in the proposed linguistic
homeland lacks any clear indication of technological or organisational advan-
tage over any neighbouring community. Position at the frontier of forest and
steppe belts or closeness to one of the first metal age cultures in southern Ural
region have been suggested as possible strategic advantages facilitating the use,
dispersal and subsequent diversification of Uralic languages (Janhunen, 2009).
Another hypothesis connects known climate fluctuations during the Holocene
and the followed ecological changes with demographic surplus or worsening
environmental conditions that facilitated migrations of the language carriers
(Honkola et al., 2013). The question remains open to interpretations.

2.4.2. Autosomal genetic diversity of Uralic-speaking
populations

Autosomal genetic structure in Europe correlates with geography as demonstrated
by large-scale studies involving thousands of genotyped individuals sampled
from populations across Europe (Heath et al., 2008; Lao et al., 2008; Novembre
et al., 2008; McEvoy et al., 2009; Nelis et al., 2009). The geography-dependent
fine-scale genetic structure is evident even between rural European villages
(O’Dushlaine et al., 2010). Differing linguistic affiliations have not generated
any substantial genetic barriers between populations — for example, the Uralic-
speaking Hungarians are genetically closest to their Indo-European-speaking
Central European neighbours (Novembre et al., 2008; Novembre and Rama-
chandran, 2011).

Among Uralic-speaking populations, Finns and Estonians have been extensi-
vely studied on the genetic intrapopulation level and both display genetic varia-
tion predominantly dependent on geographic distance (Salmela et al., 2008;
Nelis et al., 2009). However, in Europe-wide genetic comparison studies Fin-
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nish population exhibits an outlier status (Lao et al., 2008; McEvoy et al., 2009;
Nelis et al., 2009). The latter has been caused by a demographic history of foun-
der effects and ensuing drift with probably only a marginal level of immigration
(Kere, 2001; Wang et al., 2014b). Comprehensive haplotype analysis showed
greater cumulative IBD sharing between a pair of individuals from Finland to
be on average significantly larger than between individuals from other Euro-
pean countries, corresponding to an additional bottleneck absent in neigh-
bouring populations (Martin et al., 2018). This has also led to unconventionally
high or low carrier frequencies of some autosomal recessive diseases, that are
extremely rare or, conversely, much more common in other European popula-
tions (Peltonen et al., 1995; Kere, 2001; Palo et al., 2009). The reduced diver-
sity is especially prominent in Y chromosomal haplotype data, whereas mtDNA
diversity is on the average European level (Sajantila et al., 1996; Palo et al.,
2009; Oversti et al., 2017). Within the Finnish population, a significant genetic
diversification has been found between southwestern and northeastern Finland
in studies involving Y-chromosomal and autosomal markers (Kittles et al.,
1998; Lappalainen et al., 2006; Salmela et al., 2008). The substructure within
Finland is of the same magnitude as between geographically much more sepa-
rated Swedish and British populations and substantially stronger than that
between British and Germans, acting as a cautionary example against assump-
tions of homogeneity in seemingly isolated and relatively small populations
(Salmela et al., 2008). The presence of hidden genetic structure in a population
isolate was affirmed by a genome-wide autosomal study of the Finnish Saami
that also revealed a minor (below 10%) Asian contribution, which is also
present in Eastern Finns and originates either from Saami-Finnish admixture or
population migratory history (Salmela et al., 2008; Huyghe et al., 2011).

Genome-wide autosomal study has confirmed the distinctiveness of Northern
Russians due to admixture with Finno-Ugric speaking populations and Komi as
an additional pole of genetic diversity in geographical northeastern Europe, with
the latter population also displaying genetic differentiation between subpopu-
lations residing in different regions (Figure 18) (Khrunin et al., 2013).

Similar to Europe, geography accounts for the majority of observed genetic
variation in Siberia, but long-distance migration and admixture have also
shaped the Siberian gene pool (Pugach et al., 2016). Genetic differentiation in
Siberia is higher than in most European populations (Triska et al., 2017; Wong
et al., 2017) and is enhanced by several bottlenecks that are also manifested in
elevated levels of genome-wide LD in populations living on the margins of the
Siberian landmass, such as Samoyedic-speaking Nganasans and Chukotko-
Kamchatkan-speaking Koryaks (Pugach et al., 2016). Samoyedic-speaking
Nganasans and Nenets residing on the Taimyr peninsula display some genetic
affinities to the Tungusic-speaking Evenks and Evens from central Siberia (Fe-
dorova et al., 2013; Pugach et al., 2016; Wong et al., 2017). Despite their
linguistic and geographic closeness, Nganasans are genetically distinct from
Nenets and unlike Nenets lack any European ancestry components, indicating a
differing genetic history (Pugach et al., 2016). Uralic-speaking Khanty, Mansi
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and Nenets in Western Siberia share significant genetic ancestry with ancient
North Eurasian individuals represented by 24 000- and 17 000-year-old Siberian
aDNA samples (Raghavan et al., 2014) and this creates common genetic
substrate with Native Americans who harbour ~40% of ancient North Eurasian
ancestry (Raghavan et al., 2014; Wong et al., 2017).
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Figure 18. First two principal components of the PCA of the autosomal genotypic data
of individuals from Russia and seven European populations.

Colour legend for the predefined populations is indicated within the plot. Population
abbreviations: Finns He — Finns from Helsinki; Fin Ku — Finns from Kuusamo;
Komi_Izh — Izhemski Komi; Komi_ Pr — Priluzski Komi; Rus HGDP — Russians from
the Human Genome Diversity Panel; Rus Me — Russians from Mezen; Rus Mu —
Russians from Murom; Rus Ku — Russians from Kursk; Rus Tv — Russians from Tver.
Adapted from Figure 3 in Khrunin et al., (2013) under the Creative Commons Attri-
bution License https://creativecommons.org/licenses/by/4.0/.
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3. AIMS OF STUDY

Publications included in this study exemplify the developments in the field of
human population genetics. The main goal of the first two publications is to
provide an in depth phylogenetic analysis of the uniparentally transmitted Y-
chromosomal hg N by following the emerging technological and methodo-
logical advancements on the levels of data acquisition and analysis. The third
publication complements the uniparental approach and investigates genetic
affinities and autosomal diversity of Uralic speakers — major carriers of hg N —
and their geographic neighbours in northern Eurasia. The goals set in the three
publications are outlined below.

Goals of the first reference (Ref. I):

— Detailed analysis of the geographic distribution of hg N and its most com-
mon subclades.

— Assess the direction of hg N spread.

— Estimate the coalescent times of hg N and its subclades with most up-to-date
methods available at the time of the publication.

Goals of the second reference (Ref. I1):

— Resolve the hg N phylogenetic tree with a total of 94 high-coverage Y
chromosomal sequences.

— Calibrate the branching events within the resolved hg N tree using SNPs
discovered from the high coverage sequences.

— Survey the geographical distribution of the detected subclades using a
comprehensive sampling set of Eurasian populations.

Goals of the third reference (Ref. III):
Examine the autosomal genetic diversity of Uralic speakers within a wider
context of populations in northern Eurasia.

— Test for any recent shared genetic ancestry between Uralic-speaking popula-
tions.

— Date any potential Eastern gene flow into Western Uralic-speaking popula-
tions and their geographic neighbours.

— Examine genetic affinities of Uralic speakers and their geographic neigh-
bours with available ancient samples from Eurasia.
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4. SUBJECTS AND METHODS

The origin of the DNA samples analysed in this study is provided in the respec-
tive publications or their supplementary materials. The DNA samples were ob-
tained from unrelated volunteers after receiving informed consent in accordance
with the guidelines of the ethical committees of the institutions involved.

Experimental and computational methods used in this study are described in
detail in the respective publications or their supplementary materials.

To summarise briefly: in Ref. I, a total of 5389 of samples was genotyped
with either sequencing the polymorphic sites by Sanger method or assaying the
variants with restriction-fragment length polymorphism approach. Haplogroup
affiliations of additional 2630 samples were acquired from published literature.
STRs were studied with the Y-Filer Kit and a median joining network was
constructed with software Network 4.1.1.2.

In Ref. 11, a total of 43 new Y chromosome sequences with >60x coverage
were complemented with 54 previously published 40x coverage sequences to
generate the phylogenetic tee of hg N using the software BEAST v.1.7.5. A
panel of 6521 samples from across Eurasia was assembled and genotyped by
Sanger sequencing in a hierarchical manner according to the updated phylo-
genetic relationships within the hg N. A total of 617 samples were genotyped
for Y-STRs with Y-Filer Kit or the PowerPlex 23 Kit and the software Network
4.6.1.1 was used to construct a phylogenetic network.

In Ref. III, a total of 135 samples, of which 121 belonged to Uralic-spea-
kers, were genotyped using the Illumina 610K, 650K, 660K or 1M SNPs arrays
and analysed with additional data from 1665 samples acquired from published
research. Subsequent filtering steps and analyses are described in detail in the
respective section of Ref. IIL.
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5. RESULTS AND DISCUSSION

Publications that are part of this study are ordered according to their publication
dates. The first two articles reflect the accumulation and refinement of scientific
knowledge on one of the major north Eurasian haplogroups — hg N. The third
publication surveys the autosomal genetic variation of Uralic-speaking popula-
tions — major carriers of hg N — and tests whether the shared linguistic and patri-
lineal affiliation is reflected in their autosomal genetic composition. All three
publications additionally examine a comprehensive set of neighbouring popula-
tions as human demographic history of any region cannot be reliably studied
without placing the data in a relevant geographic context.

The following section summarises the main results and relevant discussion
points, without recapturing them word by word. Full overview of results and
their interpretations according to the knowledge available at the time of their
publication is accessible in the articles. All three publications feature extensive
supplementary information that, if presented in full, would by far exceed the
space limits allocated for a printed copy of this thesis. Yet for readability and
for highlighting certain results, some additional figures from electronic supple-
mentary materials of original publications are included in the Supplementary
Information section of this thesis. Links to full supplementary materials pub-
lished online with each respective article are also provided in the Supple-
mentary Information section of this thesis.

5.1. The north Eurasian dispersal
of the Y-chromosomal haplogroup N and
its time-resolved phylogeny (Ref. | and Il)

Gradual accumulation of phylogenetically informative discovered polymorphisms
(Zerjal et al., 1997; Underhill et al., 2000, 2001; Karafet et al., 2002; Cinnioglu
et al., 2004) provided an initial toolbox to decipher the topology of hg N inner
structure shown in Figure 12A (Section 2.2.3). Ref. I demonstrated hg N to have
a widespread distribution, but reaching higher frequencies only in northern
Eurasia. Due to the scarcity of diagnostically informative SNPs during the time
this study was performed, the phylogenetic resolution remained at a limited
level. Paragroup N* along with its precursor paragroup NO* was shown to be
present at marginal frequencies in the modern populations of Japan and South-
east Asia and this serves as an indirect evidence for hgs NO, N and O to poten-
tially originate from Mainland Southeast Asia or North China, albeit their
current geographic spread patterns overlap only to a limited extent (Supple-
mentary Table 1 in Ref. I). The notion of counter-clockwise northern dispersal
of hg N is strengthened by the discovery of hg N in ancient samples from North
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China and Lake Baikal (Cui et al., 2013; Gao et al., 2015; Zhang et al., 2017; de
Barros Damgaard et al., 2018).

In Ref. II, we used a total of 94 high-coverage hg N samples to resolve the
actual inner structure of the hg N and additional 3 hg O samples were included
as an outgroup (Figure 1A in Ref. II). Within the hg N phylogeny, the deepest
N5-B482 defined lineage was found in a sample of mixed origin and the next
deep lineage (N4) is present in China and southeast Asia (Poznik et al., 2013;
Lippold et al., 2014; Hallast et al., 2015; Karmin et al., 2015). Due to sampling
limitations comprehensive information on frequency distribution of clades N5
and N4 is lacking, but data accessible on the pre-print level shows the presence
of hg N among Han and Tibetan populations in China (Hu et al., 2015). Based
on only 11 samples of Japanese and Chinese origin, the inner clades of hg N
coalesce prior to the far more common subclades N2a and N3 (Figure 1A in
Ref. II). This supports the notion of southern origin of hg N. Alternatively, this
may suggest that harsher climate conditions with repeated population bottle-
necks and prolonged low population size might have eliminated deeper patri-
lineages in populations that inhabit northern parts of Eurasia (Ref. II).

The STR-based coalescent age estimates in Ref. I were calculated with both
evolutionary and pedigree mutation rates and as discussed in Section 2.1.4.5,
differ significantly (Table 3 in this thesis). In Ref. II, we used the SNP-based
approach to estimate the clade ages and for this purpose, placed the ~ 45 000-
year-old aDNA specimen from Ust’-Ishim in western Siberia on the phylo-
genetic root of the extant NO-branch (Figure 1, inset in Ref. II). The average
number of mutations from the tree root to tips along with analysed sequence
length yielded a mutation rate of 0.76x10™ substitutions per site per year, which
is equal to that in Fu et al., (2014) and similar to Karmin et al., (2015). Age
estimates of major hg N clades are given in Table 3 (STR-based ages of all hg
N clades are given in Table 1 in Ref. I and the SNP-based ages in Supple-
mentary Table S5 in Ref. II). As discussed in Section 2.1.4, coalescent ages
based on SNP-mutation rate are considered the most reliable and are becoming
the standard in population genetics field. Table 3 shows that STR-based age
calculations with pedigree rate produce severely underestimated results, where-
as 95% confidence intervals of evolutionary rate age estimates fall within the
lower boundaries of SNP-based ages. However, sample size and sampling
scheme significantly influence the evolutionary mutation rate results as
demonstrated by the disparate STR-based hg N age estimates and wide confi-
dence intervals of hg N3 (Table 3). In future population genetics studies, STRs
will be used mostly for deciphering the inner structure of selected subclades
and, to a lesser extent, ages of the youngest clades that have exhibited almost
star-like expansion patterns.
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Table 3. Age estimates of major hg N clades.
Nomenclature according to Ref.Il, except for N2-A and N2-E that denote STR-defined
clades in Ref.l. Refll estimates given in thousand years, RefIl estimates in standard

years.

Evolutionary Pedigree-
based SNP-based Lower 95% | Upper 95%
coalscent age .
Haplogroups estimates coalescent |age estimates| boundary boundary
(Ref.l) age estimates (Ref. Il) (Ref.ll) (Ref.ll)
(Ref.l)
N 19.4+4.8° 5.8+1.4° 25313 22764 27 934
N 14.244.0° 4.2+¢1.2° - - -

N1'4 - - 19937 17954 21 988
N2-A 242, 1.840.6 - - -
N2-E 6.8+2.9 2.0+0.9 - - -

N2a - - 9314 7802 10888
N2al - - 4727 4018 5502
N2a2 - - 4909 3864 6158

N3 11.846.8 3.5+2.0 12 989 11336 14 648

N3a2 - - 4490 3594 5394

MN3a3'6 - - 4995 4353 5700

a - calculations based on dota with Yakuts N3 ond N2-E samples

b - calculations based on data without Yokut N3 and N2-E samples

Together with some previously published results (Kayser et al., 2003;
Hammer et al., 2006b), our comprehensive sample set covering entire northern
Eurasia revealed hg N3 to be the most common hg N subclade in this region,
with east-west decline in frequencies per population (Figure 2g in Ref. I).
However, it is important to note that the Native Siberian populations are by far
smaller in absolute numbers than Finns, Estonians, Latvians and Lithuanians,
making the actual number of men carrying hg N3 the highest in eastern
Fennoscandia and the Baltics.

Analysis of STR length variation suggested the existence of several potential
subclades within hg N3 (Ref. 1), but this information remained largely elusive
until our significantly deeper phylogenetical analysis, where complete re-
sequencing of large set of hg N Y chromosomes was combined with extensive
phylogeographic mapping of established subclades, accompanied by examina-
tion of STR variation (Ref. II). The phylogenetic resolution presented in Ref. 11
revealed a complex substructure with individual subclades showing distinct, in
many cases surprisingly discrete geographic distribution (Figure 1AB in Ref. I,
full phylogeographic survey presented in Table S2 in Supplementary Informa-
tion of Ref. II). For example, the subclade N3b is restricted to Altai region in
Southern Siberia (Figure 1B and Figure 3 in Ref. II). In contrast, hg N3a
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subclades exemplify hg N spread across entire northern Eurasia (Figure 2 in
Ref. II). The deepest subclade of N3a is N3al-B211, which is mostly present in
the Volga-Uralic region and in Khanty and Mansi populations in western Sibe-
ria (Figure 1B and Figure 3 in Ref. II). Next branching involves subclade N3a2-
M2118, mostly found in Central Siberia, where over 80% of Sakha (Yakut)
males belong to this clade along with the majority of Sakha Dolgans (however,
Dolgans from Taymyr Peninsula have larger proportion of subclade N2al-
B478) and linguistically distant Evenks and Evens (Figure 3 and Table S2 in
Ref. II). This clade is present at lower frequencies in western Siberia, where a
distinct Y-STR pattern suggests an additional internal diversification within
N3a2 (Ref. II). Hg N3a2 patrilineage is a prime example of a strong founder
effect primarily in central Siberian populations, but has a deep branch repre-
sented by samples from Lebanon and China (Figure 1A in Ref. II) and addi-
tional data places one Turkish and Bhutan individual into the same subclade
(Batini et al., 2015), indicating incidental occurrences in Near East and South
Asia.

Hg N3a3’6, a neighbour clade to N3a2, has a remarkable geographical distri-
bution with separate subclades present at significant frequencies in geogra-
phically most distant populations — Chukchi, Buryats, and Lithuanians, sepa-
rated from each other at a distance over 6500 kilometres (Figure 1A in Ref. II).
In Europe, N3a3 is present in about a third of present day Estonian, Latvian and
Lithuanian men and is the dominant hg N subclade in Belarusians, Ukrainians
and Southern Russians (Table S2 in Ref. II). It becomes less common in more
northern populations such as Finns, Karelians, Saami, Vepsa and Northern
Russians as well as Volga Tatars and Bashkirs all of whom harbour N3a4 as the
main hg N clade (Table S2 and Figure 3 in Ref. II). In case of Northern Rus-
sians, this provides additional evidence of largely non-Slavic patrilineal genetic
substrate among the Northern Russians (Balanovsky et al., 2008). These two
clades — N3a3 and N3a4 — are nearly equally present in our Saami sample,
suggesting the frequency pattern of the two lineages being shaped by random
genetic drift in historically small populations (Table S2 in Ref. II).

In contrast to mostly European hgs N3a3 and N3a4, their neighbour clades
N3a5 and N3a6 are clearly restricted to eastern parts of Eurasia (Figure 1B and
Figure 3 in Ref. II). The latter of them is the only hg N lineage dominant among
the Nanais from Lower reach of the Amur River and reflects a strong founder
effect, but denser sampling in eastern Siberia might reveal this lineage in other
small indigenous populations living in this region (Ref. II). Hg N3a5-B197
diversified soon after its inception into two distinct lineages: the N3a5-F4205
encompasses the Mongolic-speaking Buryats and Mongols living around Lake
Baikal, whereas N3a5-B202 comprises of Chukotko-Kamchatkan-speaking
Chukchis and Koryaks in Beringia and eastern Siberia. At present, the carriers
of these two subclades are geographically far apart — about 5000 km (Ref. II).

The split of hg N3a3’6 occurred ~5 kya and high frequencies of this clade
describe patrilineal pools of populations belonging to Altaic, Uralic, Indo-Euro-
pean, and Chukotko-Kamchatkan language families. Linguists have not agreed
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upon a consensus regarding chronological connections between these linguistic
phyla, although a recent study has proposed a potential separation of Uralic and
Indo-European language families at roughly 10 kya (Kassian et al., 2019),
indicating that it is safe to assume that the major language families diversified
several thousand years prior to the emergence of hg N3a3’6. The initial spread
of hg N3a3’°6 clades most likely ignored any potential language barriers, but the
succeeding diversification may have occurred further within already linguis-
tically defined populations (Ref. II). Research on aDNA has suggested that
some contemporary populations in northeastern Europe show higher levels East
Asian influence than expected from their genetic composition featuring ancient
northern Eurasian component (Lazaridis et al., 2014). This might hint at an
additional Siberian gene flow represented by the westernmost hg N branches
that mostly correspond to the present-day linguistic borders of Finno-Ugric lan-
guages (Ref. II).

It is currently difficult to pinpoint the precise region where the hg N3a3’6
radiation might have happened — possible regions include the vicinity of the
Urals as the middle ground of their current geographic distribution or western
Siberia with highest diversity of hg N sublineages (Figure 1B in Ref. II). It is
however evident that the spread was remarkably quick and today covers the
entire northern Eurasia, in accordance with the initially proposed “counter-
clockwise northern route” (Ref. I, II). A mid-Holocene warming in Siberia, that
broadly coincides with the timeframe of N3a3’6 spread, allowed forests to
advance northward (Monserud et al., 1998) and might have facilitated the rapid
dispersal, but such parallels remain speculative.

The second widespread subclade of hg N is N2a with the majority of indivi-
duals belonging to its subclade N2al-B523, with frequencies ranging from 10%
to 30% in populations residing in western and southern Siberia, the Volga-
Uralic region and northeastern Europe (Figure 1B in Ref. II). The initial net-
work of N2 STR haplotypes presumed a bipartite distribution with separate
European and Siberian subclusters (Ref. 1), denoted respectively N2-E and N2-
A, but the 19 re-sequenced hg N2al chromosomes revealed three separate sub-
clades (Figure 1 in Ref. II). One consisting of primarily Siberian populations
with a separate subbranch of three individuals (of Turkish, Arab and Afghan
ethnic backgrounds), that is occasionally found in Mongols, Tatars and Euro-
pean Slavic-speakers (Table S2 in Ref. II). The formerly “European” STR
cluster consists of two clades: N2al-B528, spread more in the southern Volga-
Uralic region and N2al-L1419, spread mainly in northern part of that region
(Table S2 in Ref. II).

The least frequent clade within hg N is N1, sparsely distributed in popula-
tions from Kazakhstan and Korea and in northern Han Chinese (Supplementary
Table 1 in Ref. I). Its position on the resolved phylogenetic tree in Ref. II was
verified by the open access database of YFull (YFull YTree v7.07.00), but
additional sampling might reveal more regarding the geographic spread and
phylogeny of this subclade.
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5.2. Traces of common recent autosomal ancestry of most
of the Uralic-speaking populations (Ref. IlI)

To test whether the sign of gene flow between East Eurasia and northeastern
Europe detected in shared paternal lineages with a shallow coalescent age, is
present in autosomal genetic variation, we first contextualised the autosomal
genetic landscape of Uralic speakers and their geographic neighbours. The
results of PCA and trees built from Fsr distances are primarily dependent on
geographic distance, signifying geography as the main predictor of genetic
affinity (Figure 2AB in Ref. III). At lower K values, ADMIXTURE shows the
genetic resemblance of Uralic speakers to their geographic neighbours, but from
K=9, a genetic component that is primarily, but not exclusively, shared among
Uralic-speaking populations starts to appear (K9, magenta in Figure 3A in Ref.
III). The spatial frequency of this component decreases rapidly from West Sibe-
ria towards east, south and west, with an exceptional peak in the Saami in
Northern Scandinavia, who, in terms of proportion of this component, resemble
the geographically more distant Finno-Ugric speakers in the Volga Uralic re-
gion. However, the westernmost Uralic speakers, Estonians and Hungarians,
nearly lack the K9 component, whereas Turkic speakers from the Volga-Uralic
region display a significant portion (~20%) of it (Figure 3A in Ref. III). Corre-
lation analysis between the geographic spread of hg N subclades relevant in the
context of Uralic speakers and the K9 component showed a weak, but signi-
ficant correlation with subhaplogroups distributed near the Ural Mountains, but
not with those that extend to Fennoscandia (Ref. III).

To examine further the tentative common genetic substrate, we calculated
the D-statistic for westernmost Uralic speakers in order to assess the sharing
pattern of derived alleles and additionally tested whether geographically sepa-
rated Uralic-speaking groups share more IBD segments than their geographic
neighbours, who speak non-Uralic languages. The most evident contrast
between westernmost Uralic speakers (Saami, Finns, Estonians, Hungarians)
and proximate European populations (Swedes, Poles, French) is an excess of
Siberian-derived alleles in Saamis, Finns and, to a lesser extent, Estonians, but
not in Hungarians (D-statistic calculated with Swedes presented in Figure S1 in
Supplementary Information of this thesis, all D-statistic results presented in
additional online files of Ref. III). Finns share more derived alleles with Sibe-
rians than Estonians do and the latter do not share more derived alleles with
other Finno-Ugric, Saami or Ob-Ugric speaking populations than their southern
Indo-European speaking Latvians (Figure S2 in Supplementary Information).
However, in contrast to Latvians, Estonians share significantly more derived
alleles with the Samoyed-speaking Nganasans and Nenets as well as with seve-
ral non-Uralic Siberian populations (Figure S2 in Supplementary Information).

The IBD analysis showed Finnic-speakers in northeastern Europe to share
more IBD segments with each other and, with the exception of Estonians, with
their linguistic relatives in the Volga-Ural region and Siberia (Figure 4A in Ref.
III). In case of Saami, Karelians and Vepsians IBD segments are also shared
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with non-Uralic populations in Siberia (green dots in Figure 4A in Ref. III). A
notable exception are the Estonians, whose IBD sharing level does not extend
beyond the Uralic-speakers of northeastern Europe. Uralic-speaking Maris and
Udmurts, in contrast to their geographic neighbours Chuvashes, Tatars and
Bashkirs, display higher IBD sharing with Saami, Vepsians and northern Rus-
sians in the west and specifically only with their linguistic relatives to the east
of the Ural Mountains (Figure 4C in Ref. III). No excessive IBD sharing with
linguistic relatives or Siberian populations was detected in Hungarians (Figure
4B in Ref. III). These results suggest that there is at least some, although
detectable at variable levels in different populations, common genetic substrate
among the analysed Uralic populations and it also tends to extend to geographi-
cally closest non-Uralic speaking neighbours (Ref. III). The shared genetic
component suggests that the spread of Uralic languages was at least to some
degree associated with the movement of people. In contemporary populations it
is however more pronounced between Uralic speakers from the Volga-Uralic
region and northeastern Europe, and between West Siberian Uralic speakers and
the Volga-Uralic region, whereas it is virtually non-detectable in Hungarians,
Mordovians and Estonians.

The outlier status of Hungarians might reflect a bias in our test group as our
Hungarian sample set is drawn from the capital region. A comprehensive
sampling across Hungary might reveal existing ties to linguistic relatives as was
recently shown in Post et al., (2019). Moreover, studies involving Hungarian
aDNA samples from the time period of their arrival into the Carpathian basin
have identified hg N3 lineages and East Asian mtDNA haplogroups, testifying
of traces of a real migration of people with links to eastern Eurasia (Neparaczki
et al., 2017, 2019). Similarly, Early Iron Age aDNA samples from tarand gra-
ves in Estonia carrying the first found hg N3a lineages from the Eastern Baltic
region are associated with a westward migration from the east into the region
(Saag et al., 2019).

5.2.1. Globetrotter and ALDER admixture dating analysis

To capture more recent signals of shared demographic history in the Uralic-
speaking peoples that are more relevant in the context of language expansions
within the last 5000 years, we employed fineSSTRUCTURE to cluster indivi-
duals according to patterns of haplotype sharing similarity. Formed clusters
(presented in Figure 3S in Supplementary Information) were further used in
Globetrotter analysis (Figure SAB in Ref. III). The identified clusters mostly
correspond to self-identified ethnic groups and higher hierarchical levels follow
geographic proximity. As expected, the identified admixture events in full
Globetrotter analysis involve contacts between geographically close source
populations and thus, in “regional” analysis, we excluded neighbours from the
set of possible donors and allowed copying only from individuals with a diffe-
rent group affiliation (Ref. III).
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The “Finnic”, “Saami” and both European clusters show admixture from
West Siberian sources (the “Komi” cluster), although it is more prominent
(above 3%) in the former two (Figure 5B in Ref. III). In the Volga-Uralic
region, Uralic speakers display admixture mostly from “Europel” cluster (con-
taining primarily Baltic/Russian individuals) and Uralic-speaking Siberian
donors (“Khanty-Mansi”, “Samoyed” clusters) (Figure 5B in Ref. III). This
contrasts with geographically close Turkic-speakers, who show admixture with
diverse European clusters and have received substantial contribution from East
Asian/South Siberian groups (“E-Asia/S-Sib” cluster) (Figure 5B in Ref. III).
The contacts detected between Uralic speakers show mostly unidirectional east-
to-west donating pattern, for example Komis are a major donating component in
“Finnic” and “Saami” groups, but none of the latter two contribute much to
admixture within the “Komi” group (Ref. III).

Uralic speakers in Western Siberia have a complex admixture pattern with a
multitude of donors, but the most distinct difference is the presence of East
Asian/South Siberian (“E-Asia/S-Sib” cluster) component specifically in the
Samoyedic speakers (“Samoyed” and “Nganassan™ cluster), whereas it is not
present in the “Khanty-Mansi” group (Figure 5B in Ref. III).

The time depth for admixture events inferred by Globetrotter and ALDER
are relatively recent (within the last 2000 years) and broadly coincide (com-
parison Table S12 available from online additional file 13 of Ref. III). The most
statistically significant admixture events identified by ALDER comprise of
eastern and western surrogate donor populations and form a notable temporal
pattern (Figure 19): admixture in Uralic speakers from northeastern Europe and
the Volga-Uralic region is dated as the oldest (800-900 CE or older), this is
followed by admixture in Turkic speakers from Volga-Uralic region (~1200 —
900 CE), whereas the timeframe for admixture in Siberian populations is the
youngest (>1500 CE). This suggests that the western geneflow into Siberia has
been relatively recent, while eastern Eurasian influx into northeastern Europe is
much older and has probably taken place within the first millennium CE.

Earliest published occurrence of autosomal Siberian ancestry in Fenno-
scandia is from ~3500-year-old samples in Bolshoy Oleni Ostrov in eastern
Fennoscandia coupled with Y-chromosomal hg N3a3’6 (marker L392) and
mtDNA haplogroups that are common in modern Siberia (Lamnidis et al.,
2018). In the Baltics, earliest published indications of Siberian ancestry along
with hg N3a3 appear considerably later in samples dated ~500 BCE and
excavated from the territory of modern Estonia (Saag et al., 2019). This might
suggest multiple admixture events that brought Siberian-related ancestry into
northeastern Europe at different time periods with dating approaches providing
a single averaged estimate — this is also in accord with complex admixture
history showed by Globetrotter analysis. Moreover, admixture is not an instan-
taneous process and might have continuously taken place over several thou-
sands of years. The earliest Siberian component precedes the diversification of
existing Uralic languages spoken in Fennoscandia, making it hard to connect
this ancestry with carriers of any known Uralic tongue. However, the age of the
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first known hg N3a3a samples from the Baltic region coincides with the
diversification of the Finnic branch (Figure 17 in Section 2.4.1), which allows
to tentatively suggest an association with the dispersal of Uralic languages into
the region.
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Figure 19. Admixture dates for the eastern and western components of the Uralic-
speaking populations (highlighted according to geography blue for Europe and orange
for Siberia) in the context of their geographical neighbours on an absolute time scale.
Dates are calculated with ALDER according to decay rates of two-reference weighted
linkage disequilibrium curve using the generation time of 30 years. Black circles show
point estimates and error bars indicate 95% confidence intervals. Admixture dates
before Common Era (CE) are shown with a negative sign. (*) indicates admixed popu-
lations with inconsistent LD curve decay rates. Adapted from Ref.IIl, under the terms of
the Creative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/).

5.2.2. Affinities of the Uralic speakers with ancient Eurasians

We calculated the f3-statistic to measure the extent of shared drift between
modern and ancient Eurasians. As reported previously (Lazaridis et al., 2014),
northeastern Europeans including Uralic speakers share more drift with any
Mesolithic hunter-gatherer group than Central or Western Europeans (Figures
S9A-C in online additional file 3 of Ref. III). The results however revealed that
the Uralic speakers from the Volga-Ural region and the Saami share more drift
with Eastern hunter-gatherers, whereas Finnic speakers share more with Wes-
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tern hunter-gatherers (Figure 4S in Supplementary Information). We also tested
alternative demographic scenarios that fit the observed genetic diversity of
extant Finno-Ugric populations in a model involving four known European
ancestral components (Western hunter-gatherers, Eastern hunter-gatherers, early
farmers, steppe people of Yamnaya/Corded Ware culture) and a novel fifth
Siberian component (Figure 6A in Ref. III). The latter was approximated by the
Nganasans who show the least admixture from Western Eurasia. The estimated
Siberian contribution was the main component in Western Siberian Uralic spea-
kers and constitutes one third of the genomes in modern Volga-Uralic popula-
tions and the Saami, whereas it drops to 5% in Estonians and is almost non-
existent in Latvians and Lithuanians (Figure 6B in Ref. III). The only Uralic
speakers that did not fit into the tested model with five ancestral components
were the Hungarians.

To explain the demographic history of populations in northeastern Europe an
inclusion of previously unknown Siberian component is thus needed. The geo-
graphic distribution of the main part of this component is likely associated with
the extant Uralic speakers, but it is not confined exclusively to them and reflects
complex historical ties connecting northeastern Europe and Siberia. The shared
ancestry is more pronounced in the current Y chromosome gene pool of hg N
and the tested Uralic-speaking populations show marginal, though significant,
higher affinity in the autosomal loci to populations with high frequency of the
relevant hg N subclade than predicted from their X chromosomal similarity and
in comparison to other populations where this subclade is rare or absent (Figure
S13 in Supplementary Information in Ref. III). Such sex-specific differences
might reflect their shared population history through complex socio-cultural
factors amplified by small effective population sizes and genetic drift.
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6. CONCLUSIONS

Sporadic occurrence of Y-chromosomal hg NO* and the presence of deeply
diverged subclades in Southeast Asia and Japan in addition to hg N aDNA
samples from North China, suggest that hg N, currently a major patrilineage
in northern Eurasia, may have originated in North China or Mainland South-
east Asia.

Chronological phylogeny built on the basis of sequenced high-coverage hg
N sequences added several new subclades and resolved previously known
subhaplogroups N2 (N1b) and N3 (Nlc) into discrete lineages that arose at
various times and have distinctive geographical distributions.

Majority of N2a individuals belong to subhaplgroup N2al-B523 with a
coalescent age ~5 kya, which covers western and southern Siberia, the Tai-
myr Peninsula and the Volga-Uralic region.

Within subhaplogroup N3, several subclades are distinctly localised, but the
most wide-spread north Eurasian subclade is N3a3’6, coalescing at about 5
kya. It is the dominant hg N subhaplogroup in populations ranging from
Baltic-Fennoscandian Europe and Volga-Uralic region, to Mongolia and the
Pacific Russian Beringia, exhibiting a nearly star-like spread with distances
between different subclades spanning 5000-6500 km. Its carriers became do-
minant among speakers of major north Eurasian families, such as Chukotko-
Kamchatkan, Altaic, Uralic and several Indo-European Balto-Slavic popula-
tions.

Autosomal genetic variation of Uralic speakers is foremost dependent on
geography.

A small, yet significant autosomal genetic component of possibly Siberian
origin is shared between most of the Uralic-speaking populations, suggesting
a migration of people to be at least to some extent responsible for the current
dispersal of Uralic languages. However, this component is not exclusive to
Uralic speakers and extends also to some of their geographic neighbours,
while being lower in Estonians and virtually absent in Hungarians.

In order to explain the autosomal genetic composition of contemporary
northeastern Europe, a novel Siberian component needs to be invoked. The
precise timeframe for its arrival remains elusive, but genetic admixture
pattern derived from contemporary populations suggests the recent eastern
Eurasian influx into northeastern Europe to be older than that of western
influence on the genetic structure of Siberian population.
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SUMMARY IN ESTONIAN

Uurali rahvaste geneetiline ajalugu labi isaliini N ja
autosoomse varieeruvuse prisma

Uurali keeli koneleb maailmas umbes 25 miljonit inimest, arvuliselt suurem osa
neist elab Kesk- ja Kirde-Euroopas ning nad erinevad keeleliselt enamikust
Euroopa rahvastest, kes konelevad indoeuroopa keeli. Vihemaarvulisem uurali
keelte konelejate hulk elab L&dne-Siberis, sealhulgas ka Taimdri poolsaarel.
Arheoloogias puudub konsensus seostamaks uurali keelte laia levikut mone
kindla arheoloogilise kultuuriga ning on jadnud selgusetuks, kas keeled levisid
inimeste rdnde kaudu v4i oli tegu pigem kultuurilise edasikandega.

Inimese Y-kromosoomi bioloogiline roll on suunata embriio arenemist mees-
soost organismiks ja evolutsioon on vorminud Y-kromosoomist ainult isaliinis
ehk isalt pojale péranduva geneetilise lookuse. Valdav osa Y-kromosoomist on
haploidne, mis, sarnaselt teise inimgenoomi haploidse lookusega — vaid ema-
liinis paranduva mitokondriaalse DNA-ga, tdhendab rekombinatsiooni mitte-
toimumist ning seega tervikuna edasikandumist jargmisesse polvkonda. Y-
kromosoomi muutlikkust pdhjustavad eri tiilipi mutatsioonid, kuid kéesoleva
dissertatsiooni raames on peamiseks uurimisobjektiks aeglase mutatsioonikiiru-
sega lhe nukleotiidi muutust pdhjustavad punktmutatsioonid (inglise keeles
single nucleotide polymorphism, SNP). Enamik punktmutatsioone nii Y-kromo-
soomis kui teistes genoomi osades on tekkinud iiks kord anatoomiliselt kaas-
aegse inimese evolutsiooni jooksul.

Vorreldes rahvusvaheliselt kokkulepitud referents-genoomiga, on iga ini-
mese genoomis sadu tuhandeid punktmutatsioone. Kuna inimese Y-kromosoom
moodustab vaid ligikaudu 2% kogugenoomist, on erinevuste koguarv Y-kromo-
soomis arusaadavalt mirksa tagasihoidlikum, kuid tdnu rekombinatsioonivabale
parandumisele piki meesliini saab samu mutatsioone kandvatest Y-kromosoo-
midest moodustada fiilogeneetiliselt informatiivseid hulkasid ehk nn. haplo-
gruppe — lihe kindla meessoost eellasega ja koiki selle jarglasi hdlmavaid Y-
kromosoomi jérjestusvariante ehk monofiileetilisi klaade. Haplogrupid vd&ib
omakorda siduda jagatud mutatsioonide pdhjal flilogeneetilisteks puudeks ning
nii ilmnevad ajas edukalt edasikandunud katkematud, iihemdtteliselt klassifit-
seeritavad isaliinid.

Piisav hulk mutatsioone voimaldab tuvastada haplogrupisiseste alamklaadide
tdelist harunemisjérjekorda ning puu korrektse topoloogia selgitamine oma-
korda hinnata ka iga hargnemise ligikaudset tekkeaega ning ténapdevani jilgi-
tava ekspansiooni algust. See on saanud vdimalikuks alles hiljaaegu tdnu uudse
DNA jirjestust miérata voimaldava tehnoloogia leiutamisele.

Kui Y-kromosoomi markerite uurimine annab infot vaid indiviidi isaliini
kohta, siis lilegenoomsetes autosoomiandmetes sisaldub teoreetiliselt teave koi-
kide indiviidi genoomi kunagi panustanud esivanemate kohta. Rekombinat-
siooni tottu ei voimalda autosoomsed punktmutatsioonid samas moodustada sel-
gelt interpreteeritavaid puulaadseid struktuure ning populatsioonide demograa-
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filise ajaloo rekonstrueerimiseks autosoomides sisalduva info pdhjal on vilja
tootatud mitmeid uusi statistilisi meetodeid.

Nii mitokondriaalsete emaliinide kui Y-kromosoomi isaliinide jaotus sdltub
eclkdige geograafiast: Aasiat ja Euroopat iseloomustavad erinevad haplogrupid.
Sellest mustrist erineb selgesti haplogupp N, mis seob Euroopa ja Aasia
pohjaaladel elavaid rahvaid ning iseloomustab uurali keelte kdnelejaid Kirde-
Euroopast Siberini, haarates lisaks osaliselt ka Hiinat ja Jaapani.

Kéesoleva t60 tiks eesmérk oli selgitada haplogrupi N fiilogeneetilise puu
sisemist struktuuri, kasutades selleks uusimaid tdisgenoomide sekveneerimis-
meetodeid, méidrata alamklaadide ekspansiooniaegu, hinnata meie t60s avas-
tatud uute alamklaadide esinemissagedust POhja-Euraasia rahvaste seas ning
vorrelda alamklaadide levikumustrit suurimate Pohja-Euraasia keelkondade
levikuga. T606 teiseks eesmargiks oli uurida uurali keeli konelevate rahvaste iile-
genoomset mitmekesisust teiste tdnapdeva Pohja-Euraasiat asustavate rahvaste
kontekstis ning tuvastada potentsiaalset geneetilist iithisosa, hindamaks uurali
keelte levikuviisi ning ka -suunda ja -aega.

Kéesoleva to60 pohilised tulemused ja jareldused on jargmised:

e Pohja-Euraasia iiks sagedasemaid meesliine — haplogrupp N — on tdenéo-
liselt parit Pohja-Hiinast voi mandrilisest Kagu-Aasiast, kus on séilinud
siigava koalestsentsiajaga alamklaade ning haplogruppi NO* kuuluvaid
isaliine.

e Korge katvusega sekveneeritud Y-kromosoomi téisjérjestustest konstruee-
ritud haplogrupi N fiilogeneetiline puu vdimaldas tuvastada mitmeid uusi
siigava lahknemisajaga alamklaade ning lahutas juba tuntud alamklaadide
N2 ja N3 (teised nimevariandid vastavalt N1b ja Nlc) sisemise struktuuri
mitmeks kindla geograafilise levikuga isaliinihulgaks.

e Enamik haplogrupi N2 kandjaid kuulub N2al-B523 alamklaadi koalestsent-
sajaga 5000 aastat. Alamklaad on levinud Lééne- ja Louna-Siberis, Taimdri
poolsaarel ning Volga-Uurali piirkonnas, kuid ulatub {illatuslikult ka lddne-
meresoome keelkonda kuuluvate vepsadeni, puududes samas neile keele-
liselt ja geograafiliselt l&hedastel karjala meestel.

e Haplogruppi N3 (eelnevalt tuntud ka kui hg N1c-Tat) kuulub mitmeid piirit-
letud levikuga isaliine, milles suurima geograafilise ulatusega alamklaad on
N3a3’6 koalestsentsiajaga 5000 aastat. See on pohiline haplogrupi N hulka
kuuluv isaliin Ladinemere idakaldal, Fennoskandias, Volga-Uurali piir-
konnas, Mongoolias ning ka monedel Amuuri joe suudmeala ja Vene Berin-
gia rahvastel. Arvestades N3a3’6 alamklaadide liihikest lahknemisaega oli
nende levik kiire ning suure geograafilise ulatusega — tdnapéeval elavad osad
selle isaliinigrupi eri alamklaadide kandjad teineteisest enam kui 5000 km
kaugusel, kuuludes koikidesse peamistesse PGhja-Euraasia keelkondadesse —
altai, mongoli, uurali, tSukt$i-kamts$adali, indoeuroopa.

e Uurali keeli rddkivate rahvaste autosoomne mitmekesisus on médratud eel-
koige nende geograafilise asukohaga Euraasias.
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e Vorreldes naaberrahvastega jagab enamus uurali keeli konelejatest piiratud,
kuid tuvastatavat hiljutist tdenédoliselt Siberi paritolu geneetilist tihisosa, mis
vihjab keelte levikuga kaasas kdinud inimeste rdndele. Samas on see iihine
geneetiline komponent levinud ka osade altai ja indoeuroopa keeli konele-
vate rahvaste seas ning on seotud ulatuslikumate ida poolt ldhtunud mojutus-
tega kaasaegsete Kirde-Euroopa rahvaste geenifondile, mis ei piirdunud
ainult uurali keeli rddkinud rahvaste rdndega.

Lopetuseks — kdesolevasse doktoritodsse kaasatud uuringute tulemusena on voi-
malik selgemini formuleerida lahtisi kiisimusi koigi PShja-Euraasia populat-
sioonide geneetilise ajaloo kohta. Nii nditeks on perspektiivne haplogrupi N
korval senisest mirksa siigavama geneetilise ulatusega uurida ka teiste isaliinide
ajalis-ruumilist jaotust. Teiseks on ilmne, et tdisgenoomsete andmete analiiiisi-
meetodid tdienevad pidevalt ja juba kogutud andmete interpretatsioon saab olla
jétkuvalt siivenev. Kolmandaks tuleb lisada, et vana-DNA uuringud, seda eriti
Siberi aladelt, on alles varajase arengu faasis ning vdimalike tulemuste tolgen-
damise ldhtekohaks saab olla vaid adekvaatne teadmine tdnapdevaste populat-
sioonide geneetilisest varieeruvusest.
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Figure S1. D-statistics calculated for the tree model in the form of D(outgroup, test
population; Uralic speaking population, non-Uralic speaking population). Yorubas were
used as an outgroup. Uralic speaking populations fixed in the tested model are the
Saami from Sweden (SaamiSwe), Finns (Fin), Estonians (Est) and Hungarians (Hun)
from Europe. The non-Uralic speaking populations fixed in the tested model are French,
Swedes and Poles, but only results with Swedes are presented here. The values on the
Y-axis are sorted by D value. Colour codes of populations showing significant devia-
tions from D=0 (Z score >3) correspond to linguistic affinities of tested populations:
blue — European Uralic speaking populations; green — European non-Uralic speaking
populations; orange — West Siberian Uralic speaking populations; brown — Siberian and
East Asian non-Uralic speaking populations. Grey coloured labels indicates D=0 (Z
score < 3), standard errors to the point estimates are shown with the black bars. Adapted

from Ref.IIl, under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/).
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Figure 2S. D-statistics calculated for the tree model in the form of D(outgroup, test
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populations showing significant deviations from D=0 (Z score >3) correspond to
linguistic affinities of tested populations: blue — European Uralic speaking populations;
green — European non-Uralic speaking populations; orange — West Siberian Uralic
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