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1. INTRODUCTION

Human demographic history has continued to fascinate both the scientists and
the general public. For many decades the consensus view on the demographic
history of humans derived from archaeological and genetic evidence was that
our ancestors, Anatomically Modern Humans (AMH), emerged as a species
around 200 thousand years ago (KYA) from a single group in Eastern Africa
(Jobling et al. 2014). Only very recently, new archaeological findings from
Morocco have pushed the age of humankind back more than a half, to about
315 KYA (Hublin et al. 2017). This finding also demonstrates that early AMH
inhabited a much wider area within Africa than previously thought [reviewed in
(Scerri et al. 2018)]. The consensus was that around 50-70 KYA a small
founding population of AMH moved out from Africa to colonize the rest of the
world, known as the Out-of-Africa (OOA) migration or OOA bottleneck. This
founding population gave rise to all the human populations and their genetic
diversity outside Africa containing only a subset of genetic lineages present in
Africa at that time. The subsequent migrations took people to Europe (43—
46 KYA), Australia (~40 KYA), reaching Americas (~15 KYA), and Eastern
Polynesia the latest (~1 KYA) (Jobling et al. 2014).

Recombination shuffles variation at most loci in the human genome in each
generation, so that each part of an individual genome can reflect different
aspects of population histories of multiple genealogical ancestors of that indi-
vidual. Genome-scale analyses face, thus, a difficult challenge to disentangle
the demographic history of the populations that the ancestors of the studied
individuals represent. Recent massive analyses of whole genome sequencing
data from modern individuals have confirmed and added much detail to the pre-
viously vested picture of human population demographic history, but also
challenged the single origin, OOA migration and complete replacement theory.
Genomic evidence shows that the first splits in human populations predate the
consensus of ~200 KYA (Schlebusch et al. 2017; Skoglund et al. 2017) and that
humans evolved in subdivided populations within Africa (Scerri et al. 2018).
Another line of data proposes an additional earlier OOA migration that have left
subtle traces only into the genomes of contemporary people from Papua New
Guinea (Pagani et al. 2016; Rasmussen et al. 2011). Also, the ever more
abundant genomic sequences from ancient specimen have revealed that at its
early stages the human population not only co-inhabited several regions with
their cousins from the hominine line, namely Homo neanderthalensis (Green et
al. 2010; Priifer et al. 2014) and Homo sapiens ssp. Denisova (Meyer et al.
2012; Reich et al. 2010; Slon et al. 2017), but also repeatedly admixed with
them (Browning ef al. 2018; Sankararaman et al. 2016; Slon et al. 2018; Wall
and Yoshihara Caldeira Brandt 2016).

At the same time when the analyses of whole human genomes are revo-
lutionising the view on the demographic history of humankind, much has
changed for how a person can study their own genealogy. Personal molecular
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genealogy is widely spread, with both the genome-wide and haploid markers,
the maternally inherited mitochondrial genome (mtDNA) and the paternally in-
herited Y chromosome (chrY), being commonly analysed. The capacity to ap-
proach personal genealogy with molecular tools provides a wealth of data
studied with great enthusiasm; analyses of these personal genomes bring to-
gether fruitful collaboration of academic and citizen scientists providing new in-
sight on a population level as well (Balanovsky et al. 2017; Jobling and Tyler-
Smith 2017).

This thesis touches upon aspects of human demographic history learned
from the analyses of different units of human genome, with the main focus on
the Y chromosome. It gives an overview of the chrY functions and evolution,
distribution of extant and ancient lineages and a summary of the history of
European Roma and Ashkenazi Levites, two examples of populations with past
founder events. Uniparentally inherited parts of the genomes open a unique
possibility to study sex-specific aspects of human demographic history. Fine-
tuning the chrY data that so far suffered from much lower marker density to its
currently highest possible resolution in a globally distributed sample is the
starting point for the first study. This allows the construction of a dated phylo-
genetic tree of global paternal lineages and the comparison of the dynamics of
male and female effective population size (N,) (REF I). Then, an individual
whole genome sequence, including the Y chromosome, of a boy who died
~24,000 years ago near lake Baikal adds new insight to the ancestry of contem-
porary Western Eurasian and American populations (REF II).

Distinct patterns of chrY diversity provide evidence of founder events. The
thesis includes two case studies that focus on two such lineages prevalent
among specific populations. In particular our third study examines the distri-
bution of the paternal lineage Hlala within India and its implications to the
origin of European Roma (REF III). Finally, in the fourth study the capture and
sequencing of chrY gives a detailed overview of the phylogeny, origin and
spread of the paternal lineage R1a-M582 (REF IV). This haplogroup is pre-
valent among the Ashkenazi Levites, the Jewish priestly class and it is analysed
in comparison to other frequent male lincages among the Ashkenazi Jews.

12



2. LITERATURE OVERVIEW

The literature overview gives brief background information about chrY studies,
a concise picture of the chrY evolution, structure and function. Then, literature
on more specific topics relevant to the studies included in the thesis is
discussed.

2.1. Human Y chromosome -
evolution, structure and function

In humans the genetic sex of an individual is determined by the twenty third
pair of chromosomes. Human males have typically inherited one copy of chrY
with male sex determining genes from the father and one copy of chromosome
X (chrX) from the mother. These chromosomes form a homologous pair.
Females typically carry two copies of homologous X chromosomes, one in-
herited from mother and the other from father. Phenotypic sex determination is
more complex, though, than mere chromosomal sex. When there are defects in
the sex determining genes on chrY or in some autosomal genes, including those
coding for androgen sensitivity, then individuals with chrY can develop as
females (Délot et al. 2017). During meiosis chrY pairs with chrX, which,
contrary to other homologous chromosome pairs in human genome, is different
in size and has much reduced sequence similarity with its recombination
partner. As a result just small distinct parts located in the ends of these chromo-
somes recombine. This keeps the majority of chrY as a single, male-specific
locus — a block of DNA that does not recombine with its homologue and is
passed on in male lineage only (Jobling and Tyler-Smith 2003; Skaletsky et al.
2003).

The research of human Y chromosome has been divided into three distinct
eras (Skaletsky ef al. 2003). First, the scholars in the beginning of 20™ century
focused on the Mendelian diseases, reporting by 1950 at least 17 Y-linked traits
(reviewed in (Stern 1957)). These findings were systematically confuted in the
next stage (Stern 1957) and the case of hairy ears more recently (Lee et al. 2004).
During the second stage chrY was thought to be genetically barren, despite the
findings of the essential male sex-determining genes on that very chromosome
(Ford and Jones 1959; Jacobs and Strong 1959). When in 1967 Ohno proposed
that mammalian chrY and chrX evolved from an ancestral pair of autosomes,
genes of which chrX had mostly retained, it engraved the general idea of chrY as
a decayed version of chrX, with a very limited genetic content and even on the
verge of complete degradation (Charlesworth 1991; Graves 2006; Ohno 1966).
The current, third era starting in 1980s, is marked by a vast array of molecular
technologies applied to studying the chrY, revealing its complex biological
functions, molecular structure, evolution and distribution of its variants in the
present and past human populations (Bachtrog 2013; Bellott et al. 2014;
Burgoyne 1998; Cortez et al. 2014; Hughes and Rozen 2012; Jobling, Mark A.;
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Tyler-Smith 2003; Kuroda-Kawaguchi ef al. 2001; Lahn and Page 1997; Page et
al. 1984; Sargent et al. 1996; Skaletsky et al. 2003; Sun and Heitman 2012;
Tilford et al. 2001; Underhill ef al. 2001; Underhill and Kivisild 2007).

The (mammalian) sex chromosome

ChrY as the male sex-determining chromosome is common to most mammals
(Cortez et al. 2014; Kashimada and Koopman 2010). The mammalian sex
chromosomes originated from a pair of autosomal chromosomes, one of which
developed the sex determining locus (SRY), followed by several inversion
events that led to the almost complete recombination arrest between the original
autosomes (Figure 1) (Graves 1995; Katsura ef al. 2012; Lahn and Page 1999;
Waters et al. 2001). Human sex chromosomes bear two major evolutionary
layers — the older parts retained from the ancestral autosomes and shared
between all therian mammals (X-conserved region), and Y- and X-added
regions (YAR/XAR) from an autosomal translocation 80—130 MY A common to
all eutherian mammals (Graves 1995; Waters et al. 2001). Through the step-
wise loss of recombination during millions of years of evolution chrY decayed
and preserved only three percent of its original gene content. The chrY decay
was initially rapid but reached a stasis over the last 25 million years (Bellott et
al. 2014; Hallast and Jobling 2017; Hughes et al. 2012).

The gametologues, homologous genes on the chrX and chrY, diverged from
each other in a step-wise manner resulting in at least five distinct evolutionary
strata (Bellott e al. 2014; Hughes et al. 2012; Lahn and Page 1999; Skaletsky et
al. 2003). With each stratum (Figure 1) the part of chrY that does not undergo
recombination increased at the expense of the recombining parts (Hughes et al.
2012). The lack of recombination relaxes the demand for genetic homology
between relevant regions and this caused most the genes on chrY to become
non-functional through the accumulation of mutations. Genes became pseudo-
genes, diverged beyond recognition or were completely lost. On the other hand,
a specific set of dosage-sensitive ancestral genes were retained on chrY and the
genes important for male fertility accumulated (Bellott et al. 2014; Cortez et al.
2014; Skaletsky et al. 2003; Wilson Sayres and Makova 2013). In females the
inactivation of one homologue on chrX evolved as a response to the loss of a
gene (or its function) on chrY. This compensates for the resulting dosage
difference of gene expression between males and females (Bishop et al. 1984;
Charlesworth 1978; Graves 1995; Lahn et al. 2001; Ohno 1966; Waters et al.
2001).

The non-recombining parts of chrY have gone through numerous structural
changes (Archidiacono et al. 1998; Hallast and Jobling 2017; Hughes et al.
2010; Page et al. 1984; Ross et al. 2005; Skaletsky et al. 2003). The entire
complex evolution of the sex chromosome has resulted in the sequence and
structure of the contemporary human Y chromosomes.
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Figure 1. Schematic overview of human sex chromosome evolution from the an-
cestral autosomes. A sex-determining gene SRY evolves on one of the ancestral auto-
somes (A) that later becomes chrY (Y). Inversions (shown with two-sided arrows) on
both of the ancestral sex chromosomes and fusion of chrX and chrY with a pair of auto-
somes (shown with plus sign) lead to almost complete recombination arrest between
chrY and chrX. Key time points of chrY evolution are shown on the diagonal. For chrX
only the initial evolutionary events until the fusion with autosome are shown (up to the
dashed line on the figure). Contemporary chrX has five evolutionary strata. Inversions
take place on both chromosomes, there is substantial loss of sequence in chrY but not in
chrX. Abbreviations: SRY — male sex determining gene, PAR — pseudoautosomal re-
gion, MSY — male-specific region of chrY, XAR/YAR — ‘X-added region’/’Y-added
region’ — large translocation from a pair of autosomes to the sex chromosomes in the
lineage of eutherian mammals (Graves 1995). Colours denote the evolutionary strata on
chrY and chrX, they are schematic and not shown to scale. During the evolution of
chrY MSY expanded with each stratum at the expense of the PAR (blue) region where-
as the fusion with other autosomes extended the PAR. PAR?2 is present only in contem-
porary humans and was gained from duplication events from chrX to chrY during last
few million years. Figure adapted from Figure 7 (Hughes, Skaletsky and Page, 2012),
ANNUAL REVIEWS and Figure 3 (Bellott et al. 2014), Springer Nature.
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Sequence classes of human Y chromosome

Continuing on the previous efforts Skaletsky and colleagues published a refe-
rence sequence of chrY from one man (Skaletsky et al. 2003). The seminal
study for all further analyses characterizes extensively the structure and sequen-
ce of chrY (Kuroda-Kawaguchi et al. 2001; Skaletsky et al. 2003; Sun et al.
1999; Tilford et al. 2001). With its ~59 mega bases (Mb) chrY is one of the
shortest chromosomes of the genome and the sequence is classified into pseudo-
autosomal (PAR1 and PAR?2) and male specific chrY (MSY). In turn, MSY is a
mosaic of distinct sequence classes — X-transposed, X-degenerate, ampliconic,
and heterochromatic (Figure 2; Table 1) (Hughes and Rozen 2012; Skaletsky et
al. 2003).

The crossover between chrX and chrY in male meiosis occurs between homo-
logous regions in the very ends of both of the chromosomes, called pseudo-
autosomal regions PAR1 and PAR2 (Figure 1 and Figure 2a, Tablel). PARI is
at the tip of the short arms of chrY and chrX (Yp and Xp) spanning 2.7 Mb,
gene loci in this region are present in two copies in both males and females and
are not subject to dosage compensation in females. The second pseudoauto-
somal region, PAR2, with its 330 thousand bases (Kb) is at the tip of long arms
of chrX and chrY (Yq and Xq) (Mangs and Morris 2007; Ross et al. 2005;
Skaletsky et al. 2003). Human chrY is the only Y chromosome characterized
thus far with two pseudoautosomal regions. PAR1 originates from the YAR
translocated approximately 80-130 MYA (Waters et al. 2001). PAR2 originates
from at least two duplication events from chrX into chrY that took place during
the last few million years after the divergence of human and chimpanzee
(Charchar et al. 2003). Some of the genes in PAR2 are subject to dosage com-
pensation in females, presumably reflecting their origin from chrX (Freije et al.
1992; Ross et al. 2005).

Majority of chrY, 95% of its length, does not recombine with chrX, but see
also (Cotter et al. 2016). Therefore this region was originally called the ‘non-
recombining region of chrY’ (NRY) (Hallast and Jobling 2017; Lahn and Page
1997). After the discovery of abundant interchromosomal recombination it was
renamed to ‘male-specific region of chrY’ or MSY (Figure 1, Figure 2 a.)
(Rozen et al. 2003).
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MSY contains both euchromatic and heterochromatic sequences. The hetero-
chromatic sequence is in several discrete blocks, the largest of which is the ~40 Mb
on the long arm of the chrY. In addition to this there is the centromeric block
and an island of heterochromatin that interrupts the euchromatin on the pro-
ximal long arm of chrY (Figure 2). The third block spans ~400 Kb and includes
3,000 tandem repeats of 125 base pairs (bp). In total the heterochromatin of
MSY encompaases at least six distinct sequence species, each of which form
long, homogeneous tandem arrays (Skaletsky et al. 2003). The euchromatin of
human MSY holds interspersed X-transposed, X-degenerate and ampliconic
regions (Figure 2 b.).

X-transposed region (XTR) (Figure 2 b., Table 1) originates from a 3-4.7 MY
old transposition event from chrX to chrY with 3.38 Mb of the original sequen-
ce retained. The sequence identity between two chromosomes is 98.78%, when
excluding indels (Hughes et al. 2010; Page et al. 1984; Ross et al. 2005; Ska-
letsky et al. 2003). There are substantial changes to the XTR since the trans-
position event. An inversion has separated a 200-Kb section from the bulk of the
XTR and the 540 Kb from the original chrX sequence have been subsequently
deleted (Mumm et al. 1997; Ross et al. 2005; Sargent et al. 1996; Skaletsky et al.
2003). XTR region has the highest density of interspersed repeat elements on the
MSY euchromatin, for example long interspersed nuclear element 1 (LINE1)
sequences account for 36% of all XTR sequence (Skaletsky et al. 2003).

Most prominent euchromatic sequence classes of chrY are X-degenerate
(XDG) and ampliconic (AMP) regions (Figure 2 b., Table 1), which have distinct
evolutionary history and gene repertoires (Lahn and Page 1997; Skaletsky et al.
2003). The 8.6 Mb of X-degenerate sequence make up a decayed version of chrX
with sparse single-copy homologues to chrX-linked genes or pseudogenes with
nucleotide sequence identity from 60% to 96%. These genes are the relics of the
ancestral autosomes from which the sex chromosomes evolved, most of them
ubiquitously expressed in the body (Skaletsky et al. 2003).

Scattered across the euchromatic long arm and proximal short arm of chrY
with combined length of 10.2 Mb are the seven ampliconic segments (Figure 2
b., Table 1). They constitute 45% of the euchromatic sequence of chrY and
belong also to the most gene-rich third type of the sequence. These segments
are made up of long MSY -specific repeat units or amplicons that contain multi-
copy genes which belong to nine families and show predominantly testis-spe-
cific expression. 60% of these segments have as much as 99.9 % sequence iden-
tity over tens or hundreds of kilobases of other sequences in MSY. There is an
abundance of similarities within and between ampliconic segments on both
arms of the Y chromosome. Sequences within ampliconic segments are ar-
ranged in palindromes, inverted repeats, and tandem arrays. There are 8 palin-
dromes that take up a quarter (5.7 Mb) of all the euchromatic sequence of
chrY (Figure 2 d.). Palindromes are long, their arm length ranging from 9 Kb to
1.45 Mb and the longest, P1, makes up to the total of 2.9 Mb. All palindromes
contain also a central spacer sequence that is not repeated, but sequence simi-
larity of arms is 99.94-99.99%.
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Figure 2. Schematic overview of human Y chromosomal sequence classes, short
read sequencing (SRS) callable regions, repetitive sequence content and genes. a.
Eu- and heterochromatic regions. The horizontal bar represents human chrY, p — small
arm, q long arm, C — centromere. Colours as shown on the legend. The coloured line on
top shows boundaries of regions that recombine with chrX: orange — pseudoautosomal
region (PAR) where crossing over with chrX occurs, green — the male specific region of
chrY (MSY) that is passed through generations without recombination with chrX. b.
Sequence classes within the mainly euchromatic region of MSY. Colours as shown on
the legend. Abbreviations (see text for more details): X-degenerate (XDG); X-transposed
(XTR); ampliconic (AMP). Close to the centromere there are other types of sequence. c.
SRS callable regions. Green bars show the regions (total ~10 Mb) with most unique and
least repetitive content where mapping of short reads occurs with high accuracy resulting
in high confidence base-calling (Poznik et al. 2013). d. Inverted repeats and palindromes.
Extensive amount of sequence in chrY is highly repetitive, arrows show the direction of
inverted repeats (light yellow) and palindromes P1-P8 (turquoise). e. Protein coding
genes on chrY. Ubiquitously expressed single-copy genes (dark grey) reside in XDG and
XTR regions whereas multi-copy genes (red) with mostly testes-specific expression are
within AMP regions. The TSPY (testis-specific Y-encoded protein) gene family is
arranged in a tandem array with 23—64 copies of a 20.4-Kb repeat unit containing a single
copy of the TSPY gene, arrows show the gene directions. Figure adapted with permission
from Box1 (Jobling and Tyler-Smith 2017), Springer Nature.
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The five sets of inverted repeats (Figure 2 d.) are widely spaced in the AMP
regions of chrY short and long arms, with repeat lengths of 62-298 Kb. Three
of them (IR1, IR2, IR3) have nucleotide identity of 99.66-99.95%. The pre-
dominant long tandem arrays in the AMP regions are NORF (not annotated
open reading frame) clusters with 622 Kb and a repeat unit of 2.48 Kb, and
TSPY (testis-specific protein on Y chromosome) clusters that comprise 700 Kb
and have a repeat unit of 20.4 Kb (Tyler-Smith e al. 1988). Due to high se-
quence similarity intrachromosomal homologous recombination and gene conver-
sion is frequent in chrY and the ampliconic sequence is highly inclined to large-
scale deletions, inversion and duplications that can have strong effect on the male
fertility (Hughes and Rozen 2012; Rozen ef al. 2003; Skaletsky et al. 2003).

Genes on Y chromosomes

The following gives a brief overview of the origins and functional categories of
genes on chrY to highlight its biological importance. The reported numbers of
genes and pseudogenes on chrY are at times different between studies depending
on the annotation and validation methods as discussed in (Kuroki et al. 2006;
Wilson Sayres and Makova 2013). A very simplistic example of this is given by a
comparison of summary results from two public sources, Vega and Ensembl in
Table 2 (Vega Genomic Browser 2017; Zerbino et al. 2017), reporting different
numbers of protein coding genes on chrY.

Genes residing in different regions of human chrY can be: 1) genes with regu-
lar recombination between chrX and chrY in PAR regions; or in MSY region: 2)
relics from the ancestral autosome (XDG region); 3) later additions to chrY from
the chrX (XTR region); 4) multi-copy genes that are highly diverged amplified
versions of the chrX-linked progenitors or derived and subsequently amplified
from transpositions and retrotranspositions (AMP regions) (Figure 2 e.).

Across the MSY of different mammalian species highly non-random protein-
coding gene sets with similar functions have been retained from the ancestral
genes. The gene content of chrY reflects the retention, subsequent acquisition
and amplification of gene families with testis-specific expression, and conser-
vation of ancestral genes that need to be maintained on similar expression levels
in males and females — the dosage-sensitive genes. The latter are ubiquitously
expressed in the body and enriched for translation/transcription regulation and
specific DNA binding/transcription factor activity (Bellott et al. 2014; Cortez et
al. 2014). This leads to the proposal that in addition to the already appreciated
roles of chrY in testis determination and sperm production through ampliconic
gene families, chrY has a third organismal function — ensuring male viability
through the single-copy genes (Bellott et al. 2014).
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Table 2. Comparison of summary results for the annotations of human Y chromo-
some sequence and genes in two widely used public sources Ensembl (release 91)
and Vega (release 68) (Vega Genomic Browser 2017; Zerbino et al. 2017). NA — not
analysed, IncRNA — long non-coding RNA)

chrY Vega 68 Ensembl 91
Length (bp) 57,227,415 57,227,415
Finished Sequence 26,187,953 NA
Annotated Sequence 26,187,953 NA
Total Number of Clones 343 NA
Fully Annotated Clones 343 NA
Total Number of Genes 496 NA
Total Number of Protein Coding |48 63 coding genes
Known Protein Coding 48 NA

61 108 non-coding (NC) genes,
Total Number of Processed 30 small NC,
Transcripts 70 long NC,

8 misc NC

IncRNAs 59 NA
Unclassified Processed 2 NA
Transcripts
Total Number of Pseudogenes 387 391
Processed Pseudogenes 136 NA
Unprocessed Pseudogenes 219 NA
Transcribed Processed 4 NA
Pseudogenes
Transcribed Unprocessed 28 NA
Pseudogenes
Short variants NA 370,876

In the MSY region, genes from XDG and XTR regions are dosage-sensitive
single-copy genes expressed ubiquitously in the body, except for the strict
testes-specificity of SRY, the sex-determining gene from XDG region. The
mostly or exclusively testis-specific multi-copy genes are expressed from AMP
regions. These genes belong to nine MSY-specific gene families with > 98%
sequence similarity between family members. The integrity of these genes
specialized for male reproduction is retained through intrachromosomal gene
conversion among the multiple family members on chrY. The majority of the
transcribed genes in chrY are from the AMP region (Figure 2 ¢.) (Bellott et al.
2014; Bhowmick et al. 2007; Cortez et al. 2014; Delbridge 2004; Delbridge et
al. 1999; Hughes and Rozen 2012; Lahn and Page 2000; Mazeyrat et al. 1999;
Rozen et al. 2003; Saxena et al. 1996; Skaletsky et al. 2003).
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2.2 Sequencing the Y chromosome

The male-specific inheritance and the lack of recombination in the large part of
chrY makes studying the neutral variants of MSY a unique tool in population
genetics. In essence, all the male lineages in the world are part of the global Y
chromosomal phylogenetic tree. The geographic dispersal of chrY lineages
together with their phylogenetic relations to each other carries information
about migrations and demographic events in the male population; it also reflects
the ancestral relations of the carriers of these paternal lineages.

Until the beginning of the second decade of 21 century the chrY phylogeny
of contemporary males was studied by genotyping the limited number of single
nucleotide variants (SNVs) diagnostic for particular branches on the tree. These
markers were meticulously catalogued, their number was continuously growing,
but often they were ascertained only in a small panel of individuals (Semino
et al. 2000; Underhill et al. 2001). The systematic discovery of chrY poly-
morphisms globally was hindered because only limited resequencing was pos-
sible. The laborious iterative mapping of bacterial artificial chromosome (BAC)
clones undertaken for the chrY reference sequence (Kuroda-Kawaguchi et al.
2001; Skaletsky et al. 2003; Tilford et al. 2001) was far too expensive for com-
mon use. In the lack of sequence data the time back to the most recent common
ancestor (TMRCA) of contemporary male phylogeny was calculated mainly
with information from the faster mutating short tandem repeats (STR), which
can cause skewed time estimates (see below). Nevertheless, the approaches
available uncovered a wealth of knowledge, but because of the limitations of
data acquisition the genetic diversity of chrY was likely underestimated (Batini
and Jobling 2017; Jobling, Mark A.; Tyler-Smith 2003; Jobling and Tyler-
Smith 2017; Underhill and Kivisild 2007).

Since the first publication of the 1000 Genome Project Consortium (1000
Genomes Project Consortium et al. 2010) the availability of cost-effective short
read sequencing (SRS, also known as the “next generation sequencing” or NGS)
technologies have opened the cornucopia of genomic data and new horizons have
opened also for chrY analyses (1000 Genomes Project Consortium et al. 2012;
Batini et al. 2015; Drmanac et al. 2010; Fu et al. 2013, 2014; Hallast et al. 2015;
Lupski et al. 2010; Poznik et al. 2013, 2016; Rasmussen et al. 2010; Rios et al.
2010; Roach et al. 2010; Tennessen et al. 2012; Wei, Ayub, Chen, ef al. 2013). The
SRS methodology produces from a randomly pieced sample genome a myriad of
short (35-200 bp) sequencing reads that are mapped back to the reference genome
sequence, a process reviewed in (Goodwin et al. 2016; Pfeifer 2016).

The mapping of these puzzle pieces back to the reference genome is achiev-
able with high accuracy in regions where sequence content is unique or close to
unique. The repetitive parts of the genome with low-complexity sequence, on the
other hand, make it hard to assess exactly from which of these genomic regions a
particular short read comes from. In these cases it becomes in fact impossible to
uniquely map the short reads. Even when there are slight differences between
sequences, it is hard to differentiate if the imperfect match to the one of the
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repeats in the reference is due to the read from a nearly identical repeat or does
the proband genome carry a true underlying variation relative to the reference.
Sequencing errors add another layer of intricacy to this quest. Therefore, due to
its complicated highly repetitive structure and regions with high homology to
chrX, the sequencing of the “whole” chrY is technically impossible with SRS.
Nevertheless, leaving the most repetitive parts aside, there are still substantial
lengths of chrY to be sequenced (Figure 2 c.). Thus, more and more attainable
SRS approaches are building a thriving database of chrY sequences, which, at the
same time are a nidus for a new set of problems in the chrY data analyses.

Sequencing is characterized by coverage (the number of sites in the refe-
rence genome that have been covered by the sequence) and sequencing depth
(number of reads covering each sequenced base). Both the depth and the total
length of the assessed sequence are important parameters in discovering new
variant nucleotides and giving more resolution for the underlying phylogenetic
tree, the sequencing depth helps to distinguish between the true variants and
false positives. There are several entry-points for the SRS of chrY, outputting
data with varying depth and coverage. Some studies flow-sort the chrY prior to
SRS sequencing (Xue et al. 2009), but mostly it is either chrY sequences from
the complete human genome sequencing (Francalacci et al. 2013; Helgason et
al. 2015; Poznik et al. 2013, 2016) or custom-based sequencing with baits
designed to catch exclusively chrY regions (Barbieri et al. 2016; Batini ef al.
2015; Hallast et al. 2015; Ilumie et al. 2016; Lippold et al. 2014).

Besides differences in the physical length of chrY covered, also the se-
quencing depth varies across studies and needs to be taken into account, see
(Poznik et al. 2016). Though constantly improving, the SRS technology has
higher error rate compared to the earlier Sanger sequencing of ~0.1% vs
0.001% (Goodwin et al. 2016; Wang et al. 2012). The SRS sequencing results
must be meticulously filtered to obtain final high quality sequencing calls. At
the same time the high depth of sequencing provides a way around the false
base-calling. When reads with sequencing errors make up just a tiny fraction of
the overall read pool at a certain site the underlying base is called with high
probability. The main cause of base calling errors is the poor mapping of the
reads to the repetitive regions of the genome. Therefore, excluding low-comple-
xity genomic regions from the mapping leads to much an improved sequence
quality, but also reduces the overall coverage of the genomes that is attainable
with this method. ChrY with its many low-complexity regions and single copy-
number is uniquely the most challenging chromosome to be sequenced with
SRS methods. It nevertheless offers also a practical approach to final high
quality bases — the SNVs diagnostic for particular branches on the phylogenetic
tree, proven to be trustworthy phylogenetic markers through the previous years
of chrY study and mainly unique events in the human chrY tree. These poly-
morphisms can be used as a litmus test and reliable positive controls that
provide helpful filtering criteria for the other calls (Xue ez al. 2009).

Even when there is a wealth of high quality sequences from each individual
the gaps or regions uncovered by sequencing reads are distributed unequally
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among the samples. This results in the patchiness of the covered sequence in the
whole dataset and needs special attention by finding the overlap between the
well covered good quality regions in all the genomes under study. When
merging datasets from different sources this common ground might in the end
become considerably smaller than anticipated from original dataset sizes. Some-
times also imputing is used to overcome this problem (Barbieri ef al. 2016). In
addition, differences in SRS technologies cause another discrepancy, called
platform bias. Each sequencing platform has its own unique error spectrum and
that must be accounted for when merging data from distinct sources (Goodwin
et al. 2016; Lam ef al. 2012; Wall et al. 2014).

Therefore, even though the euchromatic male-specific region is about 24 Mb
long, due to varying reasons, many parts of it are filtered out in the course of
chrY SRS analyses. For example, ampliconic tracts for their high degree of self-
identity, XTR region for the homology with chrX, and gaps in the reference
sequence are most often excluded. The most frequently studied part of chrY, as
of today, is the X-degenerate region (Figure 2 b., c.). Nevertheless, Helgason
and colleagues detected de novo mutations in palindromic, ampliconic and XTR
regions by combining the reads from paralogous positions and applying a
weighting scheme to account for uncertainty about the location of the mutations
(Helgason et al. 2015).

Regardless of these complications, piecing together the short reads eventually
results in the amounts of chrY sequence never seen before, totalling 6-10 Mb of
chrY sequence. It is crucial though, that any kind of variant detection and filtering
would have similar criteria for variant and non-variant bases, so that not only
variant positions, but the total length of the sequenced region can be estimated.
Accurate estimation of the length of the sequence is important for the dating of
evolutionary events since the underlying mutation rate is calculated as the amount
of mutations accumulating through time in a sequence of certain length.

2.3 Mutation rate of the Y chromosome

Mutations fuel evolution and the dating of evolutionary events requires correct
estimation of the mutation rates. The replication-associated mutations, the un-
corrected errors in cell-division, are the most frequent type of alternations to
genomes. They are caused by distinct molecular mechanisms with different
rates that scale from a single base to whole chromosomes (Crow 2000; Wilson
Sayres & Makova 2011; Jobling, Hurles 2014). In a multicellular organism only
mutations in the germ line cells are hereditary and passed on to the next gene-
ration. In humans as in many other species the number of cell divisions in the
germline prior to reproduction is higher in males and the difference increases
with the fathers’ age, a phenomenon called male-driven evolution. Because
chrY is passed down only in the male germ line, its mutation rate is expected to
be higher than the average of the whole genome (Haldane 1947; Kong et al.
2012; Li et al. 2002; Link et al. 2017; Wilson Sayres and Makova 2011).
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SNVs and STRs are the two main types of genetic variation used to charac-
terize chrY evolution. SNVs are single genomic point loci, nucleotides that
differ between individuals, whereas STRs are highly polymorphic and mutable
loci with 2—6 bp long repeat units spanning a median of 25 bp. There are appro-
ximately 700,000 STRs occupying in total ~1% of the human genome (Willems
et al. 2014). About 4,500 chrY STRs have been examined in the SRS data, the
majority of these were fixed in the population and ~700 displayed length poly-
morphism (Willems ef al. 2016). STR sites have high mutation rate because in
the replication process the repetitive nature of the underlying DNA template
causes the polymerase to slip, leading to the deletion or addition of the repeat
motif(s) (Ellegren 2004; Weber and Wong 1993). The fast mutation rate of
chrY STRs provides a high discriminative power between males and therefore
they are widely used in forensics, population genetic and genetic genealogy
studies. The general rule is that the larger the number of STRs that individuals
are tested for, the higher the discriminative power (Kayser 2017), which is
especially important in forensics. Still there are sets of standard chrY STRs that
are very widely used for their robust results, cost-benefit ratio, and applicability
in different study questions which all provide comparability between studies.
The sets consist of 17 STRs in the Y-filer kit of Applied Biosystems and 23
STRs (including all previous 17) in the PowerPlexY?23 of Promega. These have
been the main work horses in the study of STR diversity of chrY, even though
many more chrY STRs are characterized (Ballantyne et al. 2010; Burgarella and
Navascués 2011; Willems et al. 2016).

A comprehensive review of the current state of the art in chrY mutation rate
studies is given in (Balanovsky 2017), overviewed here only briefly. There are
three main approaches for estimating the chrY mutation rate: the direct genea-
logical method of counting mutations along the genealogy, the calibration
approach utilizing a dated event in a population’s history, and the ancient chrY
(aY) approach of counting the missing mutations when compared to modern
lineages (Figure 3.a.). The calibration and the aY approaches are collectively
also called evolutionary rate estimations. These approaches are applied both for
SNVs and STR rates, except for the aY, which is used for SNVs only. In ad-
dition, human chrY mutation rate has been estimated from the interspecies com-
parison and by correcting the autosomal mutation rate for chrY. The first
method utilizes the interspecies difference in numbers of chrY mutations in
relation to the divergence time between human and chimpanzee (~6 MYA)
(Kuroki ef al. 2006), whereas the other corrects the previously calculated genea-
logical autosomal mutation rate (Kong et al. 2012) for the fathers’ age at con-
ception to reach the chrY mutation rate (Mendez et al. 2013).

The direct genealogical methods measure mutation rate from the individual
meiosis in the pedigrees or in a single generation between parents and children
(Figure 3 a.1). Well documented deep-rooting pedigrees that trace the male
lineage over several generations to the common forefather with known birth
year provide the possibility to study more meiosis between a limited number of
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individuals, giving a more accurate rate estimate (Balanovsky et al. 2015;
Helgason et al. 2015; Heyer et al. 1997; Xue et al. 2009) (Table 3).

Calibration methods (Figure 3 a.2.) use some external data, either well-
characterized and dated fossils, in cases of species’ divergence together with
species’ genetic divergence data (Kuroki et al. 2006; Thomson et al. 2000) or
well-documented colonization events in setting the upper bound to the coale-
scence of lineages (Poznik et al. 2016; Zhivotovsky et al. 2004).

The aY method introduced in (Rasmussen et al. 2010) calculates the ‘number
of missing mutations’ (Figure 3 a.3.) in the ancient sample compared to its
closest relatives among the currently living individuals and calibrates this
number with the archaeological age of the ancient sample. The number of
missing mutations is proportional to the age of the sample; the older the date,
the less time there was to accumulate mutations. To date, the narrowest confi-
dence intervals for this rate calculation method come from the aY with highest
coverage from a Siberian Palaeolithic sample (Fu et al. 2014) (Table 3).

Increased availability of large scale chrY and aY sequence data, with up to
~10 Mb of sequence and tens of thousands of assessed variants, have fuelled
several studies on SNV mutation rate (Balanovsky et al. 2015; Francalacci et al.
2013; Fu et al. 2014; Helgason et al. 2015; Karmin et al. 2015; Poznik et al.
2013; Trombetta, D’Atanasio, Massaia, Myres, et al. 2015; Xue et al. 2009).
Their main results are summarized in Table 3 and Figure 3.

When sequencing data was scarce the chrY STRs diversity was the main tool
to study recent paternal demographics (Batini and Jobling 2017). The STR mu-
tation rate has been estimated mostly from the pedigrees and father-son pairs in
numerous studies and 29 of these were meta-analysed in (Burgarella and Na-
vascués 2011).

The STR mutation rates differ significantly between the loci and the rate
calculation is dependent on the underlying mutation models (Ballantyne et al.
2010; Burgarella and Navascués 2011; Heyer et al. 1997; Kayser et al. 2000;
Willems et al. 2016). The pedigree-based rates converted to the per locus per
year rate (with generation time of 31 years) for the most widely used sets of
STRs in Y-filer and PowerPlexY23 are ~8.6 x 10> and ~12.5 x 10~ per locus
per year respectively (Balanovsky 2017). These rates result from many studies
(Ballantyne et al. 2010; Burgarella and Navascués 2011; Busby et al. 2012;
Jarve et al. 2009; Ravid-Amir and Rosset 2010; Zhivotovsky et al. 2006) with
increasing precision, see Table 2 in (Balanovsky 2017). The single evolutionary
mutation rate estimate for chrY STRs that has been widely used in population
genetic studies was calculated as the average of three different STR mutation
rate estimates, resulting in the rate of 2.8 x 10~ per locus per year (Zhivotovsky
et al. 2004). The three-fold difference between the genealogical and evolu-
tionary STR mutation rate has been explained by the effect of recurrent muta-
tions and genetic drift which saturates the STR diversity through time (Zhiva-
tovsky 2006, Wei 2013a,b, Hallast 2014). The difference between the genea-
logical and evolutionary mutation rate for the SNVs is also present, but in much
smaller scale than that of STRs (Table 3, Figure 3b).
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The obvious question as to which rate to use, is both practical and that of
curiosity. For SNVs the suggestion is to use an “envelope” rate that is based on
the average rate from aDNA-based and that of the pedigree rate (Poznik et al.
2016). The estimated envelope rate for the high-coverage sequencing of XDG is
0.75-0.89 substitutions per billion base pairs per year (Balanovsky 2017;
Poznik et al. 2016). The comparison of STR and SNV rates, (Wei, Ayub, Xue,
et al. 2013) shows that STR-rates underestimate the age of the whole chrY tree.
Hallast and colleagues (Hallast et al. 2015) demonstrate that the ‘evolutionary’
STR rate is in a better accordance with the age estimates of older events, where-
as the genealogical rate suits better for the younger lineages (Balanovsky 2017).

It is important to note that mutation rate estimates come within a range of
uncertainty stemming from the dating of fossils, sequencing errors, missing
data, limited number of observed meiosis and the underlying uncertainty of the
mutation process itself. Therefore, improved data for any of these factors would
provide a more precise chrY mutation rate estimates.

In the human population history and demographic reconstructions the mutation
rates are applied to date coalescent times in the phylogenetic tree. One widely
used method for this is the rho-statistics that takes into account the average
number of differing sites between a set of sequences and a specified common
ancestor (Forster ef al. 1996; Saillard et al. 2000). Another popular age calcu-
lation method is the coalescent-based Bayesian estimation, implemented in the
software BEAST (Drummond and Rambaut 2007). Dates from the coalescent-
based method and rho-statistics correlate strongly in case of SRS data (Batini et
al. 2015; Scozzari et al. 2014; Trombetta et al. 2015).

2.4 Male vs female genetic variation in
human populations

The male genetic diversity between populations has been reported to be higher
than that of females. This manifests in higher between-group Fsr values for
chrY, compared to those of mtDNA, arguably due to the patrilocality of popula-
tions (Seielstad et al. 1998; Stoneking 1998). Though this finding has been attri-
buted also to methodological differences in assessing the variation in mtDNA
and crhY during earlier studies (Wilder et al. 2004), more recent analyses of
sequence data for both chrY and mtDNA show similar results. Differences in
the relative amount of between-populations vs within-populations genetic diver-
sity for these loci are demonstrated, but with a smaller scale than previously
reported and with large differences in regions of the world (Lippold et al.
2014).

Indeed, the residence pattern of the population — matrilocality or patrilocality —
has been used to explain this phenomenon on a local geographic range (Gunnars-
dottir et al. 2011; Oota et al. 2001; Ségurel et al. 2008; Wilkins and Marlowe
2006). Typically, higher genetic differentiation between groups for mtDNA in
matrilocal populations has been observed, whereas the opposite is true for

29



patrilocal populations. Exceptions to this rule have included the Mon Khmer in
Thailand (Besaggio et al. 2007) and some Indian matrilocal populations (Kumar
et al. 2006), highlighting the complexity of the issue when other cultural prac-
tices override the residence rule as the main influence on the differential genetic
diversity of males and females. Importantly, when geographically more distant
populations are compared, the effect of the residence rule declines and diffe-
rences of Fgr values for mtDNA and chrY decrease. The longer physical dis-
tance between populations usually also means that the shared history is more
distant in time.

The decline in the relative differences of female and male genetic diversity
between populations geographically far apart could be explained by the more
widespread matrilocality in the distant past. The ancient signal obliterates the
more recent local effects of patrilocality on the genetic diversity. It has been
shown that among the Bantu and Bantoid-speaking populations in sub-Saharan
Africa matrilocality was widespread before the current custom of patrilocality,
which was established together with the onset of animal husbandry (Holden and
Mace 2003). This gives way to the possibility that the Neolithic period could be
the time when patrilocality started to dominate. However, the matter is compli-
cated by the fact that the sequence of the residence rule throughout the history
of humankind is not clear (Copeland et al. 2011; Holden and Mace 2003;
Jordan et al. 2009; Lalueza-Fox et al. 2011), just as it is possible that the rules
might have changed several times.

At the same time, the genetic variation patterns of a population are strongly
influenced by the number of mating individuals that contribute to the gene pool
of the population, the effective population size (N.). The effect of genetic drift
is dependent on the N,, the smaller the number of individuals contributing to the
population’s gene pool, the stronger the drift, which, in turn, leads to lower
diversity within the population and higher level of differentiation between
populations as they drift apart. Therefore, the observed higher chrY diversity
between populations, compared to that of mtDNA, could be the consequence of
smaller N, of men (Heyer et al. 2012). Thus, besides the sex-specific behaviours —
the proposed higher migration rates of women in more recent times, the higher
differences of chrY variation between populations can be due to stronger drift
acting on this locus. In essence, the cumulative effect of migration and N, to-
gether influence the strength of the drift (Chiaroni et al. 2009).

To study the influence of the spread of Neolithic and agriculture from the
Near East to Europe on the genetic variation of European population the
mtDNA and NRY haplotype frequency data was analysed jointly within the
same framework. Demographic events were modelled with a simple admixture
model (Figure 4, right panel) (Rasteiro and Chikhi 2013). Both datasets
supported the demic diffusion model of agriculture to Europe, but also some
sex-specific differences became apparent.

30



r2 P, Py, P,

, * M{ H F4 4 =T, ‘ &=, T

0.6 50 | 1500 2500 | 3500 | KYA Q O .
° EPresent

6
0.4 1

0.08
L

0.8 4

0.04

0.00

0.2 |

t 4 ITRY; iy

00 1 °

1000 2000 3000 4000

Distance from Near East (km)

Figure 4. The longer time spent in small structured groups increases the influence of
drift in European male populations as the geographic distance from the Near East
grows. Linear regression of drift parameter ¢, (y-axes on the left) for mtDNA and chrY
data of contemporary European populations plotted against the geographic distance from
the Near East (x-axes). Drift since the admixture event between the Neolithic farmers
from the Near East and local hunter-gatherers, modelled as shown on the right panel, is
dependent on the time and effective population size (N,/Ny/N,). According to the model an
admixture event with a fixed amount of genetic contribution from Palaeolithic local
hunter-gatherers and Neolithic farmers occurs, then ancestral and admixed populations all
are influenced by the drift (¢, alone. P, — Palaeolithic population (Basques), P, — Neolithic
population (Near Eastern populations pooled for mtDNA; Turks for chrY), P, — admixed
population (contemporary European populations), p; — the Palaeolithic genetic con-
tribution, (/-p;) — Neolithic genetic contribution, 7" — time since admixture event. N; —
effective size of the Palaeolithic population, N, — effective size of the admixed population,
N, — effective size of the Neolithic population. Left panel: empty triangles and circles —
chrY datasets (Rosser et al., 2000; Semino et al., 2000 respectively), filled circles —
mtDNA dataset (Richards et al. 2000). Blue empty circles — calibrated radiocarbon dates
from European Neolithic archaeological sites (timescale on the Y-axes on the right)
plotted as distance from the Near East, blue line as a linear regression for this set. The
chrY data shows clear increase of drift as the distance from the Near East grows, whereas
for mtDNA such trend is not visible (see inlay for close-up). For chrY drift is stronger in
populations that have been small structured hunter-gatherer groups for longer time; the
global effective population size for males is larger in the Near East. Female population has
had a larger effective size and/or more mobility between groups. Figure adapted from
Figure 1 and Figure S1 (Rasteiro and Chikhi 2013), licensed under the CC-BY License.

The linear regression shows that male populations have a strong positive corre-
lation between the genetic drift parameter and the geographic distance from the
Near East, whereas for females such correlation is absent (Figure 4). For chrY,
the drift is stronger in populations that are further away from the Near East and
have been for longer time hunter-gatherers, thus spent more time in structured
populations and had smaller effective population size of males (N,,), making chrY
diversity more prone to drift. At the same time the global N, is larger in the Near
East and decreases with distance from the Near East. The lack of such correlation
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in the female population (Figure 4) points to the larger effective population size
of females (Ny) and/or more mobility of females than males between groups.

The skyline plot method (Ho and Shapiro 2011; Pybus et al. 2000), imple-
mented as a Bayesian skyline plot (BSP) technique in the software BEAST
(Drummond et al. 2005; Drummond and Rambaut 2007), summarizes the dyna-
mics of N, and N; through time from the DNA sequence data. Comparing
mtDNA complete sequences and 0.5 Mb of chrY sequence from 623 males
from 51 populations confirmed the previously reported larger genetic diffe-
rences for male lineages between global populations, but on a smaller scale
(Lippold et al. 2014). Model-based simulations showed extremely low (<100)
ancestral N, during the OOA bottleneck (Figure 5). This study also revealed that
Nt has been larger throughout human history and starting at ~15-20 KYA N
had a larger growth rate than N,, (Lippold et al. 2014).
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Figure 5. Global female (Vy) and male (/V,,) effective populations sizes (/V,) and diver-
gence times. V; (red triangles) and N, (blue triangles) and divergence times (black
numbers) estimated with the Approximate Bayesian Computation method following the
model given in the inset. The data is simulated from complete mtDNA and 0.5 Mb chrY
sequences from 623 individuals from Human Genome Diversity Panel. The ancestral N, is
noted at the bottom of the triangles and current at the top. N; — red text and triangles, N, —
blue text and triangles. The number in the oval denotes the Out of Africa population
bottleneck and estimated number of individuals for N; and N,. The arrows indicate the
direction of migrations and do not depict the actual migration routes. Figure adapted from
Figure 1 and Figure 6 (Lippold et al. 2014) licensed under the CC-BY License.
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Abrupt changes in the male gene pool were reported also by the population
based chrY resequencing of 1,224 individuals from 26 global populations (Poz-
nik et al. 2016) and from more targeted 334 samples of European and Middle
Eastern descent (Batini et al. 2015). A picture of recent, rapid and continent-
wide demographic events that have had major impact on the current European
paternal gene pool emerged. Over half of present European paternal lineages
stem from three founders coalescing no more than 7.3 KYA (Batini ef al. 2015)
and lineages belonging to R1b-L11 expanded around 4.8-5.5 KYA (Poznik et
al. 2016). These events are suggested to be the signs of the rapid changes also
reflected in the archaeological culture of the Bronze Age during the time of
massive migrations towards Europe (Allentoft er al. 2015; Haak et al. 2015).

Recently, a study modelled two or more male populations competing with
each other and mating with the same population of females. The simultaneous
tracking of the dynamics of cultural groups and chrY hgs, showed that the
decrease of N, (with more or less constant Ny) can be the result of patrilineal kin
groups with intergroup competition among them (Zeng et al. 2018). Thus,
cultural and social practices, such as the change of lifestyle and ways of sub-
sistence, sedentism, and residence rules can have a strong influence on human
genetic diversity patterns. The genetic diversity patterns of human male (and
female) gene pool are shaped by a complex interplay between the demographic,
evolutionary and cultural forces.

2.5 Phylogeny and phylogeographic distribution of
Y chromosome haplogroups

Background of phylogenetic studies, nomenclature

The sequential accumulation of mutations in the MSY makes chrY lineages
traceable in a phylogenetic tree. Within a phylogenetic tree the lineages that are
related to each other more closely than to anyone else are shown as nested
monophyletic groups (clades), characterized by specific common (‘diagnostic’)
variants and called ‘haplogroups’ (hg). In 2002 Y Chromosome Consortium
(YCC) unified the naming of hgs of the rooted chrY phylogenetic tree. Almost
all the known chrY SNVs at the time (237) were used for defining 153 haplo-
groups with an alternating alphanumeric nomenclature. The combined system
labelled horizontally 18 primary branches by capital letters (A to R) and
vertically each clade was assigned a unique alphanumeric label while unlabelled
clades could be named as ‘join’ of the sub-clades. The vertical nested scheme
allowed precise mapping of clades on the tree. The term ‘paragroup’ was coined
to denote lineages that represent interior nodes of a haplogroup, but are not (yet)
defined on the basis of derived state in any known DNA-variant and are gene-
tically paraphyletic. Paragroups are marked with the asterisk (*) symbol, re-
presenting chromosomes belonging to a clade but not to any of its (known)
subclades. At the same time an alternative naming scheme was proposed — the
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major haplogroup name (i.e., 18 capital letters) followed by the name of the
terminal variant that defines a given haplogroup (The Y Chromosome Con-
sortium 2002). Later important updates to the original YCC tree were pub-
lished, refining the tree to have 20 main haplogroups (A to T), but encom-
passing still some multifurcations among the major splits of the tree (Jobling
and Tyler-Smith 2003; Karafet ez a/. 2008).

This established nomenclature was fruitfully applied in many chrY studies
that in turn also revealed thousands of new chrY diagnostic variants. The exact
phylogenetic placement and diagnostic value of new markers had to be dis-
closed by laborious genotyping in big cohorts. The information was later care-
fully catalogued by ISOGG (https://isogg.org/). Due to higher availability of
finances, samples and public interest in populations of Western European
descent, for long, the chrY variants in other populations were poorly charac-
terized. Therefore, the possibility to sample continuous chrY sequences from
diverse haplogroups and populations was long waited for. The shift in data
acquisition uncovers chrY variants systematically, so the most informative ones
for particular lineages can be chosen for further genotyping in larger cohorts.

The explosion of chrY variants pouring in from the SRS studies (Batini ef al.
2015; Francalacci et al. 2013; Hallast et al. 2015; Mendez et al. 2013; Poznik et
al. 2013, 2016; Wei, Ayub, Chen, et al. 2013; Xue et al. 2009) provided an
ever-higher resolution to the phylogeny, but also demanded constantly more
effort to catalogue all the variants to the point where the choice of the most
informative diagnostic genotyping markers became increasingly more com-
plicated. Meanwhile a ‘minimal reference tree’ was published with the aim to
have an optimal global discrimination capacity based on a strongly reduced set
of diagnostic variants (417 at the time of publication). These include only the
most resolving Y-SNVs with common standards for Y-marker as well as Y-
haplogroup nomenclature. The authors’ main aim was to provide a state-of-the-
art phylogeny to include all the changes made since the publication of previous
reference phylogeny, but also to retain as much as possible of the historical hg
labels and marker names for consistency through studies (Van Oven et al.
2014).

Main rearrangements of the topology and hg labels were in the deepest parts
of the tree, following the proposals from several earlier studies (Batini et al.
2011; Cruciani et al. 2011; Mendez et al. 2013; Van Oven et al. 2014; Scozzari
et al. 2012). In the influx of new variants that revealed more of the tree
structure, the hg labels are often kept with their initial markers and new (joint)
labels are given to newly resolved structures, i.e., hg label K has been kept with
marker M9 and K2 defined with M256 (Poznik et al. 2016). This illustrates the
difficulty of keeping up an all-comprehensive nomenclature with the current
amount of new data. The system of using the ‘defining marker’ names is more ro-
bust, but comes with the drawback of many variants having several pseudonyms.
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Topology and contemporary phylogeography of major Y chromosome
haplogroups

The deepest splits and the deep African root of the Y chromosome phylogeny

It has been long established that both maternal (Behar et al. 2008; Cann et al.
1987) and paternal lineages stemming from the deepest splits of the tree are
exclusively African. This supports the model according to which modern hu-
mans arose in Africa and the rest of the world was colonized by a subset of the
initial African population (Cruciani et al. 2011; Hallast et al. 2015; Hammer et
al. 1998; Poznik et al. 2016; Semino et al. 2002; Stringer 2002; Tishkoff et al.
2007; Underhill et al. 2001).

Sequencing chrY in samples from specific hgs has profoundly refined the
deeper part of the phylogeny, revealing five deep splits that define hgs A00, A0,
Al, A2, A3 and B. These hgs encompass not so frequent or extremely rare, but
exclusively African lineages (Barbieri et al. 2016; Batini ef al. 2011; Cruciani et
al. 2011; Mendez et al. 2013; Poznik et al. 2013; Scozzari et al. 2012, 2014).
The longest internal branches within the tree are among those hgs and some of
these lineages, different sub-lineages of hg A and B2b, have been mainly ob-
served among hunter-gatherers, representing ancient paternal lineages (Cruciani
et al. 2002; Underhill et al. 2000). Other nested clades like B2a are among
those proposed to be the paternal signatures of the extensive and more recent
population movements related to the spread of agriculture, iron work and Bantu
languages within Africa (Beleza et al. 2005; Cruciani et al. 2002; Scozzari et al.
2014; Underhill et al. 2000).

TMCRA of global human Y chromosome phylogeny

For long, the estimates of the TMRCA of chrY were considerably younger,
even twice as young as that of mtDNA. The coalescence time of chrY ranged
within 50-115 KYA (Pritchard et al. 1999; Tang et al. 2002; Thomson et al.
2000), with few older estimates (Cruciani et a/. 2011; Hammer 1995). This dis-
crepancy was mainly caused by the lack of sequence data and SNV for correct
calibration.

Analyses based on ~10 Mb of chrY sequence derived from 69 men, in-
cluding those carrying a diverse set of hg A lineages, suggested that human
chrY tree coalesces at ~139 (120-156) KYA (Poznik ef al. 2013). This estimate
appears to be in the comparable range with the mtDNA phylogeny of the same
individuals, coalescing ~124 (99-148) KY A. However the concurrent discovery
of the deepest known chrY lineage — A0O, from an African American genetic
genealogy customer, shifted the coalescence age estimate for the global human
chrY tree drastically to ~338 (237-581) KYA (Mendez et al. 2013). Thus far,
hg A00 has been found only among the Mbo-speakers from Cameroon and not
among extant nor ancient hunter-gatherers from sub-Saharan Africa (Barbieri et
al. 2016; Schlebusch et al. 2017; Skoglund et al. 2017). Subsequent re-analyses
of this lineage and the Neanderthal El Sidron chrY revealed that the global
human chrY tree coalesces ~275 (243-304) KYA and splits from the Nean-
derthal lineage at about ~588 (447-806) KYA (Mendez et al. 2016). The
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respective differences in the coalescence ages of the global chrY tree result
from the methods the TMRCA was estimated. The coalescence time between
A00 lineages and the rest of the chrY tree was initially estimated using the auto-
somal mutation rate adjusted for male-specific mutation processes (Mendez et
al. 2013). The later study (Mendez et al. 2016) used the known age of ~45 ky
for the aY of Ust-Ishim sample (Fu ef al. 2014) in the Poisson process to model
the mutations on the tree and calculate the maximum likelihood TMRC estimate
together with the mutation rate as described in (Rasmussen et al. 2014).

The global phylogeographic distribution of most common paternal haplogroups
The monophyletic cluster CT-M168 (aka CDEF) that splits ~76,000 years ago
(YA) into sub-clades DE-M 145 and CF-P143 (Figure 6) encompasses all other
haplogroups that today form the majority of the African chrY lineages and all of
the non-African lineages (Hallast et al. 2015; Poznik et al. 2013, 2016; Under-
hill and Kivisild 2007).

All lineages downstream from CF-P143 are spread exclusively outside
Africa, but the DE-M145 holds hg E-M96, the current predominant African hg
that also has a marked spread outside the continent in the Mediterranean Europe
(Figure 6 and Figure 7) (Semino ef al. 2004). Its sister lineage hg D-M147 has a
confined East Asian distribution. The sub-lineages of hg D have a fragmented
and population-specific spread, being at higher frequency among Tibetans and
Japanese and some non-Tibetan Tibeto-Burman speaking populations, but also
found among the Y chromosomes of the Andamanese islanders (Figure 6 and
Figure 7) (Chiaroni et al. 2009; Poznik et al. 2016; Shi et al. 2008; Thangaraj et
al. 2003).

The distribution and phylogenetic relationship of D and E lineages has
fuelled a debate about the birthplace of their parent clade. The wide African
distribution and diversity suggested the East Africa as the place of origin of hg
DE and the subsequent migration of hg D out of Africa (Cruciani et al. 2004;
Underhill et al. 2001; Underhill and Kivisild 2007). The most parsimonious
phylogenetic model with only one continental exchange proposes that hg DE
arose outside Africa with back migration of hg E to Africa, instead of hgs D, C
and F moving out of the continent (Poznik et al. 2016) (Hammer et al. 1998).

The main non-African clade CF-P143 encompasses all other clades of the
global chrY phylogeny with distribution outside of sub-Saharan Africa. It splits
to hg C-M130 and megahaplogroup F-M89 (Figure 6). C-M130 has a high to
moderate frequency in Far East, Oceania and Australia and the northern part of
North America. Its proposed origin is in the northeast Asia (Figure 7). Its speci-
fic sub-lineages are present in populations of Central-Asia, Mongolia and Sibe-
ria (C3-M217) with further sub-lineages among Native Americans (C3-P39),
Pacific Islanders and populations in the highlands of Papua New Guinea (C2-
M38). Another sub-branch (C4-M347) is the most common hg of Australians,
whereas C5-M356 in Pakistan, India and Nepal (Bergstrom et al. 2016; Gayden
et al. 2007; Hammer et al. 2006; Kayser et al. 2006; Sengupta et al. 2006;
Zhong et al. 2010).
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Figure 6. A calibrated Y chromosome (chrY) phylogenetic tree. The phylogenetic
tree based on 60,555 SNVs from 10 Mb of chrY sequence of 1,244 individuals from
1000 Genomes Project. Tree is calibrated with the mutation rate of 7.6 x 10'° mutations
per base pair per year (Fu ef al. 2014). Haplogroup (hg) names are below the triangles.
The hgs with many chromosomes are collapsed into triangles, height represents coale-
scence time and width is proportional to the number of individuals in the clade. Grey
ovals mark the hgs showing rapid recent expansion. Two major lineages, both sub-
groups of hg K2b1 — hgs M and S, mostly prevalent in the Island South East Asia and
New Guinea, are absent. Figure adapted with permission from (Poznik efr al. 2016),
Springer Nature.

The megahaplogroup F-M89 is the other branch splitting form CF-P143. A
notable increase in the expansion of lineages outside Africa around ~50-55 KYA
occur within the F-M89 clade (Figure 6 and Figure 7). The megahaplogroup
comprises all lineages from the GHIJK clades, but first split within F-M8&9 is
the newly discovered F* branch found in a Vietnamese individual (Figure 6)
(Poznik et al. 2016).
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Figure 7. The global phylogeographic distributions of 15 numerically and
geographically most widespread chrY haplogroups. The distributions of hgs K, M,
and S are not displayed because of their very distinct special distributions, mostly in the
Island South East Asia and Oceania. Also, paraphyletic hgs F* and P* are mostly rare,

and not shown. Hg F* shares the distribution with hg H within India. Figure reprinted
with permission from (Chiaroni et al. 2009).

Haplogroup G-M201 (Figure 6, Figure 7) has highest frequency in the Cau-
casus and spreads to the Near and Middle East, parts of northern Africa and
southern Europe. The frequency peaks among North Ossetians (70%) and
declines (to 13%) in Iran, but the hg is found also in the South Asian popu-
lations (Regueiro et al. 2006; Rootsi ef al. 2012; Semino et al. 2000; Sengupta
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et al. 2006; Yunusbayev et al. 2012) and northern Africa (El-Sibai et al. 2009).
It has two phylogenetic lineages G1-M285 and G2-P287 (Figure 6). G1-M285
has a relatively low frequency in its main distribution area in South-West
Eurasia, where it ranges from Italy to Mongolia. The sub-haplogroup reaches
highest frequencies in Central Asian steppes and Iranian-Armenian plateau,
peaking in the steppe region of North Kazakhstan and in mountain region of
Armenia (Balanovsky et al. 2015; Rootsi et al. 2012). The sister linecage G2-
P287 engulfs the majority of the hg G lineages and is distributed over the whole
range of hg G from Europe, the Near/Middle East and Central and South
Asia with some founder sub-lineages among Jews and South Asians (Rootsi et
al. 2012). The Tyrolean mummy Otzi belongs also to the sub-clade of hg G in
close affinity with the Sardinians (Keller et al. 2012).

Haplogroup H-M2713 is autochthonous to India with a low frequency out-
side the sub-continent, and has relatively deep position within chrY phylogeny
(Sengupta et al. 2006). Sequences from twelve South Asian individuals re-
defined this hg with the mutation M2713 (Figure 6), placing the previous
diagnostic marker M69 more downstream (Poznik et al. 2016). Hg H and its
sub-clades are largely confined to South Asia and comprise around quarter of
the paternal lineages there (Sengupta et al. 2006). The variance distribution of
H*-M69 and H2-Apt is higher in north and southeastern India, respectively,
whereas the distribution peak of the variance of HI-M53 is in western India
(Sengupta et al. 2006). The haplogroup is found also in Afghanistan among
Pashtuns (3—8%), Tajiks (4-5.5%), and Hazara (2—-12%) (Di Cristofaro et al.
2013; Haber et al. 2012). In Pakistan the reported frequencies are 7-9% (Di
Cristofaro et al. 2013; Sengupta et al. 2006). Hg H-M69 has extremely low
frequency in East and South East Asia, the Middle East and Europe (Figure 7)
(Sengupta et al. 2006; Sahoo et al. 2006; Trivedi et al. 2008; Underhill et al.
2000; Gayden et al. 2007; Cadenas et al. 2008; Battaglia et al. 2009; Zhong et
al. 2011; Grugni et al. 2012; Di Cristofaro et al. 2013; He et al. 2012). Outside
of India the only notable presence of hg H is among the European Roma, who
carry the lineage H-M82 with frequencies in different sub-populations ranging
from 10-60% (Gresham et al. 2001; Gusmao et al. 2008; Klari¢ et al. 2009;
Martinez-Cruz et al. 2016; Pamjav et al. 2011; Perici¢ et al. 2005; Regueiro et
al. 2011). The widespread presence and low diversity of this South Asian speci-
fic lineage among groups of European Roma has been interpreted to vouch for
their genetic origin from India (Gresham et al. 2001; Martinez-Cruz et al.
2016).

Next split within the global paternal phylogenetic tree is between the mega-
haplogroup K-M9 and 1J-M429 cluster that branches further into two major
haplogroups I-M170 and J-M304 (Figure 6) (Karafet et al. 2008; Poznik et al.
2016).

Haplogroup I-M170 is a major European chrY lineage with the overall fre-
quency of ~18% and is almost absent elsewhere (Rootsi et al. 2004; Semino et
al. 2000; Underhill et al. 2007). This hg shows dual frequency peaks within
Europe, it encompasses more than a third of paternal lineages in the Scandi-
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navia (25-35%) and Balkans (17-40%), but is present at notable frequencies
also in the eastern European Slavic-speaking populations (Figure 7) (Rootsi et
al. 2004). Hg I-M170 has three main lineages. Two major sub-clades, [1-M253
and [2-PF3835 encompass majority of the variation that is proposed to reflect
the continuity since Palaeolithic hunter-gatherers (Rootsi et al. 2004). 11-M253
has reached 25-35% among contemporary Scandinavian men (Rootsi et al.
2004). It is currently one of the three major paternal lineages (others being R1b-
M269 and R1a-M198) in Europe taking up 14% of all paternal lineages, after
having gone through a recent expansion about 5 KYA (Batini ef al. 2015). Hg 1
was widespread among European hunter-gatherers (Fu et al. 2016; Giinther et
al. 2018; Lazaridis et al. 2014; Skoglund et al. 2014), the sub-lineage 13-L.596
was shared between hunter-gatherers in Scandinavia (Mathieson et al. 2015)
and Anatolian farmers (Lazaridis et al. 2016).

Haplogroup J-M304 is present in the Near East, North Africa, Europe and
India with the proposed origin in West Asia (Al-Zahery et al. 2011; Cinnioglu
et al. 2004). In Crete, Turkey and Middle East (Azerbaijan, Oman, Syria,
United Arab Emirates, Armenia) it reaches frequencies above 30% (Herrera et
al. 2012; Luis et al. 2004; Nasidze et al. 2009), whereas in Egypt, Greece,
Bulgaria and southern Italy the hg is present at 20-30% of the male lineage with
a sharp drop towards northern and Central Europe (Di Giacomo et al. 2004). Hg
J-M304 splits into two major lineages J1-M267 and J2-M172 that have an un-
like distribution with J1-M267 restricted more to the Middle East and Arabian
Peninsula and J2-M172 having a wider distribution reaching from the Balkans
to eastern India, while populations in the Middle East have a roughly equal
share of both lineages (Cinnioglu et al. 2004; Singh et al. 2016).

J1-M267 is proposed to have two distinct migratory episodes, the latest of
which is linked to the spread of the Arab people (Chiaroni et al. 2010; Semino
et al. 2004). J1-M267 is also present in many populations in the Caucasus
region, reaching very high frequencies in some of them (Balanovsky et al.
2011; Yunusbayev et al. 2012). J1-P58, a prominent sub-clade of hg J1, is
common in the Near East with the proposed origins in the Zagros/Taurus
mountain region (Chiaroni et al. 2010). It has the highest frequency (74.1%)
among the Marsh Arabs in Iraq and is the main paternal lineage in southwestern
Mesopotamia (Al-Zahery et al. 2011). The most prevalent (46.1%) paternal
lineage among the members of the Jewish priesthood is a haplotype nested
within J1-P58 (Hammer et al. 2009).

J2-M172 is the more numerous sub-clade of hg J that differentiates into
several subgroups with main division in to J2a-M410 and J2b-M12. Based on
the extant phylogeography it has been proposed that J2a-M410 and J2b-M12
are associated with demic diffusion of Neolithic farmers in North Africa and
Eurasia from Mesopotamia (Iraq and Syria today) (Al-Zahery et al. 2011; Di
Giacomo et al. 2004; Semino et al. 2004). J2b-M12 has the highest frequency
among Albanians (14.3%), it is the major male lineage in the Middle East and
Mediterranean region with decreasing frequency towards Europe. Still, at low
frequency it is widely spread from the Balkans to India and the Himalayas
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(Semino et al. 2004). Within Indian hg J pool J1-M267 Y chromosomes are
very rare, whilst most belong to J2-M172 (Singh et al. 2016). The two sister
clades J2a-M410 and J2b-M102 make up a considerable part of the chrY gene
pool of the Indian subcontinent. In total, the hg J frequency has been estimated
to be around 5.1% (Sahoo et al. 2006; Sengupta et al. 2006; Trivedi et al.
2008), but frequencies may reach much higher values in some tribal populations
(e.g. up to 77% in Asur), likely due to a founder-effect (Singh et al. 2016).

The megahaplogroup K-M9

Marker M9 is defining the megahaplogroup K that has sub-lineages on every
continent (Figure 6, Figure 7). Within this megahaplogroup the initial bifurca-
tion is between hg LT (known also as K1) and K2 or KxLT (K without LT)
(Mendez et al. 2011; Poznik et al. 2016).

Haplogroups L-M11 and T-M184 have a distinctive geographic range where
hg L-M11 is spread within South Asia, in the Middle East, Caucasus and
Anatolia and has a low presence among some Mediterranean European popu-
lations (Chiaroni et al. 2009; Poznik et al. 2016; Semino et al. 2000; Sengupta
et al. 2006; Yunusbayev ef al. 2012). The overall frequency of L-M11 in India
is 5.6% whereas elsewhere its highest frequency is 4.3% in Central Asia (Tri-
vedi et al. 2008; Wells et al. 2001). Hg T-M184 is distributed with variable
frequencies in west Asia, Africa, and Europe and has presumably Near Eastern
origin. It is found among Near Eastern non-Jewish populations and is present in
several Jewish populations (Batini ef al. 2015; Mendez et al. 2011).

Recent sequencing efforts (Poznik et al. 2016) revealed a deeper substruc-
ture within hg K2/K(xL'T)-M526 revealing that together with some K-lineages
prevalent in Indonesia and India (K2c,d,e), there is a subgroup K2a-M2308.
The ancient sample Ust-Ishim (Fu et al. 2014) belongs to K2a*-M2308, up-
stream from NO-M214, a clade that contains two major lineages — hgs N-M231
and O-M175. The sister-clade to K2a-M2308 is K2b-P331 that encompasses
hgs M,S, and the next megahaplogroup P-P295 (Figure 6).

Haplogroup NO-M214 has two major sub-haplogroups with distinct and
mostly non-overlapping geographic distribution — O-M175 and N-M231 (Rootsi
et al. 2007), both with a likely region of origin in South East Asia (Hammer et
al. 2006; Kayser et al. 2003; Rootsi et al. 2007), splitting from each other ~45
KYA (Poznik et al. 2016).

Hg O-M175 is present at high frequencies in South East Asia, but also in
Oceania, not reaching further west. It is by far the most prevailing hg in East
Asia, comprising about 75% of Chinese and more than half of Japanese male
population (Kayser et al. 2008; Shi et al. 2005; Wang and Li 2013; Yan et al.
2011). Hg N-M231 ranges from the Beringian and Amur region in the Russian
Far East across Siberia and northern China to eastern Europe (Zerjal et al.,
1997; Karafet et al., 2002; Tambets et al., 2004; Rootsi et al., 2007). A recent
whole chrY capture sequencing coupled with a comprehensive phylogeographic
study revealed that the wide continuous distribution, which also cuts across
linguistic and cultural borders, is divided into distinct regional sub-groups. In
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particular, the clade N3a’6 reaches from Siberia to the eastern part of Fenno-
scandia and the eastern Baltic region with apparently nearly simultaneous and
rapid regional diversification that took place within the last 5,000 years (Ilumée
et al. 2016).

Within hg K2, the variant M45 defines the megahaplogroup P-M45 that
besides other rarer lineages contains the hgs Q-M242 and R-M207. The other
branch from K2, with diagnostic marker P331, leads to the two rare and mainly
Melanesian lineages S and M. Hg M-M104 is a haplogroup of suggested
Melanesian origin (Kayser et al. 2001, 2003, 2006), M-M4 has 75% of the West
New Guinea chrY lineages (Kayser et al. 2003). Hg S-M230 is a major hg in
the Papua New Guinea, but also is found in Australia, Indonesian and Melane-
sian islands (Bergstrom et al. 2016; Kayser 2010; Kayser et al. 2006).

Haplogroup Q-M242 is spread throughout Asia and has higher frequency in
Central Siberia and the Americas. The first split within the haplogroup is
between Q1°2-L472 and Q3-L257 that most likely occurred in Western or
Central Asia (Balanovsky er al. 2017). Haplogroup Q2-F1096 is spread in
Central and South East Asia, Siberia and its sub-lineage Q2b-B143 among
Paleo-Eskimos (Balanovsky et al. 2017; Battaglia et al. 2013; Jota et al. 2016;
Rasmussen et al. 2010). The other main branch, Q1-M364, is present in South
Asia and Europe, Central Asia, Siberia and its subclades Qla-M3 and Qlb-
M971 encompass the majority of paternal lineages of the Americas (Dulik et
al., 2012; Battaglia et al., 2013; Jota et al., 2016). Haplogroup Q3-L257 is a
more infrequent lineage present within western Eurasia and South Asia (Al-
Zahery et al. 2011; Balanovsky et al. 2017; Grugni et al. 2012; Lacau et al.
2012; Lippold et al. 2014).

Haplogroup R-M207 divides into two main lineages, R1-M173 and R2-
M479 (Chiaroni et al. 2009; Karafet et al. 2008; Myres et al. 2011). The
subclades of R1-M173 are distributed widely over Eurasia from South Asia to
western Europe. More than 50% of all European men carry Y chromosomes
belonging to hg R1-M173 (Myres et al. 2011). Within Europe there is a sharp
border between its two subgroups — hg R1a-M420 is mainly frequent in the
eastern Europe, whereas R1b-M343 is most abundant in the western Europe
(Batini et al. 2015; Kayser et al. 2004, 2005; Myres et al. 2011; Rosser et al.
2000; Semino et al. 2000; Underhill et al. 2015). R1a-M420 carriers are
widespread, reaching from Scandinavia to South Asia, but with clear separation
between the Asian and European variants (Underhill et al. 2010, 2015). There
are also branches characteristic to certain populations — like R1a-M582 among
the Jewish groups (Rootsi et al. 2013) and R1a-Z284 in Scandinavia (Underhill
et al. 2015). Also, European Roma carry Rla paternal lineages, notably Hun-
garian and Croatian Roma have the South Asian type (Chennakrishnaiah et al.
2013; Pamjav et al. 2011; Underhill et al. 2015). The sister clade R1b-M343 is
a hg of probable western Asian origin, with its subclade R1b-M269 carried to
Europe. Today, more than 70% of the western European men bear sub-lineages
of this hg (Batini et al. 2015; Poznik et al. 2016). There is a southeast to
northwest frequency cline of R1b sub-lineages with higher frequencies in the
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western Europe (Busby et al. 2012; Myres et al. 2011). A sub-lineage R1b-V88
is mostly found in Africa, although rare in the continent, it reaches higher
frequencies in the central-western parts of it (Cruciani et al. 2010).

Haplogroup R2-M479 has a much more restricted spread than R1-M173. It
is one of the main autochthonous paternal lineages within India that are spread
among different socio-linguistic groups and is likely present in the subcontinent
already from the pre-Neolithic times (Sahoo et al. 2006; Sengupta et al. 2006;
Trivedi et al. 2008). It has an almost uniform distribution all over the sub-
continent, but a notable cline is detected among different castes, with a decline
in frequency toward upper castes (Trivedi et al. 2008). Hg R2-M124 frequency
in India is 8-13.5%, reaches 7.4% in Pakistan, and decreases towards Central
Asia (3.8%) (Cordaux 2004; Di Cristofaro et al. 2013; Kivisild et al. 2003;
Sengupta et al. 2006; Trivedi et al. 2008; Wells et al. 2001).

In sum, thus far, the extant global variation of chrY lineages is described
with fine detail, coupled with temporal scale. The same applies for mtDNA, not
described in this thesis. The finely mapped geographic distributions of paternal
and maternal lineages show distinct global and local distribution patterns on
population level. Currently, similar databases are growing for individuals
passed away hundreds and thousands of years ago — the study of ancient DNA
is thriving.

2.6 Perspectives from ancient DNA

The possibility to sequence DNA directly from ancient human remains, the
ancient DNA (aDNA), allows direct assessment of the genetic variation from a
specific location and time in the past. The specific challenges of aDNA study
are the low amount of surviving material available for DNA extraction, often
very low endogenous DNA content, DNA degradation and specific changes to
the DNA bases (Orlando et al. 2015). There are significant advances in the
possibilities to sequence stretches of DNA that are shorter than PCR fragments,
methods for endogamous ancient DNA detection, enrichment of specific SNVs
with the targeted capture methods, and data analyses. This has resulted in the
ever accumulating knowledge from aDNA that reshapes and widens our
understanding of human demographic history (Haak ez al. 2015; Lazaridis et al.
2016; Mathieson et al. 2015; Orlando et al. 2015; Schlebusch et al. 2017). For
example, emerging knowledge about Sub-Saharan African aDNA has supported
the claims of the population structure within Africa and also pushed back the
time estimate of the divergence between Khoisan populations and the rest of
modern human populations to have occurred ~350-260 KY A (Schlebusch et al.
2017). Another study found corroborating African aDNA evidence for the
Levantine farmers’ back migration to Africa (Skoglund et al. 2017), an ancestry
component until then observed among the contemporary individuals (Pagani et
al. 2012; Pickrell et al. 2014; Tishkoff et al. 2009).
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Prior to aDNA studies, the prevailing broad view to European demographic
history, based on the reconstructions from contemporary uniparental lineages,
was that Europe was populated by two main migration waves: the initial arrival
of hunter-gatherers and their subsequent replacement by the Neolithic farmers
arriving from the Near East. These major events were topped with additional
post-glacial recolonizations and inter-continental movements during the Bronze
Age that also could have obliterated the traces from earlier events (Soares et al.
2010). The recent aDNA results have confirmed some, but also added more
complex details to the views of European population history, summarized into
three major migration waves reaching Europe during the Upper Palaeolithic, the
Neolithic and the Early Bronze Age (Allentoft et al. 2015; Haak et al. 2015;
Lazaridis et al. 2014). The aDNA analyses on a more local scale have shown
that the process of Neolithic transition of replacement and admixture between
populations of diverse cultural background in Europe was regionally structured.
Similarly to classical studies (Ammerman and Cavalli-Sforza 1973), the aDNA
research has shown that Neolithic revolution in southern and Central Europe
started with the arrival of early farmers from the Near East (Haak et al. 2015)
who reached as far as Scandinavia (Skoglund et al. 2012; 2014). On the other
hand, the intensive cultivation and animal husbandry was brought to the Eastern
Baltic region of Europe by the people of mainly steppe ancestry (Mittnik et al.
2018; Saag et al. 2017).

Similarly, aDNA results from the human remains belonging to the Lapita
Culture in South Pacific revealed that the initial colonisation of the remote
Oceania was not by a mixture of populations from New Guinea as previously
thought. The Papuan ancestry seen today in the remote Oceania represents later
human movements (Skoglund et al. 2016).

Studies on ancient Y chromosomes

The ancient chrY (aY) sequence and genotype data is accumulating. This gives
a possibility to directly test the hypotheses until now posed on the extant
genetic variation data, often linking the spread of specific chrY hgs together
with certain archaeological cultures. The placement of an ancient individual’s
chrY into the existing phylogeny reveals their relations with other ancient and
extant specimens. This allows for the investigation of geographic and temporal
changes in the composition of the linecages as well as the population sizes
through time, indicative of migrations and other significant demographic
events. An aY with substantial sequencing coverage also provides a way for
calculation of the mutation rate through counting the mutations that have
accumulated in modern lineages after the split from the ancient lineage (Figure
3 a.3.) (Fu et al. 2014; Rasmussen et al. 2014). It is still challenging and costly
to obtain high coverage of chrY from the whole genome sequencing of the
ancient specimen because of the complicated repetitive structure of chrY, its
homology to the chrX, and the haploidy. These challenges are to some extent
compensated by large number of redundant SNVs mapping to the same branch
of the phylogeny that provide information to determine hgs also at moderate
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coverage of the whole genome sequences from ancient specimen (Kivisild
2017; Van Oven et al. 2014; Rasmussen et al. 2014). It is also helpful that the
hybridization-based methods targeting genome-wide SNVs now include over
30K of chrY markers for high resolution typing of aY variants (Lazaridis et al.
2016; Mathieson et al. 2015).

Even though aY sequences are emerging also from Sub-Saharan Africa
(Schlebusch et al. 2017; Skoglund ef al. 2017), the majority of the aY results
have accumulated from the geographic regions in higher latitudes (northern/
temperate Eurasia and America) that favour better DNA preservation over long
periods of time (Hoftreiter ef al. 2015). As reviewed recently in (Kivisild 2017),
several conclusions based on extant chrY have been corroborated by aY, but
others have not found support. All the oldest aY lineages (Fu et al. 2014, 2015,
2016; Seguin-Orlando et al. 2014) from Eurasia belong to the three main basal
lineages, C, D and F, documented as a result of the OOA movement, and
coalesce ~50-20 KYA, just as was predicted from the distribution of the extant
lineages. Finding of hg C, nowadays extremely rare in Europe, among the Ibe-
rian hunter-gatherers (Olalde et al. 2014), and Anatolian and central European
Neolithic farmers (Mathieson et al. 2015) reveals that the geographic distribu-
tions of paternal lineages have gone through major changes through time.
Extant distribution of hg G suggested that it was brought to Europe by the Ana-
tolian farmers (Semino et al. 2000) and aY results corroborate that (Broushaki
et al. 2016; Hofmanova et al. 2016; Lazaridis et al. 2016; Mathieson et al.
2015). Hg 1, in contrast, was proposed to be the sign of local population
continuity from Palaeolithic hunter-gatherers (Rootsi et al. 2004). Indeed, it is
found among the remains of Palaeolithic hunter-gatherers (Fu et al. 2016;
Gunther et al. 2018; Lazaridis ef al. 2014), in some cases showing some regio-
nal continuity, but it is also present among the Anatolian farmers (Lazaridis et
al. 2016). So, the aY draws a more complex picture than previously thought. Hg
J, the sister lineage to hg I, was thought to have arrived to Europe with the early
Neolithic farmers (Rosser ef al. 2000; Semino ef al. 2000). It is not detected
from European Neolithic remains thus far, instead it is found among hunter-
gatherers in distant regions in the Caucasus and Karelia in eastern Fenno-
scandia, and among early farmers in Iran and Anatolia (Jones er al. 2015;
Lazaridis et al. 2016; Mathieson et al. 2015). It follows that hg J reached
Europe only during the Early Bronze Age through the Yamnaya/Corded Ware
migrations (Allentoft et al. 2015; Haak et al. 2015). Ancient chrY results show
that the nowadays most frequent lineage in Europe, R1b, contrary to the early
view of being a Mesolithic remnant (Rosser ef al. 2000; Semino et al. 2000),
became common in Europe only during the Late Neolithic and the Early Bronze
Age (Allentoft et al. 2015; Haak et al. 2015; Mathieson et al. 2015). A large
proportion of the Bronze Age aY lineages from Central Europe, northern
Caucasus and Steppe Belt belong to either Rla or R1b lineages, but show
regionally characteristic clustering within these major hgs (Allentoft et al. 2015;
Cassidy et al. 2016; Haak et al. 2015; Mathieson et al. 2015; Schiffels et al.
2016). There might be rare lineages that have persisted longer, but the majority
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of European lineages stem from only a few Late Neolithic early Bronze Age
Rla and R1b founders, a fact also seen from the sequencing data of extant
European Y chromosomes showing the coalescence of the main branches to be
shallow around 5-7 KYA (Batini ef al. 2015; Hallast et al. 2015; Poznik et al.
2016).

The majority of extant American lineages belong to two major hgs Qla-M3
and Q1b-M971 (Jota et al. 2016; Zegura et al. 2004), and minor lineages to hg
C3-M217. The unequal distribution of these lineages within the continents has
given support for the dual origin model of Native Americans in the sense of
separate migration waves reaching the Americas (Lell et al. 2002; Roewer et al.
2013). On the other hand, the observed similar levels of STR diversity among
the lineages argues for a model of a single migration wave 10-17 KYA (Zegura
et al. 2004). Ancient Y chromosomes have shown the presence of Qla-M3 and
QI1b-M971 in the Americas at least from 10.3 KYA (Kemp et al. 2007;
Rasmussen et al. 2014, 2015). Ancient DNA from the Sagqqaq man from Green-
land (Rasmussen et al. 2010) gave direct evidence for a separate Paleo-Eskimo
dispersal into the Arctic of North America, the aY lineage he carried is Q2b-
B143, a hg that might have extant descendants (Matthew C Dulik et al. 2012;
Olofsson et al. 2015), despite the complete population replacement by the Neo-
Eskimos.

African aDNA is still scarce, but the Y chromosomes of four ~2 KY old
Stone Age hunter-gatherers from South Africa belong to hg Alblb2a (aka
A3b1-M51) (Schlebusch et al. 2017; Skoglund et al. 2017). This hg is common
among present-day Khoe-San in Southern Africa (Barbieri et al. 2016), thus
providing evidence for population continuity. The aY of 6—8 KY old hunter-
gatherers of Malawi have been assigned to hg BT, whereas a 400 Y old Kenyan
has hg Elblblb2 (Skoglund et al. 2017), and also a 4.5 KY old Ethiopian
individual carried hg E1b1 (Gallego Llorente et al. 2015), representing the most
widely spread hg in Africa today.

2.7 Examples of founder populations -
European Roma and Ashkenazi Levites

South Asia and its European offshoots, the Roma people

South Asia is comprised of India, Nepal, Pakistan and Bangladesh and is one of
the most densely populated regions in the world. The 2011 census of India
counted 1.2 billion people while South Asia together is home to 1.75 billion
people. South Asian people are culturally, morphologically, linguistically and
genetically highly diverse and interact in intricate and complex social struc-
tures. About 8% of the people in India are classified as ‘tribal’ and their major
modes of subsistence are hunting and gathering, foraging and seasonal agri-
culture of various kinds. The majority of Indian populations are the ‘non-tribals’
who have been classified socially into castes under the Hindu Varna system or
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by their religious affiliations (i.e., Christian, Muslim or other). Caste system has
a very elaborate social structure that evolved from a system of the traditional
occupations (Mukerjee 1937). Since the caste system has strongly stratified
Indian society and created severe inequality, there are now affirmative actions
for socially backward castes and tribes who are officially designated as Sche-
duled Castes and Scheduled Tribes. The human population genetic studies of
Indian populations generally group individuals on bases of their self-reported
group affiliations. These are usually based on either the Varna system (the rank
of castes or tribe-caste dichotomy), or other socio-cultural factors like language,
means of subsistence and traditional customs. Besides, groups are formed
purely based on geographic or linguistic affiliations. Languages spoken in India
belong to four linguistic families — Indo-European, Dravidian, Tibeto-Burman
and Austro-Asiatic, all with their distinct distributions. The most widely spoken
languages belong to the Indo-Aryan language group (from Indo-European
linguistic family).

European Roma, today around 11 million people scattered in small groups
throughout Europe, are the only speakers of an Indo-Aryan language in this
region (Cahn and Guild 2008). The Romani language belongs to the central
Indo-Aryan subgroup, just as Hindi language. It also has traces from Iranian
languages and Armenian, with profound impact from Greek, topped by the
influence from the European host population languages and local dialect forma-
tions (Matras 1999, 2005; Turner 1926). The substantial scholarly interest in the
Roma, the linguistic and cultural outliers in Europe, has resulted in a substantial
amount of literature of linguistic, anthropological and ethnological aspects of
this peripatetic population, giving the understanding that European Roma
originate from India. For the lack of written and oral histories of their own, their
origin from India and subsequent migrations were revealed first by linguistic
and anthropologic evidence (Fraser 1995; Matras 1999; Riidiger 1782) and later
corroborated by genetic studies (Banfai et al. 2018; Gresham et al. 2001;
Kalaydjieva et al. 2005; Melegh et al. 2017; Mendizabal et al. 2012; Moorjani
2013). The suggested dates for the exodus from India are around 10™-11"
century and arrival to Europe soon after. Local chronicles throughout Europe
have recorded the subsequent spread by14th—15th century (Fraser 1995). Roma
today have substructured into series of endogamous populations spanning
country borders, their exclusionary culture and hostility from the surrounding
populations has often kept them stigmatized and in the periphery of their host
societies (Cahn and Guild 2008; Hancock 2002).

Uniparental lineages of European Roma can be largely classified as origi-
nating from South Asia or West Eurasia. Reported South Asian contribution to
the maternal gene pool is restricted to only a very few lineages (M5alb, M35b,
M18). The bulk of those belong to mtDNA hg M5alb that is detected among all
studied Roma populations at 6-30%. Other two South Asian mtDNA lineages
are present more sporadically and are much more infrequent (Gresham et al.
2001; Gusmao et al. 2008; Malyarchuk et al. 2006; Mendizabal et al. 2011;
Salihovi¢ et al. 2011). The main South Asian contribution to the paternal
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lineages is chrY hg H1a-M82, reported thus far in all studied Roma populations.
The frequency of this hg varies between 10—48%, with clinal frequency change
from the Balkan Roma towards Iberian Roma (Gresham ef al., 2001; Gusmao et
al., 2008; Klari¢ et al., 2009; Zalan et al., 2011; Regueiro et al., 2012). Another
paternal lineage with current South Asian distribution R1a-M780 is thus far
identified among Hungarian and Croatian Roma (Chennakrishnaiah et al. 2013;
Pamjav et al. 2012; Underhill et al. 2015). Besides the South Asian founder
lineages also a number of Western Eurasian specific paternal and maternal
founder lineages have been identified (Martinez-Cruz et al. 2016).

The genome-wide SNV analyses uncovered a general profile of Western
Eurasian and South Asian ancestry components among the genomes of Euro-
pean Roma. The West Eurasian genetic component has been demonstrated by
high average sharing of identical-by-descent (IBD) genomic segments with
European populations (Melegh et al. 2017; Mendizabal et al. 2012; Moorjani et
al. 2013) and with populations from the Caucasus region (Banfai et al. 2018).
The high heterogeneity of West Eurasian uniparental lineages among Roma
advocates a continuous admixture, in sharp contrast to the few South Asian
founder lineages with very limited diversity spread at varying levels among all
the Roma populations (Gresham et al. 2001; Kalaydjieva et al. 2005; Martinez-
Cruz et al. 2016; Mendizabal et al. 2011, 2012; Moorjani et al. 2013; Morar et
al. 2004). The population genetic studies of the classical, uniparental and auto-
somal genetic variation of European Roma have concluded that Roma stem
from a single founder population that has subsequently gone through strong
drift and admixture events and a series of local founder events. Small popula-
tions/groups constitute the European Roma population as a whole. Medical
genetic studies have identified a number of group-specific private founder
mutations as causes of rare conditions among Roma individuals (Baresi¢ and
Perici¢ Salihovi¢ 2014; Fiore ef al. 2011; Kalaydjieva et al. 1999; Kalaydjieva,
Gresham, et al. 2001). The genetic structure within the contemporary European
Roma as a single group can be best explained by their main migratory move-
ments within Europe (Gresham et al. 2001; Gusmao et al. 2008; Kalaydjieva,
Calafell, et al. 2001; Kalaydjieva, Gresham, et al. 2001; Klari¢ et al. 2009;
Malyarchuk et al. 2006, 2008; Martinez-Cruz et al. 2016; Mendizabal et al.
2012; Moorjani et al. 2013; Salihovi¢ et al. 2011).

One of the long-lasting gripping questions has been the possible region of
origin within South Asia for the ancestors of European Roma. Northwestern
India has been overwhelmingly pointed to as the main source for the South
Asian genetic component among the European Roma (Kalaydjieva, Gresham, et
al. 2001; Melegh et al. 2017; Mendizabal et al. 2011; Moorjani ef al. 2013), in
addition also East India has been indicated for mtDNA (Mendizabal et al. 2011)
and South India for chrY (Regueiro et al. 2011) as potential source regions.
Analyses of autosomal markers affiliated Punjabis, Meghaval and Kashmiri
Pandits as the closest relative contemporary South Asian populations to the
European Roma (Mendizabal et al. 2012; Moorjani et al. 2013). On the other
hand, Punjabis and Kashmiri Pandits were also the populations with the highest
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West Eurasian admixture among Indian populations which could be a con-
founding factor (Moorjani et al. 2013). A recent reanalysis concludes that the
autosomal South Asian component among the European Roma shares the
highest amount of IBD-segments with the populations from northwestern India,
but adds also populations of Pakistan as a main genetic contributor (Melegh et
al. 2017). A major drawback in the comparability of different studies has been
that the grouping of Indian populations into geographical categories is not
always consistent across studies and, especially in the earlier research on uni-
parental lineages, sampling of the Indian populations was underrepresenting the
genetic variation within India, leading to potential biases.

A brief overview of history, demography and genetic studies of the Jewish
people

Notes on the history of the Jewish people

Jews are an ethno-religious Semitic-speaking group with current census size of
about 14.3 million. Historic records place their origins in the Levant at around
second millennium before the Common Era (BCE) (DellaPergola 2015). Due to
numerous exiles, persecutions and displacements in different times of their
history, they have been dispersed into various groups, residing in many parts of
the world, a phenomenon known as the Diaspora (DellaPergola 2015; Ostrer
2001). Despite this, Jews have kept strong cultural, traditional and genetic
continuity, the main characteristics of different communities are the migration
history, place of long term residence and some varieties in the customs. Turbu-
lent times of Babylonian and Persian Empires (4™ —6" centuries BCE) gave rise
to the Middle Eastern Jewish communities, the Mizrahi (East in Hebrew) Jews.
Classical Antiquity (8" century BCE to 6™ century AD) saw the formation of
the Balkan, Italian, North African and Syrian Jewish communities that later
mixed with the Sephardi Jews. Sephardi Jews initially lived in the Iberian
Peninsula, where they reached in larger numbers during the beginning of the
Common Era after Romans had destroyed Jerusalem at 70 CE and upheavals
that followed (Bowers 1975; Noy 2013). Many Jews made it to Iberia also later
as part of the Muslim expansion (starting in 7" century CE). After their expul-
sion from Iberia at the end of 15" century they migrated predominately to North
Africa and to the western Asian and European parts of the Ottoman Empire, and
at lesser extent to West Europe, and mixed with other Jewish groups there. One
of the most widely known scenarios about the immediate ancestors of the
Ashkenazi Jews suggests that groups of Jews migrated from northern Italy and
settled in the Rhine Valley around 7"-9" centuries. There formed a distinct
population, later known as Ashkenazi Jews. Subsequently, between 11™ and 15
century, many of them migrated further to Central and East Europe — Poland,
Bohemia, Lithuania and further east. In addition, there are several other distinct
Jewish communities scattered in many parts of the world. The strong cultural
unity of distant Jewish communities have facilitated a considerable amount of
movement of people between them throughout time with the main distinct
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religious characteristics of the groups still persisting. World Jewry today can
largely be divided into Ashkenazi and non-Ashkenazi Jews, whereas roughly
two thirds of all Jews are the descendants of the Ashkenazi group (DellaPergola
2015).

Throughout the Jewry World, the paternal lineages can be divided into three
castes — Israelite, Cohen (plural Cohanim) and Levite. The latter two, each
representing approximately 4% of the Jewish males, were historically priestly
castes. Priests who by tradition are said to be the descendants of the Biblical
forefathers Levi and his great-grandson Aaron, had distinctive rights and rules
to obey and carried an important role in the Jewish culture. The given name of
the forefather Levi eventually transformed into an honorific name “Halevi”
(‘the Levite’, in Hebrew) for the whole tribe of priests. In turn, the tribe of high
priests, descending straight from Levi’s great-grandson Aaron, were given the
honorary name that represented their occupation — Cohen or “Kohanim”
(‘priest’, ‘to serve’ in Hebrew). The present-day Jewish religious laws deter-
mine Jewishness as a maternally determined trait — transmitted by a Jewish
mother to her children or alternatively, and more rarely, can be obtained
through official rabbinical conversion. The same law demands that the Levite
and Cohen statuses have a direct patrilineal descent, eventually leading to the
respective Biblical forefathers (Anon 1972). Thus the transmission of the
cultural traits of Cohen and Levite statuses resemble the inheritance mode chrY
and therefore present exemplary cases for the study of coinheritance of bio-
logical and cultural traits.

The Cohen and Levite statuses have transformed to be the surnames of their
carriers, so the surnames are additional markers for the cultural trait. Through
time these names have evolved into many varieties, Levi has become e.g. Levin,
Lewicki, Loewi; whereas Cohen has changed into e.g. Kogan, Kahn, Kohanuy.
When taking the names as signifying the respective status, one has to consider
that the carriers of Levite or Cohen status have also taken other surnames, for
example toponymic surnames — names related to the location of residency of the
respective family. This is exemplified by the Horowitz Rabbinical Levite dy-
nasty, whose members carry the name related to the Bohemian town of Hoto-
vice where the founder of the dynasty settled after emigrating from Catalonia in
15™ century (Horowitz 1928). This Levitical dynasty is also a well-known
Rabbinical court maintaining a detailed documented genealogy. The many
meticulously preserved historic records and deep interest in the Horowitz family
history fuels the contemporary thriving research of family lines by enthusiastic
genealogists, today also supported by genetic tests (Henn et al. 2012), a way
which, when properly interpreted (Falk 2015; Hammer ef al. 2009; Tofanelli et
al. 2016), can lead to fruitful collaboration between academic and citizen scien-
tists (Balanovsky et al. 2017) besides discoveries in the personal family history.
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Genetic studies of the Jewish populations

The genetic affinities of several Jewish populations to each other and to their
neighbouring populations have been repeatedly studied (Carmelli and Cavalli-
Sforza 1979; Efron 2013; Karlin et al. 1979; Salaman 1911). The intricate
population histories, bottlenecks, founder events and endogamy of different
Jewish groups manifest also through distinctive prevalence patterns of several
Mendelian diseases caused by population specific founder mutations. The
extensively studied Jewish medical genetics and its fruitful translation into
public health initiatives (Baskovich et al. 2016) are beyond the scope of this
overview, for a brief review see (Ostrer and Skorecki 2013).

The main questions studied with respect to Jewish population genetics have
primarily addressed the extent of the commonly shared gene pool among diffe-
rent Jewish groups and the admixture proportions with surrounding populations.
The early studies on blood groups and serum markers showed that distinct
Diaspora Jewish groups have common Middle Eastern origin, showing closer
affinity to each other than to their surrounding populations, and have differential
level of admixture with the surrounding populations (Carmelli and Cavalli-Sforza
1979; Karlin et al. 1979; Livshits et al. 1991). The following studies on the
variation of Y chromosomes and mtDNA also showed founder effects of Middle
Eastern and local origin (Behar ef al. 2003, 2004; Hammer et al. 2009). These
principle findings have been corroborated with more nuanced datasets and
different analysis methods recently, by studies of genome-wide variation among
different Jewish groups (Atzmon et al. 2010; Behar et al. 2010, 2013; Bray et al.
2010; Carmi et al. 2014; Kopelman et al. 2009; Xue et al. 2017).

Genetic studies of Ashkenazi Jews

The Ashkenazi Jews constitute the most numerous of the Jewish communities
and their origins have been extensively studied for over a century (Fishberg
1911; Ostrer and Skorecki 2013). The genome-wide studies of contemporary
Ashkenazi Jews have identified, similarly to other Jewish populations, the
Middle Eastern ancestral sources, but with relatively higher European ad-
mixture and shown the close genetic relatedness between Ashkenazi Jews and
other Jewish groups (Atzmon et al. 2010; Behar et al. 2010; Bray et al. 2010;
Carmi et al. 2014). It has been shown that Ashkenazi Jewish population defies
the simple models of genetic history, for the population has undergone founder
events, expansions with intermittent bottlenecks and several admixture events
(Bray et al. 2010; Carmi et al. 2014; Palamara et al. 2012; Risch et al. 2003;
Xue et al. 2017). From the genome-wide data the amount of European ad-
mixture has been estimated to be around 35-60% (Atzmon et al. 2010; Bray et
al. 2010; Xue et al. 2017).

Studies of uniparental marker systems have revealed specific founder lineages
and introgressed lineages from surrounding populations. A strong founder effect
is suggested for the Ashkenazi Jewish maternal lineages coalescing to only four
major Near Eastern mtDNA founding lineages Klalbla, K1a9, K2a2al (32%
in total) and N1b2 (9%) that are otherwise rare in Europe and the Near East

51



(Behar et al. 2006). The much disputed ‘Khazar-hypothesis’ of the Ashkenazi
origin — a substantial contribution of people from the Turkic Khazar kingdom to
the Ashkenazi population (Elhaik 2013), has not found support from further
genetic studies (Behar ef al. 2013; Flegontov et al. 2016). Interestingly, the
presence of two paternal hg J lineages, J1a-P58 and J2-M12, that are frequent
among contemporary Jews, were identified in two ancient Canaanite samples
that date to about 3.7 KYA. This provides the approximate time-estimate for
these lineage in the Middle Eastern regions of historic Jewish settlements
(Haber et al. 2017).

Paternal lineages among Ashkenazi Jews

The paternal lineages of Ashkenazi Jews have a more diverse set of hgs, but
with less allelic diversity of STRs within haplogroups, than their European non-
Jewish neighbouring populations. This lends support to the non-European
component of the Ashkenazi Jewish origin (Behar et al. 2004; Thomas et al.
2002). Of the 19 hgs present among Ashkenazi Jews, only seven (E-M35, G-
M201, J1-M267, J2-M172, Q-M242, R1al-M17, R1b-P25) are reported above
frequencies of 5%, but these seven comprise ~85% of their paternal lineages
(Balanovsky et al. 2017; Behar et al. 2003). Out of the hgs listed above, E-M35
and J-M267, are spread among both, the Ashkenazi Jews and contemporary
Middle Eastern populations (16% and 19% respectively). At the same time
these lineages are present at much lower frequencies among non-Jewish Euro-
pean populations (~1% for both), thus suggested to be among the major
founding lineages among Ashkenazim. The considered minor founder lineages,
such as G-M201 and Q-P36, are present among Ashkenazi at a lower level
(~8% and 5%), but with a distribution similar to that of the major founding
lineages. The main lineages presumably representing European introgression to
the Ashkenazi Jewish community, based on their current distribution and
known phylogeny at the time of the study, were I-P19, R1b-P25, and Rlal-
M17. Though the latter two are also present in the Middle Eastern non-Jewish
populations, so they could have been among the initial founding lineages (Behar
et al. 2004; Hammer et al. 2000; Nebel et al. 2001). The low haplotypic STR
diversity among Ashkenazi Jewish paternal lineages is in concordance with the
decreased number of mtDNA diversity and presence of the high level of
recessive disease alleles among the population, signalling the reduction of
effective population size and subsequent drift in a population after bottlenecks
and founder effects (Behar et al. 2003, 2004, 2006; Ostrer and Skorecki 2013).

The variation of paternal lineages among the Jewish priestly castes

The studies on the Y chromosomes of the members of both Jewish priestly
castes have revealed that a large fraction of Y chromosomes of Cohanim con-
stitute a tight cluster irrespective of their Ashkenazi or Sephardi affiliations.
Within the dominant (46.1% of all Cohanim lineages) hg J-P58 lineage with
likely Near Eastern origin, 64.6% Cohanim in this haplogroup cluster around
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the extended Cohen Modal STR Haplotype (Hammer et al. 2009; Skorecki et
al. 1997). The Levites who comprise 4% of all Jewish men show signs of
multiple genetic origins by having higher haplogroup diversity among them.
The Ashkenazi Levites, on the other hand, carry another dominant (frequency
over 50%) paternal lineage.

At the time of the identification, this lineage was classified as Rlal-M17,
with frequencies much higher among Ashkenazi Levites than in any other
Jewish group (Skorecki et al. 1997; Thomas et al. 1998). An early focused
study on the Ashkenazi Levites found that the STR profiles of Levites within
the R1al-M17 lineage cluster tightly, testifying for a recent common ancestor
within this lineage as opposed to the multiple introgression events (Behar et al.
2003, 2004; Nebel et al. 2005). The rarity of R1al-M17 hg among the other
Jewish people and Middle Eastern non-Jewish people and the abundance of this
lineage among the Europeans, in particular Eastern European Slavic-speaking
populations, suggested that its presence among the Ashkenazi Levites is likely a
result of introgression from the surrounding “host” populations. The coalescence
age estimate of hg R1al-M17 and its low STR diversity within Ashkenazi Levites
coupled with their history of continuous residence among the Eastern Europeans
led initially to the conclusion that there was a single founding event of European
introgression to the Ashkenazi Levite population (Behar et al. 2003).

The lack of information on the internal substructure of hg R1a did not allow
more detailed study of the potential source. With the advent of chrY se-
quencing, it was possible to more precisely determine the phylogeny R1 clade
and that of the R1a-M17 lineages, by fully sequencing 19 Y chromosomes
(Rootsi et al. 2013). Coupled with the population based survey of distinctive
sub-branch, it was revealed that all the R1a-M17 chromosomes from Ashkenazi
Levites, together with other Middle Eastern Rla-M17 samples, formed a
distinct sub-clade within R1a diversity, separated from the mainly eastern Euro-
pean clades. The geographic distribution of the diagnostic mutation of this
branch, M582, showed that all Ashkenazi Levite Rla Y chromosomes carry it.
The same mutation has a frequency of 33.8% among non-Levite Ashkenazi Rla
males and 5.9% in Near Eastern Rla Y chromosomes, but was not sampled
among European host populations (Rootsi et al. 2013).

Hence, the fully sequenced Y chromosomes showed that the previously sug-
gested hypotheses about eastern European introgression to the Ashkenazi
Levites was premature. Since the study of (Rootsi et al. 2013) included only
two resequenced Ashkenazi Jewish Y chromosomes, a more comprehensive
dating and internal diversity of the sub-clade remained somewhat obscure.
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3. AIMS OF THE STUDY

In this thesis I study the genetic diversity of human Y chromosome on a global
and regional scale and analyse the male-specific aspects of demography
including dynamics of effective population size, (male) population migrations
and origins in a range of geographical regions. Technological advancement has
recently made it possible to resequence rather than merely genotype chrY,
contributing significantly to the potential of human Y chromosome as a tool in
population genetic studies. Harnessing these fruits I focus on the following
scientific problems.

First (REF 1), to characterise the global chrY phylogeny and male-specific
aspects of population size dynamics from high-coverage short read sequencing
data:

e Determine the accessible regions of chrY with the short read se-
quencing approach.

e (Calibrate the chrY mutation rate with two ancient chrY.

e Reconstruct the dated phylogenetic tree with the highest possible
resolution and characterise the global and local expansions of paternal
lineages.

e Analyse the dynamics of male and female effective population sizes
through time.

Second (REF 1I), to elucidate the ancestral relationship between an ancient,
24,000-years-old individual MA-1 from southern Siberia and contemporary
humans. For that:
e Characterize the uniparental lineages of the MA-1 in the context of
contemporary lineages and contextualize with the whole genome data.

Third (REF III), to improve the phylogeographic resolution of chrY hg Hlala-
MS82 based on the STR diversity and locate the potential ancestral source of
European Roma paternal lineages within India.

Fourth (REF IV), to fully characterize the chrY lineage R1a-Y2619 highly
prevalent among Ashkenazi Levites. For that:
e Date the coalescence of the clade
e Determine the potential geographical region of origin of the lineage
e Compare the genetic pattern of R1a-Y2619 lineage to other common
lineages among Ashkenazi Jews to discern if the founder event is Levite
specific.
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4. MATERIALS AND METHODS

The origin of the human DNA samples analysed in the present study, along with
the experimental and analytical methods used, are described in detail in the
respective research articles and/or their supporting materials.

The DNA samples were obtained from unrelated volunteers after receiving
informed consent in accordance with the guidelines of the ethical committees of
the institutions involved.

First study seeks to define the parts of chrY reachable with SRS technologies
by sequencing 456 worldwide samples, and then, with this highest possible
resolution at hand, to uncover further the intricate details of the global paternal
phylogenetic tree and comparative dynamics of male and female effective
population sizes (REF I). Next study examines the ancestral relationships
between an ancient individual and contemporary human populations, by ana-
lysing the low coverage sequence of the genome, including the Y chromosome
and mtDNA, of a 24,000-year-old individual from southern Siberian archaeo-
logical site Mal’ta (REF II). The following two case studies focus on specific
chrY hgs that show signs of founder events in particular populations. Within the
extensive South Asian sample set, we examine the STR diversity and phylo-
geography of chrY hg Hlala-M&82, a South Asian specific autochthonous hg
that is also a founder paternal lineage among the European Roma population
(REF 1II). The fourth study harnesses the potential of the capture and
sequencing of chrY in characterizing in detail the origin and spread of the
haplogroup R1a-Y2619, a chrY sub-lineage with a strong founder event among
Ashkenazi Levites (REF 1V).
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5. RESULTS AND DISCUSSION

This section is a concentrate of the results from four scientific articles that form
the original work for the thesis. Here the aim is a comprehensive but concise
overview of these results, with the details in the original articles and in their
supplementary materials.

5.1 Global variation of Y chromosome reveals
a recent bottleneck in male effective population size
(REF 1)

Sequencing the human Y chromosome

In this study we aimed to uncover with SRS as much as possible of the chrY
diversity, construct the underlying phylogeny and estimate the temporal dyna-
mics of the corresponding male and female effective population sizes from a
sample of 456 individuals. The sequence structure of chrY is complicated (Ska-
letsky et al. 2003), so we developed several filtering schemes to first define the
regions approachable with SRS technology. The most efficient filters in re-
moving low quality sites were the “re-mapping filter” which excludes all
regions of chrY that evade correct mapping of short reads and the “normalized
coverage filter” that excludes regions with high fluctuation of unique coverage
in the sample (SI 2, SI Table S2 REF I). After all the filtering steps we had 8.8
Mb of chrY sequence per individual and a total of 35,700 SNVs (SI Table S8
REF I) to be used in the further phylogenetic analyses and calculation of coale-
scence ages. We calculated the mutation rate in the filtered regions to be 0.74 x
10? (95%CI = 0.63-0.95 x 10”) per bp per year (SI 3 REF I) using data from
two independent ancient DNA samples (Rasmussen et al. 2010, 2014) and the
approach described in (Rasmussen et al. 2014).

The global human Y chromosome phylogeny

We rooted the phylogeny (Figure 1; SI Figure S3 REFI) with two hg A00
(Mendez et al. 2013) sequences and found the coalescence of hg A0O and the
rest of the human chrY lineages (A2’5) to be about 254 KYA (Supplemental
Table S7, REF I). There are 236 markers separating the rest of the phylogeny
from the strictly African lineages A and B (Supplemental Fig. S13, S14, S15
REF I). There is a more than 15 KY gap between the first split at 68—72 KYA
of the all non-African lineages and their subsequent differentiation into major
hgs now common in Eurasia, America and Oceania at 47-52 KYA (SI Table
S7, SI Figure S9 REF I). Within these non-African lineages first hg C shows
bifurcation into C3 and all other C lineages (SI Figure S20, S21, REF I).
Among the common non-African hgs just single mutations define splits
between hgs F, GT and HT (Supplemental Figure S13, REF I). The subsequent
inner branches (IT, K, NR, MR, P) are also short (SI Fig. S9 REF 1) and in
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agreement with the fast diversification of basic Eurasian and Oceanian founder
lineages at around 50 KYA when these regions were colonized by anatomically
modern humans (Bowler et al. 2003; Higham et al. 2014; Lippold et al. 2014;
Mellars et al. 2013; Poznik et al. 2016). At the same time these results from a
single genetic locus with extremely low N. (Lippold et al. 2014) cannot refute
the Middle Pleistocene dispersals from Africa along the southern route
(Armitage et al. 2011; L. Pagani et al. 2016; Reyes-Centeno et al. 2014). Many
of the chrY lineages common in Eurasia coalesce within the last 15 KY (Figure
1, REF 1) corresponding to the climate amelioration after the Last Glacial
Maximum (LGM). Within the last 4-8 KY numerous novel region-specific
clades appear (SI Table S7, SI Figure S11, SI 6 REF I).

Male and female effective population sizes

We used mtDNA and chrY sequences from 320 individuals with known geo-
graphic affiliations and reconstructed the temporal changes in regional male and
female effective population sizes. The cumulative Bayesian skyline plot (BSP)
(SI Figure S4a, REF I) shows increase in both male and female N, at about 40—
60 KYA (Figure 2, REF I), however the female N, estimates are consistently
more than twice as high (SI Figure S6, REF I). Both the chrY and mtDNA show
the increase of N, in the Holocene (from ~11.5 KYA to present), the pheno-
menon documented before for females (Gignoux et al. 2011). Surprisingly,
there is a sharp decrease in the chrY N, around 84 KYA without a counterpart
in the mtDNA making the female N, up to 17-fold higher at that time (Figure 2,
SI Figure S4B, SI Table S4, SI Figure S5 REF I). This might be explained by
either natural selection affecting chrY or culturally driven sex-specific changes
in the variance in the offspring number. This reduction is not limited to few
haplogroups (SI Figure S3 REF I), therefore selection is not a likely expla-
nation. The drop coincides with the archaeological record characterizing the
spread of Neolithic cultures and the demographic changes (Barker 2009). The
temporal sequence of the male N, decline (Supplementary Figure S4B REF I)
follows the sequence of the spread of agriculture in the Near East, East Asia,
and South Asia earlier, then later in Europe (Bellwood 2004; Fuller 2003). If
male reproductive success was even partially culturally inherited, then social
changes that increased male variance in the offspring number could explain the
drastic drop in the male N, (Heyer et al. 2005).

Population structure also affects N.. In simple models without competition
among demes structure always increases the N, but when coupled with
unbalanced sampling, population structure can lead BSP to infer false signals of
N, decline under a constant population size model (Heller et al. 2013). Such a
brief and drastic drop in male N, is not likely caused by the increased male
migration rate, just as the simple models of increase or decrease of the
population structure are not sufficient to explain the observed empirical patterns
(SI 5, SI Figure S7 REF I). However, when there is competition among demes,
an increased variance of expected offspring number among demes could
drastically decrease the N, (Whitlock and Barton 1997). Male-driven conquest,
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with an historical example of Mongol expansion, could cause such effect to be
solely male-specific (Zerjal et al. 2003). Thus, the effect we observe empirically
could be due to male-specific cultural inheritance of fitness that causes variance
in the number of offspring of males within demes. When combined with sex-
biased migration patterns (Destro Bisol et al. 2012; Skoglund et al. 2014), the
male-specific variance among demes is further increased.

5.2 Ancient DNA reveals dual ancestry
of Native Americans (REF II)

This study presents a genome of a juvenile individual (MA-1) from Ma’lta
Upper Palaeolithic archaeological site in south-central Siberia (Figla; Supple-
mentary Information (SI) 1 REF II) with the age 23.9-24.4 KY from the present
(SI 2, REF II). The DNA of MA-1 was sequenced to average depth of 1X with
good DNA preservation metrics and low contamination rates and overall error
rate of 0.27% (SI Table 2, SI 3, 5, 6.1; REF II).

Uniparental lineages of the Mal’ta boy

We confirmed the biological sex of the MA-1, known also as the Mal'ta boy by
sequencing his Y chromosome with low depth (1.5x depth for 5.8 million chrY
bases). We called the highest frequency bases with base quality 13 or higher in
the regions determined for good mapping quality (Wei, Ayub, Chen, et al.
2013). To elucidate the relation of the aY and contemporary chrY lineages, we
built a phylogenetic tree of 24 publicly available globally selected samples
(Drmanac et al. 2010) that represent most of the major lineages outside Africa
(E,D,G, N, Q, Rla, R1b, R2).

The chrY of the Mal'ta boy shared root mutations with all the contemporary
hg R lineages, being derived at 19 of them (and additional 17 with missing
data), but ancestral in 5 positions (Figure 8; SI 8, Figure SI 5a, REF II). This
makes the 24 KY-old Y chromosome an extinct sister lineage to all contempo-
rary hg R lineages. The extant distribution of hg R as a whole is vast, reaching
from western Eurasia to south Asia and Altai region in south Siberia (Figure 8;
SI 8, Figure SI 5b, REF II). The contemporary hg R sub-clades have many
distinct regional frequency patterns, Mal’ta site is located near the eastern fringe
of hg R distribution area (Busby et al. 2012; Myres et al. 2011; Underhill et al.
2015) where it represents a minor hg among the contemporary populations
(Figure 8; SI Fig 5b, REF II). Except for Altaians and Khakassians with con-
siderably higher proportion of hg Rla (34% and 31% respectively) (Underhill et
al. 2015), the contemporary chrY pool around the Baikal region in south-central
Siberia is dominated mainly by hg N and hg C lineages (Karafet 2002,
Malyarchuk 2010, Kharkov 2014, Iluméde 2016). Mal’ta boy’s chrY belongs to a
generic branch of the Y chromosome tree that carries West and South Eurasian
varieties of haplogroup R and predominantly Siberian and Native American
varieties of Q while having no extant lineage detected so far. Thus, his chrY
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belongs to the ancestral pool of contemporary western Eurasian paternal
lineages and is more distant from the major chrY types prevalent in populations
living in south Siberia today. The maternal lineage of MA-1 belongs to mtDNA
hg U and similarly to chrY has no affiliation to any contemporary U sub-
lineage, thus today also his maternal lineage is rare or extinct (Figure 8; SI 7, SI
Figure 4a, REF II). Currently, mtDNA hg U sub-lineages cover a large area
encompassing North Africa, Middle East, South and Central Asia, western
Siberia and Europe (Figure 8; SI Figure 4b REF II). Notably, mtDNA hg U has
been found at high frequency (> 80%) in ancient hunter-gatherers from the
Upper Palaeolithic and Mesolithic Europe (Bramanti et al. 2009; Giinther ef al.
2018; Jones et al. 2017; Malmstrom et al. 2009), so the maternal line of Mal’ta
connects pre-agricultural Europe to Upper-Palaeolithic Siberia.
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Figure 8. MA-1 paternal and maternal lineages placed on the respective global
phylogenetic trees, and the extant Eurasian distributions of chrY hgs R and Q, and
mtDNA hg U. The schematic phylogeny (on the left) of chrY sequences from MA-1
and 24 contemporary global samples (Drmanac et al. 2010) is based on the unrooted NJ
tree (SI 8, Figure SI 5a, REF II). Red numbers show the number of diagnostic positions
in the dataset where MA-1 was either in derived (d) or ancestral (a) state, N denotes the
number of positions with missing data in MA-1. On the right: schematic global mtDNA
tree drawn manually from PhyloTree.org (www.phylotree.org), MA-1 mtDNA se-
quence belongs to hg U, but does not belong to any extant hg U sub-groups. Middle
panels: Extant Eurasian distribution of chrY hgs R and Q (SI8, Figure SI 5b, REF II),
and mtDNA hg U (SI7, Figure SI 4b, REF II). Approximate location of MA-1 exca-
vation site shown with red triangle. Figure adapted with permission from Figure SIS,
SI5a, SISb (REF II), Springer Nature.
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The dual genomic ancestry of Native Americans and genetic continuity in
southern Siberia

Based on the whole genomic signature of MA-1 along the first two components
of the PCA in the context of contemporary worldwide populations (Figure 1b,
SI10, REF 1I), the ancient individual is intermediate between modern western
Eurasians and Native Americans, but distant from east Asians. The amount of
shared genetic history between MA-1 and each of the tested 147 contemporary
non-African populations (SI 14.2 REF II) showed that populations from two
regions have the greatest genetic affinity to MA-1, the Americas and northeast
Europe plus northwest Siberia. Within Europe and Asia the shared drift with
MA-1 shows a north-to-south latitudinal cline (Figure 1c, SI Figure 21 and 22,
REF II). Most populations in south-central Siberia today show no genetic
affinity to MA-1, implying substantial gene flow into the region after the LGM
most probably from east Asian sources (SI 9.13, REF II).

On the tree (SI 11 REF II) built of whole genomes of modern individuals
from worldwide populations, of the Denisovan individual (Meyer et al. 2012),
and of the Mal’ta boy, the genome of the Mal’ta boy is placed on the branch
basal to all western Eurasians (SI Fig 12 REF II). Bootstrap support for the
directional gene flow from MA-1 to Karitiana, a native American population,
was 99% (Fig. 2 and SI Fig. 12 and 13, REF II). The D-statistic tests on pro-
posed tree-like histories (Green et al. 2010) confirm that the genome of the
Mal’ta boy shares more recent ancestry with the western Eurasian branch after
the split of Europeans and east Asians (SI 13, Supplementary Table 13 REF II).
The allele-frequency based D-statistic tests (Patterson et al. 2012) show that 48
Native American populations of entirely First American ancestry (Reich et al.
2012) are equidistant from MA-1 so the admixture event had to occur before the
diversification of the First American gene pool (Fig. 3a, SI, section 14.4 and S
Fig. 24, REF II). The shared genetic material between these two groups is most
likely explained by the gene flow from MA-1 lineage to the ancestors of Native
Americans that must have taken place after the ancestors of Native Americans
had split from the ancestors of East Asians. Since time estimates for this
divergence (Gutenkunst ef al. 2009; Wall et al. 2011) are younger than the age
of MA-1, the gene flow in the other direction — from Native American ancestors
to MA-1 is not likely.

Thus, the genome of the ancient Mal’ta boy revealed that contemporary Na-
tive Americans have mixed origins, resulting from admixture between peoples
related to modern-day East Asians and western Eurasians. People moving in
from northeast Asia, after their initial settlement of Beringia immediately before
and after the LGM, dispersed eventually to the Americas (Goebel 1999).
Majority of the contemporary Native American paternal lineages belong to hg
Q (Lell et al. 2002; Roewer et al. 2013) which is the sister lineage to hg R,
including MA-1 lineage, making Native American chrY phylogenetically more
distant from the East Asian lineages and closer to West Eurasians. Within hgQ
the Native American chrY are closely related to paternal lineages among con-
temporary populations in southern Altai (Matthew C. Dulik et al. 2012),
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whereas the majority of the Native American maternal lineages are nested
within East Asian ones.

To test for the genetic continuity within southern Siberia around LGM
another ancient genome from an individual AG-2 from Afontova Gora site
dated to post-LGM (17,075-16,750) was sequenced. Though much poorer in
sequence quality (SI , REF II), the genome of AG-2 showed close affinities
with MA-1 (Fig. 1a, SI 2, 5, 15, SI Fig.29; REF 1I).

In conclusion, the analyses of the genomic data of the remains of Mal’ta boy
have revealed that the Siberian Upper Palaeolithic population has a shared
ancestry with both western Eurasians and Native Americans, the latter showing
signatures of dual ancestry from ancestors of western Eurasians and ancestors
of East Asians. Contrary to the whole genome approach which tackles many
independent loci and shows the shared ancestry of MA-1 and Native Ameri-
cans, the uniparental markers show that neither the paternal nor maternal
lineage of MA-1, even if ever crossed Beringia, has survived among the con-
temporary Native American populations. Also, both the maternal and paternal
lineages of the Mal’ta boy are not typical or are absent in populations living
today in regions surrounding the Mal’ta site. Thus, the uniparental lineages of
MA-1 do not support continuity between the Upper Palaeolithic populations and
those living in the region today, and demonstrate the fluidity of the boundaries
between the ‘western’ and ‘eastern’ types of chrY throughout time.

5.3 Paternal haplogroup H1a1 in India, implications for
the demographic history of European Roma (REF IlI)

Among South Asian autochthonous paternal lineages H-M69 accounts on the
average for 22% in different populations (Chaubey et al. 2011; Debnath et al.
2011; Kumar et al. 2007; Sengupta et al. 2006; Trivedi et al. 2008). The relati-
vely deep coalescence and its low frequency elsewhere suggests that this
lineage has its origin in South Asia sometime prior to the Last Glacial Maxi-
mum (LGM). The geographic dispersal of hg H-M69 and its offshoots is con-
centrated mostly to South Asia with rapidly declining frequencies away from it
(Trivedi et al. 2008). Except for one branch, Hlala-M82, that is found at higher
frequencies also in Europe where, with much reduced diversity, it is the South
Asian paternal founder lineage shared by all European Roma groups. The origin
of European Roma has been traced to India by linguistic, anthropological and
genetic studies and northwestern regions of India are the most often proposed
source areas for the founder population (Gresham et al. 2001; Matras 2005;
Melegh et al. 2017; Mendizabal et al. 2012; Moorjani et al. 2013). This study
aims to first provide a comprehensive phylogeographic distribution of hg
Hlala-M82 within India by analysing STR diversity in a database of 7,000
chrY samples from 214 populations, and then seek for the contemporary Indian
populations paternally closest to the European Roma who carry the Hlala-M82
lineage.
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Haplogroup Hlala-M82 in South Asia

Hg Hlala-M82 is one of the frequent paternal lineages in South Asia (Table S4
REF III). More than 12% of all chrY lineages in South Asia belong to hg
Hlala-M82, with the highest incidence of 20% among southern Indian and
lowest 0.2% among northeast Indian populations (Table S1 and S3, REF III).
The STR variance and expansion ages reflect the frequency distribution of
Hl1al-M82 within India, with older ages and highest diversity in the southern
areas, decreasing towards northern regions (Figure 1, Table 1, REF III). The
expansion times (overall TMRCA ~22 KYA; regional times from about 24-16
KYA) with the associated mean pair-wise difference and haplotype diversity
suggest that hg Hlala-M82 originated in the South Asian pre-LGM paternal
gene pool. When comparing populations grouped by language family (Table S1,
REF III), the expansion times and variance were highest among the Dravidian
speakers (25 £ 3.5 KYA, 0.59) followed by the Austroasiatic speakers (22.4 +
3.3 KYA, 0.52) and lowest among the Indo-European speakers (19 + 2.2 KYA,
0.47).

Haplogroup Hlala-M82 and founders of the European Roma population

Hg Hlala-M82 among different European Roma populations is at highly
reduced genetic diversity relative to that among the South Asian populations.
This genetic remnant of South Asian origin supports the hypotheses of a relati-
vely recent migration of a small founding population from India. The average
STR-based age estimate of Roma founder lineages splitting from Indian
founders is ~1,400 = 700 YA (Table 3 REF III), which largely agrees with other
split-time estimates between the founders of Roma and the South Asian
populations (Banfai ef al. 2018; Mendizabal et al. 2012; Moorjani et al. 2013;
Morar et al. 2004). Analyses of STR networks, pairwise genetic distances,
AMOVA results, genetic diversity, and the short distance to the Roma modal
haplotype suggests that the paternal lineages of northwestern Indian scheduled
caste and tribal populations are the closest ones to the European Roma (Table 1,
2, 4, Figure 2 and Figure 3, REF III). It has been hypothesised that D.oma, the
indigenous nomadic people of India, were the ancestors of the European Roma
(Grierson 1888). D.oma ranged from Punjab to the lower course of Brahma-
putra and many of them remained outcasts or tribals, whereas some were
assimilated to the lower castes of Indo-European speakers (van Driem 2001).
The results of this study on chrY hg Hlala STR-diversity and phylogeography
within India suggest that only the northwestern part of the diffuse widespread
range of the ancestral population of D.oma could have been the source of the
founding population of the European Roma. Based on the STR-diversity, the
contemporary European Roma hg Hlala-M82 paternal lineages display the
closest affinity to the Y chromosomes carried by contemporary northwestern
Indian scheduled caste and tribal populations.
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5.4 Sequencing Y chromosomes in the detailed
genealogical context - haplogroup R1a lineages among
Ashkenazi Levites (REF 1V)

Most historic records suggest two main routes of Jewish migration to Europe:
through northern Africa towards contemporary Spain, founding the Sephardic
Jewry and via Italy towards Rhine Valley, establishing the Ashkenazi Jewry
(Figl REF IV, (Ben-Sasson 1976; De Lange 1984)). The chrY lineage Rla-
M582 shows signs of strong founder effect among the Ashkenazi Levites
(Behar et al. 2003). Contrary to the initial claims of eastern European intro-
gression (Behar et al. 2003), the origin of this hg was later shown, based on few
resequenced Y chromosomes and STR analyses, to be more likely Near Eastern
than European (Rootsi ef al. 2013). Still, the limited sample size in the latter
study did not provide a comprehensive dated phylogeny which would allow a
detailed overview of the origin and spread of the haplogroup and compare with
other chrY hgs prevalent among Ashkenazi Jews. Therefore, to fill this gap, in
this study we compiled 486 captured Y chromosomal sequences from Ashke-
nazi Levites, from non-Ashkenazi Levites, from non-Levites with affiliations to
different Jewish groups, from Near and Middle Eastern and European popu-
lations.

Dated phylogeny of R1a-M582 and distribution of the clade

We constructed the entire phylogeny of Rla that holds a diverse variation of
samples throughout the Near and Middle East, Anatolia, Caucasus, Europe and
the Indian sub-continent. The known most frequent branches are the mainly
eastern European sub-clades of R1a1-Z283 (Behar et al. 2003; Underhill et al.
2015) that stem from an early split within the hg (Fig2, Sup Fig S1, REF IV).
Within the previously defined Ashkenazi Levite founder lineage R1a-M582 six
SNVs define the branch comprising all chrY sampled from Ashkenazi Levites,
non-Ashkenazi Levites, Ashkenazi non-Levites, and non-Jews with known or
suspected Ashkenazi origin (Fig. 2 and S Fig. S1, REF 1V). This clade, named
R1a-Y2619, coalesces ~1,700 (1,334-2,200) YA and has a star-like expansion
pattern (Table 1, S Fig. S1, REF IV). The sister clades to R1a-Y2619, sampled
from Iranian Azeris, a Kerman, a Yazidi and one sample from Iberia, all coa-
lesce at ~ 3,100 (2,620-3,682) YA. Since all sub-branches of Rla-Y2619
encompass Jewish men affiliating to the Levite status, it is most likely that the
initial founder of this lineage was a Levite Jew.

Within the R1a-Y2619 clade there were six men with affiliations to the
Horowitz Levite family with known history of migration from Girona in Cata-
lonia to Horovice near Prague, three males have genealogical records of a
common ancestor born at 1615 CE (Fig 3a,b, REF 1V). The reconstructed
molecular phylogeny was consistent with genealogical records (Fig 3c, REF
IV), which allowed to use their common ancestral node as an internal calib-
ration point in the dating of the whole Rla tree. It is notable though, that the
coalescence age estimates are dependent on the dataset used, since using data
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from only [llumina platform, the coalescence age for the R1a-Y2619 clade was
~1,400 YA, which still remains within the range of expansion dates of other
Ashkenazi paternal founder lineages.

The exact migratory pathway of R1a-Y2619 lineage to Europe cannot be
firmly established, but the coalescence age of R1a-Y2619 and our finding of the
presence of all its branches among Ashkenazi Jews tend to favour a single route
of entry to Europe as part of the Ashkenazi migration and expansion in Europe.
The presence of R1a-Y2619 lineage among non-Ashkenazi Levites could
reflect the continuous contacts and movements of people between different
Jewish communities, testified by autosomal and mtDNA studies (Atzmon et al.
2010; Behar et al. 2006, 2010). The current size of Ashkenazi population is
around 4 million men (DellaPergola 2015) and the estimated percentage of R1a-
M582 among them is 7.9% (Rootsi et al. 2013). Here we reclassified all R1a-
M582 belonging to the sub-lineage R1a-Y2619, so the number of Ashkenazi
men today descending from the relatively recent ancestor can be estimated to be
~300,000, including many of them self-affiliating as Levite.

Coalescence ages of common Ashkenazi haplogroups

To distinguish if the founder effect of R1a-Y2619 among Ashkenazi Levites is
specific to that group only, or a part of the general Ashkenazi expansion, we
studied other chrY lineages shown to be prevalent among the Ashkenazi Jews
(Behar et al. 2004; Hammer et al. 2000, 2009). The coalescence ages of the hgs
G-M377 and Q-M242, which both constitute 5% of Ashkenazi paternal
lineages, are ~1,200 YA and ~1,600 YA respectively (Table 1, REF IV). Simi-
larly, different hg E sub-lineages (E-Z838, E-PF3780, E-B923 and E-B933) that
cumulatively make up ~20% of the Ashkenazi paternal variation, coalesce
between ~1,200-1,600 YA (Table 1, Suppl Fig S3, REF IV). Different from
these are the signals from hgs T-M70 and R1b-M269. Hg T-M70 is prevalent in
the Middle East and the Ashkenazi Jewish T-M70 lineages sequenced here
coalesce deep, ~9,950 YA representing ancient Levantine diversity (Table 1,
REF 1V). Haplogroup R1b-M269, currently prevalent in Western Europe,
shows a very different pattern (Sup Fig S7, REF 1V) of repeated single intro-
gressions of Western European chrY lineages to the Ashkenazi Jewish gene
pool, as reported previously (Adams et al. 2008).

The comparison of hg R1a-Y2619 and the most abundant founder lineage of
Ashkenazi Cohens within hg J-P58 showed that Y chromosomes of both
lineages form a tight cluster. Similarly to the distribution of hg R1a-Y2619
within Ashkenazi and non-Ashkenazi Levites, the Cohen J1-P58 is shared only
with non-Ashkenazi Cohens and its sister-clades have Middle Eastern origin
(Supplemental Figure S2, REF IV). On the other hand, the coalescence age of
the Cohen J1-P58 is further back in the pre-Diaspora period at about 2,500 YA
(Table 1, REF IV).

In conclusion, the comprehensive phylogeny based on sequences of six
million bp from chrY shows that all the sampled R1a-582 Jewish men with
Ashkenazi ancestry belonged to sub-hg R1a-Y2619 with the coalescence age of
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~1,700, which suggests that this hg was most probably part of the initial Ashke-
nazi expansion from the Middle East to Europe. The age of the expansion time
of this hg among Ashkenazi Levites is similar to the expansion times of other
hgs prevalent among Ashkenazi Jewish men. Therefore the founder event was
most probably part of the general Ashkenazi expansion and not specific to the
Levites. Since all sub-branches of the hg have Jewish men affiliating to the
Levite status, the most likely initial founder of this lineage was a Levite Jew.
The sister branches of R1a-Y2619 are found in individuals from the Middle
East, suggesting that the place of origin of the hg can be ascribed to that region.
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6. CONCLUSIONS

The human chrY mutation rate calibrated with data from two ancient indi-
viduals is 0.74 x 107 per base pair per year and the age of the most recent
common ancestor of chrY phylogeny between hg A00O and the rest of the
lineages (A2°5) is at about 254 KY.

There is a 15 KY gap in between the first split of main non-African lineages
at about 78—72 KY A and their subsequent differentiation into major hgs now
common in Eurasia, America and Oceania at 47-52 KYA, which in turn is
followed by fast diversification process.

The analyses of dynamics of male-specific aspects of N, revealed a sharp
decrease of chrY N, around 8—4 KYA without a counterpart in the mtDNA
data. At the extreme the female N, was estimated to have been up to 17-fold
higher than the male N, at the same time. This drastic drop in male N, can be
explained by culturally inherited variance of reproductive success among
males, potentially related to the accumulation of wealth during Neolithic
revolution.

The paternal and maternal lineages of the 24 KY old MA-1 individual are
both not wide-spread among the contemporary populations in the Baikal
region, imply closer affinities to the West Eurasians and show population
turn-over in the Baikal region. The genome-wide variation of MA-1 derives
from a population more closely related to the present-day western Eurasian
and Native American than to East Asian and Oceanian populations. On
average, Native American genomes are more similar to East than West
Eurasian genomes, however their MA-1 affinity suggests that Native Ameri-
cans have dual ancestry manifesting as a mixture of ancestors of western
Eurasians and ancestors of East Asians. Yet, the two uniparental lineages of
MA-1 have not been thus far found among the American uniparental gene
pool.

The results based on hg Hlala STR diversity and phylogeography suggest
that paternal lineages of northwestern Indian scheduled caste and tribal
populations are the closest ones to the common South Asian founder line-
ages among European Roma populations.

Deep sequencing of Y chromosomes from Ashkenazi Levites show that all
Ashkenazi Levites who carry hg Rla lineages belong to a tight star-like
cluster R1a-Y2619. This cluster has a coalescence age (~1,700 years) which
is similar to other Ashkenazi paternal lineages. The geographical origin of
the carriers of sister-branches of hg R1a-Y2619 suggest the most likely
origin of the haplogroup to be in the Middle East. R1a-Y2619 was thus
likely among the initial paternal founders of the Ashkenazi Levites, but its
expansion was part of the general population expansion of the Ashkenazi
Jews and not a specific event to the Levites.
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SUMMARY IN ESTONIAN

Vaade inimese Y kromosoomile - filogenees,
populatsiooni diinaamika ja asutajasindmused

Iga inimese genoomi on demograafilised ja evolutsioonilised protsessid jatnud
oma jélje. Tédnased tehnoloogiad vdimaldavad meil neid jélgi deSifreerida ning
neist moodustuvate mustrite slistemaatiline analiilis annab infot nii genoomi
kandva tiksikisiku, tema rahva, kui ka kogu inimkonna ajaloo paljude aspektide
kohta. Inimpopulatsioonide demograafilise ajaloo ja inimese evolutsiooni ana-
lilisimine ja tdlgendamine vahetult geneetilise materjali pohjal sai hoo sisse
viikeste, kuid védga oluliste ja iseloomulike genoomi osade uuringutest. Genoo-
mi haploidsed osad — Y-kromosoom ja mitokondri DNA (mtDNA) kajastavad
inimese isa- ja emaliinide ajalugu. Populatsiooni ajalugu saab nende abil iseloo-
mustada siis, kui uuringusse on kaasatud palju indiviide, et tagada voimalikult
paljude selles populatsioonis esinevate liinide esindatus. Samas suudame me
tdna ‘lugeda’ andmeid kogu inimese genoomist jarjendades selles leiduvat infot
kas tdielikult voi siis genotiipiseerides sadu tuhandeid, isegi miljoneid iiksikuid
punktmutatsioone (SNV — single nucleotide variant ingl. k.). Erinevalt haploid-
setest genoomi piirkondadest, mis paranduvad méoda ema- ja isaliine edasi pea-
aecgu muutumatute tervikutena, segatakse kogu {iilejddnud genoomis emalt ja
isalt paranduvad osad iga pdlvkonna alguses rekombinatsiooni kdigus. Seetottu
on iihe indiviidi erinevad genoomi osad erineva geneetilise ajalooga. Analiiiisi-
des tlile kogu genoomi suurt hulka soltumatuid testpunkte saab demograafilisi
protsesse rekonstrueerida ka uuringusse vihemal hulgal indiviide kaasates. Eriti
vairtuslik on selline info arheoloogilistest leidudest saadud geneetilise info
desifreerimisel e. vana-DNA uuringutes, mille puhul esindavad populatsiooni
paratamatult vaid need liksikud indiviidid, kelle sdilmeid on onnestunud leida ja
analiilisida. Analiilisides erineva parandumismustriga genoomi osasid nii téna-
pdeval elavate indiviidide kui ka tdpselt dateeritud arheoloogiliste leidude
geneetilise materjali alusel, saab oluliselt paremini iseloomustada nii kaasaeg-
sete populatsioonide geneetilist struktuuri kui ka leida uusi tahke populat-
sioonide ajaloos. Sellesse raamistikku asetuvad ka kéesoleva doktoritoo aluseks
olevad neli uuringut, kus keskendutakse ldbivalt Y-kromosoomide varieeruvuse
erinevatele kiisimustele.

Y-kromosoom holmab keerulise ehitusega koige pikemat iihtse tervikuna
edasi kanduvat haploidset osa genoomist. Tdna kasutatav DNA-jirjestuse méé-
ramise meetod — lihikeste lugemite sekveneerimine (LLS), on avanud v&ima-
luse suure hulga Y-kromosoomi jirjestuste analiilisimiseks, kuid endiselt kaas-
nevad sellega tehnilised viljakutsed. Kéesoleva doktoritdo itheks fookuseks on
456 maailma eri piirkondadest périt mehe Y-kromosoomi resekveneerimine.
Uuringusse kaasati voimalikult palju peamisi laialt levinud isaliine eesmérgiga
midrata esmalt dra iile kogu Y-kromosoomi piirkonnad, mida LLS meetodiga
uurida saab, seejirel rekonstrueerida saadud andmestikust detailne dateeritud

67



fiilogeneesipuu ning vorrelda isa- ja emaliinide efektiivse populatsiooni suurust
18bi aja.

Vana-DNA uuringute isedrasuseks on, et uuritavat algmaterjali on véga
vihe, kuid ka madala katvusega sekveneeritud iidne genoom annab uudse ning
olulise geneetilise momentvotte minevikust. See voimaldab iseloomustada
mineviku populatsioonide geneetilist struktuuri ning avada seoseid kaasaegsete
populatsioonide pdlvnemise ning diinaamika kohta 14bi aja. Kéesolev doktori-
t60 holmab uuringut, mille kédigus sekveneeriti Louna-Siberist parit 24000 aasta
vanuse lilempaleoliitilise Baikali-ddrse Malta kultuuri esindaja (MA-1) genoom,
millest analiiiisiti lisaks iilegenoomsetele markeritele ja emaliinile ka isaliin.

Asutajasiindmused, mil uuele inimgrupile paneb aluse tavaliselt védike alam-
hulk mingist algpopulatsioonist, jitavad tekkinud populatsiooni jéreltulevate
pdlvede geneetilisse pirandisse iseloomuliku jilje. Uhe ema- voi isaliini iile-
esindatus ning selle vidhene varieeruvus populatsiooni sees, mis véljendub nn.
tdhekujulises fiilogeneesipuus viitavad voimalikule asutajastindmusele populat-
siooni ajaloos. Kéesolevas to0s analiiiisitakse kahte populatsiooni, mille isaliini-
des on juba varem néidatud selliste jdlgede olemasolu.

Louna-Aasia ja India on kultuuriliselt ning geneetiliselt viga mitmekesised,
tdnaste populatsioonide geneetilise struktuuri taga on erinevad tekkelood, mille
iseloomustamine alles kestab. Louna-Aasiale omase isaliini, haplogrupi (hg)
Hlala-M82 fiilogeograafiat on seni vihe iseloomustatud. See isaliin esineb ka
koigis Euroopa romide populatsioonides ja on iiks nende peamisi asutajaliine
ning iihtlasi mérgiks nende India péritolust. Lingvistiliste ja geneetiliste and-
mete pdhjal on romide algkoduks pakutud peamiselt Loode-India piirkondi,
kuid isaliinide algpéritolu tdpsemaks lokaliseerimiseks puudus seni pdhjalik hg
Hlala-M82 India-sisese leviku analiiiis. Kéesolevasse doktoritoosse kaasatud
uurimus téidab selle liinga, analiiiisides hg Hlala-M82 levikut ja mitmekesisust
senisest oluliselt suuremas India isaliinide andmestikus ithes Euroopa romide
isaliinidega.

Ténapdeva juutide esivanemad, vanad heebrealased, olid semiidikeelne rahvas,
kes olulise perioodi oma pikast ajaloost elas Léhis-Idas Levandi piirkonnas.
Ajaloo keerdkiikude tottu on juudid rahvana tinini killustatud paljude geograa-
filiste piirkondade vahel, kuid on olulises osas sdilitanud oma usulised ja kul-
tuurilised traditsioonid. Juudid elasid ning elavad peamiselt Lahis-Idas, Euroo-
pas, Aafrikas, kuid ka Indias ja mujal, sh Louna- ning, eriti tinapédeval, PShja-
Ameerikas. Askenaasi juutide kogukond tekkis Ladne-Euroopas Reini joe kal-
lastel 8.—10. sajandil ja levis hiljem sealt edasi Kesk- ja Ida-Euroopasse. Téna-
paeval elab maailma eri piirkondades kokku umbes 10 miljonit aSkenaasi juuti.
Kdigi juudikogukondade seas on siiani eristatavad kahe traditsioonilise preest-
rite klassi — leviitide ja kohenite jéreltulijad. Sarnaselt Y-kromosoomile paran-
duvad leviidi ja koheni nimetused isalt pojale, pakkudes seega head voimalust
vorrelda kultuuriliste ja bioloogiliste tunnuste koospidrandumist. Askenaasi
leviitide seas on tuvastatud vdga korge sagedusega isaliin Rla, mida esmalt
peeti idaeurooplastega segunemise mérgiks, kuid hilisemad uuringud viitasid, et
tegu on Lihis-Ida péritolu asutajaliiniga. Lahtiseks jdi aga selle isaliini lahkne-
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mise aeg teistest R1a alamharudest. Polnud ka teada, kas liini sage esinemine
aSkenaasi leviitide seas on seotud vaid sellele grupile omaste siindmustega, voi
peegeldab pigem {ildist askenaasi populatsiooni laienemist. Léhtudes nendest
kiisimustest sekveneeriti kidesoleva t66 kdigus 486 peamiselt askenaasi leviitide,
kuid ka teiste askenaasi ja mitte-aSkenaasi juutide Y-kromosoomi ja analiiiisiti
neid teiste populatsioonide kontekstis.

Doktoritdd peamised tulemused on kokku voetud jareldustes:

Inimese isaliinide fiilogeneetilise puu viimane iihine eellane elas Aafrikas
umbes 250 tuhat aastat tagasi (at) (95% usalduspiiridega 192-307 at), pea-
mised mitte-aafrika liinid lahknevad omavahel lithikese ajaperioodi jooksul
47-52 tuhat at. Paljude tinapédevani sdilinud liinide ekspansioon toimus
viimase 15 tuhande aasta sees.

Meeste efektiivse populatsiooni suuruses (N.) toimus jarsk langus 4-8 tuhat
at, mida emaliinides ei esine. Suurima madalseisu ajal on meeste ja naiste N,
vahe 17-kordne. Erinevad lihtsad populatsioonistruktuuri mudelid seda ei
seleta. Geograafiliselt levib N, langus samas jargnevuses kui neoliitilised
muutused kultuuris, mis seisnesid inimeste elukorralduse muutuses iilemine-
kul kiittimiselt-koriluselt polluharimisele. Seega voib “pudelikael” (meeste
reproduktiivse edukuse hajuvuse suurenemine deemide vahel ja sees) olla
tingitud meeste reproduktiivset kditumist kujundanud kultuurilistest teguritest.
Lduna-Siberist péarit Baikali-ddrse 24000 aasta vanuse iilempaleoliitilise
Malta kultuuri esindaja MA-1 ema- ja isaliin ei ole tiiiipilised selles piir-
konnas tdnapéeval laialt levinud liinid. Y-kromosoomi hg R, mille basaal-
sesse harusse MA-1 isaliin kuulub, on tdnapéeval levinud Lé4ne-Euraasiast
Louna-Aasiani. MA-1 emaliin, mtDNA hg U, mida on leitud ka Euroopa
iilempaleoliitiliste kiittide-korilaste seast, on samuti iiks tdnapdeval Baikali
iimbruses vdhem levinud liinidest. Ka iilegenoomsete markerite analiiiis
niitab, et tdnapdeva Siberi kesk- ja 16unaosas elavatel populatsioonidel ei ole
MA-1-ga olulist geneetilist sarnasust, mis viitab suurele jddajajargsele
inimeste sissevoolule sellesse piirkonda Ida-Aasiast.

Seni ainus geneetiliselt analiiiisitud Louna-Siberi iilempaleoliitilise populat-
siooni esindajal MA-1 jagab iilegenoomseid mustreid nii La&ne-Euraasia
populatsioonidega kui Ameerika polisasukatega, mis viitab iihisele genee-
tilisele ajaloole. Need leiud lubavad piistitada hiipoteesi, et tinapdeva Amee-
rika pdliselanike eellased kujunesid La4ne-Euraasia ja Ida-Aasia populat-
sioonide eecllaste segunemise tulemusena. Segunemine pidi toimuma enne
tdnapdeva Ameerika pdlisasukate jagunemist erinevateks populatsioonideks.
Y-kromosoomi haplogrupp H1al-M82 esineb 12% Louna-Aasia meestel,
korgeim selle liini sagedus on Louna-Indias (20%), madalaim aga India
kirdeosas (0.2%). Liihikeste tandeemsete korduste jargi arvutatult algas selle
hg ekspansioon ~22000 at. Kdige suurem varieeruvus esineb Louna-Indiast
parit meestel. Hg Hlala-M82 madal liinisisene mitmekesisus erinevate
Euroopa romide rahvakildude seas kinnitab suhteliselt hiljutist vidikese
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asutajapopulatsiooni véljardnnet Indiast. Samuti romide isaliinide lahedust
Loode- ja Pohja-Indiast périt sotsiaalselt alla surutud kastisiisteemi kuulu-
vate rahvastega ning hdimude esindajatega.

Askenaasi juutide Y-kromosoomide korge katvusega sekveneerimine néitas,
et koigi askenaasi leviidite R1a haplogrupi Y-kromosoomid moodustavad
tdhekujulise alamklaadi R1a-Y2619, mis koalestseerub, sarnaselt teistele
aSkenaasi isaliinidele, keskmiselt 1740 aastat tagasi. Kinnitust leidis, et R1a-
Y2619 on kdige tdendolisemalt périt Lahis-Idast ning vois kuuluda aSkenaasi
leviitide esmaste asutajaliinide hulka. Haplogrupp levis askenaasi juutide
populatsiooni iildise ekspansiooni kidigus ega olnud seotud leviitidele ainu-
omaste populatsioonisiindmustega.
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