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I.INTRODUCTION

Genetic studies of human demographic history have a long tradition, one that
began with studies of blood type variation and other protein polymorphisms in
humans and is now largely upheld by research into the uniparentally inherited
mitochondrial DNA (mtDNA) and Y chromosome. However, the field of
human population genetics is currently undergoing a major phase of
broadening, both in its scope and in the technologies involved. Whole genome
single nucleotide polymorphism (SNP) genotyping and ancient DNA analyses
have expanded the horizons of scientific enquiry. Large numbers of high quality
full genome sequences are still just slightly out of reach for wide-scale
population genetic studies, but the genotyping of hundreds of thousands of
SNPs all over the genome has already become a routine.

Especially considering the recent developments in the field, the population
genetic approach has become a powerful way of studying human history. Even
a new term — archaeogenetics — has been coined by Colin Renfrew (Renfrew
and Boyle 2000). The formation of the extant populations of Europe has long
been a focus of attention, with numerous debates, such as those on the mode
and timing of the peopling of Europe and the cultural versus demic diffusion of
the Neolithic, still not settled despite extensive study both in the fields of
archaeology and genetics. Another area of interest is the Caucasus, a region
linking the Near/Middle East and the East European Plain between the Black
and Caspian Seas and exhibiting high ethnic as well as linguistic diversity. So
far, the role of the Caucasus in human dispersals in Eurasia, including the
peopling of East Europe, has remained obscure. Indeed, one may wonder: does
it link or separate the Near/Middle East and East Europe?

The present dissertation aims, firstly, to offer a brief overview of the current
knowledge about genetic research into human demographic history, in parti-
cular concerning Europe and the Caucasus and, secondly, to add new insights to
the understanding of the genetic structuring of western Eurasia. Our novel
results about the phylogeography of Y-chromosomal, mitochondrial DNA and
autosomal variation enhance the current understanding of the genetic heritage of
the Caucasus populations as well as enable comparisons between the Cau-
casians and their neighbours, revealing the role of the Caucasus in ancient
human migrations in Eurasia, including the peopling of East Europe. Further-
more, the spatial and temporal distribution of two Y chromosome haplogroups
widespread in Europe and elsewhere is analysed and discussed in terms of
potential Late Pleistocene and Holocene demographic history of West Eurasian
populations.



2. LITERATURE OVERVIEW

2.1. The characteristics and applications of different
genetic markers in studies of human ancestry

2.1.1. Classical markers

The first attempts to study human variation with genetic markers made use of
polymorphisms of various blood proteins to analyse gene variation by proxy.
The beginning of the 20" century saw the discovery of major blood type
systems: ABO [Landsteiner (1901), cited from Cavalli-Sforza et al. (1994)] and
Rh [Levine and Stetson (1939); Landsteiner and Wiener (1940), cited from
Cavalli-Sforza et al. (1994)], which were among the first examples of clear-cut
genetic variation not influenced by the environment and possessing a rather
simple mode of hereditary transmission (ABO more so than Rh). Cavalli-Sforza
and colleagues used allele frequency data for these and other blood groups as
well as various hemoglobins, immunoglobulins, human leukocyte antigen histo-
compatibility types and other blood proteins to compare human populations
(Cavalli-Sforza et al. 1994). Analysis of the classical marker data revealed
patterns such as decreased genetic variation in non-Africans, associated with the
out-of-Africa migration, and a genetic cline from the Middle East towards
Northwest Europe, suggested to be associated with the Neolithic agricultural
dispersal (Cavalli-Sforza et al. 1994). However, the classical markers could
only be a logical stepping-stone to direct DNA analysis. The latter can target
different aspects of heritage, but here we discuss those directly relevant to us:
variation in haploid uniparental — patrilineal Y-chromosomal and matrilineal
mitochondrial DNA — markers, and the so-called high-density whole genome
variation in the autosomally inherited part of the human genome, briefly
mentioning also complete re-sequencing of the latter.

2.1.2. Uniparental markers

The human Y chromosome and mtDNA allow the tracing of paternal and
maternal lineages, respectively, due to their mode of inheritance that differs
from that of most of the genome. The Y chromosome [about 64 megabases
(Mb) of DNA, of which ~41 Mb is heterochromatic and ~23 Mb euchromatic
(Skaletsky et al. 2003)] is present only in males and therefore inherited from
father to son. Mitochondrial DNA [a circular double stranded DNA molecule of
16,568 base pairs (bp) (Andrews et al. 1999)] is inherited from mother to
offspring due to its location outside the nucleus, in the mitochondria, since only
the mitochondria of the egg are transferred to the next generation, the small
amount of cytoplasm from the sperm being lost in fertilization. Neither mtDNA
nor, for the most part, the Y chromosome recombine in each generation, which
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results in haplotypes being inherited intact, changing only through mutations
accumulating with time.

There is one exception to the lack of recombination in case of the Y chromo-
some. Over the course of its evolution, the Y chromosome has lost its original
homology with the X chromosome through a series of large-scale inversions
that suppressed X—Y crossing over and resulted in the deletion of large portions
of the Y chromosome (Lahn and Page 1999). However, short pseudoautosomal
regions remain at the ends of the Y chromosome that are homologous with the
X chromosome, enabling the pairing of the sex chromosomes during meiosis,
and can, in principle, recombine [reviewed in Skaletsky et al. (2003)]. The
portion of the Y chromosome that has no homology with other chromosomes
(about 60 Mb) is referred to as the non-recombining region of the Y chromo-
some (NRY) or the male-specific region of the Y chromosome (MSY). Also,
the argument has been made that gene conversion, which is a form of
recombination, occurs on the Y chromosome (Rozen et al. 2003; Skaletsky et al.
2003). However, even acknowledging small exceptions, 95% of the Y chromo-
some does not recombine (in the classical sense, meaning crossing over
between chromosome homologues), and in practice, the NRY can be considered
as a single locus.

The mutation rates of both mtDNA and the Y chromosome are higher than
that of the autosomal genome, which is estimated to be 10 per base pair per
generation (The International HapMap Consortium 2005). Owing to the lack of
a proofreading mechanism in mitochondria, mtDNA evolves more rapidly than
nuclear DNA, as was observed already by Brown et al. (1979). Within mtDNA,
the SNP mutation rate of the hypervariable segment (HVS) is higher than that of
the coding region, the HVS-I substitution rate estimated as 4.48x10°° per site
per 25 years, the length of a generation (Forster et al. 1996), while the coding
region substitution rate is estimated as 3.15x10 per site per 25 years (Mishmar
et al. 2003) and the synonymous substitution rate in mitochondrial protein-
coding genes as somewhat higher at 8.75x1077 per site per 25 years (Kivisild et
al. 2006). In case of the Y chromosome, the SNP mutation rate of 3.0x10™® per
base pair per generation (Xue et al. 2009) is several folds higher than that of
autosomal chromosomes due to the fact that Y chromosomes pass only through
the male germline, where a larger number of cell divisions occurs and mutation
rate increases with time through continuing divisions of spermatogenic stem
cells (Jobling and Tyler-Smith 2003). However, the difference between the
Y-chromosomal and autosomal mutation rates is not large enough to be given
serious consideration, especially given that mutation rate varies within auto-
somes as well — not only the obvious difference between the coding and non-
coding parts of the genome, but also deterministic variation within the non-
coding portion of the genome (Smith et al. 2002). The Y chromosome, slow to
evolve compared to mtDNA, conveniently contains genetic markers evolving at
different rates, at the orders of magnitude of 10~ per generation for SNPs and
10~ per generation for short tandem repeats (STRs) (for details, see the section
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“Estimating TMRCA in Y chromosome studies”), their combined use allowing
for the examination of various time depths (de Knijff 2000). While the faster
accumulating mutations generate more intra-species variation in mtDNA than in
the nuclear genome, mtDNA markers have also been considered to be unin-
formative about earlier periods of human demographic history due to saturation.
However, such an opinion is overly stringent as long as one studies just Homo
sapiens and not the related species, unless one uses only HVS, which is not the
practice in contemporary research on human ancestry.

The effective population sizes (N.) of the Y chromosome and mtDNA are
one-quarter of that of autosomes and one-third of that of the X chromosome,
since both are haploid. This feature results in lower sequence diversity in the
pool of human Y chromosomes compared to the rest of the nuclear genome,
provided the same mutation processes act on all chromosomes (Thomson et al.
2000), and in a higher susceptibility of both the Y chromosome and mtDNA to
genetic drift and founder effect (Jobling and Tyler-Smith 2003; Underhill and
Kivisild 2007). Drift expedites the genetic differentiation of populations, but
also causes the rapid change of haplotype frequencies through time, especially
evident in case of some marked founder effects of the Y chromosome (Zerjal et
al. 2003; Xue et al. 2005).

Since patrilocality, the custom of the wife moving near to the birthplace of
her husband after marriage rather than vice versa (Burton et al. 1996), is
practiced by approximately 70% of modern societies, most men live closer to
their birthplaces than do women, which further heightens the local differen-
tiation of Y chromosomes (Oota et al. 2001; Seielstad et al. 1998). Logically,
this would result in a difference between the geographic distributions of Y
chromosome and mtDNA lineages, since in patrilocal societies, the female-
transmitted mtDNA would exhibit reduced geographic clustering, as was indeed
shown in early studies of European (Seielstad et al. 1998) and island Southeast
Asian populations (Kayser et al. 2001). However, it was later found based on
re-sequencing a portion of the coding region of mtDNA and several separate
regions of the NRY in the subjects that although the higher migration rate
among females may be important at the local scale, it does not influence global-
scale patterns of human population structure (Wilder et al. 2004).

Long-distance migrations have historically also been characteristic of the
male sex, which produces an effect opposite to patrilocality, as can be seen in
the case of the European expansion into the Americas and Oceania over the last
500 years, which has resulted in a strong introgression of European Y chromo-
somes with the retention of indigenous mtDNA lineages in Polynesia (Hurles et
al. 1998), Greenland (Bosch et al. 2003) and the Americas (Carvajal-Carmona
et al. 2000; Carvalho-Silva et al. 2001; Hammer et al. 2006).

In summary, the Y chromosome and mtDNA are highly suitable for tracing
human genetic ancestry mainly due to their respective paternal and maternal
mode of inheritance and lack of recombination. Very importantly, they allow
for the detection of gender-specific gene flows, virtually impossible to infer
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from the patterns of variation of autosomes (except for some information from
the X chromosome), that are highly informative in the reconstruction of the
demographic history of our species.

2.1.3. Whole genome markers

Despite their useful attributes, the Y chromosome and mtDNA provide only two
specialised perspectives on the reconstruction of human genetic history. The
whole human genome contains by far more information (mtDNA being ~5
orders of magnitude and the Y chromosome ~50 times smaller than the
autosomal haploid genome), and lately that information has begun to be
available for large numbers of samples, not just a few reference genomes. Due
to recombination, the genome of each individual is an assemblage of DNA
segments of different histories. These segments are combined in each gene-
ration by chance, ancestry, recombination and natural selection. Each segment
can provide independent information about ancestry, however, the ancestry of
different segments is not entirely independent, as humans are a subdivided
population and segment ancestry is constrained by population history (Colonna
et al. 2011). The particular combination of alleles in each of these segments
along a chromosome is termed a haplotype, the correlation of alleles (the
existence of the segments) is known as linkage disequilibrium (LD). Most of the
recombination events occur in hotspots (Jeffreys et al. 2001), giving LD a
block-like structure in the human genome (The International HapMap Con-
sortium 2005). Haplotype blocks are inherited, being eroded only slowly by
recombination and mutation (each occurring at an average rate of about 10~ per
base pair per generation) and thus giving information about population ancestry
(The International HapMap Consortium 2005). Knowledge of the genetic
structure of the populations studied is crucial not only for demographic ancestry
research, but equally for genome-wide association (GWA) studies oriented
towards the hunt for ‘disease genes’, since population stratification — allele
frequency differences due to systematic ancestry differences — can and often has
caused false signals in GWA studies (Price et al. 2006). This is equally valid for
research with the wider goal of understanding the genetic changes caused by
adaptation, as well as quantitative traits in general.

Genome-wide information can be obtained by either genotyping or,
ultimately, re-sequencing human genomes. Determining the allelic state of
hundreds of thousands or even millions of positions (mostly SNPs) across the
genome that have prior evidence of variability has become routine — i.e.
affordable enough to be performed on thousands of samples. The International
HapMap Project began by typing one million genome-wide SNPs in 270
individuals of European, East Asian or West African descent (The International
HapMap Consortium 2005), but the HapMap 3 dataset includes both SNPs and
copy number polymorphisms, common and rare alleles, from 11 global popu-
lations, 1184 individuals in total (The International HapMap 3 Consortium
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2010). The latest HapMap release (#28) includes data from the four original
populations (Utah Americans of European descent, Han Chinese, Japanese and
Bantu Yorubans), genotyped for about 4 million non-redundant SNPs, and from
the seven additional populations, genotyped for about 1.5 million non-redundant
SNPs (http://hapmap.ncbi.nlm.nih.gov/). Large numbers of the characterised
SNPs are included in the commercial chips of companies such as Illumina
(http://www.illumina.com) and Affymetrix (http://www.affymetrix.com), and
used for GWA [among others, The Wellcome Trust Case Control Consortium
(2007); Easton et al. (2007); Franke et al. (2010)] as well as population genetic
studies [among others, Li et al. (2008)].

Sequencing is developing at a rapid pace, with next generation sequencing
technologies [for a review, see Metzker (2010)] making whole genome re-
sequencing projects ever more affordable and common. Sequencing avoids
ascertainment bias and captures new as well as known variants. However, the
next generation technologies have much higher error rates than the traditional
Sanger methodology, for example, the Pacific Biosciences real-time sequencing
platform having read accuracy of only 83% (Metzker 2010), and the market
leader Illumina’s Genome Analyzer and HiSeq platforms also producing
various kinds of errors (Minoche et al. 2011). Thus, detecting and minimizing
low read quality by appropriate data filtering criteria, as well as multiple
coverage of the same DNA fragments, is essential. The latter is especially
efficient in lowering the error rate, with companies such as Complete Genomics
(http://www.completegenomics.com) claiming that a 50-fold coverage reduces
the error rate to about 1-2 per 10,000 base pairs. Despite these complications, it
is hard to overestimate the potential of large-scale re-sequencing, and several
studies of immediate interest for human ancestry research have already been
published, generating population-scale whole genome sequence data (The 1000
Genomes Project Consortium 2010) and developing statistical approaches to
analyse them [e.g., Gronau et al. (2011); Li and Durbin (2011)].

At present, the main methods used in the analysis of whole genome geno-
type data, such as principal component analysis [adapted for whole genome
genotyping by Patterson et al. (2006)] or structure-like analyses, first developed
to find patterns in the variation of limited sets of repeat elements (Pritchard et
al. 2000), are mostly descriptive, if increasingly sophisticated (Lawson et al.
2012). They do provide the means to find similarities and recognise patterns,
yet the results cannot be simply interpreted as either deep shared ancestry or
recent admixture between populations under study (Li et al. 2008). From the
human ancestry research point of view, the main disadvantage of the rest of the
genome compared to mtDNA and the NRY is recombination. Therefore, in
order to use whole genome data to trace ancestry, one must first account for
recombination. Already the first high-density whole genome genotyping study
of global populations (Li et al. 2008) revealed that a nearly linear correlation
exists between the length of shared LD blocks and the geographic distance of a
population from an assumed ancestral population. There are several develop-
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ments in such approaches [e.g., Browning and Browning (2011)], but they are
often based on simplified assumptions, such as single-admixture scenarios,
applicable efficiently only to historically recent, well documented demographic
events, for example, the trans-Atlantic slave trade from Africa, or the
colonisation of the Americas by people of largely European descent. The
analytical sophistication of such inferences needs to be improved, whereas the
shortage of computational power adds further obstacles to the desired progress.

In summary, the wealth of information in the entire human genome,
analysed at a population scale, has already opened vast new avenues both for
human ancestry research and disease studies. However, it has also become clear
that much remains to be done in order to fully explore the avalanche of
empirical data gathered already and to be gathered in the near future.

2.2. The archaeological view
on the history of anatomically modern
humans in Europe and the Caucasus

For much longer than genetic inquiries into human history have been made, our
past has been studied with archaeological methods, which have yielded valuable
insights into the history of Europe and the Caucasus. After significant improve-
ments in radiocarbon dating methodology (Fairbanks et al. 2005; Hughen et al.
2004; Mellars 2006a; Ramsey et al. 2004; van der Plicht et al. 2004), dates
provided by archaeology are usually more direct and reliable than those based
on genetic data. A brief overview of industries well represented in the archaeo-
logical record, including several early ones dated with methods other than
radiocarbon dating, can be found in Table 1.

Anatomically modern humans (AMH) are defined based on cranial
morphology, and the oldest AMH fossil remains — two partial skulls, arm, leg,
foot and pelvis bones from Omo Kibish, Ethiopia — have been dated to about
196 thousand years ago (kya) (McDougall et al. 2005; Stringer 2011). Another
find of early AMH is also from Ethiopia — the Herto fossils dated to 154-160
kya (Clark et al. 2003; Stringer 2011).

The earliest AMH arrived in Europe at the transition from the Middle to the
Upper Palaeolithic era, and their dispersal across Europe, as well as the
Caucasus, has often been associated with the subsequent disappearance of the
Neanderthals (Mellars 2004; Pinhasi et al. 2011). The arrival of AMH initiated
the cultural change from late Neanderthal Mousterian or transitional industries
to Early Aurignacian technocomplexes (Bailey et al. 2009), attested to by
numerous sites (Nigst 2006; Szmidt et al. 2010). According to calibrated radio-
carbon dates, the spread of the early AMH was relatively fast (Mellars 2006a),
and it has recently been shown based on archaecological material that they
spread even wider and faster than previously thought, reaching southern
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England by 44.2-41.5 kya (Higham et al. 2011) and southern Italy by 45-43
kya (Benazzi et al. 2011).

Table 1. An overview of the main archaeological cultures of the genus Homo (H.), with

a focus on Europe. Adapted from Wikipedia and Soares et al. (2010).

Geological | Archaeo- Culture Age Region Species
epoch logical era
Pleistocene | Lower Oldowan 2.6-1.8 Mya | Africa H. habilis,
Palacolithic H. ergaster,
H. erectus,
H. heidel-
bergensis
Acheulean 1.7-0.1 Mya | Africa, H. erectus,
West Asia, | H. sapiens
South Asia,
Europe
Middle Mousterian |300-30 kya |North H. neander-
Palaeolithic Africa, thalensis,
Near East, |H. sapiens
Europe
Upper Uluzzian 4543 kya South H. sapiens
Palacolithic Europe
Aurignacian |45-30 kya Near East, |H. sapiens
Europe,
Caucasus
Chatel- 41-35kya | West H. neander-
perronian Europe thalensis,
H.sapiens
Gravettian 33-20 kya Europe H. sapiens
Solutrean 24-18 kya | West H. sapiens
Europe
Epigravettian |20—10 kya | Europe H. sapiens
Magdalenian |17-12 kya | Europe H. sapiens
Pleistocene | Mesolithic | Natufian 12.5-9.5 kya | Near East | H. sapiens
/ Holocene
Holocene | Upper Swiderian ~9.5 kya East H. sapiens
Palaeolithic Europe
Mesolithic |Kunda 85 kya Northeast | H. sapiens
Europe
Neolithic Linear 7.5-6.9 kya |Europe H. sapiens
Pottery

The Aurignacian technologies reflect an apparently sudden shift to distinctly
‘modern’ cultural behaviour, represented by the first complex bone tools,
numerous personal ornaments such as various beads, perforated marine shells,
etc., and sophisticated abstract and figurative art, including the elaborate cave
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paintings of the Chauvet cave in Southeast France (Clottes 2001; Conard and
Bolus 2003; Lewis-Williams 2002; White 1993; White 1997). Such symbolic
behaviour was conspicuously lacking from preceding Neanderthal Mousterian
communities (d’Errico 2003; Mellars 1996), and it is now generally agreed that
Aurignacian was a modern human, not a Neanderthal culture (Bailey et al.
2009; Mellars 2005; Trinkaus 2005). The cultural change affected a wide range
of different aspects of behaviour, having potentially profound social and
cognitive implications, and was fast and abrupt enough to have been named a
cultural and technological ‘revolution’ (Mellars 2005). Since the present study
focuses on Europe and the Caucasus, the beginnings of ‘modern’ human
behaviour are not discussed, but it should be borne in mind that cultural
innovations such as shell ornaments and the use of ochre have been dated to as
early as about 100 kya in Africa and the Levant (d’Errico et al. 2005; Henshil-
wood et al. 2002; Hovers et al. 2003; Mellars 2006b).

Based on archaeological Aurignacian evidence, there were two main
dispersal routes of AMH into Europe, the ‘classic’ route through Central Europe
along the Danube valley and the Proto-Aurignacian route along the Medi-
terranean coast (Mellars 2004; Mellars 2005; Mellars 2011; Figure 1). A third,
Uluzzian dispersal has also been proposed (Mellars 2011; Figure 1). The
Uluzzian technology (Kozlowski 2007) was a transitional Middle/Upper
Palaeolithic industry, until recently believed to have been the result of accultu-
ration between indigenous Neanderthal populations in Italy and intrusive Proto-
Aurignacian AMH (d’Errico 2003; d’Errico et al. 1998; Mellars 2005), but now
implied to have been a fully modern human culture (Benazzi et al. 2011).

In case of the Caucasus, a mountainous region between the Black and
Caspian Seas, linking the Near/Middle East and the East European Plain, the
discovery of numerous probable Homo erectus skulls [dated to 1.77 million
years ago (Mya)] from Dmanisi, Georgia, makes it the region of the earliest
evidence of the dispersal of the genus Homo outside Africa (Lieberman 2007,
Lordkipanidze et al. 2007), and AMH, carriers of the Aurignacian technology
(Bar-Yosef et al. 2006; Pinhasi et al. 2008), appeared there at least 42 kya
(Adler et al. 2008). The early Upper Palaeolithic sites in the Caucasus (Bar-
Yosef et al. 2006; Pinhasi et al. 2008) and the adjacent East European Plain
(Krause et al. 2010; Prat et al. 2011) are nearly contemporary, while the lower
Danube valley Upper Palaeolithic temporal estimates (Mellars 2006a) appear to
predate the northern Pontocaspian Upper Palaeolithic by a few thousands of
years. Thus, the early Upper Palaeolithic presence of AMH is documented both
south and north of the Caucasus, and based on archaeological (chronological)
evidence alone, it is impossible to say which route — across the Caucasus or via
Anatolia and the Balkans — was used in the pioneer phase of the peopling of
East Europe.
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Figure 1. Principal dispersal routes of the earliest modern humans across Europe. From
Mellars (2011).

The Last Glacial Maximum (LGM) in Europe (25-19.5 kya) resulted in the
simplification and fragmentation of the Gravettian technology — a modern
human industry spread across Europe before the LGM (Djindjian 2000; Perles
2000). During the LGM, people generally retreated southward with the climate
change. However, the southward movement should not be taken as an exclusive
trajectory, and in fact it seems that ambient temperature was less important than
the availability of food, in some instances large game such as mammoths. The
refugial areas human (and other faunal) populations became concentrated in
included Southwest Europe, the Mediterranean coast, the Balkans, the Levant,
and the East European Plain (Dolukhanov 1993; Gamble et al. 2005; Gamble et
al. 2004), possibly also the eastern coast of the Black Sea (Adams and Faure
1997; Tarasov et al. 1999; Tarasov et al. 2000). The fragmentation of the human
habitat in Europe resulted in regional industries such as the Solutrean 24—18 kya
and the Epigravettian 20-10 kya [Soares et al. (2010) and references therein].
The Late Glacial Magdalenian technology 17-12 kya, on the other hand, is
linked with the post-LGM population expansion [Soares et al. (2010) and
references therein].

The Swiderian culture in East Europe marks the transition from the
Palaeolithic to the Mesolithic (Dolukhanov 1997). It may have given rise to the
Kunda culture and other ‘post-Swiderian’ cultures in the region (Dolukhanov
1997; Velichko et al. 2009). Chronologically preceding these cultures, the
Mesolithic Near Easterners, the Natufian people (Bar-Yosef 1998; Brown et al.
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2008; Sherratt 1997), were beginning to adopt cereal agriculture by 12 kya in
the Levant. The Mesolithic, a rather arbitrary period, ended at different times in
different places as agriculture reached them.

The Neolithic transition, meaning the adoption of agriculture, began in the
Near East around 12-11 kya (Bar-Yosef 1998; Brown et al. 2008; Kuijt and
Goring-Morris 2002; Sherratt 1997), with the domestication of plants preceding
that of animals (Kuijt and Goring-Morris 2002). It has been argued that the
fundamental change was a necessary economic response triggered by a crisis of
sedentism generated by the brief cold period called the Younger Dryas (Bar-
Yosef 1998). Interestingly, it appears that approximately the same two routes of
the Aurignacian/Proto-Aurignacian dispersal, the northern along the Danube
valley and the southern along the Mediterranean coast, were also taken by the
earliest agricultural communities dispersing into Europe during the Neolithic
transition 10-6 kya (Mellars 2004).

By about 8 kya, the Neolithic revolution had also reached the Caucasus, as
evidenced by the presence of Neolithic cultural layers directly covering
Mesolithic deposits in the Chokh (Dagestan, the Northeast Caucasus) and
Darkveti (the South Caucasus) sites (Kushnareva 1997, pp. 154-158). The
South Caucasus, particularly modern-day Armenia, has been suggested to be the
region where the hexaploid bread wheat Triticum aestivum originated — about
10-8 kya (Feldman 2001) — through the spontaneous hybridisation of the
tetraploid wild emmer Triticum turgidum and the diploid goatgrass Aegilops
tauschii, and where it became a cultivated crop (Dubcovsky and Dvorak 2007,
Dvorak et al. 1998). The South Caucasus has also been proposed as the area of
grape domestication (McGovern 2003; Olmo 1995), a hypothesis that has
recently found genetic support (Myles et al. 2011).

The Neolithic was followed by the Chalcolithic/Zneolithic or the Copper
Age characterised by copper metallurgy that was well established in Southeast
Europe by 7 kya and may have been invented independently in several locations
rather than spread from a single source (Radivojevic et al. 2010). The techno-
logy of mining copper ore and copper smelting dispersed quickly, transforming
into Bronze Age industries at different times in different regions. The Copper
Age became widespread, evidence of such cultures has been found in West and
Central Asian steppes, reaching Altay (Frachetti 2012), the Caucasus (Kushna-
reva 1997) and islands of the Mediterranean such as Cyprus (Peltenburg 1991)
in addition to the Near East and Europe. The Copper Age also intensified the
use of trade networks; the movement of people along the trade routes is difficult
to differentiate today from large-scale migrations. Naturally, the Copper Age
did not mark the end of major movements of people in Europe, which continued
into the Bronze and Iron Ages and beyond, with examples such as several
invasions of the British Isles, the Migration Period, the Slavic expansion, etc.
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2.3. The formation of the European gene pool:
a brief overview

2.3.1. The uniparental view

Several major demographic episodes over the last 50,000 years have very likely
shaped major aspects of the variation of the gene pool of European populations:
the pioneer colonisation of the Upper Palaeolithic, the Late Glacial re-
colonisation of the continent from refugia in southern Europe and the East
European Plain after the Last Glacial Maximum (LGM), the postglacial re-
colonisation of deserted areas after the Younger Dryas cold period, the
Neolithic diffusion from the Near East, and a multitude of lesser-scale migra-
tions along continent-wide trade networks, which intensified starting with the
Copper Age (Mellars 2004; Mellars 2006¢; Soares et al. 2010). Less clear, but
potentially equally important, is the role of the mid-Upper Palaeolithic
Gravettian period that covered much of the continent, from southern France to
the East European Plain, extending to the Ural Mountains.

All current genetic evidence supports a dispersal route of anatomically
modern humans (AMH) from Africa through the Levantine corridor into Europe
(Soares et al. 2010), a route represented in the archaeological record by the
distribution of Aurignacian technologies (Mellars 2004; Mellars 2011). The
most ancient mtDNA haplogroups in Europe are U5 and U8, which apparently
originated locally, their ages proposed as around 32 and 44 ky, respectively
(Behar et al. 2012), or alternatively even older, around 37 and 50 ky, respec-
tively (Soares et al. 2010). The Y-chromosomal candidate for a signal of Upper
Palaeolithic male ancestry is the mostly European-specific haplogroup I; its age
of 24 + 7.1 kya (Rootsi et al. 2004) can be tentatively linked to the spread of the
largely pan-European Gravettian technology ~28-23 kya (Djindjian 2000;
Perles 2000).

It has been suggested repeatedly that the main signal of the rise of variation
in the modern European mtDNA and Y chromosome pools derives from the re-
expansion from the refugia in the wake of the warming phase after the LGM 15
kya [e.g., Soares et al. (2010)]. Mitochondrial DNA haplogroups V (Torroni et
al. 1998; Torroni et al. 2001), H1, H3 (Achilli et al. 2004; Loogvili et al. 2004;
Pereira et al. 2005), USb1b (Achilli et al. 2005; Tambets et al. 2004), and U5b3
(Pala et al. 2009) apparently originated in South Europe, and U4 and USa
(Malyarchuk et al. 2010; Malyarchuk et al. 2008) in the East European Plain, all
expanding after the Ice Age. Several sub-clades of the Y chromosome haplo-
group | have been proposed to have expanded from the Franco-Cantabrian and
Balkan glacial refugia (Rootsi et al. 2004; Underhill et al. 2007), whereas the
phylogeographic distribution of different sub-clades of the Y chromosome
haplogroup R1 (discussed in more detail in the next section) has been suggested
to reflect expansion from the Iberian Peninsula and from the present-day
Ukraine (Semino et al. 2000).
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The Neolithic transition or the spread of agriculture into Europe after its
adoption in the Near East around 12-11 kya (Bar-Yosef 1998; Brown et al.
2008; Kuijt and Goring-Morris 2002; Sherratt 1997) has been researched
extensively, using both archaeological and genetic data. The main debate in the
field of genetics has centred on the models of cultural and demic diffusion, in
other words, whether the spread of agriculture involved simply the adoption of
new technologies or large-scale movement of people and population replace-
ment (Cavalli-Sforza et al. 1994; Richards et al. 1996; Soares et al. 2010). The
first couple of decades of pertinent genetic work, summarized by Cavalli-Sforza
et al. (1994), made use of classical markers. The first principal component of
classical marker data analysis was interpreted as reflecting the Neolithic
dispersal, since it showed a cline from the Middle East towards Northwest
Europe, and even though it only accounted for less than one third of the genetic
variation of Europeans [summarized in Cavalli-Sforza et al. (1994)], these
studies sparked a debate that has not ceased since.

The Y chromosome haplogroups associated with the spread of farming into
Southeast Europe are E1blbl (Semino et al. 2000; 2004) and J, especially J2
(Di Giacomo et al. 2004; Semino et al. 2004; Semino et al. 2000). E1blbla and
J2b* have been suggested to reflect the subsequent diffusion of people from the
southern Balkans to the west (Semino et al. 2004). For mtDNA, haplogroups J
and T1 have been proposed as candidates for the Neolithic dispersal, but
founder analysis of European mtDNAs has suggested that the immigrant
Neolithic component likely comprises less than one quarter of the mtDNA pool
of modern Europeans (Richards et al. 2000). However, a new interpretation,
based on an enlarged complete mitochondrial genome database, proposes that a
substantial signal from mtDNA haplogroups J and T may in fact reflect
dispersals from a Near Eastern refugium during the Late Glacial, 19-12 kya
(Pala et al., accepted for publication).

Despite the designation of several Y chromosome and mtDNA haplogroups
as ‘Neolithic markers’, it has been argued that the present-day mtDNA and Y
chromosome pools in Europe show only limited Neolithic contribution from the
Near East, which has been taken to suggest Late Glacial/postglacial origin for
the majority of the lineages (Richards et al. 2000; Semino et al. 2000; Soares et
al. 2010). On the other hand, several authors support the demic diffusion model,
that is, substantial genetic input from the Near East during the Neolithic. For
instance, a study of 840 men belonging to the Y chromosome haplogroup R1b
that has high frequency in Europe concluded that this haplogroup reflects a
recent genetic heritage uniformly introduced by Neolithic farmers from West
Anatolia (Balaresque et al. 2010); however, these results have been challenged
both on the basis of poor phylogenetic resolution (ref. I) and the dating based on
9 Y-STRs [Busby et al. (2012); for details, see the section “Estimating TMRCA
in Y chromosome studies”]. It is also important to note that the mtDNA and Y
chromosome results may differ if an original migration, of whatever pro-
portions, is followed by subsequent influxes involving mostly men.
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Direct ancient DNA evidence appears to be more in accord with the demic
diffusion model. Ancient DNA from the largest Linear Pottery culture genetic
dataset analysed to date (n = 42) reveals that the Neolithic samples share an
affinity with the modern-day Near East and Anatolia, which supports a
significant genetic input from this region to Europe during the Neolithic
transition (Haak et al. 2010). The Linear Pottery culture populations have also
been shown to have had a distribution of mitochondrial haplogroups clearly
distinct from that of modern Europeans, suggesting that they left few
descendants beyond the Neolithic and that major demographic events took place
in Europe in later times (Haak et al. 2010; Haak et al. 2005). Another recent
study found ancient mtDNA discontinuity between North and East European
Late Palaeolithic/Mesolithic samples and Central European Neolithic samples
and proposed that it implied large-scale Neolithic replacement in North and East
Europe, although the authors emphasized that this observation does not resolve
the question of the extent to which modern Europeans are descended from the
Neolithic farmers, their hunter-gatherer forerunners, or later incoming groups
(Bramanti et al. 2009). Ancient Y chromosome and autosomal data are more
difficult to obtain due to the copy number of nuclear DNA in the cell that is
orders of magnitude smaller than that of mtDNA, but two recent studies have
succeeded in typing Y chromosome markers in ancient samples from France
(~5 ky old) and Spain (~7 ky old) (Lacan et al. 2011a; Lacan et al. 2011b). The
studies showed a high frequency of the Y chromosome haplogroup G2a,
associated with the Neolithic diffusion (Battaglia et al. 2009; Behar et al. 2004),
among the samples typed, but found that the haplotypes of the ancient G2a
samples are rare among modern Europeans, concluding that the lineages were
probably lost between the end of the Neolithic and today (Lacan et al. 2011a;
Lacan et al. 2011Db).

Thus, the debate of cultural versus demic diffusion during the Neolithic
transition is far from being settled, with ancient DNA studies bringing new
evidence to light. However, these studies, while having mostly overcome the
issue of contamination, still understandably lack sample sizes sufficient to make
large inferences. It would seem that if the Neolithic transition did involve a
considerable degree of population replacement in Europe, these immigrants
from the Near East make up a limited portion of modern Europeans. Appa-
rently, later migrations have additionally influenced the genetic landscape of
different sub-continental areas of Europe (Haak et al. 2010; Soares et al. 2010).

2.3.2. The whole genome view

So far, to the best of my knowledge, no dedicated European-centric population-
scale re-sequencing studies have been published. A couple of recent studies
using whole genome sequence data have investigated the historical relationships
of major human groups (African, Asian and European) (Gronau et al. 2011) and
the effective population size of humans in general back to several million years
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ago (Li and Durbin 2011) — large and intriguing questions, but with no special
focus on Europe. Both of these studies have estimated the time of the out-of-
Africa split, one of the proposed dates being rather recent, ~50 kya (Gronau et
al. 2011), the other slightly earlier, ~60—-80 kya (Li and Durbin 2011).
Interestingly, Li and Durbin (2011) also infer substantial gene flow between
sub-Saharan Africans and Europeans/Asians until 2040 kya, a pattern that is
not apparent from uniparental marker data (Jobling and Tyler-Smith 2003;
Torroni et al. 2006) or from high density whole genome genotyping results (Li
et al. 2008).

Whole genome genotype data of Europeans mainly display a close corre-
lation between geographic and genetic affiliation (Nelis et al. 2009; Novembre
et al. 2008). Structure-like analyses show a clear European ‘ancestry compo-
nent’ (The 1000 Genomes Project Consortium 2010; Behar et al. 2010; Li et al.
2008; Rasmussen et al. 2010). In general, there is a smooth transition in whole
genome genotype data from the Near/Middle East to Europe, evident from both
principal component and structure-like plots (Behar et al. 2010; Li et al. 2008;
ref. III), and linearly decreasing haplotype heterozygosity from sub-Saharan
Africa to the Middle East to Europe has also been detected (Li et al. 2008).
Thus, whole genome genotype data support the model of a serial founder effect
with origin in sub-Saharan Africa in the peopling of the world (Colonna et al.
2011; Li et al. 2008), with humans arriving in Europe through the Near/Middle
East. However, since there are currently no reliable methods of sufficiently
precise dating based on whole genome genotype data, more elaborate models of
the formation of the European gene pool that would make use of these data
remain a prospect for the future.

2.4. Two opposing sub-clades
of Y chromosome haplogroup R

In the early years of Y chromosome phylogenetic research, several unrelated
and non-systematic nomenclatures for Y chromosome haplogroups emerged,
making it difficult to navigate between results published by different sources.
The various parallel nomenclatures of the Y chromosome phylogeny were
unified in 2002 by the Y Chromosome Consortium (YCC), with a simple set of
rules developed to unambiguously label the clades nested within the hierarchi-
cal topology based on unique SNPs (YCC 2002). There are two complementary
nomenclature systems: the first defining hierarchical sub-clades within each
major haplogroup, denoted by capital letters, using an alphanumeric system
(e.g., J2, J2a, J2a2, J2a2a, etc.), the shorter alternative naming haplogroups by
the terminal mutation defining them (e.g., J-M92) (YCC 2002). The discovery
of novel SNPs may have the effect of splitting or joining previous clades and
thus alter the alphanumeric nomenclature system, whereas the mutation-based
nomenclature is always unambiguous. Lineages representing interior nodes of
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the tree, not defined by a derived character, are indicated by the symbol * due to
their potentially paraphyletic nature (YCC 2002). The most recent published Y
chromosome phylogeny is based on 599 SNPs and contains major clades A to T
(Karafet et al. 2008); it has already been refined repeatedly (ISOGG Y-DNA
Haplogroup Tree 2012).

In Europe, the Y chromosomes of about 50% of men belong to the relatively
young (Karafet et al. 2008) haplogroup R (Jobling and Tyler-Smith 2003;
Rosser et al. 2000; Semino et al. 2000), and essentially all of these European R
affiliates belong to the sub-clade R1 defined by M173 (YCC 2002). This
haplogroup has been the object of much study due to its high frequency among
Europeans and supposed links to major demographic processes.

The two major sub-clades of haplogroup R1, Rla and R1b, show opposite
clinal patterns in Europe — R1a is common in Northeast Europe, with frequency
declining towards the Southwest, whereas R1b is most frequent in Southwest
Europe and rare in the Northeast (Balanovsky et al. 2008; Perici¢ et al. 2005;
Rosser et al. 2000; Semino et al. 2000; ref. I, II). While haplogroup Rla (named
differently in various early papers) had a defining mutation already in the
infancy stage of Y chromosome phylogenetic research — SRY jg312 (SRY53,) in
Rosser et al. (2000) and M17 in Semino et al. (2000) —, haplogroup R1b was
long defined as M173(xM17) (Semino et al. 2000), 92R7(xSRY53,) (Rosser et
al. 2000) or the like, sometimes even after the mutation M269 defining the
European-specific R1b1b2 clade had been discovered (Cruciani et al. 2002).
The blind assignment of all M173-derived non-Rla Y chromosomes to R1b
(again, named differently at the time) worked for European samples, as it has
since been shown that in western Europe, these Y chromosomes do indeed
belong almost exclusively to R1b1b2, but it was hardly good practice.

An early study proposed that the mutation M173 the haplogroups that later
became known as R1a and R1b have in common is an ancient Eurasiatic marker
brought by or arisen in the group of Homo sapiens that entered Europe and
diffused from east to west about 40-35 kya, spreading the Aurignac culture
(Semino et al. 2000). The same study interpreted the contrasting geographic
distribution of two haplotypes within R1 — Eul9 defined by M17, a proxy for
Rla, and Eul8, at the time defined as M173(xM17) and later found to corres-
pond almost exclusively to R1blb2 — as the result of re-colonisations from
isolated population nuclei in the present-day Ukraine and the Iberian Peninsula,
following the LGM 20-13 kya (Semino et al. 2000). This proposal was
supported by the maximum variation of microsatellites linked to Eul9 and Eul8
being found in the Ukraine and the Iberian Peninsula, respectively (Semino et
al. 2000).

However, simple opposing clines dominate the phylogeographic distribution
of R1a and R1b only as long as one examines it in Europe. The first hint that
R1b is not uniform even within Europe came from the Tagl haplotypes ht15 and
ht35 associated with the complex restriction fragment length polymorphism
(RFLP) 49a,f locus, htl5 found to be common in Iberia (Semino et al. 1996)
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and ht35 distributed across Europe (Santachiara Benerecetti et al. 1993; Torroni
et al. 1990). Later, additional markers such as M73 (Underhill et al. 2001) and
V88 (Cruciani et al. 2010) were discovered, both defining sub-clades of R1b
spread mostly outside Europe, the former in the Caucasus, Turkey, the Circum-
Uralic and North Pakistan (ref. 1) and the latter in trams-Saharan Africa,
possibly reflecting a migration from Asia to Africa.

The comprehensive pattern of the spread of haplogroup Rla especially (ref.
1), and R1b as well (ref. 1), is much more complex than overall frequency
clines in Europe seem to show, suggesting that simplistic interpretations tying
these haplogroups to any single demographic process are likely to be
insufficient. For instance, the authors of a recent study interpreted the phylo-
geography of haplogroup R1b quite differently from previous research by
analysing 9 Y-STR loci associated with 840 R1b Y chromosomes (Balaresque
et al. 2010). They concluded that all such chromosomes in Europe reflect a
recent genetic heritage that was uniformly introduced by Neolithic farmers
migrating from West Anatolia. However, in this study, the samples were
resolved only to the level of M269 (Cruciani et al. 2002) that defines the entire
European-specific R1b1b2 clade, and any conclusions based on such shallow
phylogenetic resolution are unlikely to capture the complexities of the spread of
haplogroup R1b. Also, the age of ~6 ky for the R-M269 linage calculated based
on Y-STRs (Balaresque et al. 2010) has been challenged by the claim that since
Y-STR-based coalescence age estimation depends on the choice of STRs,
existing data and methodology are insufficient to make credible estimates for
the age of haplogroup R1b (Busby et al. 2012).

2.5. The Caucasus: general facts

“Caucasian variety — I have taken the name of this variety from Mount
Caucasus, both because its neighbourhood, and especially its southern slope,
produces the most beautiful race of men, I mean the Georgian; and because all
physiological reasons converge to this, that in that region, if anywhere, it seems
we ought with the greatest probability to place the autochthones of mankind.”
The famous German anthropologist Johann Friedrich Blumenbach stated this in
his “De generis humani varietate native” [Blumenbach (1795), quoted e.g. in
Keith (1940)], naming the white race Caucasian, nowadays known as Cau-
casoid. It is a humorous quirk of history that Blumenbach made his judgement
on the ‘most beautiful race of men’ based on the skull of a Georgian woman,
having never been to the Caucasus himself.

The erroneous view of the origin of humans in the Caucasus aside, this is
certainly a region that merits interest from the point of view of human past. The
Caucasus is among the more ethnically diverse areas of the world, being home
to over 50 ethnic groups (Encyclopaedia Britannica). The linguistic diversity of
the Caucasus is likewise remarkable: there are three language families
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indigenous for the area — Abkhazian-Adyghe, Nakh-Dagestanian, and Kart-
velian — and in addition, several Indo-European, Turkic, Mongolic and Semitic
languages are spoken in the region (Comrie 2008; Figure 2). It is notable that
the three autochthonous language families are very distantly related, the split
between the Kartvelian family and the other two having occurred over 14 kya
(The Global Lexicostatistical Database).
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Figure 2. Larger ethno-linguistic groups in the Caucasus region in 2009. From
Wikimedia Commons.
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Geographically, the Caucasus lies between the East European Plain and the
Near/Middle East, linking these regions between the Black and Caspian Seas
(Figure 2). It is a mountainous area divided by the High Caucasus Mountain
Range into the North and South Caucasus. The principal political entities
(internationally recognised statehoods) in the region are the Russian Federation
in the North Caucasus, and Georgia, Armenia and Azerbaijan, and partly
Turkey and Iran, in the South Caucasus (Figure 2).

The earliest evidence of anatomically modern humans in the Caucasus dates
to the early Upper Palaeolithic, at least 42 kya (Adler et al. 2008). It is unclear
whether or not the region has been continuously occupied by AMH since then.
Evidence for the LGM human refugium at the Black Sea coastal area of the
Caucasus (Adams and Faure 1997; Tarasov et al. 1999; Tarasov et al. 2000) is
as yet superficial; on the other hand, numerous middle/late Upper Palaeolithic
sites from before and after the LGM support constant or nearly constant human
settlement of the area (Pinhasi et al. 2008).

It has been remarked that since mountains present a less favourable
environment than lowlands, the Caucasus has usually been in economic and
political dependence of the peoples or political entities ruling the steppes, and
that at least in historical times, settlers have only moved to the High Caucasus
in order to avoid threats, such as the invading Mongols, and have spread out
onto the plains again when opportunity arose (JIaBpo 1978). Nevertheless, a
continuous inhabitation of the High Caucasus appears to also have existed
throughout history.

The autochthonous languages of the Caucasus can be divided into one
southern and two northern branches based on the areas inhabited by their
speakers — the Kartvelian languages are spoken in the South Caucasus, the
Abkhazian-Adyghe languages in the Northwest, and the Nakh-Dagestanian
languages in the Northeast, a region known as Dagestan. Most of the ethnic
groups speaking the indigenous languages are small, especially in the Russian
North Caucasus, where only one population exceeds one million (the Nakh-
Dagestanian-speaking Chechens), three more exceed half a million (the Nakh-
Dagestanian-speaking Avars and Dargins and the Abkhazian-Adyghe-speaking
Kabardins) and another two fall just under it (the Nakh-Dagestanian-speaking
Lezgins and Ingush) (Russian census 2010). The Kartvelian-speaking Georgians
number approximately 3.7 million in Georgia (Georgian census 2002),
constituting the largest population to speak an indigenous Caucasian language.

The largest Indo-European-speaking ethnic group in the Caucasus is the
Armenians with a population of approximately 3.1 million in Armenia (Arme-
nian census 2001). The Armenians are presumed to have migrated to the South
Caucasus from Anatolia in the early 1* millennium BC (Encyclopaedia
Britannica). Another ancient Indo-European group is the Ossetians, commonly
believed to represent the descendants of nomads successively known as
Scythians, Sarmatians, and Alans, who retreated to the Caucasus from the East
European Plain in the 4™ century AD, having been displaced by the Huns
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(Minahan 2000, p. 518). However, nowadays Slavic-speaking peoples, mainly
Russians and Ukrainians, who have migrated to the North Caucasus fairly
recently, account for more than one-third of the total population there
(Encyclopaedia Britannica). Smaller Indo-European-speaking groups such as
Kurds, Talysh, Mountain Jews, Greeks, and Roma (Gypsies) are distributed in
various areas of the Caucasus (Encyclopaedia Britannica; Figure 2).

The Turkic-speaking peoples of the Caucasus are the Azerbaijani in the
South Caucasus [population approximately 8.2 million in Azerbaijan (Azerbai-
jani census 2009)] and the Kipchak Turks in the North Caucasus. The largely
Muslim Kipchak Turks consist of Kumyks, Nogays, Karachays, and Balkars.
The Nogays have a special status among the Caucasian populations due to their
recent, late 18" — early 19™ century arrival from the Pontocaspian steppes
(Kolga et al. 2001). They trace their ancestry from the Golden Horde nomads, a
confederation of tribes of different ethnic descent (Kolga et al. 2001). Due to
long geographic separation of the whole Nogay population, they speak three
different dialects: Kara Nogay, Nogay Proper, and Ak Nogay, the last also
known as Kuban Nogay since its speakers live by the River Kuban [in Turkic,
‘kara’ is black and ‘ak’ white — the Turkic peoples have commonly divided their
tribes into black and white, ‘black’ meaning northern and ‘white’ western
(Kolga et al. 2001)].

The only Mongolic-speaking people in the vicinity of the Caucasus region
are the Kalmyks inhabiting a dry steppe area to the north of the Caucasus
(Figure 2), and the only Semitic group in the Caucasus are the Assyrians,
claiming to be the descendants of the Mesopotamian Assyrians and nowadays
living mainly in the cities (Encyclopaedia Britannica).

2.6. Genetic studies of the Caucasus

Numerous genetic studies of the Caucasus region have been conducted. Based
on 8 Alu insertion polymorphisms, an early paper found that the Caucasus
populations exhibit high levels of between-population differentiation, with an
average Fgr of 0.113 — a value which is almost as large as the Fgr of 0.157 for
worldwide populations (Nasidze et al. 2001). High Fgsr values for Dagestanian
populations, based on autosomal STR allele frequency distributions, were also
reported by (Bulayeva et al. 2006), whereas genetic diversity within the
populations was low, both observations confirming the small population sizes
and high levels of isolation among the ethnic groups of Dagestan. Analysing
autosomal variation (15 STRs) among Armenians, a recent study provided
evidence for the genetic differentiation of distinct communities from across
Historical Armenia, proposing genetic influences from Turkey and the Balkans
for the Armenian populations of Sasun and Lake Van, respectively — unsurpri-
singly, since these two populations inhabit areas west of Armenia, in present-
day Turkey (Lowery et al. 2011).
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High between-population differentiation evident from Y chromosome data,
rather than mtDNA, has also been detected in the mountainous areas of the
Caucasus, likely reflective of patrilocal societies and genetic drift in small
isolated populations (Nasidze et al. 2004a; Weale et al. 2001). However, these
results, like those of a later study that found reduced Y-chromosomal but not
mtDNA or autosomal genetic diversity among highland Dagestanian popu-
lations due to genetic drift (Marchani et al. 2008), are based on rather limited
phylogenetic resolution compared to the current state-of-the-art knowledge, and
examine only a part of the wide range of populations in the Caucasus.

Several early mtDNA studies encompassing Caucasian populations found a
continuity of mtDNA lineages from the South Caucasus and Anatolia to
Europe, although these haplogroups showed systematically much later signs of
expansion in Europe than in the South Caucasus and Anatolia (Metspalu et al.
1999; Tambets et al. 2000). However, this early research used low phylogenetic
resolution. A later higher resolution study focusing on the mtDNA haplogroup
H common in both Europe and the Caucasus showed that irrespective of their
common Upper Palaeolithic origin, the distribution of H sub-haplogroups
differs significantly in Europe and in the Near East and the South Caucasus,
implying limited post-LGM maternal gene flow between these regions (Roos-
talu et al. 2007). In contrast, the study found that the North Caucasian maternal
gene pool has received an influx of H lineages from East Europe (Roostalu et al.
2007).

Two studies, the first exploring mtDNA diversity (Nasidze and Stoneking
2001) and the second Y chromosome data (Nasidze et al. 2003), showed that
genetic relationships among Caucasian populations reflect geographic rather
than linguistic relationships since the Indo-European-speaking Armenians and
Turkic-speaking Azerbaijani were found to be genetically closer to their geo-
graphic neighbours speaking indigenous Caucasian languages than to their
linguistic relatives. Hence, the authors postulated language replacement among
Armenians and Azerbaijani. Furthermore, a number of studies have focused on
single populations from the Caucasus region, such as the Armenians (Herrera et
al. 2012; Lowery et al. 2011; Weale et al. 2001), the Ossetians (Nasidze et al.
2004b), the Nogays (Bermisheva et al. 2004), the Kurds (Nasidze et al. 2005a),
and the Kalmyks (Nasidze et al. 2005b).

A recent high resolution Y chromosome study included large samples from
14 North Caucasian populations and focused again on the relationship of
linguistic and genetic diversity in the Caucasus (Balanovsky et al. 2011),
arriving, however, at a different conclusion than previous research. Similarly to
several earlier studies, the authors suggest that Caucasian male lineages
originate from the Near East, followed by high levels of isolation, differen-
tiation and genetic drift in the mountainous terrain of the Caucasus. However, in
the matter of the relationship of genetic and linguistic diversity, the authors
present a decidedly different viewpoint. The study reports a strong correlation
of Y chromosome haplogroup frequencies with language in the North Caucasus,
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further showing a number of haplotype clusters within haplogroups to be
specific to individual populations and languages. The authors also claim an
unprecedented level of gene—language co-evolution in the Caucasus, backing it
with a comparison of genetic and linguistic reconstructions that match in both
topology and dates. This position disagrees with the previously held view that
geography mainly influences genetic relationships in the Caucasus (Nasidze et
al. 2003; Nasidze and Stoneking 2001). It must be noted, however, that the
genetic and linguistic concordance was shown based mainly on populations
speaking indigenous Caucasian languages (the only exception being the Indo-
European-speaking Ossetians) and that the ethnic groups speaking these
languages, several of them relatively small, are geographically sharply demar-
cated (see the section “The Caucasus: general facts”), making it challenging to
differentiate between the correlation of genetic data with language and
geography.

Another recent Y chromosome study proposed a scenario of the Armenian
plateau having been repopulated after the LGM by agriculturalists from the
Fertile Crescent (Herrera et al. 2012). Besides finding a high prevalence among
the Armenian populations of Y chromosome haplogroups associated with the
spread of agriculture from the Near East, the study reported a restricted genetic
affinity of Armenians with Europeans (Herrera et al. 2012), in accordance with
previous results (Nasidze et al. 2004a; Nasidze et al. 2003). However, although
the authors insist that the STR variation time window linked to Y chromosome
haplogroups studied, J2 and Rl1b, testifies to the spread of the Neolithic to
Armenia, the majority of their time estimates fall into the Chalcolithic (Herrera
et al. 2012). Furthermore, the same is largely true for time estimates for Syria,
Anatolia, Iran, and Greece, where certainly any signal linked to Neolithisation
should be expected not around 4-6 kya, but many thousands of years earlier.
Hence, if anything, this expansion of Y chromosomes can be much more
reliably attributed to later demographic processes, possibly linked to the
mastering of metal industries that reached both the Northwest and the Southeast
Caucasus already in the early Bronze Age, over 5 kya.

2.7. Estimating TMRCA in Y chromosome studies

Dating genetic lineages is a well-known difficulty, no less so for Y chromosome
than for mtDNA studies (Jobling and Tyler-Smith 2003). Major haplogroups of
the Y chromosome tree have been dated using SNP data, for example in the
study of Karafet et al. (2008), where the method relied on a uniform probability
distribution for the age of mutations in the ancestry of a lineage. The calibration
point of the molecular clock was inferred using archaeological evidence — the
age of the CT clade representing all non-African variation was fixed using the
70 kya date of the out-of-Africa migration supported by archaeological data
(Karafet et al. 2008). Based on this calibration, the ages of 10 other major
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clades were estimated, ranging from 68.9 (64.6-69.9) kya for the CF clade to
18.5 (12.5-25.7) kya for the R1 clade (Karafet et al. 2008). In general, earlier
estimates of the time to the most recent common ancestor (TMRCA) for the Y
chromosome have been recent — under 100 kya (Pritchard et al. 1999; Thomson
et al. 2000) — compared to those made for mtDNA, the X chromosome and
autosomes, but it has been argued that it would be premature to regard this as
proof of a departure from neutrality in the evolution of the Y chromosome
(Jobling and Tyler-Smith 2003). However, a recent estimate — based on 138
SNPs from 206-kb Y-chromosomal stretches re-sequenced in seven African
males from the deep-rooting branches A and B of the Y chromosome tree — sets
the most recent common ancestor of all present-day Y chromosomes at a much
earlier date, 141.5 = 15.6 kya, and geographically in North or Central Africa
(Cruciani et al. 2011). While the precise geographic origin of anatomically
modern humans within Africa is still subject to debate and will perhaps remain
so (Batini and Jobling 2011), it seems clear that the root of Y chromosome
phylogeny lies in Africa.

However, the Y chromosome base substitution rate, measured as 3.0x107
mutations/nucleotide/generation (Xue et al. 2009), is too slow, unless one re-
sequences long stretches of the Y chromosomes under study, to allow for the
dating of younger and minor haplogroups, which is of interest for many studies.
Therefore, a common method of estimating the TMRCA in Y chromosome
studies is the use of faster evolving Y chromosome short tandem repeats
(Y-STRs). Y chromosome STRs, or microsatellites, consist of 1-6-bp units that
are, on average, repeated 9.7 (nonpolymorphic loci) or 14.4 times (polymorphic
loci) (Kayser et al. 2004).

Several factors complicate dating based on Y-STRs, including differences
between individual STR loci, STR locus saturation, and the difference between
the ‘genealogical’ and ‘evolutionary’ mutation rates. Studies of deep rooting
pedigrees have yielded an average Y-STR mutation rate of 2.0x10™ per gene-
ration (Heyer et al. 1997), which compares to the average rates of 2.5x10
(Goedbloed et al. 2009) and 2.1x10~ (Ge et al. 2009) per generation observed
in father/son pairs. These so-called ‘genealogical’ rates have turned out to be an
order of magnitude higher than the ‘evolutionary’ rate estimate of 2.6x10™* per
generation for the same STR loci, obtained in a study based on counting the
number of mutations on the branches of a haplotype network (Forster et al.
2000). This discrepancy, estimated as a 3.6x difference, might be explained by
a large share of STR variation derived within a haplogroup being effectively
removed by genetic drift, rendering mutation rate estimates based on evo-
lutionary considerations lower than those based on pedigree studies (Zhivo-
tovsky et al. 2006). However, a wide-scale study of father/son pairs obtained Y-
STR ‘genealogical’ mutation rates (based on 186 Y-STRs) ranging from
3.78x10™ to 7.44x107 per marker per generation, highlighting the importance
of mutation rate variation between different Y-STR loci in addition to the ‘ge-
nealogical’/‘evolutionary’ rate distinction (Ballantyne et al. 2010). Therefore,
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irrespective of the fact that temporal estimates based on STR variation have
been used in hundreds of research papers, it is by no means an ideal approach.

For the purpose of dating in population genetic studies, it is rather common
(Cinnioglu et al. 2004; Derenko et al. 2006; King et al. 2008; Lappalainen et al.
2008; Perici¢ et al. 2005; Semino et al. 2004; Sengupta et al. 2006) to use the
‘evolutionary’ mutation rate of 6.9x10™* per 25 years for tri- and tetranucleotide
Y-STRs, and a method of estimating age as the average squared difference
(ASD) in repeat count between all current chromosomes and the median haplo-
type, averaged over STR loci and divided by the mutation rate (Zhivotovsky et
al. 2004). The mutation rate was first estimated using data on Y-STR variation
in several populations with documented short-term histories (Zhivotovsky et al.
2004). It could be argued that this mutation rate is even too widely used, since
despite the fact that the authors of the ASD method have cautioned against it
(Zhivotovsky et al. 2006), several studies have employed the mutation rate of
6.9x107* per 25 years to estimate coalescence times of large haplogroups
(Cinnioglu et al. 2004; King et al. 2008; Sengupta et al. 20006).

Other methods of STR-based dating of (Y chromosome) lineages include
the p (rho) estimator (Forster et al. 1996; Saillard et al. 2000) and the
BATWING software (Wilson et al. 2003). Both depend on STR networks of
samples constructed by a program such as Network (Fluxus-Engineering,
http://www.fluxus-engineering.com). The p statistic estimates the TMRCA of
clusters of STR haplotypes identified in the networks. Examining a cluster that
appears to have evolved within a specific population, the resulting age estimate
will serve as the lower bound for the time that the population may have been
isolated following a split. BATWING provides a mechanism to identify bounds,
established by coalescent events, between which a unique event polymorphism
(UEP) may have emerged. UEPs are typically identified by SNPs, but can be
generalized to include ‘virtual UEPs’ that mark clusters of phylogenetically
related STR haplotypes identified in a network. BATWING requires as input
several prior conditions such as ancestral effective population size and a
demographic model (stable population / expansion / etc.) that may often be
difficult or impossible to estimate correctly.

Another software called BARCODE (Basic ASD Regression for Compara-
tive Dating Estimates) was developed and compared with BATWING by Luca
et al. (2005). BARCODE makes use of the concept of ‘comparative dating’ in
which direct measures of STR variability for different UEP-defined lineages are
compared to each other with the aim of evaluating the timing of each UEP’s
appearance in terms of proportions of the antiquity of the clade defined by
them. The benefit of this method is that it only requires minimal assumptions
and can be applied in the absence of knowledge on STR mutation rates;
however, by definition, it cannot return estimates in absolute times. Neverthe-
less, it represents an independent aid in the reconstruction of the intervals
separating the nodes of the UEP tree. The authors of BARCODE found that its
results closely match those of BATWING as far as the relative antiquity of
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clades is concerned (Luca et al. 2005). They also recommended the use of
specific priors for each locus in a particular dataset in order to obtain more
reliable dating results, at odds with their own use of unified parameters for
BARCODE, since locus-specific STR mutation rates were unavailable (Luca et
al. 2005). Indeed, the difficulty of estimating locus- and haplogroup-specific
mutation rates or, in addition, ancestral population sizes and demographic
models required for BATWING, is the reason the simple ASD method using a
single prior, an averaged mutation rate (Zhivotovsky et al. 2004), remains
commonly used, being free of biases potentially introduced by other priors or
models.

The ‘evolutionary’ mutation rate, and even the use of Y-STRs for dating
purposes in general, have also been heavily criticised. The main shortcoming of
the ‘evolutionary’ rate is that it tends to overestimate dates. This is mostly due
to men having different numbers of offspring, with the majority of men alive
today descending from a relatively small percentage of forefathers (likely of
higher social status). Therefore, a small number of more prolific forefathers
have contributed the largest share of the accumulated Y-STR variance, which in
its turn means that the variance is higher among the descendants of the prolific
men than among the descendants of the less prolific men. Given this expansion
of a few lineages at the expense of others and the fact that the more numerous
descendants of the prolific forefathers are most likely to be sampled, we
overestimate the time to the MRCA by mostly sampling men from lineages
where Y-STR variance accumulates faster than the ‘evolutionary’ rate. The
authors of the ASD method themselves have pointed out that an effective
mutation rate higher than the ‘evolutionary’ rate would be observed in case of a
sudden jump in the size of the haplogroup after its appearance or in case of an
expanding population (Zhivotovsky et al. 2006), both of which are often
reasonable assumptions for post-Neolithic human populations. The confidence
intervals of Y-STR-based age estimates are wide, influenced by the chosen
generation length, the inherent stochasticity of the mutation process, and the
mutation rate, which in its turn is influenced by the demographic history of a
particular haplogroup in a particular population (Zhivotovsky et al. 2006). In
addition to these uncertainties, a recent study casts into doubt the use of Y-
STRs for dating in general, claiming that age estimates depend explicitly on the
choice of STRs, more specifically, their duration of linearity (the length of time
into the past over which variance and the average coalescence time continue to
be linearly related for a specific STR), and that commonly used STRs do not
allow linearity to be assumed further into the past, rendering all Y-STR-based
age estimates suspect (Busby et al. 2012).

However, despite the biases surrounding dating based on Y-STRs, at present
this remains the only method readily available for estimating the TMRCA of
younger lineages in Y chromosome population studies. The common set of 10
Y-STRs (DYS19, DYS388, DYS3891, DYS38911, DYS390, DYS391, DYS392,
DYS393, DYS439, DYS461) is consistently used, and since these are the same
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markers used in the original mutation rate study by Zhivotovsky et al. (2004)
and 8 of them are tetra- and 2 trinucleotide repeats, the choice of the mutation
rate of 6.9x10™ per 25 years for tri- and tetranucleotide Y-STRs is justified.
Considering this, any bias in the age estimates of the studies that use these Y-
STRs, this mutation rate and the ASD method, is at least consistent, and since
the tendency of the method to overestimate coalescence times is known, the
dates obtained are regarded as the upper bounds of past demographic events,
and with a degree of reservation. Until new and hopefully more reliable
methods can be implemented, based for instance on SNPs from massive re-
sequencing of a considerable portion (e.g., some tens of millions of bp) of the
NRY combined with reliably dated calibration (derived, e.g., from ancient DNA
studies), Y-STR variation analysis, despite its known imperfections, will
continue to be used for dating. It is also likely that the new re-sequencing-based
methods will offer, first and foremost, more precise estimates to date the major
splits of the Y chromosome tree, whereas in case of the younger branches, the
faster Y-STR clock may long remain the method of choice.

34



3. AIMS OF THE PRESENT STUDY

The current era of extensive expansion in the field of human population
genetics is constantly opening up new possibilities, both in data acquisition and
analysis. The developments that are already accessible enable us to approach
several long-standing issues in human ancestry studies in a more complex
manner. Previous research, reviewed in the literature overview, allows us to
formulate several thus far indistinct yet major problems concerning human
demographic history in Europe and the Caucasus that this study aims to explore.

Firstly, the present study investigated the insights into human demographic
history in western Eurasia, including the peopling of Europe, offered by the
spatial and temporal distribution of Y chromosome haplogroups Rla and R1b,
both widespread in the region. The aim was a detailed phylogenetic and
phylogeographic analysis of both haplogroups that would allow for a more fine-
grained view of the formation of present-day West Eurasian populations than
overall haplogroup frequencies.

The second goal of the present study was to examine the hitherto not
comprehensively analysed region — the Caucasus —, encompassing all its sub-
regions and linguistic groups, from a population genetic viewpoint, including
Y-chromosomal, mtDNA and autosomal analyses. The intriguing questions
related to the Caucasus are its role in human dispersals in Eurasia and the extent
to which the high ethnic and linguistic diversity of the region is reflected in its
genetic variation.

Lastly, the present study compared penta- and hexanucleotide Y-STRs to
commonly used tri- and tetranucleotide loci with the aim of estimating their
mutation rate and applicability in evolutionary studies.
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4. SUBJECTS AND METHODS

The subjects of the present study, analysed in four separate publications, but
often overlapping, are listed in the respective articles and/or their supplementary
material. The DNA samples were obtained from unrelated volunteers after re-
ceiving informed consent in accordance with the guidelines of the ethical
committees of the institutions involved.

The methods used in the present study, both experimental and compu-
tational, are described in detail in the respective publications and their supple-
mentary material.
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5. RESULTS AND DISCUSSION

The discussion of the results of this study presented here is a summary of four
articles published in peer-reviewed journals and does not recapture their
contents word for word; many details can be found in the articles themselves
and their supplementary material.

The human demographic history of any region cannot be reliably inferred
unless the data are placed in the context of those of the neighbouring regions.
Extensive genetic studies of Europe have revealed the links of the gene pool of
this continent to the gene pools of other regions, most importantly the Near/
Middle East. Any comprehensive understanding of the formation of the current
European male gene pool with its major components, the Y chromosome
haplogroups Rla and R1b, clearly requires a broader view than that of only
Europe itself.

However, there is one region bordering with Europe that has thus far not
been studied in detail in terms of its relationship with the European gene pool —
namely, the Caucasus. Occupying a junction between the Near/Middle East and
East Europe and exhibiting high ethnic and linguistic diversity, the Caucasus is
of interest both in its own right and in connection to a wider understanding of
human dispersals in Eurasia.

Following are the results of the present study, based on DNA samples
mainly from Europe and the Caucasus, with other populations from Africa to
East Asia providing the context. While the results on Europe are based on Y
chromosome data, the Caucasus is studied from the aspects of its autosomal and
maternal as well as its paternal gene pool. New insights into human demo-
graphic history in Eurasia are discussed, as well as several issues concerning
Y-STR-based dating of genetic lineages.

5.1. Major components of the European

paternal gene pool — Y chromosome haplogroups
Rla and RIb (ref. 1 and Il)

The two major sub-clades of Y chromosome haplogroup R1, R1a and R1b, have
been studied extensively (Balanovsky et al. 2008; Balaresque et al. 2010;
Perici¢ et al. 2005; Rosser et al. 2000; Semino et al. 2000; ref. I, II) due to their
high frequency among Europeans and therefore, ipso facto, links to major
demographic processes.

The phylogeographic spread of haplogroup Rla (Figure 3; ref. II) continues
to puzzle researchers, and the source area of haplogroup Rla dispersals remains
to be determined. With the aim of discovering informative SNP markers that
would allow the separation of the regional sub-clusters of R1a, more than 2000
Y chromosomes belonging to haplogroup R1a were analysed (ref. II). A largely
European-specific sub-clade of the haplogroup, defined by the SNP M458, was
identified, marking the onset of geographically informative sub-divisions of
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Rla (Figure 3; ref. II). The high frequency (maximum around 30% in Poland)
and relatively low diversity of R1a-M458 in East Europe suggest a founder
effect. According to the coalescence time estimate of the clade the founder
effect falls into the early Holocene period, 7.9 + 2.6 kya, although based solely
on the M458 carriers in Poland, where the frequency of the SNP is highest, it
occurred earlier, 10.7 + 4.1 kya. These dates fall into a juncture period between
the Mesolithic and early Neolithic in Europe, not allowing for a straightforward
connection of the founder effect to any particular culture. The fact that the
spread of Rl1a-M458 is limited to Europe excludes the possibility of any
significant patrilineal gene flow from Europe to Asia, at least since the mid-
Holocene.

R1a-M17 e .Difg_x_/; e =

Frequency (%) of M17 Y-Chromosomes.

0 5 10 20 30 40 50 60

e S~

-------------- Expansion time of M458 Y-Chrod
— . mosomes (KYA, median 7.2)
"“\ R
| -
——_\—-‘:f./_‘-‘—-" 0 25 50 75 10
=
) = o
5 =
<7 2 o
2 . =
) ) R -
. .
S .
S b \\,u :Lb
P

Frequency (%) of M43 Y-Chromosomes.

- T D i 0 5 10 15 20 25 30 35

Figure 3. The phylogeographic distribution of the Y chromosome haplogroup Rlal
defined by the marker M17, and its sub-clade defined by the marker M458. Modified
from ref. II.

38



The phylogeographic distribution of haplogroup R1b is more ‘traditional’ — its
main European sub-clade defined by the SNP M269 exhibits a clear west-to-
east cline and does not extend far outside Europe at notable frequencies (Figure
1d in ref. I). Haplogroup R1b probably originated in West Asia, its initial
differentiation there followed by a rapid spread of the M269 sub-clade to
Europe, where it has reached very high frequencies among West Europeans
(over 80% in the British Isles and almost 100% in western Ireland) (Figure 1d
in ref. I). However, the level of resolution of M269 does not allow for a detailed
examination of the past demographic processes linked to this major western
European haplogroup, and therefore 2043 M269-derived men from West Asia
and Europe were analysed to discover SNP markers that would define
geographically informative sub-divisions of R1b (ref. I).

It was found that the M412 SNP largely separates the majority of Central
and West European RI1b lineages from those observed among eastern
populations, representing a major founder effect in West Europe (Figure 4;
Figure 1f in ref. I), estimated to have occurred 8.8 + 1.7 kya, which is con-
siderably more recent than a possible post-LGM re-expansion from the Iberian
refugium proposed by Semino et al. (2000), especially taking into account that
the methodology used generally overestimates coalescence times (discussed in
more detail in the literature overview section “Estimating TMRCA in Y
chromosome studies”).

The R1b-M412 assemblage is split into several SNP-defined sub-clades with
different regional distributions in Europe (Figure 1g—o in ref. I). The frequency
pattern and expansion time estimate of a major R1b-M412 sub-clade, defined
by the SNP S116, closely approximate the spread of the Linear Pottery
Neolithic culture in Europe (Figures 1j and 2 in ref. I). Three sub-haplogroups
of the S116 assemblage exhibit further geographic localisation, with the
S116*(xU152,M529) branch being most frequent in Iberia (Figure 1k in ref. I),
the U152 clade in Switzerland, Italy, France and western Poland (Figure 11 in
ref. I), and the M529 branch having the highest occurrence in the British Isles
(Figure 1m in ref. I). While the whole S116 assemblage is generally distributed
west of the Rhine River, its sister-clade U106 is more frequent east of the
Rhine, being spread around the North Sea (Figure 1i in ref. I). While one or
more branches within the M412 assemblage are likely associated with Neolithic
events, more complex pre-Neolithic scenarios remain possible for the Rl1b
lineage outside the M412 clade, defined by the SNP L.23 and spread in East
Europe, the Circum-Uralic region, the Near East, the Caucasus and Pakistan
(Figure 4; Figure le in ref. I).

An analysis of 9 Y-STR loci associated with 840 R1b chromosomes resol-
ved just to the level of M269 concluded that all such chromosomes in Europe
reflect a recent genetic heritage that was uniformly introduced by farmers
migrating from West Anatolia (Balaresque et al. 2010). However, a look at
haplogroup R1b at a deeper phylogenetic and phylogeographic resolution level
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offers a more complex picture of the post-glacial formation and expansion of
populations in Europe (ref. I).
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Figure 4. The phylogeographic distribution of two sub-clades of the Y chromosome
haplogroup R1b, defined by the markers M412 and L23. Modified from ref. L.
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Novel SNP markers M458 and M412 define major European-specific sub-
clades, likely associated with Neolithic expansions, in Y chromosome haplo-
groups Rla and R1b, respectively, providing a refined picture of the phylo-
geographic distribution of these two haplogroups that comprise about half of the
European male gene pool.
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5.2. The Caucasus and its role
in human dispersals in Eurasia (ref. 1ll)

The geographic position of the Caucasus between the Near/Middle East and
East Europe and its high ethnic and linguistic diversity raise the questions of
how the region was peopled and which later prehistoric and historic migrations
to and from it may have occurred, and to which extent the present-day
remarkable linguistic diversity is reflected in the genetic variation of the
Caucasian populations. The results of the present study, the first synthesis of
autosomal, Y chromosome and mtDNA variation in populations from all major
sub-regions and linguistic phyla of the Caucasus, attempt to answer these
questions.

The populations of the Caucasus, irrespective of their linguistic differences,
show the lowest autosomal Fsr distances to one another, followed closely by
their distance to the populations of the Near/Middle East, Turks in particular
(Figure 1B in ref. III). Autosomal, mtDNA and generally also Y chromosome
variation in the Caucasus follows geography rather than language, the only
exception being the Nakh and Dagestanian language speakers who differ
considerably both from each other and the rest of the Caucasian populations due
to the unique structure of Y chromosome haplogroup frequencies in Dagestan,
but this distinction is not supported by autosomal or mtDNA data (Figure 1C
and Supplementary Figures S7 and S8 in ref. III). This evidence of a surprising
homogeneity and geography-based clustering in the genetic data of a linguisti-
cally diverse region disagrees, to some extent, with the view of gene—language
co-evolution in the Caucasus (Balanovsky et al. 2011), suggesting rather that
the basic aspects of the genetic structuring of the Caucasian populations have
formed before its present-day linguistic diversity, including the language
families autochthonous to the region, arose. On the other hand, the sharp
contrasts in the variation of paternal lineages detected between the North
Caucasus populations both by Balanovsky et al. (2011) and in the present study
most likely reflect strong founder event(s) and random genetic drift in general,
probably combined with social practices in mating.

However, there is a noticeable lapse in the concordance of genetic data and
geography between the North Caucasus and the East European Plain — several
analytical methods reveal a sharp border, evident from both autosomal and Y
chromosome data and contrasting the continuous transition from the Near/
Middle East to the Caucasus. Indeed, while a range of low genetic distances can
be observed starting from the populations of the Levant and Syria and
proceeding along the western coast of the Black Sea: from Turks to Bulgarians,
to Romanians, to Ukrainians, to Russians, ending with Mordvins on the East
European Plain, it does not extend through the Caucasus (Figure 1B in ref. III).
Modelling genetic distances based on geographic distances, multiple regression
analysis revealed that the best fit of the observed autosomal Fgr distances
between populations to the model was achieved with the assumption of a
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Caucasus barrier (Supplementary Table 2 in ref. III). The genetic discontinuity
is observed between the populations of the North Caucasus and the East
European Plain, not at the High Caucasus Mountain Range. It is possible that a
putative post-LGM northward progression of people was halted due to pre-
existing habitation of the East European Plain by relatively numerous hunter-
gatherer tribes autochthonous to the steppe belt. It may have been additionally
inhibited by the Khvalynian transgression, a connection between the Black and
Caspian Seas dated 12-14 kya (Badyukova 2007; Svitoch 2009) which may
have served as a natural barrier.

The combined autosomal and gender-specific genetic variation of the Cau-
casian populations testifies to their predominantly Near/Middle Eastern descent,
and reveals much greater genetic uniformity and, therefore, deep shared genetic
ancestry, between the populations than might be expected from a region of deep
linguistic and cultural diversity. The genetic discontinuity between the North
Caucasus and the East European Plain, contrasting with continuity through
Anatolia and the Balkans, suggests that the movement of people from the
Near/Middle East to Europe took place around the western flank of the Black
Sea and not through the Caucasus.

5.3. The application of Y chromosome STR loci
of increased repeat unit size in population
genetic studies (ref. V)

Compared to di-, tri-, and tetranucleotide repeats, Y chromosome STRs with
longer repeat units occur more rarely and are less commonly used in population
genetic and evolutionary studies. Previous estimates of ‘evolutionary’ mutation
rate have set it about twice as high for dinucleotide STR loci compared to tri-
and tetranucleotide repeats (Zhivotovsky et al. 2000; Zhivotovsky et al. 2004).
It is intuitively obvious that the mutation rate of Y chromosome penta- or
hexanucleotide STRs should be lower than that of STR loci with smaller repeat
unit sizes, since replication slippage, the mechanism of repeat count changes of
STRs, is less likely to occur in case of longer repeats. In order to estimate the
scale of genetic variation of penta- and hexanucleotide Y-STRs and to compare
their mutation rate to that of Y-STRs of smaller repeat unit size, this study
analysed 1 tri-, 14 tetra-, 7 penta-, and 2 hexanucleotide Y-STR loci in 148
samples from diverse human populations, representing all the major Y chromo-
some haplogroups of the world (ref. IV). The study included too few tri- and
hexanucleotide markers to make any definitive statements about them, but they
were grouped together with tetra- and pentanucleotide markers, respectively,
due to similar behaviour.

Both the average repeat variance and the average diversity of penta- and
hexanucleotide markers were approximately two times lower than those of tri-
and tetranucleotide STRs, an observation that was consistent through the use of
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different data sets and haplogroups within the data of this study (Table 2 in ref.
IV). Another variable — repeat count — also seemed to have an effect on marker
variation, especially on repeat variance (higher repeat variance corresponding to
higher repeat count), confirming previous results (Kayser et al. 2004) and
making it impossible to state definitively whether STR marker variation, and
hence mutation rate, depends on repeat unit size or repeat count (or both).

Perhaps more important than the mutation rate, which is known to vary
widely among Y-STRs in any case (discussed in more detail in the literature
overview section “Estimating TMRCA in Y chromosome studies”), are other
features of penta/hexa markers that underline their applicability in population
genetic and evolutionary studies. The penta- and hexanucleotide Y-STRs are
more clock-like in their behaviour, their mean variance in better concordance
with the age estimates of younger versus older clades than that of tri- and
tetranucleotide markers (Table 4 in ref. IV). Penta’hexa STRs also surpass
tri/tetra loci in the ability to distinguish Y chromosome haplogroups and, in
some cases, subdivisions within haplogroups, without SNP data (Figures 1 and
2 in ref. IV). These characteristics, together with the slower locus saturation,
apparently result from the lower rate of evolution of Y-STRs with longer repeat
units, and even if their exact mutation rate and the age estimates based on it are
subject to debate as is the case with all Y-STR markers, these features make
Y-STRs of increased repeat unit size well applicable in evolutionary studies,
perhaps even more so than their counterparts with shorter repeat units.

The new information on penta- and hexanucleotide Y-STRs can now be
applied in wider population genetic research; however, time is required to type
markers with longer repeat units in enough global populations to gather a
sufficient amount of comparable data.
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6. CONCLUSIONS

The mutation M458, representing a founder effect around the Mesolithic/
Neolithic transition in Central and East Europe, separates most of the
European Rla carriers from the spread of this Y chromosome haplogroup
that spans from South Asia to Siberia and Europe.

In West Europe, another major Holocene era founder effect is denoted by
the mutation M412 within the Y chromosome haplogroup R1b, and the
spatial and temporal pattern of a sub-clade within R1b-M412 is in close
correlation with the spread of the Linear Pottery Neolithic culture.
Populations of the Caucasus are autosomally much more uniform than might
be expected from their diverse linguistic and ethnic backgrounds. Conver-
sely, the variation of Caucasian Y chromosome lineages exhibits sharp
differences between populations and sub-regions, likely due to founder
effects and genetic drift in (patrilineally) isolated populations.

The Caucasus has not served as a corridor for the movement of people from
the Near/Middle East to East Europe or to Europe in general. Instead, there
is a genetic continuity from the Near Eastern to East European populations
along the western coast of the Black Sea, suggesting a predominant
trajectory of the flow of genes and humans.

Y chromosome STRs with longer repeat units have a lower rate of evolution,
in some cases making them better suited for population genetic studies than
their counterparts with shorter repeat units.
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SUMMARY IN ESTONIAN

Erinevad geneetilised perspektiivid inimajaloole
Euroopas ja Kaukaasias: lood, mida radgivad
haploidsed ja autosomaalsed markerid

Inimese demograafilise ajaloo uurimiseks kasutatakse laialdaselt geneetilisi
andmeid. Juba paarkiimmend aastat on lébi viidud emaliinis paranduva mito-
kondriaalse DNA (mtDNA) ja isaliinis pdranduva Y-kromosoomi pdhiseid
uuringuid, viimasel ajal on lisandunud iilegenoomsete markerite tiipiseerimine.
Lahitulevikus on oodata hulgaliselt — populatsioonide tasandil — genoomide
tdisjarjestusi, aga juba praegu mdédratakse paljudel proovidel rutiinselt sadu
tuhandeid punktmutatsioone (single nucleotide polymorphism, SNP) iile kogu
genoomi.

Euroopa praeguse geneetilise struktuuri kujunemine on laiaulatuslik ja intri-
geeriv kiisimus, mida on pikka aega uuritud, sh nii selle maailmajao algset asus-
tamist anatoomiliselt moodsa inimese poolt, viimase jddaja jargset taasasusta-
mist refuugiumitest kui ka neoliitilist revolutsiooni, st pdllumajanduse levimist
Lahis-Idast. Seni pole joutud iiksmeelele, kas iileminek pollumajandusele
toimus peamiselt kultuuriliselt voi hdlmas ka rahvastiku ulatuslikku vahetumist.
Kéesolevas t60s analiilisiti Ladne-Euraasia, sh Euroopa geneetilist struktuuri
Y-kromosoomi andmete pdhjal, kisitledes haplogruppe Rla ja R1b, mis on
Euroopas sagedased (umbes 50% Euroopa meestest kuulub neid lihendavasse
haplogruppi R), kuid vastandliku levikuga — R1a on korge sagedusega Ida- ja
R1b Léédne-Euroopas. Rla levik ei piirdu aga Euroopaga, ulatudes India ja
Siberini.

Kaukaasia, mégine piirkond Musta ja Kaspia mere vahel, mis on silmatorkav
korge etnilise, kultuurilise ja keelelise mitmekesisuse poolest, pakub koigepealt
huvi seoses kiisimusega, kuivord peegeldub see mitmekesisus piirkonna popu-
latsioonide geneetilises struktuuris. Samuti on intrigeeriv Kaukaasia roll ini-
mese rannetes Euraasias, sh Euroopa asustamises. Kéesolevas t6os kasutati
Kaukaasia populatsioonide uurimisel esmakordselt nii mtDNA, Y-kromosoomi
kui ka autosomaalsete SNP markerite andmeid.

Y-kromosoomi haplogruppide dateerimiseks kasutatakse lithikesi tandeem-
seid kordusjérjestusi (short tandem repeats, STR). Laialdaselt on kasutusel
kolme- ja neljanukleotiidsete kordustega STR markerid, samas kui pikemate
kordusiihikutega markereid pole pohjalikult uuritud.

Kéesoleva t60 esimeseks eesmérgiks oli esiteks analiilisida detailselt
Y-kromosoomi haplogruppide Rla ja RI1b fiilogeneesi ja fiilogeograafiat,
saamaks tidpsemat ettekujutust Léddne-Euraasia populatsioonide isaliinide
geneetilise varieeruvuse mustri kujunemisest vorreldes seni teadaolevaga.
Teiseks eesmérgiks uurida koiki Kaukaasia alampiirkondi ja keeleriihmi esinda-
vaid populatsioone ning vorrelda neid naaberalade populatsioonidega, et
hinnata, kuivord kajastub Kaukaasia suur etniline ja lingvistiline varieeruvus
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geneetilistes andmetes ning milline on olnud selle piirkonna roll inimese rdnne-
tes Euraasias. Too kolmandaks eesmirgiks oli vorrelda viie- ja kuuenukleo-
tiidsete kordustega Y-kromosoomi STR markereid sagedamini kasutatavate
kolme- ja neljanukleotiidsete markeritega, et hinnata nende mutatsioonikiirust ja
sobivust populatsioonigeneetilisteks uuringuteks.

Kéesoleva t60 tulemuste pohjal formuleeriti alljirgnevad pohilised jirel-

dused:

Mutatsioon M458 Y-kromosoomi haplogrupis R1a esindab mesoliitikumi ja
neoliitikumi iilemineku aegset asutajaefekti Kesk- ja Ida-Euroopas. Haplo-
grupp Rla on levinud Louna-Aasiast Siberi ja Euroopani, M458 on iiks
esimesi markereid, mis on informatiivne selle geograafilise alajaotuse suh-
tes, eristades enamiku haplogruppi kuuluvatest eurooplastest.
Ladne-Euroopas mirgib olulist holotseeni perioodi asutajaefekti mutatsioon
M412 Y-kromosoomi haplogrupis R1b. Uhe R1b-M412 alamklaadi ajaline
ja sagedusmuster korreleerub hésti neoliitilise paelkeraamika kultuuri levi-
kuga.

Kaukaasia populatsioonid on autosomaalselt palju iihtsemad, kui nende
mitmekesise etnilise ja lingvistilise tausta pohjal eeldada voiks. Samas
esineb Kaukaasia isaliinide varieeruvuses jirske erinevusi populatsioonide ja
alampiirkondade vahel, mille pohjuseks voib pidada asutajaefekte ja geneeti-
list triivi (isaliinis) isoleeritud populatsioonides. Geneetiliselt on kaukaas-
lased koige ldhedasemad Liahis-Ida populatsioonidele, mis viitab Kaukaasia
asustamisele Lahis-Idast.

Pohja-kaukaaslaste ja geograafiliselt nende ldhedal elavate Ida-Euroopa
populatsioonide vahel on nii Y-kromosoomi kui ka autosomaalsete andmete
pohjal oluline geneetiline erinevus. Sellest voib jareldada, et Kaukaasia ei
ole olnud koridoriks inimeste liikumisel Léhis-Idast Ida-Euroopasse ega
Euroopasse iildiselt. Seevastu on mdirgatav sujuv geneetiline iileminek
Léahis-Idast Ida-Euroopasse piki Musta mere lddnekallast, mis viitab pea-
misele geenivoolu trajektoorile.

Pikemate kordusiihikutega Y-kromosoomi STR markerid evolutsioneeruvad
aeglasemalt, mis muudab need moningatel juhtudel populatsioonigeneeti-
listeks uuringuteks sobivamaks kui lithemate kordusiihikutega markerid.
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