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Abstract

The transition from hunting to farming started in the Fertile Crescent of the Near East,
about 12 thousand years ago (kya). During the following millennia, farming spread across
Europe largely due to migrations of people from a source in western Anatolia. The aim of
this thesis is to investigate and assess the relative contribution of local hunter-gatherers and
dispersing farming groups in a region of Western Europe where the archaeological evidence
suggests potential complexity. In order to do so, two parallel approaches were carried out: i)
the study of human remains from three archaeological sites in Belgium; and ii) a broader
phylogeographic analysis of modern mitochondrial DNA sequences belonging to haplogroup
HV.

Here | report the first genome-wide analysis of one Mesolithic and 32 Middle to Late
Neolithic Belgian individuals. The Mesolithic individual was largely similar to other Western
European Mesolithic and Late Palaeolithic samples. However, within the Neolithic group |
observed two genetic clusters. The first cluster appears to be the result of an admixture
between local Mesolithic hunter-gatherers and Neolithic farmers of Anatolian descent.
However, the Mesolithic component was much larger than seen to date in other west
European Neolithic samples, with a possible sex bias towards local males carrying Y-
chromosome haplogroup | and dispersing females. The second, less numerous genome-wide
cluster revealed admixture from a Pontic-Caspian Steppe related population, further
indicated by the presence of Y-chromosome R1b-M269.

The phylogeographic analysis of modern mitochondrial haplogroup HV confirmed an Upper
Palaeolithic Near Eastern origin. The new findings suggest an early introduction of several
HV lineages into the north coast of the Mediterranean from the Late Glacial onwards, which
increased during the Neolithic. In particular, the Mediterranean area appears to have served
as a reservoir of HV lineages and as a source of later migrations in both the Neolithic and the
Bronze Age.
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1. INTRODUCTION

1.1 Brief history of Genomics

Genomics is a major and fast evolving branch of genetics which focuses on the sequencing
and analysis of the genome of an organism. However, it is hard to unequivocally pinpoint a
single starting point to genomics. Undoubtedly two events could be considered as the origin
of modern genomics: in 1944 Avery and colleagues (Avery et al. 1944) identified the
deoxyribonucleic acid (DNA) as the hereditary material contained inside the cell nucleus,
and in 1953, Watson and Crick described its double helix structure (Watson and Crick 1953).
The backbone of each strand of DNA, which forms the double helix, is represented by a
chain of deoxyriboses linked to each other by phosphodiester links. On each sugar, one of
the following bases is attached: adenine (A) or guanine (G) (purines), thymine (T) or cytosine
(C) (pyrimidines). The two strands are kept together by the formation of hydrogen bonds
between complementary bases: double bonds between T and A, and triple bonds between
G and C. The duplication of the DNA is a process regulated by an enzyme called DNA
polymerase. It was first discovered in 1956 by Kornberg (Kornberg et al. 1956). Inside the
cells, there are repair mechanisms which correct possible “errors” introduced by the
polymerase during replication. If these errors escape the repair mechanisms, the resulting
genetic material is different from the original and this change is called mutation. These

discoveries paved the way to everything we know today.

In 1977, Sanger completely sequenced the first genome, bacteriophage ¢X174, using the
dideoxy-sequencing technology (Sanger and Coulson 1975; Sanger et al. 1977). Since then,
the Sanger method has been the most used sequencing method. However, over the last
decade, there has been a progressive shift towards new sequencing methods, generally
referred to as next-generation sequencing (NGS). Compared to the “first generation”
sequencing, the efficiency of NGS techniques is hugely improved while the costs are

reduced.

In 1986 another groundbreaking “invention” drastically improved the world of molecular
biology: the polymerase chain reaction (PCR) by Mullis and colleagues (Mullis et al. 1986).

The PCR is a technique that consists of the repeated copying of a desired region of a DNA

16



molecule, generating millions or more copies of that segment. The copying is carried out by
the purified thermostable DNA polymerase of Thermus aquaticus, and relies on thermal
cycling: during which the mix of DNA molecules and DNA polymerase is cyclically melted and
cooled to promote the replication of the target DNA. The selective replication is achieved
thanks to the careful design of primers (short single stranded DNA fragments) containing
sequences complementary to the target region. As PCR progresses, the amplified DNA is
used as a template for additional cycles of replication, triggering a chain reaction in which

the DNA template is exponentially amplified.

1.2 Population Genetics

Mutations are the building blocks of evolution. They can be then, passed to the offspring
and represent the primary mechanism to introduce variation in a population. Studying this
variation can reveal the history of a species, help tracing its origin and dispersals, and detail
how it has adapted to different environments and, in the case of humans, to different
lifestyles. Many of the differences between individuals are expressed in the form of isolated
base substitutions, also called single-nucleotide polymorphisms (SNPs). Each individual
carries an accumulated collection of SNPs, reflecting mutations that occurred in their
ancestors during time. These substitutions can be classified in different categories. If a
purine is replaced by another purine or a pyrimidine by another pyrimidine the resulting
mutation is called transition. If the change is, instead, purine to pyrimidine or vice-versa, the
mutation is called transversion. Errors in the sequence can also be represented by insertion
or deletion of one or more nucleotides (indels). The site in the genome where these possible

variants coexist is called locus and the different variants are defined as alleles.

“A population is an interacting and interbreeding group of individuals of the same species
inhabiting the same geographical area” (Mayr 1982). A population that has passed through
a bottleneck, or has been isolated for a certain amount of time, will show a reduced genetic
variation. The genetic evolution of a population, and its gene pool, can be determined by
different factors: i) generation time, defined as the time separating two generations of the
same population, to a faster generation time corresponds a faster evolutionary rate; ii)

selection: certain alleles can confer advantages of any kind to an individual or population in
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specific environments, those alleles will be subject of positive selection, this means that they
will be preferentially represented in future generations, and thus increase their frequency in
the population over generations; vice-versa, alleles which confer a disadvantage will be
negatively selected in the population and possibly disappear over a certain number of
generations; iii) genetic drift, a stochastic mechanism which strongly affects allele

frequencies, it can counteract the effects of selection.

1.3 Ancient DNA studies

The term ancient DNA (aDNA) defines all the genetic material extracted from degraded
biological samples, like bones, teeth, hair, seeds or various tissues, generally older than 100
years (Cabana et al. 2013). Differently from the use of modern genetic data to infer
hypotheses on the past, aDNA gives the advantage of providing a direct view of the genetic
pattern at that given point in time. This allows researchers to formulate new hypotheses
regarding genetic affinities between ancient individuals or populations and to test and verify

those that have been formulated only using modern populations.

Due to its unique characteristics, the mitochondrial DNA played a crucial role in the
development of aDNA studies. First, compared to the nuclear genome, its limited dimension
and complexity made it an easier target for sequencing and screening at a reasonable cost.
It is believed that its circular structure makes it less accessible to exonuclease enzymes and
so its decay rate over time in post-mortem specimen is reduced (Schwarz et al. 2009;
Allentoft et al. 2012). Ancient DNA was first used in 1984, sequencing fragments of
mitochondrial DNA extracted from the remains of the Quagga, an extinct member of the
Equus genus (Higuchi et al. 1984). Its use was rapidly extended on many different species,
including humans in 1985 (Padbo et al. 1985), although this early human work suffered from
contamination. The first studies on complete mitochondrial genomes arrived a few decades
later, with the publication of ten Siberian mammoth genomes by Gilbert and colleagues
(Gilbert et al. 2007) and the first ancient human from Europe by Ermini et al. (Ermini et al.
2008). In the last decade, with the innovative introduction of NGS techniques,
understanding of DNA structure, damage pattern, contamination and source material for
the extraction of DNA, it has become possible to sequence not only the entire mtDNA but

even the nuclear genome. Rasmussen and colleagues in 2010 sequenced the first complete
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ancient human genome belonging to a 4000 years old paleo-Eskimo from Greenland,

extracted from a tuft of hair (Rasmussen et al. 2010).

Typically, aDNA is characterised by a variable degree of degradation which starts right after
the death of the organism by the action of endogenous nucleases, not regulated anymore
by the cell repair mechanism, or by external organisms (like bacteria or fungi) (Hofreiter et
al. 2001). Other examples of post-mortem damages are fragmentation and deamination
(Paabo 1989). With the innovative use of NGS it was possible to better understand the
causes of this fragmentation. Experiments using known adapters, ligating at both ends of
each DNA fragment, helped the identification, during the alighnment process, of the bases
right next to them. The study of Briggs et al. revealed the presence of an over-
representation of purines next to the 5’ ends, this is caused by a chemical reaction called
depurination, where the bond between a sugar and a purine (adenine A or guanine G) is
broken (Briggs et al. 2007). The presence of a newly formed apurinic site causes the
activation of a class of enzymes which cleaves the bond between the sugar and the
phosphate resulting in single-strand breaks (Pddbo and Wilson 1991) (Figure 1A).
Deamination, instead, is a process where the amine group of a nucleotide is cleaved by
hydrolysis causing an apparent base transition (Gilbert et al. 2007; Brotherton et al. 2007).
Studies showed that the rate of deamination increases towards the ends of the sequence
and typically involves citosine, thus producing uracil (Figure 1B). For this reason, a treatment
with UDG (uracil-D-glycosylase) is usually recommended since it excises deaminated
cytosines and therefore reduces the amount of damage-induced nucleotide sustitutions
(Paabo 1989; Hofreiter et al. 2001). In aDNA studies, it is common practice to not consider
nucleotide transitions during the SNPs calling due to the high risk of false substitutions
caused by DNA damage (Orlando et al. 2015; Kivisild et al. 2017). However, this approach

leads to a severe loss of data.
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Figure 1. (A) Fragmentation of DNA by depurination. Hydrolysis of the bond between a sugar and a purine (adenine or
guanine) resulting in an abasic site. The DNA strand is cleaved through 8 elimination. (B) Deamination process of cytosine
into uracil (Dabney et al. 2013).

The rate of decomposition of a body is deeply influenced by the environment where the
organism dies (Lindahl 1993). Cold, dry and low-radiation conditions favour DNA
preservation by slowing the processes described above, so specimen retrived from high
latitudes areas, especially those found in permafrost or buried deep inside caves and
protected from the action of external agents, like water, hold the highest percentage of
endogenous DNA. The term “endogenous DNA” defines all the genetic material belonging
specifically to that organism, in ancient biological remains the percentage of endogenous
DNA can vary significantly. The DNA extracted from ancient remains is a mixture of
endogenous and exogenous DNA, with the latter mainly deriving from plants, fungi, bacteria
and other organisms colonising the remains post-mortem. The exogenous DNA, source of
contamination, can be distinguished in two categories: I) modern DNA contamination
caused by the lack of precautions in handling the samples, relatively easy to identify and
isolate due to the absence of the aDNA features described above; Il) aDNA contamination,
very hard to identify especially when the source of contamination belongs to the same
species of the target. MtDNA is often used to determine the degree of contamination by
identifying how many mtDNA lineages are present after a preliminary sequencing screening

of the sample.
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Typically the best target to retrieve the highest amount of endogenous DNA in an ancient
human remain is the petrous bone (Figure 2) (a part of the temporal bone) due to its
elevated density and its position protected inside the skull by external degrading agents
(Pinhasi et al. 2015; Hansen et al. 2017). However, this is not true for mitochondrial DNA, as
the petrous bone has a reduced cellular activity and so the mitochondria are not extremely
abundant (they are involved in the production of energy). As reported in a study in 2015,

teeth are the best target for an overall DNA retrieval (Higgins et al. 2015).

Figure 2. Human petrous bone.

1.4 Molecular Phylogenetics

Molecular phylogenetics aims to investigate the evolutionary history of a species by
identifying relationships between DNA sequences or molecules. The tenet of phylogenetics
is genetic variability, without it no explicative information can be extrapolated. One of the
best procedures to illustrate evolutionary relationships is through a phylogenetic tree.
Resembling the shape of a tree with a body and various branches, phylogenetic trees can be
used to explain variability inside a specific population or among species, more or less

related.

Mitochondrial DNA has been for many years the only tool to study the genetic history of
species and the preferred candidate for phylogenetic studies; because of its main
characteristics: i) high evolutionary rate, even in a rather short timeframe it can accumulate

mutations and differentiate a numerous haplotypes, defined as a combination of alleles
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present on different loci that are transmitted as a single unit; ii) small size, making it an easy
target to analyse (although this has become less relevant with the advent of NGS
technologies) and iii) the lack of recombination, that allows mitochondrial DNA sequence
variation to arise uniquely from the sequential accumulation of new mutations along the
maternal line of descent. During the course of time, this process has given rise to
monophyletic units or clades. Thus a clade is a group of haplotypes that share a specific set
of variants inherited from a common ancestor; a named clade is also called haplogroup. A
paragroup, instead, refers to all the lineages within a haplogroup that are not defined by

“uxn

additional mutations. Paragroups are generally marked by a following the haplogroup’s

name (e.g. HV*).

With regards to our species, the process of differentiation occurred mainly when modern
humans were colonizing different regions and continents, so haplogroups and sub-
haplogroups tend to be restricted to specific geographic areas and populations. Using a
molecular clock, based on the time when the split between the genera Homo and Pan
occurred, and the mutation rate of the DNA molecule, it is possible to estimate the age of a
node or the moment in time when two haplogroups diverged, the so called coalescent age
(Soares et al. 2010). Therefore, when the interpretation of genetic data allows the analysis
of the diversity and geographical distribution of the lineages, precise information about the
demographic history can be drawn, especially about the phenomena of expansion,
migration and dispersal of lineages, and by proxy of populations carrying those lineages.
This approach is commonly referred to as "phylogeographic approach" (Avise 2000;
Templeton et al. 1995). Phylogeography is the phylogenetic analysis of geographically
distinct genetic data to prove hypotheses regarding possible relationships among
populations, species distributions, and the mechanisms of speciation. A phylogeographic
study should therefore be interdisciplinary: data from molecular biology, population
genetics and phylogenetic analyses have to be combined with data coming from
climatology, ecology, geography, demography, history, archaeology, anthropology, and
linguistics in the case of humans. In the last few years, phylogeographic studies concerning
mammalian species have proliferated, and the main reason for this rapid growth is the
increasing level of molecular and phylogenetic resolution made possible by the

development of NGS methods mentioned above.
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1.5 Mitochondria

The mitochondria are double-membraned intracellular organelles with an inner membrane
enclosing the matrix and an outer membrane delimiting the perimembrane space (Figure 3).
Every eukaryotic cell contains from one to several hundred of mitochondria, each with a

variable number of mitochondrial DNA (mtDNA) molecules.

Mitochondria are involved in several cellular functions. They play a part in intracellular
signalling and apoptosis and in the metabolism of aminoacids, lipids, cholesterol, steroids

and nucleotides. The most important function is related to cellular energy metabolism.

FoF, complexes

Intermembrane Cristae
space
Outer Cristae junctions
membrane

Inner
membrane

Figure 3. Structure of a mitochondrion. (Molecular Cell Biology, Sixth Edition, 2008 W.H. Freeman and Company)

1.5.1 Mitochondrial genome organization

The first human mtDNA complete sequence was published by Anderson et al in 1981 thus
becoming the so-called Cambridge reference sequence (CRS) (Anderson et al. 1981). In 1999
Andrews and colleagues, re-sequenced the original mtDNA used by Anderson’s group
revealing a number of errors, leading to publish a new revised reference sequence (rCRS)
(Andrews et al. 1999). In 2012, a study by Behar and colleagues proposed the use of an
alternative reference for the human mitochondrial genome, the Reconstructed Sapiens
Reference Sequence (RSRS). The rationale behind this choice was to solve practical

problems during the classification of mitochondrial lineages using rCRS. Since rCRS belongs
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to a European lineage, H2a2al, during the haplogroup classification, and haplotype
analyses, mutations are called, to use a tree analogy, versus a leaf within a tree, instead of
its root. Because of this topology, all the mutations present between rCRS and the analysed
sequence must be taken into account. RSRS, instead, is placed at the putative root of the
human mitochondrial phylogeny, thus providing a clear identification of ancestral and
derived states of the alleles analysed in the sequences (Behar et al. 2012). Admittedly, from
an evolutionary perspective, the use of RSRS should be preferable to rCRS, however,
“reference sequence” and “ancestral sequence” are two distinct concepts with very
different functions. The replacement of rCRS with RSRS would imply that all haplotypes
called versus rCRS, since its establishment as reference sequence, should have to be re-
called, and the related discussions amended. This replacement would open the gates to
confusion and misunderstanding that would affect not only phylogenetic studies, but extend
to other disciplines such as medical genetics and forensics (Bandelt et al. 2013). Therefore,
despite the introduction of this new reference sequence, rCRS remains the most used

reference sequence for studies involving human mitochondrial DNA.

The human mitochondrial genome is 16,569 bp (base pairs) long, it is compact, lacks introns
and is almost entirely coding, with the exceptions of some non-coding regions interspersed
in the molecule (Figure 4). Perhaps the most notable of such sequences is the control region
(CTR, also called displacement loop or D-loop), which is involved in the regulation of
transcription and replication of the molecule. In human mtDNA the control region is 1,121
bp long and it starts from np (nucleotide position) 16,024 and it ends at np 576. This region,
in comparison with the rest of the genome, is highly variable. Until few years ago, mtDNA
population analyses were based almost exclusively on this region of the genome, useful for
screening entire populations. Now, with advanced technologies, these studies include full
mtDNA genomic sequences (and nuclear genomic data) to look into the complete variability

of a given population.
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The mtDNA encodes for 37 genes: 13 for subunits of the enzymes involved in the process of
oxidative phosphorylation, two for ribosomal RNAs (12S and 16S rRNA) and 22 for transfer
RNAs (tRNAs), which are needed for intra-mitochondrial protein synthesis (Table 1) (Boore
1999).

Table 1. Human mtDNA genes and products.

Gene Product ‘
COl, coll, coltll Cytochrome oxidase subunit I, Il and IlI
Cytb Cytochrome b
ND1-6, 4L NADH dehydrogenase subunit 1 to 6 and 4L
ATP6, ATP8 ATP synthase subunit 6 and 8
IrRNA Large ribosomal RNA subunit
srRNA Small ribosomal RNA subunit
tRNAs 18 amino acids-specific transfer RNAs
L(CUN) and L(UUR) Two leucine tRNAs
S(AGN) and S(UCN) Two serine tRNAs

1.5.2 Replication mechanism

The replication of mitochondrial DNA is a process that occurs independently from the cell
cycle. This genome is continuously replicated even in non-dividing tissues (Bogenhagen and

Clayton 1977; Birky 2001).
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The mechanism that regulates the mitochondrial replication is still under study and debated.

III

Currently there are two models: the “strand-asymmetric model” proposed by Clayton in
1982, postulates that mtDNA molecules replicate unidirectionally from two distinct origins.
According to this model, the replication starts at the origin of the heavy strand Oy with the
synthesis of a primary transcript that continues until the origin of the light strand replication
Ovis exposed. At this point, the light strand is synthesized in the opposite direction (Clayton
1982). The alternative model, proposed more recently in 2003, supports a “rolling circle”
replication mechanism, affirming that the replication of mtDNA begins in several origins in a
region between the D-loop and the ND4 gene. The replication then proceeds in both

directions completing the replication cycle. The light strand completes the cycle with the

ligation of Okazaki fragments (Bowmaker et al. 2003; Lightowlers 2012).

1.5.3 Mitochondrial DNA inheritance

Mammalian mitochondrial DNA is inherited along the maternal line and therefore it does
not undergo recombination (Giles et al. 1980; Macaulay et al. 1999; Sutovsky et al. 2000). It
was originally thought that paternal mitochondria do not enter the oocyte, since they are
localized in the spermatozoan tail and paternal mitochondria appear to be destroyed by
ubiquitination in a mechanism still partially unclear (Sutovsky et al. 2000). Under natural
conditions maternal inheritance is strongly controlled, however rare cases of paternal
transimission in humans have been recorded and studied (Awadalla et al. 1999; Schwartz et

al. 2002; Luo et al. 2018).

1.5.4 Heteroplasmy

As stated before, mammalian cells contain multiple copies of mtDNA. During the replication
process, these molecules can be target of mutations leading to the scenario that not all the
copies are identical. The presence of multiple mtDNA types within an individual is called
heteroplasmy. Originally heteroplasmy was believed to be associated to diseases, aging and
cancer (Monnat et al. 1985), however, recent studies have revealed that low level mtDNA
heteroplasmy appears even in healthy individuals (Irwin et al. 2009; He et al. 2010; Payne et
al. 2013). Heteroplasmic sites are typically individual-specific and eliminated by genetic drift,
however if they appear in the maternal germline they could go through a genetic bottleneck

and be passed to the offspring (Hauswirth et al. 1982). Even though the process is still not
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completely known, the reduction in the number of mitochondrial genomes occurs during
the embryogenesis of the female germ line, removing possible deleterious mutations from

the population (Cao et al. 2007; Cree et al. 2008; Samuels et al. 2010).

1.5.5 MtDNA phylogeny

The nomenclature system to define all the different human mitochondrial haplogroups was
established in 1993 when Torroni and colleagues identified the four main Native American
haplogroups A, B, C and D (Torroni et al. 1993). The nomenclature follows an alphanumeric
logic. Considering a hypothetical haplogroup A, its two sub-branches will be named Al and
A2. If the clade A1l contains three sub-clades nested within, they will be called Ala, Alb and
Alc, and so on (Richards et al. 1998).

The oldest branches, all sub-haplogroups of L, are geographically limited to the African
continent (Figure 5). The human variation outside Africa falls under the mitochondrial
macro-haplogroup L3 dated around 70 kya, then diverging into M and N both dated
between 50 and 70 kya (Soares et al. 2009; Behar et al. 2012). M is limited to the South and
East Asia and Oceania today. Haplogroup N, instead, is widely spread going from Asia, to the
American continents and Europe. Haplogroup U, nested within R, the main clade of N, is the
mtDNA haplogroup with the oldest coalescence age in Europe. However, U is not indigenous
of Europe and it is currently found in modern southern Asian populations (Achilli et al. 2005;
Soares et al. 2010). The spread or the extinction of some haplogroups in certain areas of the
world, or in specific populations, is often related to historical events, like haplogroup L3 with
the “Out of Africa” model, or the drastic increase in frequency of haplogroup HV in Europe
after the Neolithic revolution (see section 1.8.4 for further details). Currently, haplogroup H,
a sub-clade of HV, is the most common haplogroup in modern Europeans (Achilli et al.

2004).
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Figure 5. Complete human mitochondrial DNA phylogeny with present-day haplogroup distribution across the world and

coalescence ages (in kya) (Soares et al. 2009).
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1.6 Y chromosome

The Y chromosome is the male specific uniparental marker as it is passed from father to son.
It consists of two main regions: the MSY (male-specific region), which covers 95% of the
entire length of the chromosome, and two pseudo-autosomal regions at both ends of the
chromosome (Skaletsky et al. 2003). The recombination between the X and Y chromosomes
is limited to the pseudo-autosomal regions, while it is suppressed in the MSY, where all the

sex-determining genes are located (Graves 2006).

Consistent with the mitochondrial DNA phylogeny, the root of the Y chromosome tree
shows an extreme haplogroup variability mainly found in African populations, represented
by haplogroups A, B and DE (Cruciani et al. 2011; Mendez et al. 2013; Poznik et al. 2013; Wei
et al. 2013; Haber et al. 2019). The genetic variability of human populations in the rest of
the continents is limited to three main haplogroups, C, D and F (Hallast et al. 2014; Scozzari
et al. 2014; Karmin et al. 2015) (Figure 6). Specific sub-clades of C have been found in
hunter-gatherers and Neolithic farmers from Europe, possibly suggesting that this
haplogroup was more wide spread in Eurasia in pre-historic times (Scozzari et al. 2012;
Olalde et al. 2014; Mathieson et al. 2015). The biggest branch within F is represented by
haplogroup K. The distribution of haplogroup K is extremely widespread covering most of
the world from West Eurasia to the American continents. Similarly to the pattern shown in
the mitochondrial phylogeny, the distribution and frequency of certain Y chromosome
haplogroups is deeply related to specific events in history. A remarkable example is the
strong replacement of all the paternal lineages in Europe with the Yamnaya population
migration from the Steppe around 4.5 kya (see section 1.8.5 for further details). Prior to
that, European hunter-gatherers belonged mostly to haplogroup |. Haplogroup | derives
from the node 1J, brother of haplogroup K and its distribution is limited to the European
continent (Rootsi et al. 2004). During the Neolithic, European farmers were a mix of G2a, H2
and partly 12a (inherited by the local hunter-gatherers). With the arrival of the Yamnaya
there is a clear shift in the haplogroup frequencies, with the rise of a particular R1b clade,
called M-269. R1b derives from R, a branch within K. However, different R1b sublineages
were already present in Europe before the arrival of the Yamnaya, during the Late

Neolithic/Early Bronze Age, such as R1b-V88, found in two individuals from Italy
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(Epigravettian) and Iberia (Early Neolithic) (Haak et al. 2015; Fu et al. 2016). Today R1b-

M269 is the most common European Y chromosome haplogroup.
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Figure 6. Complete human Y-chromosome phylogeny with estimated ages. The dimensions of the triangles are proportional
to the sample size. The map in the upper part shows the geographic origin and Y chromosome haplogroup composition of
the 26 populations analysed (Poznik et al. 2016).

1.7 Human nuclear genome

The human genome has been completely sequenced, for the first time in 2004 by the
International Human Genome Sequencing Consortium. From there, it was possible to better
understand its structure and organization, we now know that it contains over 6 billion base
pairs (bp), distributed among the 46 chromosomes packed inside the cell nucleus. The
genome includes both (a surprising larger fraction of) non-coding DNA and protein-coding
DNA genes. The sizes of the human chromosomes are very heterogeneous, spanning from

almost 249 million bp in the biggest, chromosome 1, to 46 million bp for chromosome 21
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(Ludwig 2002). The information contained inside the chromosome can be analysed by

genotyping polymorphic sites spread over the whole genome.

The first genotypic study, in 1987, was based on a very limited number of markers and
individuals (Bowcock et al. 1991). In 2002 a project called HapMap aimed to develop a
haplotype map of the human genome. The catalog included SNPs involved in the
development of diseases and various phenotypes. Using eleven different populations across
the world, it was possible to compare the genetic variation and allele frequency in human
populations (The International HapMap Consortium 2003). In the last decade additional
international collaborations, such as 1000 Genomes Project and the Simons Genome
Diversity Project, helped to increase the knowledge regarding human genetic variation,
allowing in-depth studies between populations, within the same population and at
individual level. On average, more than 99% of the genome is identical across all humans.
Moreover, the private polymorphisms which characterise different populations are limited
to a very small portion of the variation and can be distinguished in common variants, which
evolved early during the history of humankind and so are shared among different

populations, and more rare variants, usually restricted to isolated populations (Figure 7).

Several approaches, such as ADMIXTURE analysis and Principal Component Analysis (PCA),
have been developed to analyse and estimate the ancestry of individuals or populations.
ADMIXTURE is a widely used software that applies a maximum likelihood approach to
estimate different ancestral components of individuals, from genotyped datasets (Zhou et
al. 2009). It is based on the same statistical model used by the previous software
STRUCTURE, however ADMIXTURE has a faster calculating algorithm and allows for larger
dataset to be analysed. PCA, instead, first used by Menozzi and colleagues in 1978 to study
European population structure (Menozzi et al. 1978), is a tool to analyse multiple genetic
variants by assigning them to fewer major components, which can then be graphically
displayed in a multi-dimensional plot, with the distance between the points reflecting the

relatedness among individuals (Novembre et al. 2008).
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Figure 7. Genetic variants across different human populations. The shades of the colours in the charts represents how
common the variants are, from very dark colour being private to a population, to dark grey being shared across all
continents (The 1000 Genomes Project Consortium 2015).

1.8 Homo sapiens origin and dispersal

1.8.1 Origin of modern humans and Out of Africa

Homo sapiens originated in Africa, possibly as early as 315 kya, date associated to the oldest
anatomically modern human found until now, located in Morocco (Hublin et al. 2017;
Richter et al. 2017). Anatomically modern humans (AMH) generally differ from other
members of the genus Homo, such as Neanderthals, for their lighther body build, structure
of the skull, weaker jaw structure and smaller teeth (Hublin et al. 2017; Stringer et al. 2017).
Several theories exist regarding the routes taken by human populations migrating out of the
African continent and the number of migrating events which took place. According to some
of them, based on palaeoclimatic studies, the Out of Africa was the result of a series of
multiple migrations. This scenario suggests that between 125 and 40 kya, several windows
of favourable climatic conditions occurred, transforming the land between northeast Africa
and the Arabian Peninsula into a green corridor, and allowing groups of humans to cross it

(Larrasoafia et al. 2013; Parton et al. 2015; Timmermann and Friedrich 2016).

It is possible to estimate a window of time during which the firsts modern humans left the
African continent using the coalescence ages of the mitochondrial haplogroup L3, clade
under which all the modern non-African human populations fall, and its main sub-clades.
The estimated age of L3, around 70 kya (79 kya if the 95% upper bound is considered),
represents the upper boundary, while the ages of haplogroups M and N, between 50 and 65

kya, represent the lower boundary (Soares et al. 2012; Mellars et al. 2013). According to this
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scenario, the successful Out of Africa migration that allowed the colonization of the world
took place in the range between 70 and 50 kya. However, a recent study by Pagani and
colleagues pointed at a small percentage of nuclear genome, around 2%, in modern-day
Papuans which could be the marker of an earlier and largely extinct out of Africa migration

(Pagani et al. 2016).

1.8.2 Peopling of Europe

It is not certain when AMH first arrived in Europe but thanks to archaeological discoveries, it
was possible to point their arrival around 45 kya. This date matches the discovery, made in
2003 by Trinkaus and colleagues, of the oldest European modern human remain in
Romania: Oase Man. Dated to around 37-42 kya (Fu et al. 2015), he was named after the
cave where he was found (Trinkaus et al. 2003). The oldest human remains from the entire
Eurasia, instead, is represented by Ust’-Ishim, from Siberia dated around 45 kya (Fu et al.
2014). Both individuals belong to the same Y chromosome haplogroup K. K is a sub-
haplogroup of F, “father” of most lineages spread all over Eurasia, Oceania and Americas
(Bergstrom et al. 2016). Their very early dating and affiliation with the root of the
haplogroup, whose coalescence age is around 50 kya (Poznik et al. 2016), suggest that Oase
Man and Ust’-Ishim belonged to the early waves of modern humans spreading over the
Eurasian continent. The same scenario is reflected in the maternal line, with both individuals
belonging to the macro-haplogroup N. Due to the highly fragmented DNA an accurate
classification within N was not possible for Oase Man, however, current data suggests that it
probably diverged earlier in the phylogeny and should be classified as pre-N; while Ust’-
Ishim has been further classified as belonging to mitochondrial haplogroup R. Both
haplogroups represent early offshoots of the human mitochondrial tree in Eurasia (Mellars

etal. 2013).

Although the Aurignacian complex is generally considered to be the first well documented
autochtonous cultural complex associated to AMH from Europe, recent discoveries point at
the so-called “transitional complexes” (TA) as the earliest evidence of AMH in Europe
(Hublin 2015). TA is chronologically placed between the Initial Upper Palaeolithic and the
rise of the Aurignacian and defines a group of lithic industries that includes Szeletian,
Lincombian-Ranisian-Jerzmanowician (LRJ), Chatelperronian and Uluzzian (Hublin et al.

2015). The Aurignacian culture, dated later than 40 kya, was named after a small town in
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the south of France, Aurignac, where the firsts archaeological remains were found (Mellars
2006; Hoffecker et al. 2009). Some features of this culture were the use of bone tools,
blades crafted using flints and the production of some of the earliest human-shaped
figurines and cave paintings, such as the ones at Chauvet cave in southern France (Soffer et

al. 1993; Chauvet et al. 1996).

Around 33 kya, another culture arose in Europe, the Gravettian. Similarly to the Aurignacian,
it was named after the archaeological site in southern France where it was first discovered.
The Gravettian has been identified all over Europe from Ukraine to Portugal (Marks et al.
1994). The Gravettians were skilled hunter-gatherers specialized in large game hunting, such
as mammoths, constantly moving to gather food (Kipfer 2000). They produced a variety of
ornaments and figurines, and implemented one of the first burial rite systems based on
offerings for the deceased (Trinkaus 2006). Between 17 and 11 kya, the Magdalenian culture
was widely spread across Western Europe and represented the climax of the Upper
Palaeolithic cultural development. Archaeological findings have retrieved abundant
examples of spear points and flint tools, and impressive cave art, some of the finest
European Upper Palaeolithic cave paintings are associated with this culture. However, it
seems that Magdalenian people were not only outstanding artists but also skilled hunters, in
particular of reindeers and bisons notably abundant towards the end of the Palaeolithic

(Schwendler 2012).

Close to the Last Glacial Maximum (LGM), a period during which ice sheets covered most of
North America, northern Europe and Asia, humans were forced to retreat towards lower
latitudes areas, such as the Mediterranean region, these zones are called glacial refugia. The
harsh climatic conditions had a deep impact on the environment, changes in sea level,
humidity and temperature and strongly affected floral and faunal populations (Birks and
Ammann 2000; Brooks and Birks 2001; Clark et al. 2009). Among the known refugia in
western Eurasia are the Franco-Cantabrian one, between the Iberian Peninsula and France,
the Alps, delimiting the Italian peninsula, the Balkans, Ukraine and the Near Eastern one
(Ashcroft 2010; Olson et al. 2012). The populations who took refuge in the favourable
climatic areas went through a genetic bottleneck, followed by expansion when they later
repopulated the entire continent (Wells et al. 2001). This caused a decrease in the genetic

variation and in the number of individuals, confirmed by the high values of runs of
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homozygosity (ROH) in hunter-gatherers individuals across Europe, compared to Neolithic

populations (Jones et al. 2015; Cassidy et al. 2016).

During the LGM in Europe, different cultures start to arise in the area of the known refugia,
such as the Solutrean culture between Iberia and France and the Epigravettian in the Italian
peninsula, Balkans and Ukraine. The Solutrean culture was characterised by the production
of a particular kind of bifaced flint point, used for hunting and as a tool, and remarkable
cave paintings (Hugh 1911). In the eastern part of Europe, instead, the Epigravettian
replaced the previous Gravettian culture. Covering a wide area of Eurasia, from Italy to
western Russia, this culture showed a degree of variability in the artefacts and tools that
reflected the distribution across diverse habitat, such as mollusk remains used probably as
decorations found in sites in Italy and the Balkans or ivory artifacts from mammoths in the
tundra in Ukraine. Overall, it was characterised by an intensive production of bladelets or
backed points (Kozlowski 1999; Olenkovskiy 2010). The Epigravettian lasted until 11.5 kya, a
a period of time marked by a warmer temperature, an increase of forested environments,

changes in the communities and the start of the Mesolithic period.

1.8.3 Mesolithic in Europe

The Mesolithic (literally, Middle Stone Age) was a period whose length varies geographically
but started with the rapid warming after the end of the Younger Dryas, at 11.5 kya. During
this time, Europe was inhabited exclusively by hunter-gatherer populations. They were
specialised in hunting game, such as aurochs, deer and wild boars, fishing and gathering
fruits and nuts (Zilhao 2000). They were socially organised in small and highly mobile
groups, with seasonal occupation of sites along rivers and shores (Stanko 2007), which
helped on creating a high degree of cultural homogeneity (Whittle and Cummings 2007).
Among the identified Mesolithic sites, probably the most famous is represented by Lepenski
Vir, a site located in the area of modern Serbia associated with the Iron Gates cultures.
Described as the “oldest city of Europe”, Lepenski Vir included a large settlement and

several satellites villages around it, probably inhabited almost permanently (Srejovic 1972).

The Y chromosome haplogroup |, seems to represent the signature of European Mesolithic
populations (Lazaridis et al. 2014; Fu et al. 2016; Lipson et al. 2017). In some cases, the

presence of Y chromosome haplogroup | in Neolithic/Bronze Age individuals suggests a
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measure of genetic continuity from the Mesolithic, although the source of assimilation
needs to be identified in each case (Haak et al. 2015; Mathieson et al. 2015; Olalde et al.
2019). It is possible to differentiate European Mesolithic populations on the basis of
genome-wide data into three genetically, and geographically, distinct clusters, known as:
western hunter-gatherers (WHG), eastern hunter-gatherers (EHG) and Scandinavian hunter-
gatherers (SHG). As shown in the Principal Component Analysis (PCA) in Figure 8, the HGs
cluster outside modern European genetic diversity, with a cline from West to East (Lazaridis
et al. 2016; Mathieson et al. 2018). The Caucasus hunter-gatherers (CHG) form a separate
cluster from the rest of European HG, being genetically close to modern Caucasus and
Iranian populations (Figure 8). In support of the hypothesis of mtDNA haplogroup U being
carried by the first modern human settlers of Europe and being the oldest mitochondrial
lineage (Richards et al. 1998; Richards et al. 2000; Soares et al. 2010), almost all pre-
Neolithic individuals analysed so far belong to haplogroups U (more precisely U2, U4, U5
and U8) and K (haplogroup K is a sub-clade of U8) (Bramanti et al. 2009; Krause et al. 2010;
Hervella et al. 2012; Sanchez-Quinto et al. 2012; Bollongino et al. 2013; Der Sarkissian et al.
2013; Fu et al. 2013; Lazaridis et al. 2014; Olalde et al. 2014; Skoglund et al. 2014; de la Rua
et al. 2015; Haak et al. 2015; Fu et al. 2016; Mathieson et al. 2018; Feldman et al. 2019).
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Figure 8. PCA plot of modern Eurasians (grey dots in the background) with ancient individuals spanning from the Mesolithic
to the Iron Age. Symbol shapes and colours represent geographical coordinates and culture association (see legend in the
lower left corner) (Lazaridis et al. 2016).

1.8.4 Neolithic revolution

The Neolithic transition started around 10,000 years ago in the Near East, more specifically
in the western part of the Fertile Crescent (Whittle 1996; Price 2000), a region that spans
across modern-day Israel, Palestine, Jordan, Lebanon and western Syria, into southeast
Turkey and, along the Tigris and Euphrates rivers, into Irag and the western part of Iran
(Figure 9). Around 10,000 years ago this area offered a unique combination of factors:
favourable climatic conditions, seasonally flooded expanses of lowland, and a natural
abundance of plants and animals susceptible to domestication (Sherratt 2007; Zeder 2008;
Weiss and Zohary 2011). The first population to adopt this new Neolithic lifestyle were the
successors to the Natufians from the Levant (Kuijt and Goring-Morris 2002), which had
already started to shift towards a progressively more sedentary way of life. The term
“Neolithic revolution” was first coined by V. Gordon Childe in 1923 to describe the transition
from a highly mobile hunting and gathering lifestyle to a more sedentary one, dedicated to

the domestication of plants, like wheat and barley, and animals, such as goats, pigs and
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cattles (Harlan and Zohary 1966; Kbhler-Rollefson et al. 1988). With the Neolithic humans

started developing more refined polished tools and producing large volumes of pottery.

Figure 9. Map of the Fertile Crescent (Simmon R, 2003).

The change from a hunting/foraging lifestyle to one based on domesticated animals and
crops had a large impact on the diet, primarily focused on cereals and, later on, on animal-
derived products (Richards 2003). The reconstruction of the Neolithic farmers’ dietary
patterns has been mainly achieved using carbon and nitrogen stable isotope analyses
(Figure 10). The isotopes consumed in the diet are directly incorporated into the organism’s
tissues. The ratio of carbon isotopes 2C/13C (6'3C) gives a view of the kind of plants
consumed by the individual; for example, low values of &'3C reflects a diet based on Cs
plants such as wheat, oats or rice, whereas higher values of §3C suggest a diet based on C4
plants like sugarcane, maize and millet (Tauber 1981; Richards 2002). The ratio of nitrogen
isotopes N/1°N (6'°N), instead, reflects the source of animal protein in the diet and trophic
level position (Richards et al. 2000). Low levels of 86N correspond to a diet based on

terrestrial animals; higher levels of 6°N to marine animals.
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An important effect of the adoption of farming as exclusive, and progressively more
specialised and efficient, source of sustenance was the abundance of food available. More
food led to larger families, as more people could be fed with almost no costraints from the
availability of natural resources. However, growing population numbers led to a series of
detrimental changes: sustaining settlements became harder, people needed more resources
and highly dense populations were easy target of conflict, natural disasters and disease,

related to both living in close contact with animals and nutritional disorders (Larsen 1995).

Different theories and models have been formulated regarding the spread of agriculture in
Europe. From the geographical point of view, early farmers followed mainly two routes: the
continental route and the Mediterranean route (Figure 11). The continental or Danubian
route is supported by archaeological data found across central Europe that links it to the
Linearbandkeramik (LBK) culture. This culture arose in the area of modern Serbia and
Hungary and, following the course of the Danube, spread rapidly across central Europe
(Baldia 2006; Brandt et al. 2013). The LBK culture was characterised by new features in

ceramics technology, with fine band-decorated potteries. Their settlements were usually
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located along the course of rivers or streams of water and were composed of several timber

longhouses. In some cases, the settlements were surrounded by fortifications.

The Mediterranean route, instead, is characterised by the rise of another Neolithic culture,
the Cardial Ware (Barnett 2000; Guldogan 2010). Archaeological evidences suggest that this
culture spread along the northern coastes of the Mediterranean Sea from the Balkans,
crossing the Italian Peninsula and southern France, as far as the Iberian Peninsula. A
distinctive feature of the Cardial Ware culture was the production of pottery decorated with
shell impressions (Price 2000; Whittle and Cummings 2007; Rowley-Conwy 2011; Ozdogan
2011).

However, genetic evidence has suggested that these two routes were not completely
distinct and cultural and/or demographic interactions likely took place. A recent genetic
study on the neolithization of Southeast Europe (Lipson et al. 2017; Mathieson et al. 2018)

underlined the strong genetic affinities between Cardial Ware and LBK farmers.
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Figure 11. Expansion of farmers during the Neolithic transition (Smith et al. 2015).
Regarding the modes of dispersal, two of the most famous theories are “demic expansion”
(Childe 1925; Ammerman and Cavalli-Sforza 1984), which postulates that the diffusion of
agriculture was not only due to spread of ideas but also to physical movement of people
carrying those ideas, and hence of genes; and “cultural diffusion” (Whittle 1996), which

instead states that the social and technological changes observed in Europe during the
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Neolithic were mainly due to the diffusion of ideas, with limited gene flow. However, a
single model cannot explain the process across all of Europe, most likely this expansion was
not homogeneous, and the speed and the mode were based on several factors, including
climatic conditions and autochthonous cultures. In 1984, Zvelebil and Rowley-Conwy
proposed the “agricultural frontier” model (Zvelebil and Rowley-Conwy 1984). According to
this model, the transition from hunting and gathering involved pioneer or “leapfrog”
colonisation but happened heterogeneously across Europe, with multiple frontiers,
geographically and chronologically distinct. The Balkan Peninsula was the first European
area to experience the Neolithic revolution since it was the closest geographically to the
Near East. During that time, the more western and northern areas of the continent were still
populated by hunter-gatherers and they kept the Mesolithic lifestyle for an additional
thousand years or more until the agricultural frontier reached them (Figure 11). Even after
the farming technology spread all over the continent, some hunter-gatherer groups
persisted in central and northern Europe, possibly including the Limburg and La Hoguette
cultures in France and Belgium and the Pitted Ware culture in southern Scandinavia (Noe-

Nygaard 1989; Gronenborn 1999; Jeunesse 2000).

Following the agricultural frontier model, the adaptation to the new lifestyle can be divided
into three phases: availability, substitution and consolidation (Zvelebil 1986). In the first
phase, availability, Mesolithic hunter-gatherers and Neolithic farmers locally co-existed in
the same area, sharing information and establishing contacts, but still mantaining economic
independence. The second phase, substitution, starts with the adoption, by the hunter-
gatherers, of some farming techniques. The last phase, consolidation, marks the full
replacement of the mobile hunting lifestyle with the farming one, based on agriculture and

animal domestication (Zvelebil 1998).

Genetic data provides evidence on the degree of the admixture between hunter-gatherers
and farmers. European hunter-gatherer ancestry appears to be higher in Neolithic farmers
across Europe compared to early Anatolian farmers (Figure 12), suggesting that with
increasing distance from the Levant, a stronger hunter-gatherer influence and admixture
occurred. The same pattern is displayed in the PCA plot in Figure 8, where European farmers
occupy an intermediate position between Natufians, the ancestral population leading to

farming, and hunter-gatherer populations (Gamba et al. 2014; Haak et al. 2015; Gunther et
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al. 2015; Lazaridis et al. 2016). Analyses on mtDNA from Neolithic individuals across Europe
showed a drastic change in haplogroup frequencies compared to the Mesolithic. The most
common mtDNA haplogroups among Neolithic farmers are Nla, T2, K, J, HV, W and X.
However, typical Mesolithic haplogroups, such as U5, was still present during the Neolithic
(Gamba et al. 2012; Hervella et al. 2012; Sanchez-Quinto et al. 2012; Brandt et al. 2013;
Hofmanova et al. 2016). Despite the preponderant presence of Y chromosome haplogroup |
in Neolithic individuals, it is possible to observe new lineages characterising European
famers, like G and H. These lineages seem to be associated with the movement of the
farmers out of Anatolia since G reaches its frequency peak among Anatolian farmers, and H
has been found both in Anatolian farmers and European Neolithic individuals (Mathieson et
al. 2015; Broushaki et al. 2016; Lazaridis et al. 2016; Lipson et al. 2017; Mathieson et al.
2018).
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Figure 12. ADMIXTURE analysis (K=8) of ancient West Eurasian populations, from the Mesolithic to the Bronze Age (Olalde
et al. 2018).
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1.8.5 The dawn of the Metal Ages

Another event that drastically changed the lifestyles and cultures of modern human
populations was the ability to extract and work different metals and the development of
metal tools. This period is usually defined as Metal Age and can be divided chronologically,
and according to the type of metal discovered and used, into three periods: Copper Age or
Chalcolithic, started around 7 kya, Bronze Age appeared around 4 kya in the Balkans, and

around one thousand year later along the Atlantic coasts, and Iron Age ~2 kya.

The first traces of copper in the production of tools and ornaments in Europe have been
found in an archaeological site in Serbia, dated 7 kya (Bower 2010). However, the main
spread of copper happened after 5 kya, with the Remedello culture in the Italian peninsula,
the Bell Beaker funerary complex in Western Europe and Yamnaya in the East (Sklenar 1983;

Cunliffe and Koch 2010; Beckerman 2015).

The Bell Beaker complex was named after the distinctive bell shape of their pottery. Its
exact origin is still not clear, although the earliest date for a Bell Beaker vessel has been
obtained so far from the Leceia site in the Estremadura region of Portugal (Cardoso et al.
2014); Bell Beakers covered most of western Europe, maintaining its characteristic pottery
shape, but with sometimes profound variation of the decorative pattern (Czebreszuk 2004).
A recent study on Bell Beaker individuals revealed that the geographical heterogeneity was
also reflected in the genetic patterning of the individuals (Olalde et al. 2018). Bell Beakers
from lberia seemed genetically closer to Neolithic/Chalcolithic individuals from the same
area, whereas Beakers from Central Europe carried a novel Pontic-Caspian Steppe-related
genetic component (Figure 12), possibly as a result of the contact with the Corded Ware
culture in the area of modern northern Germany, along the river Elbe (Czebreszuk 2004).
The Corded Ware was a very mobile culture which based its economy on pastoralism. Its
name derives from the distinctive cord-impressed pottery that has been found in graves
related to the culture. Other important characteristics of this culture were the common use
of single-burials and the production of battle axes (Neustupny 1969). Expanding eastward,
the Corded Ware culture eventually made contact with a Bronze Age culture from the Pontic
Steppe, the Yamnaya. Some hypotheses link the cultural association between the Corded
Ware and the Yamnaya with the introduction of Indo-European languages into Europe

(Cunliffe 2008; Anthony 2010).
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The Yamnaya culture arose in the area of the Pontic-Caspian Steppe, probably around the
Volga River. Archaeological records suggest that they were a highly mobile population,
specialised in animal husbandry and possibly also horse riding (Anthony 2007). Two
different studies, in 2015, indicated that the Yamnaya were genetically the result of an
admixture between the EHG and CHG (Haak et al. 2015; Jones et al. 2015). Starting from the
Late Neolithic, this Steppe-related component associated with the Yamnaya began to
appear in many populations across Europe, spreading from east to west. Analyses of the Y
chromosome showed an almost complete replacement in many regions of the European
Neolithic haplogroups G2 and 12 with Rla and Rlb, previously associated with EHG.
Haplogroups Rla and Rlb, which were uncommon in Europe before the Late Neolithic,
drastically increase thier frequency and distribution around the continent with the possibly
male-driven migrations of the Yamnaya from the Steppe (Allentoft et al. 2015; Haak et al.

2015; Mathieson et al. 2015).

Studies of modern Europeans show that they are largely the result of admixture between
three different ancient populations, which ancient DNA has identified as Mesolithic hunter-
gatherers, early Neolithic farmers and Late Neolithic/Bronze Age Steppe populations (Haak
et al. 2015). Among present-day Europeans, northeastern Europeans tend to have the
highest genetic affinity with the hunter-gatherers, while southern Europeans (especially
Sardinian and Basques) tend to be genetically closer to European Neolithic farmers (Batini et
al. 2015). However, many historical events described in the previous chapters are still not
completely clear. An interdisciplinary approach is essential in order to shed light on the

mechanisms which shaped the history of the European continent and its inhabitants.

1.9 Belgium: a western European case study

The area of Europe presently occupied by the Kingdom of Belgium was inhabited by
hominins before the arrival of AMH in Europe, as suggested by the finding of several Homo
neanderthalensis remains. The first specimen, named Engis 2, was found in 1829 in a cave in
the western part of the country by the paleontologist Philippe-Charles Schmerling, and
represents the first find of a Neanderthal fossil. At the time however, the fossil was
identified as Homo sapiens and only in 1936 (Wood 2011), almost seventy years after the

discovery of Neanderthal fossils in the Neander Valley in Germany, was it finally assigned to
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the Neanderthal species. A second group of Neanderthal remains was found in the late 19t
century in the Spy Cave, along the Meuse River and has been dated around 38 kya (Semal et
al. 2009; Pirson et al. 2012). The last cave system holding Neanderthal remains in Belgium is
Goyet, placed in the same area of the Spy Cave (Toussaint 2006). A recent study
hypothesized that, according to the marks on the bones, cannibalism was practiced by the
Neanderthals in the Goyet caves (Rougier et al. 2016). When the firsts AMHs arrived in the
area around 35 kya, they occupied the same cave systems previously, or
contemporaneously, used by Neanderthals, as suggested by the remains found in the Spy
and Goyet caves. In 2013, Fu and colleagues analysed the genetic composition of two AMH
from Goyet caves, dated around 35 kya, associated with the Aurignacian culture (Fu et al.
2013). Results showed that the two Goyet Upper Palaeolithic individuals belonged to a deep
branch of the first founder European populations; however, they were genetically closer to
Late Glacial individuals from Iberia than to other Upper Palaeolithics from Eurasia (Fu et al.

2013).

At the end of the Mesolithic, possibly before the arrival of the first Neolithic populations in
northern Europe, hunter-gatherer communities may have adopted certain elements typical
of the Neolithic, such as pottery production. Remarkable examples are Limburg and La
Hoguette pottery styles (Gronenborn 2003). Both have been found in northern France,
Belgium, and the Netherlands along the Rhone river valleys (Jeunesse 2002; Crombé et al.
2005; Hauzeur 2009). The place of origin and timing of the spread of these two different
pottery styles, and their association with Mesolithic or Neolithic cultures, have been the
focus of intense investigation, and as a result four main hypotheses have been formulated:
a) the pottery reflects early Mesolithic adoption of Neolithic culture through direct contact
with LBK groups arriving from the east (Crombé et al. 2005); b) local hunter-gatherers had
contact with migrating groups from southern Europe, reflected in similarities with the
Cardial Ware regarding the pottery style and composition (Jeunesse 2002); c) they were a
product of non-LBK Neolithic nomadic herders following the Rhine valley before the
establishment of the LBK (Zimmermann 2002); d) they were a local Mesolithic invention

without any Neolithic influence (Gronenborn 2003).

With the Neolithic revolution, the LBK culture rapidly occupied a vast area of central Europe,

mostly centered on the loess rich areas of the Netherlands, Belgium and Luxembourg,
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creating settlements along the course of major rivers like the Danube, the Rhine and the
Meuse. Particularly in Belgium, most of the archaeological sites found so far in the southern
part of the country are present along rivers; the area is characterised by dense forest which
possibly did not favour the development of farming techniques. During the Late Neolithic,
the Michelsberg culture was present in the area of France, Belgium and Netherlands (Kreuz
et al. 2014). Several excavations in the area, mainly France, gave more insight on the
lifestyle of Michelsberg people. Probably they used to live, permanently or semi-
permanently in small houses placed in rows and used lithic tools to prepare flour from
cereals (Stika 1996; Kreuz et al. 2014). However, the current lack of ancient genetic data
from Belgium prevents a clear view of the population dynamics during the Neolithic

transition.

During the Late Bronze Age, a new culture arose in western Europe, the Hallstatt culture
(Marién 1999; Leblois 2010). This culture was characterised by a fine and intensive
production of metal tools and weapons. These objects have been commonly found in
graves, such as in burials in Austria, or in river beds, like the Meuse (Fontijn 2003). Their
economy was mainly based on the extraction of salt and iron from caves and their trading

routes followed the course of several main European rivers.

1.10 Haplogroup HV

Mitochondrial haplogroup HV is the major sub-clade of RO. It is defined by a transition (T to
C) at the nucleotide position 14766 of the mtDNA genome (Torroni et al. 2006). Several HV
subclades are characterized by mutations in the control region of the mtDNA. This region
has high variability, so these mutations are often recurrent in the phylogeny in unrelated
clades. A remarkable example is represented by the subclade HV+16311 (Figure 13),
previously named HV3, which is defined by a transition at the nucleotide position 16,311.
The same mutation appears 21 times across the entire haplogroup HV in PhyloTree (van
Oven and Kayser 2009). To have a reliable classification, especially inside haplogroup HV, an
analysis involving the complete mitochondrial genome is therefore essential. HV includes
twelve sub-haplogroups, among those there are two major subclades: H and HVO (Figure
13). Haplogroup HV (excluding haplogroups H and HVO) is uncommon in Europe, with

frequencies between 0% and 4%, with a cline of increasing frequencies from West to East of
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Europe (Karachanak et al. 2011). Outside Europe, instead, HV reaches a frequency of ~18%

in Iranian populations (unpublished data).
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Figure 13. Schematic representation of mitochondrial haplogroup HV phylogeny, following the last version of PhyloTree
(build 17) (van Oven and Kayser 2009).

The analysis of HV variation among modern populations traces the origin of haplogroup HV
to the Near Eastern Upper Palaeolithic (Pereira et al. 2005). Most of its subclades show Late
Glacial or postglacial coalescence dates, which was, at the time, interpreted by some
scholars as later expansions, especially from the European glacial refugia (Torroni et al.
1998; Richards et al. 2000; Torroni et al. 2001; Achilli et al. 2004; Pereira et al. 2005).
Additional demographic reconstructions based on modern data showed a major event of
expansion of haplogroup HV in pre-Neolithic times, around 10 kya (De Fanti et al. 2015).
However, aDNA evidence does not support this scenario. Haplogroup HV has not yet been
found in ancient Europeans before the Early Neolithic, except for a single H13 individual
belonging to the Iron Gates culture at the Lepenski Vir site in Serbia, dated 7785-7581 BP
(Haak et al. 2015; Cassidy et al. 2016; Lazaridis et al. 2016; Lipson et al. 2017; Margaryan et
al. 2017; Mathieson et al. 2018; Olalde et al. 2018). The major clade H shows strong
demographic growth during the Neolithic (Fu et al. 2012; Brotherton et al. 2013). Given this
evidence, and that the distribution and frequency in modern and ancient data of
haplogroup HV and its subclade H suggest an origin in the Near East, its spread across the
European continent may be related to the Neolithic revolution and migration of early

farmers from Anatolia.

1.11 Aims of the project

This work plans to expand the knowledge of the pre-history of Europe and investigate

population movements across the continent. To this end, two projects were carried out in
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parallel, the origin and expansion of mitochondrial haplogroup HV and the process of the

Neolithic in a frontier region of Western Europe.

Considering that Belgium is characterised by particular pottery cultures, such as Limburg
and La Hoguette, which origins are still partially unknown, these cultures were investigated
by assessing the genetic composition of ancient Belgian individuals. Therefore, Mesolithic
and Neolithic human remains from three different sites were collected and both whole
genome and uniparental markers analyses were performed. During this collection it was
also possible to sample 166 modern Belgians that were incorporated in the mitochondrial

analysis and served as modern term of comparison.

As mentioned in the previous chapter, mitochondrial haplogroup HV (including H and HVO0)
is the most common haplogroup amongst modern Europeans and a potential marker of
Neolithic transition in Europe. However, its origin and dispersal are still poorly understood.
Investigating the history of HV should help shed light on population movements across
Europe from the Mesolithic until the Metal Ages. In order to do so, its distribution and
frequency were analysed and new data was added to the complete published mitogenomes

available in literature, amounting to a total of more than a thousand mitogenomes.
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2. MATERIALS & METHODS

This project combines different experimental approaches so, to reflect this, the Materials
and Methods section has been divided into two main parts: the first focuses on the ancient
DNA analysis of the 38 ancient human remains from Belgium, while the second part
describes the mitochondrial analysis of 166 modern Belgians and the analysis of modern

published and unpublished Europeans belonging to mitochondrial haplogroup HV.

2.1 Ancient data analysis

2.1.1 Ancient sample description

To address the main question of this study, a total of 38 ancient human remains from three
different sites in Belgium were collected in collaboration with the University of Liege and
Bournemouth University. Fourteen samples were excavated from Trou Al'Wesse, a
limestone cave in the Modave region, thirteen from Abri Sandron, an archaeological site in
the Huccorgne region, and eleven from the Grotte du Mont Falise, a cave in the province of
Huy (Table 2 & Figure 14). The three sites are distributed in a 10 Km radius one from the
other, and are located in proximity of small tributaries of the Meuse River. As discussed in
the Introduction, the skeletal elements that yield the highest amount of endogenous DNA
from ancient remains are the petrous bone and teeth. For this reason, the rationale behind
the sample collection was to retrieve these optimal skeletal elements. However, for many
cases this was not possible due to the lack of material, so other elements were chosen for

the collection.
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Dr Rebecca Miller, archaeologist and collaborator at the University of Liege, sadly passed away during the
progression of the project.
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Figure 14. Physical map of Belgium containing the marked locations of the three archaeological sites.
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Table 2. List of ancient human remains from the three archaeological sites in Belgium. After the collection, each sample was

internally renamed with a unique code (Sample ID).

Original ID Sample ID Era Site Skeletal element?
1/3123 AF001 Neolithic Trou Al'Wesse molar
TAW 2010/ H13.266 | AF002 Mesolithic Trou Al'Wesse LRM1
TAW 2010/ H13.267 AF003 Mesolithic Trou Al'Wesse LRM2
1/x4 AF004 Neolithic Trou Al'Wesse petrous bone
3/3116x2 AF005 Neolithic Trou Al'Wesse femur
2 /3119 AF017 Neolithic Trou Al'Wesse ulna
2/3120 AF018 Neolithic Trou Al'Wesse humerus
2/3263 AF019 Neolithic Trou Al'Wesse cubitus
3/3267 AF020 Neolithic Trou Al'Wesse femur
3/3116 AF021 Neolithic Trou Al'Wesse femur
3/3116x AF022 Neolithic Trou Al'Wesse femur
4/3118 AF023 Neolithic Trou Al'Wesse long bone
4/3262 AF024 Neolithic Trou Al'Wesse tibia
4/3269 AF025 Neolithic Trou Al'Wesse tibia
213 /3259 AF006 Neolithic Grotte du Mont Falise LLM2
213 /3274 AF007 Neolithic Grotte du Mont Falise molar
213/15.019 AF008 Neolithic Grotte du Mont Falise femur
213 /3250 AF009 Neolithic Grotte du Mont Falise tooth
213 /3250 AF013 Neolithic Grotte du Mont Falise tooth
213 /3252 AF014 Neolithic Grotte du Mont Falise molar
212 / 1x.021 AF026 Neolithic Grotte du Mont Falise femur
212 /x3 AF027 Neolithic Grotte du Mont Falise long bone
212 /3245 AF028 Neolithic Grotte du Mont Falise long bone
213 /10.006 AF029 Neolithic Grotte du Mont Falise humerus
213 /3251 AF030 Neolithic Grotte du Mont Falise molar
97 AF010 Neolithic Abri Sandron LRM3
98 AF011 Neolithic Abri Sandron LLM2
89 /6763 AF012 Neolithic Abri Sandron petrous bone
79 /6167 / 85.03 AF015 Neolithic Abri Sandron petrous bone
96 AF016 Neolithic Abri Sandron LLM1
X1 AF031 Neolithic Abri Sandron molar
88 /6165 AF032 Neolithic Abri Sandron molar
90 AF033 Neolithic Abri Sandron LLM3
91 AF034 Neolithic Abri Sandron LmM3
93 AF035 Neolithic Abri Sandron LRM1
94 AF036 Neolithic Abri Sandron tooth
95 AF037 Neolithic Abri Sandron LLM2
99 AF038 Neolithic Abri Sandron LRM3

3LRM: lower right molar; LLM: lower left molar; LM: lower molar.
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2.1.1.1 Trou Al'Wesse

The archaeological site of Trou Al'Wesse (Wasp Cave) is composed of two sections, a
limestone cave, part of a karstic system connected to the Condroz Plateau, and the terrace
below the cliff (Figure 15 and 16), overseeing the Hoyoux River, a tributary of the Meuse.
The opening of the cave is currently located 50 meters from the river and 8 meters above
the current water surface. The cave extends almost horizontally for 35 meters inside the
cliff; at the back, the ceiling opens up through a 9 meters long chimney that connects the
cave to the above plateau, the chimney is partially filled with detritus. Human remains and
other archaeological findings were excavated both from the terrace and from the chimney
at the back of the cave, possibly used as a burial site. The first human occupation of the site
has been attributed to hunter-gatherer groups, which, as suggested by chronostratigraphic
studies (Table 3), lasted until the Late Neolithic period (Derclaye et al. 1999; Miller et al.
2012; Miller unpublished). Radiocarbon dates obtained from the chimney burials were
younger (~5,200 cal BP) than the dates obtained from the terrace (spanning between 10,500
and 5,600 cal BP) (Table 4), possibly reflecting a change in the function of the site, with the
terrace used for herding activity and the burial at the back of the cave for funerary purpose
(Miller unpublished) The dated stratigraphy of portion of the terrace excavate so far,
includes the Early Mesolithic layers: 4b-alpha, 4b-beta and 4b-gamma; Late Mesolithic later:
4b-delta, Early Neolithic layers: 5a and 4b-LaH; and the Middle Neolithic layer 4a. Early
Mesolithic layers, 4b-alpha, beta and gamma were probably the result of seasonal
occupation of the site due to the retrieval of burnt hazelnut and wild boar remains (Miller
unpublished). Ceramic sherds found in layer 4b-LaH display features that differentiate them
from the LBK type and, instead, are probably associated with the La Hoguette culture
(Figure 16) (Miller unpublished). AC and ACOF layers have not been dated due to lack of
collagen in the samples associated with them, but they have been classified as Mesolithic
due to their deposition prior to the Late Mesolithic layer 4b-delta (Figure 16). Out of the
fourteen samples collected, only two were found in the terrace section of the site, in the
ACOF layer, and the approximate position is known (Figure 16); the remaining twelve

samples were found in the chimney burial, across all four layers (Table 4).
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Figure 15. Stratigraphic representation of the chimney burial located at the back of the cave in Trou Al’'Wesse. (1) 2 m high
empty layer; (2) 0.5 m high layer; (3) 5.5 m high layer; (4) 2 m high scree cone inside the cave; (5) Limestone cave (modified
from Masy 1993).
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Figure 16. Stratigraphic representation of the terrace of Trou AlI’'Wesse with marked position of the ceramic and La

Hoguette shards discovered. The blue ellipse marks the proximal position of the remains of individuals AFO02 and AFO03
(modified from Miller unpublished).
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Table 3. Radiocarbon dates from Trou Al’'Wesse (modified from Miller unpublished).

Section of the
site

Layer

Uncal BP

Cal BP

Material

Period

Beta- Terrace 4b-alpha | 9,000+40 10,250- Hazelnut (Corylus) Early
209871 10,130 Mesolithic
Beta- Terrace 4b-beta 9,240+40 10,550- Hazelnut (Corylus) Early
224152 10,540 Mesolithic
Beta- Terrace 4b- 9,130+40 10,390- Hazelnut (Corylus) Early
224153 gamma 10,320 Mesolithic
Beta- Terrace 4b-delta 6,790+40 | 7,680-7,580 Bos astragalus Late Mesolithic
224150
Beta- Terrace 4b-delta | 6,890+40 | 7,830-7,670 Bos astragalus Late Mesolithic
251056
Lv-1752 Terrace Sa 5,950+70 | 6,980-6,630 Unidentified bone Early Neolithic
OxA-26535 Terrace 4b-LaH 6,850+40 | 7,786-7,608 Hazel charcoal Early Neolithic
Beta- Terrace 4b-LaH 6,910+40 | 7,800-7,660 Burned bone Early Neolithic
251057
Beta- Terrace 4a 4,810+40 | 5,600-5,560 Canis lupus familiaris lower Middle
224151 molar Neolithic
OxA-7633 Terrace 4a 5,045+45 | 5,910-5,660 Unidentified bone Middle
Neolithic
Beta- Chimney burial 4450+30 5280-5160 Homo sapiens 5t left Late Neolithic
319270
Beta- Chimney burial 4560130 5320-5280 Homo sapiens 5t left Late Neolithic
319269 metatarsal

Table 4. List of samples from Trou Al’'Wesse classified according to the section of the site and the relative layer where they

were found.

Sample ID Era Section of the site Layer
AF001 Neolithic Chimney burial 1
AF004 Neolithic Chimney burial 1
AF017 Neolithic Chimney burial 2
AF018 Neolithic Chimney burial 2
AF019 Neolithic Chimney burial 2
AF005 Neolithic Chimney burial 3
AF020 Neolithic Chimney burial 3
AF021 Neolithic Chimney burial 3
AF022 Neolithic Chimney burial 3
AF023 Neolithic Chimney burial 4
AF024 Neolithic Chimney burial 4
AF025 Neolithic Chimney burial 4
AF002 Mesolithic Terrace ACOF
AF003 Mesolithic Terrace ACOF
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2.1.1.2 Abri Sandron

Abri Sandron is a sepulchral site first discovered by Julien Fraipont at the end of the 19t
century AD (Fraipont 1898). The cave is located near Huccorgne, in the Liege province; it is
12 meters deep, opening into a large terrace close to the river Mahaigne, a tributary of the
Meuse River. In the deepest part of the cave, several Pleistocene mega-faunal remains,
human bones and pottery fragments have been found. Interestingly, among the human
remains found at the site, particular care was reserved for the skulls, which were all stored
inside a funerary urn. The rest of the remains, such as long bones, vertebrae, metatarsals
and metacarpals were placed around the urn (Fraipont 1898). Radiocarbon dating on three
human metacarpals recovered from the site suggested Late Neolithic occupation (4235445
uncal BP / 4765-4619 cal BP; 4183+38 uncal BP / 4769-4607 cal BP; 4280+40 uncal BP /
4966-4815 cal BP) (Toussaint 2002).

2.1.1.3 Grotte du Mont Falise

The third site, Grotte du Mont Falise, is a natural cave located near Antheit (Liege province).
It opens up below a limestone cliff facing the Meuse River. Stratigraphic studies on the site
revealed the presence of five different layers spanning from the Middle Ages to the Upper
Palaeolithic, containing human remains, pottery fragments and tools (Fraipont 1897;
Fraipont 1898; Haeck 1964). Radiocarbon dating on two bones recovered from the site
suggested Late Neolithic occupation (4195+40 uncal BP / 4768-4611 cal BP; 4265+40 uncal
BP / 4892-4807 cal BP) (Toussaint 2003).

2.1.2 Ancient sample preparation and processing

The ancient human remains analysed in this study were collected from the University of
Liege, Belgium, and shipped to the Ancient DNA Facility at the University of Huddersfield,
where preparation and processing were carried out in specialised clean rooms. Full-body
suits, gloves, hairnets and face masks were used for the entire time spent inside the Facility.
Surfaces and tools were repeatedly treated with LookOut DNA Erase (SIGMA Life Sciences)
and exposed to UV light. Prior to processing, all the samples were photographed, to keep a

record of the original state, and then exposed to UV light for 30 minutes on each side (total
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of 1 hour) to sterilise the surface. Each sample was then stored in a sterile plastic bag and

transferred to the drilling room for processing.

2.1.2.1 Sample processing

The surface of each bone was cleaned inside a fume-hood, using a SWAM-Blaster
compressed air abrasive system, with 29 um aluminium oxide powder. The processing step
from the bone to the powder varied significantly with the skeletal element analysed, and

different protocols were adopted accordingly.

e In the case of post-cranial bones (femur, tibia, humerus, cubitus) the densest part
was targeted, which was usually the head of the bone. Using a round-tipped drill bit
for the hobby drill several holes were drilled in the bone, and the powder was

collected inside sterile tubes.

e For petrous bones, a section of the dense part was excised using a diamond-tip saw;
the fragment was then placed inside a grinding jar (25 ml) made of zirconium oxide.
Each jar contained a grinding ball (15 mm diameter) of the same material. The jars
were clamped to the designated jar holders of the Mixer Mill (Retsch MM400). After
setting the required frequency of oscillations (30 Hz/s) and time (30 s) for the

grinding process, the machine milled the bone section, producing very fine powder.

e To process teeth, the diamond-tip saw was used to cut the root from the crown. The
root was then pulverised using the Mixer Mill, following the same procedure as

described for the petrous bone.

The bone/tooth powder was transferred to 2 ml O-ring tubes, and the weight was
measured. Optimal measurements were around 0.15 g. If the powder exceeded that

amount, the whole was split and stored in spare tubes.

After obtaining the bone powder, the samples were transferred to the extraction room.

2.1.2.2 DNA extraction
The extractions performed followed the procotol reported in Yang et al. (1998); with some

modifications as in MacHugh et al. (2000).

The first step was to prepare the extraction buffer as described in Table 5.
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Table 5. DNA Extraction buffer mix.

Reagents Volume X 1 (pl) ‘
Tris-HCI (1 M) 20
SDS (20%) 17
EDTA (0.5 M) 950
Expose the mix to UV light for 15 minutes.
Proteinase K (~20 mg/ml) 13
Total 1000

1 ml of Extraction buffer was added to each sample and the tubes were placed on a rotating
wheel at 37°C for 24 hours. The rotation is essential to ensure that the solution is constantly
mixed, so as to avoid formation of a pellet. The tubes were then centrifuged at 13,000 rpm
for 10 minutes, the supernatant was removed and the process was repeated using a freshly
made extraction buffer (as above). After a second centrifuge at 13,000 rpm for 15 minutes,
the supernatant of each sample was transferred to 6 ml 30kDA columns. 3 ml of 10 mM Tris-
HCl were added to each column, and the columns were centrifuged at 2,500 rpm for 30
minutes and the filtered liquid discarded. This step was repeated a second time, but, at the
end, the filtered liquid, which contained DNA, was collected and transferred to sterile 2 ml

O-ring tubes and stored in the fridge.

To purify the extracted DNA, the QlAQuick MinElute Purification Kit was used following the
standard protocol (Qiagen), but with two PE wash steps, and elution in 100 ul of EBT buffer
(the supplied EB Elution buffer, with 0.05% Tween added).

2.1.3 Library Preparation

The library preparation followed the protocol described in Meyer et al. (2010), with
modifications as in Gamba et al. (2014) and Cassidy et al. (2016).

2.1.3.1 USER enzyme

Treatment with USER (Uracil-Specific Excision Reagent) enzyme is recommended for ancient
DNA since it cleaves DNA molecules at uracil residue location removing the damage caused
by deamination, which usually located at both ends of the fragments. In order to validate
the genuineness of the ancient DNA, one library extract per sample did not go through this
step and thus maintained the damage at the end of the fragments (See section 2.1.5.6 for

further details).
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16.5 ul of DNA extract for each sample were mixed with 5 pl of USER enzyme and incubated
at 37°C for 3 hours.

2.1.3.2 Blunt-end repair
To repair the ends of the DNA fragments generated during the USER enzyme digestion, each
21.5 pl DNA extract was treated with 48.5 ul of blunt-end repair enzyme mix (NEBNext)

(Table 6) and incubated first at 25°C for 15 minutes and then at 12°C for 5 minutes.

Table 6. Blunt-end repair mix preparation.

Reagents Volume X 1 (pl)

End prep enzyme 3.5

End repair reaction buffer (10x) 7.0
ddH,0 38.0

Total 48.5

2.1.3.3 Sample clean-up

The DNA extracts were purified using the QIAQuick MinElute Purification Kit (Qiagen). 350 pl
of Binding buffer (PB) were added to each sample and then centrifuged at 13,000 rpm, and
the filtered liquid discarded. 700 pl of Wash buffer (PE) were added to each column and
again centrifuged at 13,000 rpm for 1 minute. The columns were placed into fresh tubes and
centrifuged for a further minute to allow drying. The columns were then transferred into 1.5
ml tubes and the solution eluted in 22 ul EBT buffer (Table 7), incubated for 1 minute at
room temperature and then centrifuged at 13,000 rpm for 1 minute. The filtered liquid was

transferred into 0.2 ml PCR strip tubes.

Table 7. EBT (Qiagen EB buffer + Tween) buffer mix.

Reagents Volume X 1 (pl)

Qiagen EB buffer 59.97
Tween 0.03
Total 60.0

2.1.3.4 Adapter ligation

To proceed with the library preparation, the adapter sequences had to be ligated to the
DNA molecules. 20 ul of the DNA from the earlier step was treated with 20 pl of
oligonucleotide T4 ligase mix (Table 8). The mixed solutions were then incubated at 22°C for

30 minutes.
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Table 8. T4 ligase mix preparation.

Reagents Volume X1 (pl)

ddH,0 10
T4 DNA ligase buffer (10X)

PEG-4000 (50%) 4
Adapter mix (100 pM)? 1
T4 DNA ligase (5 U/ul) 1

Total 20

acustom-made by Sigma-Aldrich
(P5+P7)

2.1.3.5 Sample Clean-up
Another purification step was performed as before (2.1.3.3), but with 200 ul of Binding
buffer (PB).

2.1.3.6 Adapter Fill-in
For the adapter polymerisation, 20 ul of each sample was treated with 38.2 pl of Bst
polymerase mix (Table 9) and incubated at 37°C for 30 minutes, then at 80°C for 20

minutes.

Table 9. Bst polymerase mix preparation.

Reagents Volume X 1 (pl)

ddH,0 13.5
Thermopol reaction buffer (10X) 4
dNTPs (10 mM) 1
Bst polymerase, large fragments (8 U/ul) 20
Total 38.5

2.1.3.7 Amplification
The amplification mix was prepared by combining 42 ul of the amplification reaction mix
with 2 pl of the appropriate indexing oligo to each sample (Table 10). This was added to 6 pl

of the sample from the above step.

Table 10. Amplification reaction mix preparation.

Reagents Volume X 1 (pl)

Accuprime Pfx Supermix 41
Primer 1S4 (10 uM) 1
Total 42

+
Indexing oligo | 2
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This was the final step performed in the Ancient DNA Facility, as the final PCR (Table 11) was

run in the modern DNA laboratory.

Table 11. PCR protocol for ancient whole genome amplification.

Step Temperature Time ‘ Cycles
Initial denaturation 95°C 5 minutes 1
Denaturation 95°C 15 seconds
Annealing 60°C 30 seconds 12
Extension 68°C 30 seconds
Final extension 68°C 5 minutes 1
Hold 4°C forever 1

2.1.3.8 Sample purification

To complete the library preparation, another purification step was performed using the
QlAQuick MinElute Purification Kit (Qiagen). This was undertaken as before, but with 125 pl
of Binding buffer (PB) and elution in 25 pl of EBT buffer. The eluted purified library was

stored in 2 ml O-ring tubes in the fridge.

2.1.4 Library size distribution and pooling

The concentration of each library for each sample was measured using the Qubit 3.0

Fluorometer (ThermoFisher Scientific).

A small volume was diluted 5 times using ddH,0 and loaded into a High Sensitivity DNA chip
from Agilent Technologies and run on a BioAnalyzer. This was to ensure that successful
library preparation had occurred, and that fragments of the correct length were present.
Each BioAnalyzer chip could run 11 samples, with a volume of 1 ul each. The protocol

provided by Agilent Technologies was used as described.

Before setting up the DNA chip, a sterile syringe was placed in the correct position into the
priming station. The gel-dye mixture was prepared by adding 15 ul of High Sensitivity DNA
dye concentrate (blue cap) into the High Sensitivity DNA gel matrix vial (red cap). The mix
was transferred into the spin filter and centrifuged at 6,000 rpm for 10 minutes at room
temperature. An unused High Sensitivity DNA chip was placed on the priming station and 9
ul of gel-dye mix were pipetted into the correct well (marked with G). The priming station

was closed to allow the syringe to apply pressure on the chip for 60 seconds. 9 ul of gel-dye
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mix were pipetted in the other three wells marked with G. 5 pl of High Sensitivity DNA
marker (green cap) were added to the remaining twelve wells of the chip and 1 ul of High
Sensitivity DNA ladder (yellow cap) into the well marked with a ladder symbol. In each of the
remaining wells (eleven in total), 1 pl of library sample was added. The chip was mixed using

a vortex at 2,400 rpm for 60 seconds and subsequently analysed using the BioAnalyzer.

2.1.5 Bioinformatic data processing

Pair-end shotgun sequencing, which produces partially overlapping sequences from both
ends of each fragment, was performed at Macrogen, Rep. of Korea, on an lllumina
HiSeq4000. lllumina HiSeq is based on a clonal amplification method, which generates
clusters of DNA templates at high densities on a glass slide (flow cell). Templates are then
sequenced using a sequencing-by-synthesis approach, whereby reversible terminator
nucleotides for the four bases, each labelled with a different fluorescent dye, are used. The
output data was returned in the format of two .fq.gz files per sample. The screening of the
samples consisted of sequencing the 38 individuals divided across four lanes, with one
USER-treated library per sample. After the initial screening, the six samples with the highest
endogenous DNA were chosen in order to have data from both time periods (Mesolithic and
Neolithic) and from all three archaeological sites. Further sequencing was performed with
two samples per lane, and three libraries per sample, for a total of three lanes. One library

of each sample was not USER treated, so as to assess DNA degradation.

The remaining 32 samples were sent for SNP capture sequencing to the Department of
Genetics, Harvard Medical School, Boston, to the laboratory led by Professor David Reich.
SNP capture method consists of sequencing target regions or specific positions using

customised DNA chip arrays complementary to the genome.

2.1.5.1 Trimming and merging

Adapters were trimmed and the two lllumina sequencing reads merged using leeHom
(Renaud et al. 2014). One advantage of merging sequences from the same sample is to
increase the sequence depth and to reduce the chances of mis-calling sequencing errors
during the later SNP calling steps. The trimming process is essential to avoid the presence of
adaptor sequences at both ends of each read during mapping and assembly. LeeHom is an

algorithm based on a Bayesian maximum a posteriori probabilistic approach. It has been
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chosen for its speed, capability of processing large volumes of data, and accuracy handling
short sequences, as is the case for ancient DNA. The command used in the trimming and

merging process and its relative options are described in Appendix 1.

2.1.5.2 Mapping

After obtaining the merged fastq file, mapping against the reference genome was carried
out for each merged library using BWA (Burrows-Wheeler Aligner) (Li and Durbin 2009).
BWA is widely used software to map sequences against a reference genome. It consists of
multiple algorithms specific for different sequence lengths. Originally BWA was developed
to exclusively align modern data but, with modifications first introduced by Schubert and
colleagues in 2012, it is now possible to overcome this limit and work with highly damaged
and fragmented reads (Schubert et al. 2012). In the case of ancient DNA, where the reads
are tipically shorter than 100 bp, the algorithm suggested and widely used is BWA-backtrack
(Li and Durbin 2009).

The reads were mapped to the human genome reference hgl9 (Human genome build
version 19). To obtain more coverage on the mitochondrial genome, the sequences were
separately mapped exclusively against rCRS (mitochondrial genome reference). The
alignments were generated in the .sam format as single-end reads (bwa samse). The
commands used in the mapping process and their relative options are described in Appendix

2.

2.1.5.3 Mapping quality filtering

After obtaining the alignments for each library, a mapping quality filtering was applied using
the software Samtools. Samtools contains several options but, in this pipeline, it has been
used to filter and sort the reads. A mapping quality of 20 was set as threshold. In order to
proceed with the following steps each .bam file had to be sorted. The command used in the

mapping quality filtering and its relative options are described in Appendix 3.

2.1.5.4 Marking duplicate reads

In order to remove PCR duplicates, which could contain random errors introduced during
the library amplification or sequencing, the “marking duplicates” step was performed. The
marked duplicates were retained inside the file but “flagged”, and were not considered for

the SNP calling process. The result of this filtering step was a significant drop in the number
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of reads, as only the reads with the highest quality and reliability were kept, mitigating the
effects of errors. The tool used was Picard, software developed in Java to manipulate
sequencing data (Picard Toolkit, Broad Institute). The command used in the mark duplicates

step is described in Appendix 4.

2.1.5.5 Read length filtering

In the command described in Appendix 5, samtools was used to scan the information inside
the file and export only the reads that had a length above 30, set as a threshold for good
quality read legth in aDNA as per Schubert et al. (2012).

2.1.5.6 Assessing damage

The software mapdamage 2.0 was used to assess the presence of deamination at the end of
the reads, which is a diagnostic feature of aDNA (Jonsson et al. 2013). Both USER-treated
and not USER-treated libraries were assessed for damage. The resulting reports show a very
distinctive pattern: in non USER-treated libraries (Figure 17a), the mapdamage report shows
an increased frequency of C->T transitions at the 5" end and G->A at 3’ end of the reads, this
is caused by the deamination process. In USER-treated libraries (Figure 17b), the report
shows that the effect of the deamination has been heavily reduced by the treatment. See

Appendix 6 for the command used to generate the mapdamage report.
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Figure 17. Mapdamage report of the USER-treated (b) and untreated (a) library of individual AF010. The x axis shows the
nucleotide position along the first 25 bases of the read; the y axis indicates the frequency of the nucleotide base at a certain
position of the read.

2.1.5.7 Softclipping

In order to call genuine SNPs, and avoid consideration of false calls caused by deamination,
the .bam files were softclipped. Softclipping is a procedure where the last few bases at the
ends of each read are modified into “N”, so they are not considered during SNP calling. The
number of bases softclipped changed according to the mapdamage report, and untreated

libraries had a higher number of bases softclipped compared to USER-treated ones.

To softclip the reads, the software bamUtil-master was used (Jun et al. 2015). The command

used with its relative options is described in Appendix 7.

2.1.5.8 Qualimap report

The Java platform Qualimap 2.2.1 (Okonechnikov et al. 2015) was used to assess the quality
of each library after applying all the filtering processes described above. Qualimap is an
application that examines the alignment file and provides an overall report on the content
and quality of it, including number of total, mapped and duplicated reads, GC content, mean
coverage and mapping quality. The command used to run Qualimap with its relative options

is described in Appendix 8.
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2.1.5.9 Merging bam files

Once all quality checks were completed, libraries from the same sample were merged
together in one .bam file by using the function MergeSamFiles from the software Picard
(Picard Toolkit, Broad Institute). The command used to merge the bam files with its relative

options is described in Appendix 9.

2.1.5.10 SNP calling

The SNPs for each sample were called using GATK (Genome Analysis Toolkit)
HaplotypeCaller (McKenna et al. 2010). The reference SNP arrays used in this study were the
Affimetrix Human Origins array with 600K SNPs (Lazaridis et al. 2014) and the 1240K array
with 1.2M SNPs (https://reich.hms.harvard.edu; David Reich Lab). The Affimetrix Human

Origin dataset was used to perform the PCA, IBD and ADMIXTURE analyses. The 1240K
dataset, instead, was used to perform IBD and D-statistics. Around 500K SNPs are shared
between the two lists. The command used to call the SNPs for each genome is described in

Appendix 10.

2.1.6 Sex assignment and uniparental lineage classification

Sex assignments were estimated using the method described by Skoglund et al. (2013),
calculating the number of reads aligned to the Y chromosome as a fraction of the total
number of aligned reads to both X and Y chromosomes (Skoglund et al. 2013). The Y
chromosome haplogroup classification for the male individuals was performed using the
software Y-leaf (Ralf et al. 2018). Due to the low coverage of the data, in many cases it was

possible to define only the root of the haplogroup without a more precise classification.

The alignments (bam files) were manually inspected using the Integrative Genomic Viewer
(IGV). The classification followed the latest version of the human mitochondrial phylogeny,
Phylotree build 17 (van Oven and Kayser 2009). See Results section for both Y chromosome

and mtDNA haplogroup classification.

2.1.7 Principal Component Analysis (PCA)

A bidimensional plot was generated using high quality and high coverage genotypic data of
modern human individuals; subsequently, the ancient data was projected into the newly

created reference plot. The command is described in Appendix 11.
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The output, represented by a table, was imported in Rstudio and graphically plotted, using

the plot package of R (See Results section).

2.1.8 ADMIXTURE analysis

In the ADMIXTURE analysis the number of ancestral populations is represented by the
variable K. Gradually increasing K, it is possible to observe a more complex genetic structure
and shared ancestries of the populations analysed. A cross-validation (CV) procedure is
integrated into the software that allows the error estimation of the predictive model
(Alexander et al. 2009). The analysis was repeated ten times for each K, from K= 2 to K = 15,
and the K with the lowest CV error was chosen. The command used to run the ADMIXTURE
analysis is described in Appendix 12. The resulting table was imported in Rstudio and the

containing data plotted using the barplot package of R (See Results section).

2.1.9 Identity By Descent (IBD)

In order to assess the presence of duplicated samples, or first/second/third degree
relationships among the individuals analysed, Identity By Descent (IBD) analysis was
performed. IBD is a method to infer pairwise relatedness using DNA sequences. The
software PLINK was used (Chang et al. 2014). Two individuals were defined as “identical by
descent” when they shared an identical portion of DNA inherited by a recent common
ancestor; the larger the scale of identical segments, the closer the relationship between the

individuals was. See Appendix 13 for a description of the command used.

2.1.10 f-statistics

f-statistics were calculated via ADMIXTOOLS (Patterson et al. 2012) to infer admixture
between populations using allele frequency correlations. f-statistic test calculates the
amount of genetic shared drift between the populations analysed, three in the case of f3-
statistics or four in the case of D-statistics.. When one of the populations is replaced by a
known outgroup population (Yoruba in this case), the test calculates the degree of
admixture between the target population X and two given populations A and B in the case
of D-statistics, or between the target population and a given reference population in the
case of f3-statistics. In the format D(Yoruba, X, pop A, pop B), a positive value of the test
indicates admixture between the target population X and the population B. Instead, when a

negative value is obtained, there is sign of admixture between the target population X and
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population A. Values close to zero indicate that populations A and B are genetically closer to
each other than the target X (Patterson et al. 2012). Instead, in the format f3(Yoruba, pop A,

pop B), the values of f3 indicate the amount of shared drift between pop A and pop B.

The command used to run f-statistic test is described in Appendix 14. The output file of the
f-statistics test was represented by a data table containing all the different combinations of
populations used in the analysis to estimate admixture, the degree of admixture, the
standard error, the Z-score and the number of SNPs used in each combination. The results
were plotted in R using the admixturegraph package

(https://github.com/mailund/admixture_graph).

2.1.11 Dietary stable isotopic analysis
The collagen for carbon and nitrogen isotopic analysis was extracted from tooth root or

bone powder of all the individuals.

The dietary stable isotopic analysis of carbon and nitrogen was performed by Dr. Peter
Ditchfield at the Research Laboratory for Archaeology at the University of Oxford. The
isotopic data of only 19 of the 38 individuals is presented in the Results section, as the

remaining samples have yet to be analysed.

2.1.12 Phenotypic analysis

Alignments were manually inspected using the Integrative Genomic Viewer (IGV). The
phenotype prediction for skin pigmentation, eye and hair colour was performed using the
HiriSplexS platform (Walsh et al. 2014; Walsh et al. 2017; Chaitanya et al. 2018). The
prediction was based on 41 SNPs across the genome. Due to the low coverage of the
samples, it was possible to retrieve data for only six individuals, most of whom had most of

the 41 SNPs covered.

The lactase persistance prediction was based on two SNPs under selection in modern
European populations, rs4988235 on the LCTa gene and rs182549 on the LCTb gene
(Bersaglieri et al. 2004). Both genes regulate the function of the lactase enzyme during
childhood and adulthood. It was possible to retrieve data for at least one of the two SNPs in

14 individuals; only three individuals had both SNPs covered.
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2.1.13 Network analysis

Phylogenetic networks were drawn wusing the Network software (www.fluxus-

engineering.com/sharenet.htm). The reduced median and median-joining algorithms were

applied, as described in Bandelt et al. (1995, 1999). The application of these algorithms

allowed building a network with the most likely links between the individuals.

The output file was graphically edited using Network Publisher (www.fluxus-

engineering.com/sharenet.htm).

2.2 Modern data analysis

In order to verify a possible genetic continuity thorough time in Belgium, 166 modern
samples were collected during a two day sampling trip at the University of Liege. Donors
were selected by having at least two generations of Belgian or Luxembourgish ancestry. The
sampling followed ethical approval, where ancestry information was collected anonymously
and personal data could not be correlated with the genetic data. Also there were no medical
or commercial consequences of taking part in the study. And participation was voluntary

and without risk.

The dataset used, instead, for the study of mitochondrial haplogroup HV (see 1.11 for
further details) included: 175 unpublished complete sequences produced in our laboratory
at the University of Huddersfield, 213 unpublished complete sequences produced at the
Institute of Genomics, University of Tartu, thank to collaboration with the research group

led by Dr Mait Metspalu and 1101 published complete sequences.

2.2.1 DNA extraction of 166 modern Belgians

The 166 modern Belgian DNA samples (code LIE) were extracted from cotton buccal swab,

using PureLink® Genomic DNA Kits (Invitrogen), following the protocol here described.

The buccal swabs were placed in sterile 1.5 ml tubes with 400 ul of PBS (Phosphate-Buffered
Saline), 20 pl of Proteinase K and 420 pl of PurelLink Genomic Lysis/Binding buffer. The
samples were incubated at 55°C for 10 minutes. 200 ul of 96-100% ethanol were added to

each tube. The lysates were transferred to PureLink Spin Columns and centrifuged at 10,000
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g for 1 minute at room temperature. The flow-through was discarded. 500 ul of Wash buffer
1 was added to each column and centrifuged again at 10,000 g for 1 minute. The “wash”
step was repeated a second time using 500 ul of Wash buffer 2, and the columns were
centrifuged at maximum speed for 3 minutes. The spin columns were placed inside 1.5 ml
tubes. 100 ul of Elution buffer were added to each column and then the samples were
centrifuged at maximum speed for 1 minute. The eluted solutions containing DNA were

stored at -20°C.

2.2.2 DNA amplification by long range PCR

Different sets of primers were tested in order to minimise the number of PCR fragments,
while at the same time covering the entire mitochondrial genome. Two partially overlapping
fragments were chosen, using a long-range PCR protocol. GoTag® Long PCR Master Mix
(Promega) was used. The mix contains all the reagents required, including a hot-start Taq
polymerase, buffer, dNTPs and MgCl,. One of the main features of this system is the hot-
start recombinant polymerase, which has an activity that is inhibited at lower temperatures,
giving time to set-up reactions at room temperature. Activity is restored after the initial

denaturation step, which is carried out at high temperature (94°C).
All PCR reactions were performed using the oligonucleotide primers in Table 12.

A new protocol was established, which halved the volumes of the GoTag Long PCR Master
Mix required, without compromising the result of the experiment. This allowed doubling of

the reactions that could be undertaken with each kit (Table 13).

Table 14 describes the PCR reaction protocol optimised to work with the same efficiency for

both fragments.

Table 12. Oligonucleotides used to amplify the entire mitochondrial genome in two overlapping fragments.

Fragment Oligo name Sequence (5’ -> 3’) Tm (°C)  GC content
1 5871 for gcttcactcagecattttacct 58.4 455 %
13829 rev agtcctaggaaagtgacagcga 60.3 50 %
) 13477 for gcaggaatacctttcctcacag 60.1 50 %
6345 rev agatggttaggtctacggaggc 60.9 50 %
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Table 13. Long range PCR mixture.

Component Starting concentration  Volume (pl)
Nuclease-free Water 11
GoTaq Long range PCR MasterMix (Promega) 2X 12.5
Forward Primer 10 pmol/ul 0.5
Reverse Primer 10 pmol/ul 0.5
DNA 1
Total 25.5

Table 14. Long range PCR reaction protocol.

Step Temperature (°C) Time

1. Initial denaturation 94 2 min
2. Denaturation 94 30 sec

3. Annealing 55 30 sec

4. Extension 65 9 min

Repeat from step 2 to step 4 for 30 times

Final extension 72 10 min

Final hold 4 Forever

2.2.3 Gel electrophoresis

To assess the quality of the PCR products 3 ul of PCR product were mixed with 2 ul of
Blue/Orange loading dye (Promega) and loaded on a 1% agarose gel, stained with Midori
Green (NipponGenetics). The electrophoresis run was performed in 0.5X TBE buffer (0.89 M
Tris-HCI, 0.89 M boric acid, 20 mM EDTA), and with an electrical voltage of 80 volts for 60
minutes. The amplified products were visualised under UV light and the sizes of the
fragments were determined by comparison to DNA ladder of known length (Quick load

purple 1 kb DNA ladder, Biolabs).

2.2.4 MtDNA purification

The two PCR products were purified with Wizard® SV Gel and PCR Clean-Up System
(Promega), following the standard protocol. This system is optimised to purify PCR products
of 100 bp to 10 kb. PCR products are commonly purified to remove excess nucleotides and

primers.
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2.2.5 Sample preparation and sequencing

The concentration of the purified PCR products was quantified using a Qubit 3.0
Fluorometer (ThermoFisher Scientific). The PCR products were then normalised at a
common concentration of 1 ng/ul, and both fragments for each sample were merged
together in a single solution. Each pooled sample was then sent to the Earlham Institute,
Norwich, England, where library preparation and sequencing were carried out on an
[llumina MiSeq. The raw product of the sequencing process consisted of two fastq files for

each sample.

2.2.6 Bioinformatic analyses of modern mitochondrial data

2.2.6.1 Mitochondrial haplogroup classification

The fastq files were aligned to the rCRS reference genome using bwa mem (Li and Durbin
2009) and the duplicates removed using samtools (Li et al. 2009). The SNP calling process
was performed by GATK (Genome Analysis Toolkit) HaplotypeCaller (McKenna et al. 2010).
The haplotypes were extracted from the vcf files and the haplogroup classification was

obtained using Haplogrep (Kloss-Brandstétter et al. 2011; Weissensteiner et al. 2016).

2.2.6.2 Age calculation

Coalescence times were calculated using both p statistic, defined as the average distance of
the haplotypes of a clade from the respective root haplotype (Saillard et al. 2000), and with
a maximum likelihood approach, using PAML (Phylogenetic Analysis by Maximum
Likelihood) (Yang 1997, 2007). Mutational distances were converted into years using the
substitution rate corrected for purifying selection for the human overall mtDNA genome

(Soares et al. 2009).

2.2.6.3 Tree construction
The phylogenetic tree for haplogroup HV, containing published and unpublished complete
modern mitogenomes, was created using mtPhyl

(https://sites.qoogle.com/site/mtphyl/home). mtPhyl compares the mtDNA sequences with

the rCRS reference and creates a maximum parsimony phylogenetic tree using the

PhyloTree reference tree, build 17 (van Oven and Kayser 2009). A maximum parsimony tree
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minimises the number of mutations across the phylogeny. Each branch was manually

reviewed and the final tree was exported in an xml format (Figure 18).
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Figure 18. Extract of the HV xml tree, showing branches nodes, samples ID and defining mtDNA mutations.

2.2.6.4 Founder Analysis (FA)

Founder Analysis (FA) is a phylogeographic approach that uses DNA sequences to identify
migration events, estimate arrival times. It quantifies the contribution of each migration
from a defined source population (source) into one or many receiving population(s) (sink)
(Richards et al. 2000) using p statistics, which represents the mean number of mutations
occurred from the inferred ancestral haplotype of a given clade (Forster et al. 1996; Saillard
et al. 2000). To overcome the possibility of recurrent mutations common in the
mitochondrial phylogeny, and back-migration, which can alter the results of the analysis,
different criteria of stringency have been developed, called f1 and f2 (Richards et al. 2000).
The difference between the two stringency parameters is that f2 is more stringent, and
therefore more accurate, than f1, but the downside is that it requires a higher amount of
“founder clades” in the sink population. When this requirement is not fulfilled, f1 tends to

show a more reliable pattern.
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The FA software requires two input files that are:

A phylogenetic tree in the form of an xml file (Figure 18).

A two-column list, in .txt format, of the dataset that will be used in the calculation.
The first column contains the sample ID; the second one contains a code indicating

to which group, “source” or “sink”, each sample belongs.

The parameters used to reproduce and estimate the migration events involving

mitochondrial haplogroup HV used in this study were as follows:

The founder haplotype must be represented by at least one (f1) or two (f2) derived
branch(es) in the founder population; this can cause a different distribution of f1 and
f2, where f2, which is usually considered more precise, is more affected by sample
size, so in many cases both results must be taken in account.
Since the coalescence age of haplogroup HV is estimated to be ~20 kya, a time frame
from modern time until 20 kya, with a 200 year interval for each migration, was set
for the analysis (Figure 19).
A mutation rate of 1 mutation every 2,600 years (Fernandes et al. 2015; Gandini et
al. 2016) was used.
Por (===
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Figure 19. Founder Analysis (FA) software. Example of HV tree information and migration date range.
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After loading the two input files in the software and having set the desired parameters
described above, it is possible to run the calculation and export the result represented by a
graph that shows on the x-axis the Migration date (years) and on the y-axis the percentage

of lineages (0-1) (see Results section).
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3. RESULTS

3.1 Ancient Belgium

After the initial screening, the six individuals chosen for deeper sequencing were: the
Mesolithic AF002 and AF003, AF001, AF015, AF025 and AF029. The remaining 32 samples
(Table 15) were sent to the Department of Genetics, Harvard Medical School, Boston in the
laboratory led by Professor David Reich, for SNP capture. Only five samples did not pass the
quality and contamination filtering, giving a total of 33 individuals (Shotgun and SNP capture
data) that have been used in the analyses (Table 15). The endogenous DNA content,
calculated as the fraction of mapped reads (after applying quality filters) on the total
number of raw reads, is present exclusively for the samples sequenced using the Shotgun
technique because only in that case the fastq files were available. The mean coverage for
the whole genome is present exclusively for the samples sequenced with the Shotgun
technique. Since SNP capture data is the product of the sequence of a determined
combination of SNPs in the chip array, the coverage would represent the fraction of those
SNPs to be covered and not the whole genome. However, the mean coverage for the
mtDNA, could be calculated because the SNP array for the capture technique covers the
entire molecule (1-16569). The highest value of endogenous DNA content, 55%, is achieved
by the samples AF015. The skeletal element of AF015 was a petrous bone, the best
candidate to preserve DNA in ancient remains. Surprisingly, AF029, represented by a
humerus, yielded the second highest score of endogenous DNA content, 12%. They were
followed by AF0O01 (molar) with 2.7%, AFO03 and AF025 both yielding 2% of endogenous
DNA, represented by a molar and a tibia, respectively. The lowest score, 1%, was achieved

by AF002 whos skeletal element was a loose lower right molar.

The genetic sex assignment was performed using the Skoglund et al. 2013 calculation as
described in section 2.1.6. 28 individuals out of 33 (~85%) were genetically classified as

males; the remaining 5 individuals were genetically classified as females (15%).
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Table 15. Summary of the whole genome sequencing results for the 38 ancient samples from Belgium. Mesolithic samples

are in blue. *indicates failes samples.
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AF001 TAW 2.7 0.1 90.1 U5a2b4 nd XY 47,537 87,591 Shotgun
AF002 TAW 1 0.04 214 U5bl | XY 43,642 102,253 Shotgun
AF003 TAW 2 0.13 24.5 Kladal - XX 63,437 116,523 Shotgun
AF015 ABS 55 157 2153 Kladal - XX 381,308 710,979 Shotgun
AF025 TAW 2 0.06 338 Tlaln R XY 31,727 58,159 Shotgun
AF029 GMF 12 0.36 445 U5a2al Rlblala2alalcla XY 138,120 257,643 Shotgun
AF004 TAW - - 11.6 H4alala | XY 11,938 28,558 SNP capture
AF005 TAW - - 1.2 - nd XY 2,348 5,697 SNP capture
AF006 GMF - - 91.2 H3k1 | XY 21,173 49,719 SNP capture
AF007 GMF - - 66.5 Kladal Rlblala2ala2cla5Sblala XY 35,470 83,698 SNP capture
AF008 GMF - - 4.8 U5b2b2 | XY 10,371 24,360 SNP capture
AF009 GMF - - 24.3 H | XY 10,927 26,562 SNP capture
AF010  ABS - - 612.5 US5a2b4 | XY 264,422 620,487 SNP capture
AF011  ABS - - 335.1 J1c3g R1lblala2ala XY 320,303 750,584 SNP capture
AF012  ABS - - 137 Hlq | XY 296,280 694,377 SNP capture
AF013 GMF - - 40.3 H4alala | XY 22,169 52,761  SNP capture
AF014 GMF - - 40.7 J1c5 | XY 151,584 362,482 SNP capture
AF016  ABS - - 16.8 H4alala nd XY 10,183 24,279  SNP capture
AF017 TAW - - 15.5 H1 R1lblala2 XY 20,975 49,318  SNP capture
AF018 TAW - - 8.5 U5b2b2 J XY 7,989 18,866  SNP capture
AF019* TAW - - - - - - - SNP capture
AF020 TAW - - 22.5 Tlaln - XX 16,123 37,736 SNP capture
AF021* TAW - - - - - - - SNP capture
AF022 TAW - - 14.8 H nd XY 6,959 16,476 SNP capture
AF023 TAW - - 16 Hle2 Rlblala2 XY 21,173 49,855 SNP capture
AF024 TAW - - 7.1 Hlc - XX 8,781 21,065 SNP capture
AF026 GMF - - 19.5 Kla3a | XY 20,461 48,526 SNP capture
AF027* GMF - - - - - - - SNP capture
AF028 GMF - - 11.3 Kladal - XX 15,209 36,053 SNP capture
AF030 GMF - - 33.5 H4alalal nd XY 3,548 8,592 SNP capture
AF031  ABS - - 149.8 H3an I2alala XY 77,665 185,350 SNP capture
AF032  ABS - - 58 Hlq I2alala XY 140,821 335,549 SNP capture
AF033  ABS - - 76.3 U5b2b2 | XY 87,647 208,742 SNP capture
AF034  ABS - - 559.8 H7d | XY 179,586 421,681 SNP capture
AF035*  ABS - - - - - - - SNP capture
AF036  ABS - - 276.7 J1c5 I2alala XY 226,524 537,659 SNP capture
AF037  ABS - - 205.3  U5b2b3 | XY 54,947 129,120 SNP capture
AF038*  ABS - - - - - - - SNP capture

aTAW: Trou Al’'Wesse; ABS: Abri Sandron; GMF: Grotte du Mont Falise
b Lazaridis et al. 2014
¢ Reich’s Lab.
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3.1.1 Identity by descent

The IBD test was used to determine possible degrees of relationship among the individuals

and to detect the presence of duplicated samples.

Since the number of SNPs used in the analysis varied drastically according to the SNP
dataset used (Table 15), the IBD test was performed twice, one for each SNP dataset (see
section 2.1.5.10). When the input file was generated using the Affimetrix Human Origin SNP
list (Lazaridis et al. 2014) with a total of 600k SNPs, two individuals, AFO09 from Grotte du
Mont Falise and AF022 from Trou Al'Wesse, appeared as duplicates. Instead, when the input
file was generated using the 1240k SNP list (Reich Lab), none of the individuals appeared as

duplicates or relatives.

3.1.2 Principal Component Analysis
Despite the low coverage on the nuclear genome, the 33 individuals had enough known
SNPs shared with modern and ancient published populations to perform a Principal

Component Analysis (PCA).

Firstly, the Belgian individuals were merged with a subset of the Human Origins dataset
(Lazaridis et al. 2014), which included modern populations from Europe, Caucasus and the
Near East (for the list of populations used in the analysis see Appendix 15). From the PCA
plot (Figure 20), it is possible to observe the modern genetic diversity of European
populations with Basques and Sardinians being very diverse from the rest of Europe and a
cline from North to South East Europe going from the left to the right side of the plot.
Modern populations from South East Europe are among the closest, in Europe,

geographically and genetically, to Near Eastern and Caucasian populations.

The majority of the ancient Belgian individuals cluster outside the modern European
variation with the exception of a small group clustering with modern North European

populations (Figure 20).
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Figure 20. Principal component analysis (PCA) combining the ancient Belgian individuals and a subset of the Human Origins
dataset (Lazaridis et al. 2014). This subset includes modern human populations from Europe, Caucasus and the Near East.
The plot was created using Rstudio, with the package “plot”. See legend for colour code and symbols.

To further investigate genetic affinity among populations, the ancient Belgian individuals
were merged with published ancient genomes from Europe, covering a time frame spanning
from the Mesolithic to the Bronze Age (Figure 21) (Olalde et al. 2014; Skoglund et al. 2014;
Allentoft et al. 2015; Jones et al. 2015; Mathieson et al. 2015; Cassidy et al. 2016; Fu et al.
2016; Hofmanova et al. 2016; Kilinc et al. 2016; Gonzales-Fortes et al. 2017; Martiniano et
al. 2017; Pruefer et al. 2017; Saag et al. 2017; Mathieson et al. 2018; Mittnik et al. 2018;
Olalde et al. 2018; Valdiosera et al. 2018).

The ancient Belgian individuals appear to split into three separated clusters (Figure 21). A
small group of individuals, renamed now as Neolithic-B, is shifted towards the upper part of
the PCA, clustering with European Bronze Age individuals and Bell Beakers. The second
group called Neolithic-A, includes the majority of the Neolithic samples, and the Mesolithic
AF003, and it occupies an intermediate position between WHGs and Neolithic Europeans.

The Neolithic-A Belgians plot separately from the rest of published ancient individuals so far.
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The third group is represented by the Mesolithic individual AF002, who clusters with other

published WHG, on the left side of the plot.
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Figure 21. Principal component analysis (PCA) plot combining the ancient Belgian individuals, a subset of the Human Origins

dataset (Lazaridis et al. 2014) and published ancient Europeans. The grey dots in the background represent modern

European populations. The plot was created using Rstudio, with the package “plot”. See legend for colour code and
symbols. TAW: Trou AlI'Wesse; GMF: Grotte du Mont Falise; ABS: Abri Sandron.

A PCA plot including exclusively the 33 ancient Belgian individuals was made to investigate
the genetic diversity within the ancient Belgian population (Figure 22). The two Neolithic
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groups, A and B, described previously, include individuals from all the three sites. The
position of samples with a number of SNPs below 10,000 could be unprecise, those
individuals (five) are marked in red font in Figure 22.
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Figure 22. Principal component analysis (PCA) plot of the ancient Belgian individuals with relative IDs. Samples in red font
have less than 10,000 SNPs. The plot was created using Rstudio, with the package “plot”. See legend for colour code and
symbols. TAW: Trou Al’'Wesse; GMF: Grotte du Mont Falise; ABS: Abri Sandron.

3.1.3 ADMIXTURE analysis

ADMIXTURE analysis allows a more accurate investigation of the ancestry composition of
specific individuals or populations. In Figure 23, is represented the ADMIXTURE plot of
Belgian individuals, published ancient and modern individuals. Each bar represents a single
individual. From the plot it is possible to identify three main genetic components: a yellow
component characteristic of WHG from Europe, a blue component associated with the
Neolithic farmers from Anatolia and a red component originary from the Pontic-Caspian

populations.

Hunter-gatherer populations from Europe are composed almost entirely of vyellow
component, except for EHG and CHG characterised by an increasing percentage of CHG

component (red). The highest fraction of Neolithic component is observed among Anatolian
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farmers (Anatolia_Neolithic), the first farmers. Bronze Age populations (Bulgaria_EBA,
Iberia_BA, England_MBA, Ireland_BA, Netherlands_BA, Sweden BA, Czech_EBA, Latvia_BA,
Germany_CW, Ukraine_Yamnaya), instead, are represented by an increasing CHG
component, with the lowest values in Early Bronze Age individuals from Europe and the
highest values in the Yamnaya from Ukraine. Modern Europeans, here represented by
Czech, British, French, Basque, Italian, Sicilian and Sardinian populations, display all the
three major genetic components, with southern Europeans typically characterised by a
higher Neolithic ancestry and northern Europeans with a higher hunter-gatherer ancestry

(Figure 23).
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Figure 23. ADMIXTURE plot (k = 8). Each bar corresponds to an individual whose population group is listed below. Major
genetic components: Western hunter-gatherers (yellow), Neolithic Levant (blue), Steppe (red). Populations from left to
right: Mesolithic Belgium, Neolithic Belgium, WHG, SHG, EHG, CHG, Neolithic Europeans, Bronze Age Europeans and
modern Europeans.

When the ancient Belgians are analysed in detail (Figure 24), the ADMIXTURE analysis shows

three different groups within the population. The Mesolithic individual AFO02 displays the
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highest percentage of hunter-gatherer component among the ancient Belgians. The
Neolithic-A cluster have two major components: the hunter-gatherer component around
60% and the Neolithic farmer component around 40%. The seven individuals belonging to
the Neolithic-B group, display instead an additional component, represented by the CHG
component ranging from 20 to 35%. Compared to other Neolithic Europeans shown in
Figure 23, the Neolithic-A individuals generally show a higher percentage of hunter-gatherer

component, already suggested by their intermediate position in the PCA (Figure 24).
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Figure 24. Subset of ADMIXTURE analysis plot, with k=8, showing the genetic composition of the thirty-two ancient Belgian
individuals. Each bar corresponds to an individual whos ID is listed below. Major genetic components: Western hunter-
gatherers (yellow), Neolithic Levant (blue), Steppe (red).

3.1.4 f-statistics

To statistically confirm the the presence of two distinct Belgian clusters (Neolithic-A and
Neolithic-B) an outgroup-f3 test was performed for each individual in the format of
f3(Outgroup, test individual AF, target individual AF). As outgroup, the African population
Yoruba was used, as this population is genetically distant from the rest of the European
populations, both ancient and modern, used in the tests. Here are reported the results for

four target individuals: AF001, AFO03, AF011 and AF023 (Figure 25). The outgroup-f3 results
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for Neolithic-A individuals AFO01 and AF003 show a clear distinction between the values
scored with other Neolithic-A Belgians and values scored with Neolithic-B individuals,
confirming the separation of the two groups. Neolithic-B Belgians AF011 and AF023, instead,
appear to be genetically closer to both A and B individuals, suggesting admixture between
the two groups. This result could support the hypothesis of genetic continuity from

Neolithic-A individuals to Neolithic-B during the course of time.
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Figure 25. Outgroup-f3 statistics, in the format f3(outgroup, test individual AF, target individual AF) at individual level of
two Neolithic-A Belgians (AFO01 and AF003) and two Neolithic-B Belgians (AFO11 and AF023). Higher values indicate more

shared ancestry between individuals.

To formally test which individuals could be grouped in the two different clusters, two

additional D-statistics tests were performed, in the format of D(Outgroup, test population,

target individual AF, reference individual AF) (Figures 26 and 27). The two Belgian groups,

Neolithic-A and Neolithic-B, in this test, were represented by one “reference Belgian

individual” with the highest number of SNPs, AF015 (710,979) for Neolithic-A and AF011
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(750,584) for Neolithic-B. Each Belgian individual was compared to several published
Mesolithic and Neolithic populations as “test population”. Values on the right of the dashed
line indicate admixture between test population and reference individual. Values on the left
of the dashed line, instead, indicate admixture between target population and target
individual. When, instead, the values overlap the dashed line, the target individual and the

reference individual could statistically form a separate clade from the test population.

The D-statistics shows that all the Belgian individuals belonging to the Neolithic-A group,
when tested with “AF015 Neolithic-A” as reference, share genetic drift with AF015 and
together form a separate clade from the test population (Figure 26). The Neolithic-B
Belgians, instead, when tested with “AF015 Neolithic-A” as reference, are genetically distant

to both Iron Gates and AF015 (Figure 26).
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Figure 26. D-Statistics test at individual level. Each row represents a different combination of populations in the format
D(outgroup, test population IronGates_HG, target individual AF, reference individual AFO15). The values on the right side of
the dashed line indicate presence of admixture between the test population and AF015. The values on the left side of the
dashed line indicate presence of admixture between the test population and the target individual (AF...). The values that
overlap the dashed line indicate that the target individual and the reference individual could statistically form a separate
clade from the test population.

When the test was repeated using “AF011 Neolithic-B” as reference, the individuals
belonging to the Neolithic-B group form a separate clade from the test population and
cluster with AFO11 (Figure 27). The Neolithic-A Belgians, instead, form a cluster with the Iron
Gates. Only three individuals coulded not be formally grouped: AF007, probably due to its
position in the PCA halfway between Neolithic-A and Neolithic-B (Figure 22), and AFO05 and
AF024 due to the low number of SNPs covered (Table 15).
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Figure 27. D-Statistics test at individual level. Each row represents a different combination of populations in the format
D(outgroup, test population IronGates_HG, target individual AF, reference individual AF011). The values on the right side of
the dashed line indicate presence of admixture between the test population and AF011. The values on the left side of the
dashed line indicate presence of admixture between the test population and the target individual. The values that overlap
the dashed line indicate that the target individual and the reference individual could statistically form a separate clade from
the test population.

To further investigate the degree of admixture and to assess the presence of shared
ancestry between ancient Belgians and other ancient European populations, a D-statistics

test in the form D(outgroup population, target population, population A, population B) was

performed (Figures 28 and 29). As outgroup, the African population Yoruba was used.

When testing the Mesolithic individual AFO02 (Figure 28), the highest values of admixture

are achieved with other European WHGs, such as Loschbour from Luxembourg and Bichon
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from Switzerland. Despite being geographically close, the Belgian Upper Palaeolithic
individual Goyet does not seem to be genetically close to AF002 (Figure 28). When
compared to several Neolithic populations from Europe, AF002 shows highest values with
the Belgians Neolithic-A, suggesting presence of genetic continuity in the area. AF002 seem

genetically closer to the Neolithic-A group than the Neolithic-B.

D( Yoruba, AF002, Belgium_Goyet, Luxembourg_Loschbour )
D( Yoruba, AF002, Belgium_Goyet, Switzerland_Bichon )

D( Yoruba, AF002, Belgium_Goyet, Italy_Villabruna )

|
-
-
D( Yoruba, AF002, Neolithic_B_Belgium, Switzerland_Bichon ) _._I
D( Yoruba, AF002, Belgium_Goyet, Neolithic_A_Belgium ) |_._|
D( Yoruba, AF002, Neolithic_B_Belgium, Serbia_lronGates ) |_._|
D( Yoruba, AF002, Neolithic_A Belgium, Switzerland_Bichon ) |,._i

D( Yoruba, AF002, Neolithic_A_Belgium, Neolithic B_Belgium ) H

D( Yoruba, AF002, Luxembourg_Loschbour, Neolithic_A_Belgium )
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D( Yoruba, AF002, Italy_Villabruna, Neolithic B _Belgium) |_._
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Figure 28. D-Statistics test of AF002 vs European HGs and Belgium Neolithics (A and B). Each row represents a different
combination of populations in the format (outgroup population, target population X, population A, population B). The
values on the right side of the dashed line indicate presence of admixture between the test population X and B. The values
on the left side of the dashed line indicate presence of admixture between X and A.

When testing Neolithic-A Belgian group (Figure 29), the D-statistics results indicate that the
strongest signal of shared drift is with AF002, due to the shared ancestry, and followed by
WHGs. This high level of shared drift with Mesolithic populations confirms the high
proportion of WHG ancestry of Neolithic-A Belgians showed in the ADMIXTURE. When the
Neolithic-A Belgians are compared to other Neolithic populations, including the Neolithic-B
Belgian group, there is a stronger signal with Neolithic populations from France and Britain,

than the Neolithic-B Belgian group (Figure 29).
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D( Yoruba, Neolithic_A_Belgium, Anatolia_Neolithic, AF002 )
D( Yoruba, Neolithic_ A Belgium, Germany_LBK, AF002)
D( Yoruba, Neolithic_A Belgium, Iberia_Neolithic, AF002)
D( Yoruba, Neolithic A_Belgium, Austria LBK, AF002 )
D( Yoruba, Neolithic_A_Belgium, Czech_Neolithic, AF002 )
D( Yoruba, Neolithic_A Belgium, Bulgaria_Neolithic, AF002 )
D( Yoruba, Neolithic_A_Belgium, Ireland_Neolithic, AF002 )
D( Yoruba, Neolithic_A Belgium, France_Neolithic, AF002)
D( Yoruba, Neolithic_A Belgium, England_Neolithic, AF002 )
D( Yoruba, Neolithic_A_Belgium, Neolithic_B_Belgium, Switzerland_Bichon )
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Figure 29. D-Statistics test of Belgian Neolithic-A vs AF002 and other Neolithic and HGs populations from Europe and the
Levant. Each row represents a different combination of populations in the format (outgroup, X, pop A, pop B). The values on
the right side of the dashed line indicate presence of admixture between the test population X and the pop B. The values on
the left side of the dashed line indicate presence of admixture between the test population X and the pop A.

To formally test which published Mesolithic and Neolithic populations had the highest
amount of shared drift with the Neolithic-A group, an outgroup-f3 in the form of
f3(Outgroup, test, Neolithic-A) was performed (Figure 30). The results confirmed the D-
statistics results, with the Neolithic-A group having the highest shared drift with AF002 and
other Mesolithic populations, followed by Middle Neolithic populations from England,

France and Iberia. Lower values were achieved with Early Neolithic LBK, Anatolian farmers,

Neolithic-B Belgians and Yamnaya population.
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Figure 30. Outgroup-f3 statistics, in the format f3(outgroup, target population, Neolithic-A) at group level of Neolithic-A
Belgians. Several published Mesolithic, Neolithic and Bronze Age populations were used as target. Higher values indicate
more shared ancestry between groups.

To assess presence of shared ancestry from various hunter-gatherers, Neolithic and Bronze
Age populations with the Neolithic Belgians (A and B), a test in the form of D(outgroup,
target population, Neolithic-A Belgium, Neolithic-B Belgium) was performed (Figure 31). The
result of the D-test showed admixture between Neolithic-B Belgium with the Yamnaya
Samara population. Populations who lack CHG component, such as Early LBKs from
Germany, Neolithic populations from Western Europe and hunter-gatherers, instead, were
genetically closer to the Neolithic-A group (Figure 31). When the Neolithic-B Belgians,
instead, were compared with Early Bronze Age populations, such as Corded Ware, and Bell

Beakers, they formed a distinct cluster.
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D( Yoruba, England_Neolithic, Neolithic-A, Neolithic-B)

D( Yoruba, Iberia_MN, Neolithic-A, Neolithic-B)
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D( Yoruba, Scotland_Neolithic, Neolithic-A, Neolithic-B)

D( Yoruba, Anatolia_Neolithic, Neolithic-A, Neolithic-B) |—°—|

D( Yoruba, Sweden_Motala_HG, Neolithic-A, Neolithic-B) I—o—l
D( Yoruba,Serbia_lronGates_HG, Neolithic-A, Neolithic-B) |—0—|
D( Yoruba, AF002, Neolithic-A, Neolithic-B) | . |

D( Yoruba, Luxembourg_Loschbour, Neolithic-A, Neolithic-B) i-—o—{

Figure 31. D-Statistics test of various hunter-gatherers, Neolithic and Bronze Age populations vs Belgian Neolithics (A and
B). Each row represents a different combination of populations in the format (outgroup, X, pop A, pop B). The values on the
right side of the dashed line indicate presence of admixture between the test population X and the pop B. The values on the
left side of the dashed line indicate presence of admixture between the test population X and the pop A. Values that overlap
the dashed line indicate that the Neolithic A and B groups form a separate cluster from the target X.
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3.1.5 Uniparental markers

Mitochondrial genomes were retrieved for 32 individuals out of 33 and assigned to known
haplogroups (Table 15, Figure 32, Appendix 16). The mitogenome of AF005 was highly

fragmented and so it was impossible to safely assign a mitochondrial haplogroup.
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Figure 32. Mitochondrial haplogroup distribution of the 38 ancient Belgian individuals, separated in Mesolithic (n =2) and
Neolithic (n = 36). The Neolithic individuals were further separated in Neolithic-A (n=29) and Neolithic-B (n=7). See legend
for colour codes.

The two individuals classified as Mesolithic, AF002 and AF003, belong respectively to
mitochondrial haplogroups U5b1 and Kla4. The oldest individual that has been found
belonging to haplogroup U5b1 is an Upper Palaeolithic individual from France which shares
the same haplotype with AF002 (Figure 33). This agrees with the whole genome results for
the sample, showing a strong hunter-gatherer component. U5b1 clade additionally harbours
two hunter-gatherers from France and Germany, Neolithic individuals from North Europe
and Chalcolithic individuals from Spain and Britain. AFO03, instead, has the more typically
Neolithic haplogroup K1a4; further confirmed by the whole genome results, showing that

AF003 clusters with other Neolithic Belgian individuals (Figure 22).
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All the Neolithic Belgian individuals carry mitochondrial haplogroups typical of the central
and western European Neolithic (e.g., K1a, H1, H3, H4, H7, Jic), as well as U5, typical of
European hunter-gatherers (Table 15, Figure 32). Two Neolithic Belgian individuals are
placed directly at the root of haplogroup H among other Neolithic, Chalcolithic and Bronze
Age individuals from North West and South East Europe (Figure 33). The H4alala clade
where four Neolithic Belgian clusters, three of which share the same haplotype, includes
Chalcolithic and Bronze Age individuals from the Czech Republic, UK and Germany.
Individual AF034 is separated by one transition in the mtDNA control region, at np 152, from
a Neolithic individual from the Czech Republic inside the clade H7d. AFO06 and AF031 are
the only ancient individuals belonging, respectively, to H3k1 and H3an. One of the major
branches within H is represented by H1. Five different Neolithic Belgians cluster within this
haplogroup. Two of them, AF012 and AF032, belong to Hlg and are separated from a
Chalcolithic individual from Spain by one transition at np 16188. AF023, instead, shares the
same haplotype of a Chalcolithic individual from Portugal. Hlc is represented by AF024
along with Neolithic, Chalcolithic and Bronze Age individuals from Northern Europe. Two
individuals from Trou Al’'Wesse carry mitochondrial haplogroup Tlaln. Individual AFO11
belongs to mitochondrial haplogroup J1c3g. This specific haplogroup has been found
exclusively in Chalcolithic and Bronze Age individuals (Figure 33). Two individuals from Abri
Sandron and Grotte du Mont Falise carry haplogroup J1c5, an entirely Neolithic haplogroup
within J, with individuals from Northern Europe (Figure 33). Four Neolithic Belgians cluster
inside U5b2, which seems to have a Neolithic North Western European distribution. Two
individuals from Trou Al’'Wesse and Abri Sandron belonging to haplogroup U5a2b4, share
the same haplotype (Figure 33); their cluster harbours from a Neolithic individual from
Germany. AF029 is an individual from Grotte du Mont Falise who carries haplogroup
U5a2al. This clade is represented by Chalcolithic, Bronze Age, Anglo Saxon and Iron Age
individuals. Five individuals cluster within haplogroup Kl1a, which is thought to have spread
during the Neolithic from the Fertile Crescent (Torroni et al. 1996; Richards et al. 2000). A
Neolithic individual from Turkey shares the same haplotype with AF026 and several other

Neolithic and Chalcolithic Northern Europeans (Figure 33).
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Figure 33. Network analysis of complete ancient mitochondrial genomes organised according to the time period of the
samples (a) and geographic location (b). The dataset is composed of the ancient Belgians and other published ancient
individuals belonging to the same mitochondrial haplogroup clade. The mutations are highlighted in red font. See legend

for colour code.

Several mitochondrial haplogroups are shared across different sites (Figure 34). This is the

case for U5a2b4 present in one individual from Trou Al’'Wesse and in one individual from
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Abri Sandron. Another U5 sub-lineage, U5b2b2, is shared across all three sites, in one
individual for each site, with AF008 (Grotte du Mont Falise) carrying a private mutation at
np 14484. Haplogroup J1c5 is present in one individual from Grotte du Mont Falise and in
one individual from Abri Sandron. Haplogroup Kladal is shared across all sites with one
individual from Grotte du Mont Falise carrying a private mutation at np 235. At last,
haplogroup H4alala is present in five individuals across all three sites, with one individual

from Grotte du Mont Falise further classified as H4alalal.
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Figure 34. Mitochondrial haplogroup distribution of the 38 ancient Belgian individuals, separated according to the
archaeological site of origin. See legend for colour codes.

Due to the limited coverage on the Y chromosome, it was not possible to precisely classify
all the male lineages (Appendix 18). Sixteen individuals across the three sites belong to
haplogroup | (I2a, when the resolution is sufficient) (Figure 35). One individual, from Trou
Al’'Wesse, belongs to the less common Y chromosome haplogroup J. Six individuals, instead,

belong to haplogroup R, five of which can be further classified as R1b (Figures 35 and 36).
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Figure 35. Y chromosome haplogroup distribution of the 28 ancient Belgian males, separated in Mesolithic (n=1) and
Neolithic (n=27). The Neolithic males were further separated in Neolithic-A (n=21) and Neolithic-B (n=6). See legend for
colour codes.
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Figure 36. Y chromosome haplogroup distribution of the 28 ancient Belgian males, separated according to the
archaeological site of origin. See legend for colour codes.
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3.1.6 Dietary isotopes

The analysis of the ratio of dietary isotopes 6'3C and 8N can give a view of the dietary
habits of animals, including humans, in a specific area or timeframe. Figure 37 shows a plot
combining 63C values ranging from -24 to -19 and &'°N values ranging from 4 to 14 (Figure
37). The ratio of carbon isotopes '2C/*3C (6'3C) reflects the kind of plants consumed.
Herbivores tend to show low values of 6'3C due to intake of wild Cs plants, while higher
values of 8§13C reflects intake of marine plants, C4 plants or cultivated cereals (Figure 37). The
ratio of nitrogen isotopes *N/*°N (6'°N), instead, reflects the source of animal protein in the
diet and trophic level position. Herbivores show lower values of 6N compared to

omnivores and carnivores (Figure 37).

The isotopic data of 21 ancient Belgian individuals, Mesolithic and Neolithic, from the three
sites was merged with data from different species of animals published in Bocherens et al.
2007 to have a reference view of the food sources present in Belgium during the Mesolithic
and Neolithic (Figure 37). The Mesolithic individuals show the highest levels of 6'°N,
reflecting a diet more abundant in meat compared to the Neolithic samples. Belgian
Neolithic individuals across all three sites show comparable values of 8%C and 6%N,

suggesting same dietary habits.
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Figure 37. Isotopes analysis plot used for dietary reconstruction of the ancient Belgian individuals. On the x axis the ratio of
carbon isotopes 12C/13C (613C) reflecting the intake of C3 or C4 plants. On the y axis, instead, the ratio of nitrogen isotopes
14N/15N (615N) reflecting the source of animal protein in the diet. See legend for colour codes.

3.1.7 Phenotype prediction

Due to the low coverage of the samples, the phenotype prediction for skin pigmentation,
eye and hair colour, performed using the HiriSplexS platform (Walsh et al. 2014; Walsh et al.
2017; Chaitanya et al. 2018), was successful for six individuals only: AF010, AF011, AF012,
AF014, AF015 and AF034 (Table 16). The six individuals had the majority of the 41 SNPs
necessary for the prediction covered at least by one read, apart from AF014 where, due to

the high number of missing SNPs, it was not possible to predict the colour of the hair.

All individuals have high probability (~90%) of having blue eyes, with the exception of AFO15
who more likely (52%) carried brown eyes (Table 16). Two individuals, AF012 and AF015,
both Neolithic-A individuals from Abri Sandron, have high probability (~70%) of having
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brown hair; AF034 and AF011, respectively Neolithic-A and Neolithic-B individuals from Abri
Sandron, more likely carried blond hair; AF010, instead, has similar values for both blond
and brown hair, 51% and 44% respectively. There is absence of red or black hair phenotypes
(Table 16). Four individuals from Abri Sandron, belonging to both Neolithic groups, have
high probability of having light hair; one Neolithic-A from Abri Sandron and one Neolithic-A
from Grotte du Mont Falise, instead, more likely carried darker hair. Three individuals have
high probability of having an intermediate colour of the skin; two individuals have similar
values for different categories: AF010 for pale and intermediate skin and AF012 for very

pale and intermediate skin. AFO15 more likely carried a dark to black skin (Table 16).

Table 16. Phenotypic prediction for eyes, hair and skin colour using HirisPlexS system (Walsh et al. 2014; Walsh et al. 2017;
Chaitanya et al. 2018).

_ . Neolithic-A Grotte jJ| Neolithic-B Abri
Neolithic-A Abri Sandron du Mont Falise Sandron
AF010 AF012 AF015 AF034 AF014 AF011

P- AUC P- AUC P- AUC P- AUC P-value AUC P- AUC

value loss value loss value loss value loss loss value loss
Blue eye 0.91 0.03 0.93 0.01 0.36 0.00 0.91 0.01 0.90 0.02 0.91 0.01
Intermediate | 0.06 0.07 | 0.06 0.04 | 0.12 0.00 | 0.06 0.04 §f 0.06 0.06 0.06 0.04
eye
Brown eye 0.03 0.03 0.01 0.01 0.52 0.00 0.04 0.01 0.04 0.02 0.04 0.01
Blond hair 0.51 0.06 0.08 0.02 0.10 0.05 0.65 0.02 / 0.75 0.01
Brown hair 0.44 0.06 0.71 0.02 0.67 0.04 0.31 0.01 / 0.16 0.00
Red hair 0.01 0.01 0.09 0.08 0.02 0.01 0.01 0.03 / 0.07 0.01
Black hair 0.04 0.02 | 0.12 0.01 | 0.21 0.01 | 0.03 0.01 / 0.02 0.00
Light hair 0.92 0.21 1.00 0.95 0.17 0.98
Dark hair 0.08 0.03 0.79 0.01 0.00 0.03 0.05 0.01 0.83 0.05 0.02 0.00
Very pale skin | 0.03 0.06 | 0.43 0.02 | 0.00 0.02 | 0.03 0.03 §f 0.02 0.08 0.03 0.01
Pale skin 0.50 0.03 | 0.20 0.03 | 0.00 0.01 | 0.34 0.01 §f 0.09 0.05 0.21 0.01
Intermediate 0.47 0.05 0.37 0.03 0.34 0.02 0.61 0.02 0.65 0.10 0.76 0.01
skin
Dark skin 0.00 0.03 0.01 0.01 0.00 0.00 0.02 0.02 0.22 0.03 0.00 0.01
Dark to black | 0.00 0.01 | 0.00 0.00 | 0.66 0.00 | 0.00 0.00 §f0.02 0.01 0.00 0.00
skin

P-value: Probability of prediction
AUC loss: Loss in the accuracy of the prediction

The genotyping of two SNPs located in the LCTa (rs4988235) and LCTb (rs182549) genes
associated with lactase persistence was successful for 14 individuals (Table 17). When the
alleles at both SNPs are present in the ancestral state, the lactase enzyme most likely will
not be produced during the adulthood causing lactose intolerance in the individual. When
one or both alleles are present in the derived state the chances to be able to digest milk in

the adulthood increase.
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Most of the individuals had only one of the two SNPs covered by at least one read, only
AF010, AF015 and AF036 had both positions covered (Table 17). All the Mesolithic and
Neolithic-A individuals have one (or both when covered) SNPs in the ancestral state (Table
17), suggesting that more likely they were not able to digest milk in the adulthood. AF029,
one of the two Neolithic-B individuals, instead carries a mutation in the LCTa gene

(rs4988235), which probably allowed him to digest milk (Table 17).

Table 17. Genotypes at SNPs associated with lactase persistence in LCTa gene (rs4988235) and LCTb (rs182549). The
number between parentheses represents the number of reads that covers that position.

Period Sample rs49882352 rs182549°
AF002 = C (x1)
Mesolithic
AF003 2 C (x1)
AF001 = C (x1)
AF010 G (x1) C(x1)
AF012 G (x4) =
AF014 = C (x1)
AF015 G (x1) C(x1)
Neolithic-A
AF031 G (x2) -
AF032 G (x1) =
AF033 G (x1) =
AF034 G (x1) -
AF036 G (x3) C(x2)
AF011 = C (x5)
Neolithic-B
AF029 A (x1) =

9Ancestral allele / Derived allele: G / A
bAncestral allele / Derived allele: C/ T
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3.2 Modern mitochondrial data

3.2.1 Modern Belgium

Out of the 166 modern Belgian mitogenomes, it was possible to confidently classify into
known mitochondrial haplogroups 124 of them. Despite the small sample size, these
sequences belong to Belgian individuals from different provinces, covering the entire

country (Figure 38).

Undefined Belgium: 5

Figure 38. Geographical distribution of 124 modern Belgian mitogenomes according to the Belgian province of origin.

Around 50% of the sequences belong to haplogroup H (Figure 39), the remaining part of the
macro-haplogroup HV is represented exclusively by HVO (4%). Haplogroups J and K, here
represented only by specific sub-lineages, together they achieve a frequency of 5% and 9%
respectively; similarly, the frequency of these two haplogroups in France are of 5.1% and
10.5% respectively (Karachanak et al. 2011). The frequency of haplogroup T2 is higher than
T1, with comprable frequencies found across Western Europe. Haplogroup U is found

mainly as lineages U5a and U5b and with a smaller percentage the lineage U2e (Figure 39).
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Figure 39. Mitochondrial haplogroup distribution of 124 complete modern Belgian mitogenomes. See legend for colour
codes.

3.2.2 Haplogroup HV
The age estimation for mitochondrial haplogroup HV (excluding H) based on a total of 1,101
sequences, of which 388 are unpublished (see 2.2 for further details), was calculated both

using p statistics and maximum likelihood approach (Table 18).

The coalescence age for haplogroup HV is around 20-23 kya, in line with previous dating
assigned to the Upper Palaeolithic (Pereira et al. 2005). However, this age might not be
completely accurate since haplogroup H, which is the largest haplogroup within HV, is not

considered in the calculation.

Haplogroup HVO (14-15 kya) is entirely European. It divides in two main sub-haplogroups:
HVO0a, which includes V, and a node defined by a transition in position 195 (HV0+195).
Individuals branching from the root are mainly from South East Europe, Italy in particular. A
small clade with South Eastern and Eastern European samples hosts an Early Bronze Age

individual from Bavaria (Knipper et al. 2017) (Appendix 17).

The nodes HVO+195 and HV+16311 are defined by a single hotspot mutation and
particularly the case of HV+16311 it groups a big section of the HV phylogeny with a very

heterogeneous composition in the geographic origin of the samples (Appendix 17). Most
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probably the haplogroups nested within this node have a very different origin and history
and they could be split in several parallel clades. However, the tree was built following a
maximum parsimony approach,where the topology with the minimum number of mutations
is preferred. Therefore, it is not convenient the presence of this recurrent mutation in many
parallel clades. HV+16311 is characterised by the presence of six ancient samples at the root
of the node from Hungary and Germany spanning from 5 to 3 kya (Haak et al. 2015).
HV0+195 includes mainly North Western and South Eastern European complete sequences.
A Neolithic individual from Ireland (~5 kya) harbours from the root of the haplogroup
(Cassidy et al. 2016).

Table 18. Age estimation (years) calculated using p statistics (pink columns) and Maximum likelihood (blue columns) of the

human mitochondrial haplogroup HV based on modern complete published and unpublished sequences. Only the lineages
containing at least 10 individuals are listed below.

[} ML

Node Sample size | Age Lower bound Higher bound | Age Lower bound Higher bound

(years) (years) (years) (years) (years) (years)
HV 1101 20,458 14,597 26,480 23,086 19,365 26,869
>HVO0 857 15,069 8,872 21,469 13,866 9,186 18,664
>>HV0+195 82 9,792 7,616 11,996 10,957 7,735 14,239
>>>HV0c 11 4,975 2,055 7,951 5,350 1,699 9,086
>>>HVOf 10 4,951 1,997 7,962 5,489 372 10,776
>>>HV0e 16 6,381 3,929 8,872 7,599 3,625 11,669
>>HV0a 646 12,915 7,884 18,084 11,174 7,392 15,037
>>>HV0al 17 6,942 3,469 10,491 6,119 2,720 9,592
>>>V 560 10,737 8,662 12,837 8,877 7,624 10,140
>>>>V+72 15 4,863 2,859 6,893 6,611 2,125 11,223
>>>>V1 83 10,478 3,724 17,499 8,095 6,296 9,913
>>>>>Vla 80 7,690 3,115 12,392 6,611 4,012 9,251
>>>>>>V1al 62 5,473 2,821 8,171 4,792 3,030 6,574
>>>>>>>V1ala 20 5,084 82 10,249 2,582 316 4,884
>>>>>>>>Vl1alal 13 1,985 426 3,560 1,694 100 3,305
>>>>V2 40 8,229 5,068 11,451 8,024 5,677 10,404
>>>>>V2b 13 5,012 2,025 8,057 5,629 2,240 9,091
>>>>V3 28 8,567 4,880 12,336 7,740 5,534 9,976
>>>>V7 59 10,564 3,261 18,178 7,953 5,744 10,191
>>>>>V7a 50 5057 878 9,350 5,839 2,177 9,586
>>>>>>V7al 39 1,652 762 2,548 1,557 626 2,495
>>>>V9 20 21,168 8,326 34,805 7,740 2,415 13,240
>>>>>V9a 19 10,754 3,195 18,647 5,419 570 10,421
>>>>V10 16 10,781 5,378 16,353 8,237 6,437 10,056
>>>>>V10b 10 9,790 4,877 14,845 7,528 5,188 9,901
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>>>>V18 10 7,622 1,224 14,275 5,559 1,370 9,861

>>>>V25 15 6,638 1,202 12,260 6,119 2,182 10,154
>>>>V29 40 6,549 1,438 11,824 6,752 3,880 9,675

>HV1 125 21,336 14,105 28,811 20,044 15,358 24,833
>>HV1a'b'c 121 18,446 13,521 23,489 18,313 13,667 23,065
>>>HV1la 46 17,279 10,604 24,178 18,313 11,385 25,479
>>>>HV1al 26 11,667 5,817 17,710 12,188 7,551 16,945
>>>>>HVlala 17 6,942 3,442 10,519 9,663 5,366 14,069
>>>>HV1a2 11 10,610 6,631 14,680 13,354 7,435 19,464
>>>HV1b 55 15,506 10,182 20,977 16,746 12,136 21,462
>>>>HV1b2 23 7,190 450 14,214 9,234 643 18,274
>>>>>HV1b2a 21 1,842 907 2,783 1,898 699 3,107

>>>HV1e 11 12,111 5,593 18,867 15,707 6,100 25,804
>HV2 51 40,280 26,756 54,416 22,627 18,178 27,165
>>HV2a 43 38,546 25,065 52,656 21,560 17,279 25,925
>>>HV2al 34 23,088 15,809 30,606 18,014 13,518 22,609
>>>>HV2ala 17 19,349 10,885 28,163 14,601 9,060 20,304
>>>>>HV2ala2 14 14,566 8,377 20,959 13,281 7,364 19,389
>>>>HV2alb 10 13,370 7,544 19,382 12,261 3,647 21,295
>HV4 85 17,136 10,043 24,485 17,640 11,585 23,878
>>HV4a 66 15,532 8,379 22,952 17,640 9,890 25,692
>>>HV4al 54 12,292 5,888 18,926 13,720 6,819 20,879
>>>>HV4ala 42 6,549 3,862 9,280 6,330 3,600 9,106

>>>>>HV4alad 11 4,735 576 9,006 4,862 1,356 8,447

>>>HV4a2 12 11,985 5,846 18,336 12,989 4,884 21,459
>HV7 11 15,148 9,121 21,367 18,613 10,542 27,006
>HV12 34 17,003 11,020 23,167 19,440 13,761 25,274
>>HV12a 14 15,167 7,478 23,169 14,233 7,729 20,964
>>HV12b 16 10,953 5,206 16,889 12,916 5,772 20,343
>>>HV12b1l 15 8,793 5,733 11,909 10,381 5,929 14,948
>HV13 18 19,649 12,162 27,407 20,800 14,939 26,822
>>HV13a 10 19,013 10,039 28,382 18,163 9,269 27,455
>HV14 23 15,193 6,674 24,098 15,042 7,953 22,398
>>HV14a 21 10,480 5,196 15,925 11,319 6,704 16,054
>>>HV14al 11 6,670 1,164 12,368 7,882 2,956 12,957
>HV18 19 7,892 5,174 10,654 9,377 5,635 13,202
>HV+16311 173 9,458 7,795 11,136 11,319 9,346 13,313
>>HV6 19 3,965 1,662 6,302 3,476 1,596 5,380

>>HV9 23 9,660 5,737 13,672 9,306 5,702 12,986
>>HV15 10 10,884 5,359 16,585 10,094 6,749 13,503
>>HV16 15 3,983 737 7,299 5,769 1,707 9,936
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The Founder Analysis shown in Figure 36 includes all the modern individuals belonging to

haplogroup HV excluding H and HVO.

When the Near East is used as source area of migration, and Europe as sink area (Figure
40b), the migration profile, which plots the percentage of incoming lineages against time
displays a smaller signal dating to postglacial (~¥11.5 kya) and a larger peak during the
Neolithic (~7.5 kya) (Figure 40a).
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& Sink: Europe (288) b
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Figure 40. Founder Analysis (FA) result of complete modern mitochondrial DNA sequences belonging to haplogroup HV
(excluding H and HVO) using the Near East as source area and Europe as sink area of migration. (a) Graphical
representation of the FA result with a timeline spanning from 0 to 20 kya and the percentage of lineages involved in the
migrations. (b) Map of the area of the world used as “source” and “sink”, respectively in red and blue with the sample size
used in the analysis.

To further investigate the role of Southern Europe in the movements that shaped the
maternal genetic composition of the continent, a second test was performed, exclusively
involving European HV lineages (excluding H) and using Southern Europe as source area and
the rest of the continent as sink area (Figure 41b). The results show the presence of a larger
peak during the Neolithic (~9 kya) and a smaller signal during the Bronze Age (~4-5 kya)
(Figure 41a).
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Figure 41. Founder Analysis (FA) result of complete modern mitochondrial DNA sequences belonging to haplogroup HV
using Southern Europe as source area and the rest of Europe as sink area of migration. (a) Graphical representation of the
FA result with a timeline spanning from 0 to 20 kya and the percentage of lineages involved in the migrations. (b) Map of
the area of the world used as “source” and “sink”, respectively in red and blue with the sample size used in the analysis.

106



4. DISCUSSION

4.1 Belgium

The ancient Belgians described in this thesis represent the first documented genetic
transect, from the Mesolithic to the Neolithic, in Belgium. The dataset included 38
individuals from three archaeological sites in Belgium in close proximity to each other: Trou
Al’'Wesse (14), Grotte du Mont Falise (11) and Abri Sandron (13). Archaeological data on the
three sites suggest human occupation from the Early Mesolithic until the late Middle
Neolithic for Trou Al’'Wesse and late Middle Neolithic occupation for Grotte du Mont Falise
and Abri Sandron (see 2.1.1). After the first screening, six individuals were chosen for deep
shotgun sequencing, whilst the remaining 32 were sent to the Department of Genetics,
Harvard Medical School, Boston in the laboratory led by Professor David Reich, for SNP
capture. Of the 32 samples, 27 were successfully sequenced, giving a total of 33 sequenced
samples (six with whole genome shotgun sequencing and 27 with SNP capture). Despite the
low coverage sequencing data for all the samples, it was possible to perform uniparental
markers analyses, whole genome analysis and phenotype reconstruction. A striking
difference was observed between the number of males and females in the dataset, with 28
males (85%) and only five females (15%) out of 33 individuals sequenced (Table 15). This

over-representation of male individuals is unusual for Neolithic cave burials.

The presence of shared mitochondrial and Y chromosome haplogroups and high genetic
affinity among individuals belonging to different sites suggest movement of people and
genetic homogeneity in the area (Figures 33, 34 and 36). However, according to the IBD
analysis there was no close degree of relationship (first, second or third degrees) between

the individuals.

Despite the lack of direct radiocarbon dating on the samples, the archaeologists identified
two Mesolithic individuals from Trou Al’'Wesse and 36 Neolithic individuals from three sites
in total. However, the genetic analyses performed revealed a more complex structure within

the population.
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4.1.1 Mesolithic Belgians (ACOF layer)

According to the archaeological context in which they were excavated, two individuals from
Trou Al'Wesse, AF002 and AF003, were assigned to the Mesolithic period. The samples were
retrieved from the ACOF layer, located at the bottom of the excavated portion of the
terrace (Figure 16). Although no direct dates have been produced for this layer so far, the
terrace stratigraphy suggests that the deposition of the ACOF layer preceeded the
overlapping Early Neolithic layer, 4b-LaH, dated 7,800-6,630 BP (Figure 16 and Table 3) and
might have followed the deposition of the Late Mesolithic layer 4b-delta, dated 7,830-7,580
BP. In the latter case, however, the relationship between the two layers is difficult to
interpret, as they lie adjacent one to the other, with the 4b-delta closer to the cave opening,

and the ACOF layer slightly below, closer to the river.

4.1.1.1 Autosomal evidence

The chronologically intermediate nature of the ACOF samples is reflected by the genetic
results, albeit with some very striking differences: when the ADMIXTURE plots are
considered (Figures 23 & 24) both AF002 and AF003 display major WHG-related ancestry
(yellow) although in fact this seems to characterise some of the Neolithic samples as well
(see following section for details). However, this is much higher in AF002, where it reaches
>80%, compared to the ~60% observed in AF003. Intriguingly, both samples also display a
secondary ancestral component, associated with the Neolithic (blue), but again with very
different proportions: ~40% in AFO03 (values mirrored in other Neolithic samples included in
this study), and a striking <10% in AF002 (Figure 24). In addition to the small Neolithic
component, AF002 displays a curious <10% of Pontic-Caspian ancestry (Figure 24). The PCA
analysis plots (Figures 20-22) confirm, and further highlight these differences: AF002
clusters unequivocally with the WHG, well away from AF003, who in turn clusters closely
among the other Neolithic samples from Belgium (Figure 21). Considering that AFO02 has
been contextually dated to Mesolithic times and clusters with other WHGs, it would be
improbable to find a CHG component so early in time in western Europe. Therefore, we
assume that the CHG component, and the Neolithic as well due to the comparable fraction
(<10%), are artifacts, probably results of the poor quality of the sample and sequencing.
Currently, we attempted to perform hydroxyproline dating on AF002 but due to the high

degradation of the sample, the procedure failed. However, we are in the process of
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analysing additional libraries of AF002 to verify these hypotheses. The genetic results
regarding AF003, instead suggest that probably this individual belonged to a Neolithic
population and was wrongly classified as Mesolithic. The wrong archaeological classification
could be attributed to the close position of the location of the sample in the ACOF layer to

the Early Neolithic layer 4b-LaH above (Figure 16).

When the genetic affinity of AF002 towards other Mesolithic and Neolithic samples is
assessed in the D-statistics test, AFO02 appears genetically closer to other Mesolithic
individuals from Europe than to the Neolithic individuals from Belgium (Figure 28). In
particular, AF002 shows stronger genetic affinities with the Loschbour and Bichon samples
(Lazaridis et al. 2014; Jones et al. 2015), two hunter-gatherers from Mesolithic Luxembourg
and Late Glacial Switzerland respectively, compared to the Belgian Early Upper Palaeolithic
individual from Goyet (Figure 28), thus suggesting discontinuity with this chronologically
distant “fellow countryman”. This result is not surprising and is in line with the results by
Posth et al. 2016, where Goyet’s mitochondrial DNA was found to belong to haplogroup M,
and was originally analysed among other Palaeolithic and Mesolithic Europeans. Considering
that M was not found in postglacial hunter-gatherer populations, Posth and colleagues

concluded that its lineage must have become extinct during the LGM (Posth et al. 2016).

4.1.1.2 Uniparental markers

Loschbour and Bichon, dated respectively to 7.2 kya (Mesolithic) and 13.7 kya (Upper
Palaeolithic), belong to the WHG cluster both in the PCA and ADMIXTURE analyses (Lazaridis
et al. 2014; Jones et al. 2015). Both individuals share the same mitochondrial haplogroup
U5b, and Y-chromosome haplogroup | with the Belgian Mesolithic individual AF002. AF002’s
mitochondrial haplotype is a 100% match with an Upper Palaeolithic Late Glacial individual
from France, Iboussieres (Posth et al. 2016), inside a branch of haplogroup U5b1 (Figure 33).
Mitochondrial haplogroup U5b1 probably originated between central and southern Europe
around 17.7 kya (Malyarchuk et al. 2010). Its modern distribution is characterised by the
presence of Mediterranean clusters, early in the phylogeny, and by deeper central European
lineages (Malyarchuk et al. 2010). U5b1 is the main clade within U5b, the mitochondrial
signature of Western European Upper Palaeolithic and WHGs (Posth et al. 2016), and it was
the dominant mitochondrial haplogroup in Europe until the arrival of the early farmers

during the Neolithic (Bramanti et al. 2009; Brandt et al. 2014). On the paternal perspective,
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AF002 carried Y-chromosome haplogroup |, which represents the signature of Upper
Palaeolithic and Mesolithic Europeans (Lazaridis et al. 2014; Fu et al. 2016).

AF003, instead, carries mitochondrial haplogroup Kladal; modern distribution of this
haplogroup suggest most likely an European origin dated to ~11 kya (Costa et al. 2013).
K1a4 is a typical European Neolithic mitochondrial lineage, which probably originated in the
Late Glacial of the Near East (Brandt et al. 2013; Costa et al. 2013). Mitochondrial
haplogroup K1 (mainly Klc but including some Kla) has been found in low frequency in
Mesolithic hunter-gatherers from southeast Europe (Gonzales-Fortes et al. 2015;
Hofmanova et al. 2015; Mathieson et al. 2018). The frequency of this haplogroup rose
during the Neolithic with the arrival of early farmers from Anatolia; among its sub-clades,
the most frequent during the Neolithic was Kla (Fernandez et al. 2014; Mathieson et al.

2015; Kilinc et al. 2016; Lazaridis et al. 2016).

4.1.1.3 Stable isotopes

Stable isotopes analyses seem to support a real hunter-gatherer diet for AF002 and a less
clear diet for AFO03, which is shifted towards the Neolithic group (Figure 37). However,
among the 21 ancient individuals analysed, AF002 and AF003 show the highest values in
8%N, 13.77 and 12.19 respectively, and the lowest in §'3C, -19.96 and -19.83 respectively
(Figure 37), suggesting a meat-based diet, probably riverine. Similar values of 6*°N and §'3C,
in a range from 11.2 to 12.6 (6*°N) and from -21.5 to -20.1 (6*3C), have been documented
among Late Mesolithic individuals from France and Luxembourg (including Loschbour)
(Drucker et al. 2016). The dietary isotopes pattern seems to confirm the interpretation of
the relationship between the two ACOF samples, with AF002 characterised by a meat-based
diet, typical of hunter-gatherers, and AF003, displaying a more Neolithic diet based on

cultivated cereals and less meat intake.

4.1.1.4 Phenotype reconstruction

Despite being partial and characterised by very low coverage of reads, the result of the
phenotype reconstruction for the lactase persistence based on one SNP (rs182549) in the
LCTh gene suggests that AF002 and AF003 carried the ancestral state of this polymorphism
and most likely were not able to digest milk in the adulthood (Table 17). The result is in line
with the scenario depicted by European Mesolithic hunter-gatherers carrying the ancestral

alleles of rs182549 in the LCTh gene and rs4988235 in the LCTa gene (Burger et al. 2007;
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Allentoft et al. 2015; Mathieson et al. 2015). The most common alternative alleles in
modern Europeans, which allow individuals to more likely digest milk during the adulthood,
started to increase in frequency in Europe with the Late Neolithic and Bronze Age (Allentoft

et al. 2015; Cassidy et al. 2016).

4.1.2 Neolithic-A Belgians

The Neolithic-A Belgian cluster groups 24 individuals from Trou Al’'Wesse (6), Grotte du
Mont Falise (8) and Abri Sandron (10). All the Neolithic-A individuals from Trou Al'Wesse
were found in the chimney burials, across the four layers (Figure 15 and Table 4). The use of
this burial seems to be dated later than the use of the terrace. The sites of Grotte du Mont
Falise and Abri Sandron displayed signs of human occupation dated to the Late Neolithic
(Abri Sandron: 4765-4619 cal BP, 4769-4607 cal BP, 4966-4815 cal BP; Grotte du Mont
Falise: 4768-4611 cal BP, 4892-4807 cal BP) (Toussaint 2002; Toussaint 2003).

4.1.2.1 Autosomal evidence

In the PCA plot they occupy an intermediate position between WHG and other European
Neolithic populations, a position not occupied by any ancient population published until
now (Figure 21), and as such they seem to fill a genetic gap in the current ancient DNA
landscape. The shift towards the WHG cline suggests a stronger Mesolithic ancestry than
other Neolithic groups, which is also supported by the high WHG-related component
displayed in the ADMIXTURE analysis (around 60%). This value is much higher than those
observed in any other European Neolithic population published so far, such as LBK
individuals, whose values range from 10 to 20% (Figure 23). After the onset of the Neolithic
revolution in Europe, the two populations, European hunter-gatherers and Neolithic
farmers, started admixing and the Anatolian early farmer genetic component spread across
European Neolithic populations in various degrees (Gamba et al. 2014; Haak et al. 2015;
Gunther et al. 2015; Lazaridis et al. 2016). Considering this high level of WHG ancestry in the
Belgian Neolithic-A group, we decided to further investigate, using D-statistics, if this
population was genetically closer to WHGs or other European and Levant Neolithic
populations. The D-statistic shows that an excess of shared ancestry is presentbetween the
WHGs Loschbour (Luxembourg), Bichon (Switzerland), the Iron Gates Mesolithic (Serbia) and
AF002 with the Neolithic-A Belgian group, with the highest scores achieved by AF002,
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suggesting a genetic continuity in the area (Figure 29). When compared to other Neolithic
populations from Europe, instead, they showed genetic affinity with Neolithic British
individuals, followed by Middle Neolithic populations from Central Europe (Figures 29 and
30). The Neolithic individuals from Britain, as reported by Brace and collaborators (2019),
are characterised by a high genetic affinity with Iberian Neolithics and the origin of their
Neolithic component has been traced to Aegean farmers who followed the Mediterranean
route of dispersal (Brace et al. 2019). Instead, the Neolithic-A group more likely were the
result of an early admixture between Neolithic and Mesolithic, where the WHG component
was still more prevalent (Figures 29 and 30). However, to support the hypothesis of this
early admixture, more radiocarbon dates for the Neolithic-A Belgians are necessary.
Currently, the only individual belonging to the Neolithic-A group who has been directly
dated is AF004 (5,281-4,977 cal BP).

4.1.2.2 Uniparental markers

The frequencies of mitochondrial lineages found among the Neolithic-A Belgian individuals
are in line with the European Neolithic trend, with the presence of haplogroups U5a, U5b, J,
K and H (Figure 32) (Gamba et al. 2012; Hervella et al. 2012; Sanchez-Quinto et al. 2012;
Fernandez et al. 2014; Mathieson et al. 2015; Hofmanova et al. 2016; Kilinc et al. 2016;
Lazaridis et al. 2016; Jones et al. 2017; Brace et al. 2019). Two individuals, AF001 and AF010,
belonged to the U5a2b4 clade, sharing the same haplotype (Figure 33). This lineage directly
branches from a Middle Neolithic Bernburg individual from Germany, dated 5054-4869 BP
(Haak et al. 2015). U5a2 is one of the main haplogroups within U5a and its expansion took
place shortly after the LGM; it is frequent in modern day individuals from central and
Eastern Europe (Malyarchuk et al. 2010). Four Neolithic-A Belgians, instead, belonged to
haplogroup U5b2b (Figure 33), dated to 19 kya (Malyarchuk et al. 2010). Other Neolithic and
Bronze Age individuals share the same clade, among those the most ancient ones are one
Neolithic Sardinian dated to 6179-5930 BP (Olivieri et al. 2017) and one Middle Neolithic
individual from Germany dated to 5735-5606 BP (Lipson et al. 2017). As suggested by both
modern and ancient data distribution, the diversification of this haplogroup firstly occurred
in Central and Southern Europe and then spread across the continent (Malyarchuk et al.
2010). With the exception of U5, the mitochondrial lineages J, K and H had a Late Glacial

source in the Near East (Richards et al. 2000; Achilli et al. 2004; Soares et al. 2010; Pala et al.
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2012; Costa et al. 2013; Pereira et al. 2017). Their major dispersals in Europe, however, took
place during the Neolithic as part of the so-called “Neolithic package”, these haplogroups,
alongside N1a, T2, V, W and X, represented the majority of the Early European farmer
maternal diversity (Haak et al. 2010). Two individuals, AF014 and AF036, belonged to
haplogroup J1c5 and shared the same haplotype (Figure 33). No other ancient individuals
cluster in the same lineage, however J1c5 is characterised by the presence of Neolithic and
Bronze Age individuals from Central Europe (Mathieson et al. 2015; Fernandes et al. 2018).
J1c5 has been dated to 9 kya and has a modern European distribution as its root J1c, in
particular in central and Eastern Europe (Pala et al. 2012). As mentioned before, haplogroup
K1la was the most frequent K lineage during the Neolithic in Europe and had a Near Eastern
origin, probably as several of its sub-clades. Individual AF026 belonged to haplogroup
K1a3a, dated to 14 kya (Costa et al. 2013), and shared the haplotype with one Anatolian
Neolithic individual, dated to 8450-8150 BP (Mathieson et al. 2015) and two individuals
from Scotland, Neolithic and Chalcolithic respectively dated to 5892-4987 BP and 4089-3865
BP (Olalde et al. 2018). The presence of the Anatolian individual at the root of Kla3a
suggests that after originated in the Near East, this haplogroup spread in Europe with the
migration of the Anatolian farmers. Haplogroup H, instead, is the most common
mitochondrial haplogroup in modern Europeans, with a frequency around 45% (Achilli et al.
2004). The origin of H has been associated to the Near East and despite of its sub-clades
show a Late Glacial or Post-Glacial coalescence date (Pereira et al. 2005; Soares et al. 2010),
no evidence in ancient DNA prior to the Neolithic have been found in Europe. The Neolithic-
A Belgians belonged to diverse H haplogroups, such as Hlc (dated to 6448 BP; Behar et al.
2012), H1q (dated to 6231 BP; Behar et al. 2012), H7d (dated to 7601 BP; Behar et al. 2012)
and H4alala (dated to 5891 BP; Behar et al. 2012). Several Central Neolithic, Chalcolithic
and Bronze Age individuals from Scotland, Iberia, Germany and Czech Republic have been
found sharing the same haplogroups as the Neolithic Belgians (Knipper et al. 2017; Olalde et
al. 2018), supporting a wide spread of these H sub-clades during the Neolithic across

Europe.

The paternal lineages, by comparison, do not show the same degree of variation, with most
of the individuals belonging to haplogroup | (Figures 35 and 36). This lineage dates to

around 33 kya and has two major sub-haplogroups I1 limited to Scandinavia and Germanic-

113



speaking areas, dating to 4.6 kya, and the much older 12, dating to ~21 kya and wide spread
across Europe (Semino et al. 2004; Rootsi et al. 2012; Poznick et al. 2016; Haber et al. 2019).
Due to the low coverage, it was not possible to classify many of the samples more
accurately. However, the individuals classified as | most likely belonged to the 12 clade, and
not 11, as this would be in line with the distribution and age of the haplogroup (Lazaridis et
al. 2013; Lazaridis et al. 2014; Haak et al. 2015; Fu et al. 2016). Moreover, individuals AF031,
AF032 and AF036 belonged to the clade 12alala, dated to 11.7 kya (Francalacci et al. 2015).
The presence of Y chromosome haplogroup | in Neolithic individuals reflects a measure of
genetic continuity from the Mesolithic populations (Haak et al. 2015; Mathieson et al.
2015). AF018, by contrast, belonged to Y-chromosome haplogroup J, which is absent from
the Neolithic in Europe with the exception of two J2 LBK individuals from Austria and one
from Croatia; it has also been seen in a Bronze Age individual from Croatia and a Neolithic
individual from Anatolia (Mathieson et al. 2015; Lazaridis et al. 2016; Lazaridis et al. 2017;
Lipson et al. 2017; Mathieson et al. 2018). The origin of haplogroup J has been associated to
Palaeolithic times in the Caucasus region and its initial spread across Eurasia took place prior
to Mesolithic times, as suggested by finding of Upper Palaeolithic and Mesolithic individuals
from Georgia, Russia and Iran (Di Giacomo et al. 2004; Jones et al. 2015; Mathieson et al.
2015; Lazaridis et al. 2016; Finocchio et al. 2018); it was associated with the Early Neolithic
spread into Europe by Semino et al. (2000). Its (rare) Early Neolithic presence in Central
Europe supports a link to the spread of the LBK. However, a deeper sequencing is necessary

to classify AF018 further inside the Y chromosome phylogeny.

4.1.2.3 Stable isotopes

In order to further investigate continuity in the area, not only genetically but also regarding
cultural and dietary habits, we performed stable isotopes analyses on the 17 Neolithic-A
individuals (Figure 37). The results presented here point to a change in the diet of the
Neolithic-A individuals compared to the Mesolithic AF002. In particular, the results seem to
include AFO03 (Mesolithic) in the Neolithic group. Values ranging from 7.48 to 11.74 (6*°N)
and from -22.03 to -20.4 (6'3C) suggest that the Neolithic individuals were consuming a
higher quantity of cereals and C3 plants with a lower intake of meat, supporting the
scenario of a Neolithic agricultural influence (Fraser et al. 2013). Similar values, from 5.8 to

10.2 (6*°N) and from -22.5 to -19.7 (6'3C), have been recorded among LBK individuals from
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Germany whose diet was mainly based on domesticated cereals (Fraser et al. 2013).
However, it is noticeable the increase in the 6°N of Neolithic Belgians compared to the LBK,

probably reflecting traces of riverine diet.

4.1.2.4 Phenotype reconstruction

Another change that probably characterised the transition from the Mesolithic to the
Neolithic in Europe was the frequency of some phenotypic features, due to the arrival of
new populations from the southeast (Olalde et al. 2014; Fu et al. 2016). Recent studies have
hypothesized that alleles associated with a lighter pigmentation of the skin in Europeans
and green and brown eyes were introduced by Early Neolithic farmers from Anatolia, while
Mesolithic hunter-gatherers were characterised by a darker skin tone and blue eyes (Olalde
et al. 2014; Mathieson et al. 2015; Fu et al. 2016; Brace et al. 2019). However, EHG and SHG
apparently already possessed lighter skin pigmentation, prior to the onset of the Neolithic
(Mathieson et al. 2018). The phenotype prediction results suggest that the Neolithic-A
Belgians displayed, overall, an intermediate tone of skin colour and blue eyes (Table 16).
This interpretation is consistent with the scenario described previously, with the Neolithic-A
Belgians carrying a pigmentation phenotype closer to hunter-gatherer populations as result
of their high WHG ancestry. Like the Mesolithic individuals, Neolithic-A Belgians carried the
ancestral state of rs4988235 (LCTa) and rs182549 (LCTb) (Table 17) suggesting that most

likely they were not able to digest milk in the adulthood.

4.1.3 Neolithic-B Belgians

The Neolithic-B group includes seven individuals across the three sites, four from Trou
Al'Wesse, two from Grotte du Mont Falise and one from Abri Sandron. Stratigraphic
information was available only for the samples from Trou Al’'Wesse: two individuals, AF023
and AF025, were found in the deepest layer of the chimney burial (4), AF020 was found in
layer 3 and AF017 in layer 2 (Figure 15 and Table 4). The sites of Grotte du Mont Falise and
Abri Sandron displayed signs of human occupation dated to the Late Neolithic (Abri
Sandron: 4765-4619 cal BP, 4769-4607 cal BP, 4966-4815 cal BP; Grotte du Mont Falise:
4768-4611 cal BP, 4892-4807 cal BP) (Toussaint 2002; Toussaint 2003).

4.1.3.1 Autosomal evidence
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Neolithic-B Belgians overall, resemble Late Neolithic/Early Bronze Age individuals from
Europe, Single Grave and Battle Axe (Figure 23). However, given the newly obtained
radiocarbon dates for individuals AFO07 and AF017, respectively dated 4,828-4,626 cal BP
and 1,929-1,827 cal BP, the Neolithic B group includes now individuals spanning the Late
Neolithic (AF007) to the Iron Age (AF017). Genetically, in addition to the WHG and Neolithic
components, Neolithic-B individuals display a substantial third genetic component (CHG),
ranging from 20% to 35% (Figure 24). This CHG component, associated with the Pontic-
Caspian Steppe populations, was not present in comparable amount in any of the Neolithic-
A samples (Figure 24). Late Neolithic/Bronze Age populations from Europe overall show a
decreasing cline of Steppe ancestry from east to west mirroring the direction of the
migration (Juras et al. 2018). The presence of this Steppe ancestry in the PCA plot pushes
the Neolithic-B group towards Yamnaya populations, overlapping Late Neolithic/Bronze Age
individuals from Europe (Figure 21). To further investigate the origin of this Steppe
component in Neolithic-B Belgians, a D-statistics test was performed (Figure 31). As
expected, the results assign the source of the Steppe ancestry carried by Neolithic-B
Belgians to the Yamnaya population from Russia(Figure 31). The confirmation of the
presence of this component in Neolithic individuals from Belgium is surprising, since,
considering the age of the sites, it could represent an early appearance of CHG ancestry in
Western Europe. In particular, the newly obtained date for AFO07 (4,828-4,626 cal BP),
makes this the oldest ancient individual from Western Europe having Steppe component
and carrying R1b-M269 as Y-chromosome haplogroup marker. The oldest sample from the
whole Europe, instead, is represented by an Eneolithic individual from Croatia, dated 4,833-
4,615 cal BP (Mathieson et al. 2018). Currently, we are in the progress of radiocarbon dating

the remaining Neolithic-B individuals to add more data supporting this hyphothesis.

4.1.3.2 Uniparental markers

Some genetic continuity between the Neolithic-A and the Neolithic-B groups is supported by
the presence of shared mitochondrial haplogroups, and indeed haplotypes in the case of a
Kladal sequence shared by Neolithic-A individuals AFO03 and AF015 and Neolithic-B
individual AFO07 (Figures 32 and 33). In the Neolithic-B group it is possible to observe the
presence of haplogroup Tlaln carried by two individuals from Trou Al'Wesse (Figures 32

and 33), not seen among Neolithic-A Belgians. Haplogroup T1al, thought to be associated
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with the spread of Late Neolithic/Bronze Age populations into north-western Europe
(Brandt et al. 2013; Pereira et al. 2017), has been found exclusively in Late Neolithic/Bronze
Age individuals from Europe, Bell Beaker samples, Yamnaya-related populations and Bronze
Age Caucasus individuals (Allentoft et al. 2015; Haak et al. 2015; Mathieson et al. 2015;
Krzewinska et al. 2018; Mathieson et al. 2018; Mittnik et al. 2018; Olalde et al. 2018).

Analysis on the Y chromosome supported the scenario, described previously, of shared
ancestry between Yamnaya-related populations and Neolithic-B Belgians, since five
Neolithic-B males out of six belong to the Y chromosome haplogroup R1b-M269. The
coverage of the remaining individual, AF025, was too low to obtain an accurate haplogroup
classification, currently is classified as R. The R1b-M269 lineage has been already described
as the marker of the Yamnaya migrations and the genetic replacement of Y chromosome
haplogroups G, J and | to mainly R1b (Haak et al. 2015; Mathieson et al. 2015; Fu et al. 2016;
Olalde et al. 2018; Olalde et al. 2019).

4.1.3.3 Stable isotopes

The current stable isotopes data presented here do not show significant difference in the
dietary habits between Neolithic-A and Neolithic-B Belgians, with marginally lower values of
813C for the Neolithic-B (Figure 37). However, this assumption is based on a very limited
sample-size, two individuals. Currently we are in the process of analysing the stable isotope
data for the remaining Neolithic-B individuals, to eventually assess a possible change in the

diet.

4.1.3.4 Phenotype reconstruction

Interestingly, one Neolithic-B individual from Grotte du Mont Falise, AF029, carried a
mutation in the SNP rs4988235, in the LCTa gene, suggesting that AF029 most likely was
able to digest milk in adulthood (Table 17). This particular mutation is under-selection in
European populations (Bersaglieri et al. 2004). rs4988235 increased its frequency among
Europeans after the Neolithic when human populations started to consume milk and dairy
products as a consequence of animal husbandry (Burger et al. 2007; Allentoft et al. 2015;
Mathieson et al. 2015). This particular finding, combined with the presence of CHG ancestry
in AF029, could place this individual, and possibly the entire Neolithic-B group, later in time

compared to the Neolithic-A group.
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4.1.4 Modern Belgium

From a starting dataset of 166 modern Belgian mitogenomes, | was able classify into known
mitochondrial haplogroups 124 of them. Despite the limited sample size, these sequences
belong to Belgian individuals from all the provinces of the country, giving a full coverage of
the area (Figure 38). The comparison between the modern and the ancient Belgian
mitochondrial data suggest the absence of genetic continuity of particular mitochondrial
lineages in the specific area of Belgium. However, all the modern Belgian individuals display
mitochondrial haplogroup frequencies comparable with the rest of Europe (Figure 39)

(Karachanak et al. 2011).

4.2 Mitochondrial haplogroup HV

Mitochondrial haplogroup HV includes the root of the most common haplogroup of modern
Europeans. However, its origin and routes of dispersal are still debated. Haplogroup HV as
whole, including the main clades H and HVO, has an overall modern geographical
distribution mainly based in Europe. However, the most basal clades within HV and the root
of HV itself are characterised by a majority of South East European and Near Eastern
individuals (Appendix 17). The new ML age calculations place the origins of the haplogroup
at 23 (19.3; 26.9) kya (Table 18). This estimate is slightly younger than the previous estimate
by Soares and collaborators (2009), which dated the origin of HV back to 27.1 kya. However,
this latter calculation also included haplogroup H, which has been excluded from this new
calculation. For this reason, the newly calculated coalescence age of ~23 kya, may be a
minimum estimate. In any case, the new estimate confirms an LGM origin for haplogroup
HV as a whole. Within HV, several sub-haplogroups appear also as dating back to the LGM or
Late Glacial, such as HVO (13.8 kya), HV1 (20.0 kya), HV2 (22.6 kya), HV4 (17.6 kya), HV7
(18.6 kya), HV12 (19.4 kya), HV13 (20.8 kya) and HV14 (15.0 kya). These ages are in line with
previous estimates (Richards et al. 2000; Achilli et al. 2004; De Fanti et al. 2015).

Haplogroup HVO is one of the largest branches within HV (excluding H). Almost all of the
individuals, both ancient and modern, within haplogroup HVO are European (with non-

Europeans generally at the tips rather than at the root) and therefore we can assume an
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origin within the European continent (Appendix 17). In contrast with HVO, the other sister
clades within HV, such as HV1, HV2, HV4, HV7, HV12, HV13, HV14 and HV18, are almost
entirely Near Eastern, with Near Eastern and Caucasian individuals branching from the
roots. Some of these Near Eastern haplogroups, however, include European sub-
haplogroups, such as: HV4ala characterised by Spanish, Basque and French individuals,
suggesting an expansion from the Franco-Cantabrian region (Gomez-Carballa et al. 2012),
the European HV7a and HV7b which differ from the sister clade HV7c entirely Caucasian, or
the many sub-haplogroups within HV+16311 characterised by younger coalescence ages,

HV6 (3.4 kya), HV8 (4.3 kya), HV9 (9.3 kya) HV10 (3.3 kya), HV16 (5.7 kya).

Considering the ages of HV and its sub-haplogroups, and the geographic distribution of
modern individuals, the involvement of HV (excluding H and HVO) in migratory events from
the putative source (the Near East) to Europe was tested using the founder analysis
approach. The results suggest that HV was involved in two main migratory events from the
Near East to Europe (Figure 40): a smaller-scale event during the postglacial (~11.5 kya), and
a major migration during the Neolithic (~7.5 kya). The second event may coincide with the
migration of early farmers to Europe from the Fertile Crescent and/or Anatolia during the

Neolithic transition (Figure 40).

To further investigate the possibility that southern Europe might have acted as a source of
Near Eastern HV lineages, and the place of differentiation of European lineages (HVO) that
were then spread into central and northern Europe, the combination EuropeSouth-
Source/EuropeNorth-Sink was then tested (Figure 41). The results show that the majority of
the spreading lineages (in this case mostly HVO) tend to peak at ~9.0 kya, with a secondary
peak at ~4.0-5.0 kya.

These dates seem to imply that some of the older European HV lineages might have “hitch-
hiked” the Neolithic dispersal from its source in the Near East, to southern Europe, and then
from there within Europe. If we accept this scenario, then the Mediterranean area seems to
have acted as a source of some HV lineages (mainly HVO) that were first introduced into
Europe during the Late Glacial and others in the Neolithic, and spread across the rest of the

continent during the Neolithic (~9 kya) and later during the Bronze Age (~4.3 kya) (Figure
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41). This appears to be analogous to the situation for haplogroups J and T (Pereira et al.

2017) and may also be the case for some of haplogroup H.

Because of its rarity, at present, ancient DNA does not clarify the picture regarding HV very
much, although they provide some evidence regarding the subsequent spread of HVO/V.
The oldest Near Eastern appearance, so far, of haplogroup HV is dated to the Mesolithic
time in Iran, in the individual 11293, dated to 7,250 * 40 BP; 11293 was further classified as
HV2a1l (Lazaridis et al. 2016). However, an even older individual has been found in Europe,
an LBK individual from Germany, dated to 7,450-6,750 BP, belonging to the clade HV+16311
(Haak et al. 2015).

Considering that the coalescence age of haplogroup V calculated using ML is around 8.8 kya
(Table 18) and the presence at the root of V of one Early Neolithic Spanish individual dated
around 7 kya (Haak et al. 2015), the origin of haplogroup V could potentially be located in
Iberia, as originally suggested by Torroni and collaborators in 2001, albeit with an earlier
chronology which now seems less plausible. However, an origin in south-east Europe now
seems more likely, given the early dates in south-east and central Europe, but with a
secondary Neolithic expansion from Iberia. More ancient DNA data, and more refined

founder analysis, will be necessary to test these scenarios in detail.
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5. CONCLUSIONS

The aim of this thesis was to shed light on the Neolithic transition on ancient and modern

European populations. To achieve this, two approaches were taken: i) the analysis of human

remains from three prehistoric archaeological sites in Belgium; and ii) the phylogeographic

analysis of modern sequences belonging to mitochondrial haplogroup HV.

i)

The ancient Belgian samples were identified as target for analysis for two main
reasons.First, they represented an area in Europe that chronologically, and
geographically, has been scarcely sampled for ancient DNA studies. Second, because of
what we know about the archaeology of the area, in particular in association with the
appearance of controversial pottery traditions, such as La Hoguette (present at one of
the sites) and Limburg. Their distinctive appearance at the boundary between the
Mesolithic and Neolithic opens the possibility that something unique might have
occurred in the area at the Mesolithic-Neolithic transition, perhaps with the active

involvement of local hunter-gatherers.

Very excitingly, my results seem to suggest that in Belgium the Mesolithic-Neolithic
transition might have gone through a multi stage process. First, although we must treat
this result very cautiously until more data is analysed, it is possible that Neolithic-
related ancestry might have infiltrated Mesolithic communities very early on (AF002).
Secondly, by the Middle Neolithic at least (although we cannot confidently attribute this
to earlier La Hoguette influence without further research), the fully-fledged Neolithic
communities of the area (from all three sites) had higher level of Mesolithic assimilation
than has been seen to date during the western European Neolithic (“Neolithic-A”). The
genetic analysis showed that one individual (AF003) attributed to the Mesolithic by the
excavators in fact belonged to this cluster, showing the power of the archaeogenetic

analysis to challenge archaeological interpretations.

The uniparental markers show that there may also have been a sex bias in the Neolithic
settlement of the area: although many of the Neolithic-A mtDNA lineages can be

attributed to Neolthic expansion from southern Europe, there is only a single Y-
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chromosome lineage of potentially southern Neolithic origin amongst these samples,

with the remainder belonging to the indigenous European haplogroup I.

There is also a second cluster of individuals, referred to as “Neolithic-B”. In these
samples, a new genome-wide Steppe (or CHG) component is evident, and the
indigenous Mesolithic and Neolithic components appear to have been diluted to reach
values comparable with other similar ancient populations after newcomers arrived
carrying Yamnaya-related ancestry. This cluster also carries exlusively the Yamnaya-
associated Y-chromosome haplogroup R1b-M269, as well as a number of mtDNA
haplogroups associated with Late Neolithic/Bronze Age arrivals from the east. Given
that the radiocarbon dates from one of the sites cluster to the late Middle Neolithic,
and the others to the early Late Neolithic, this clustering into two distinct populations
(one unique but related to other European Neolithic and Mesolithic populations, and
the other closer to Corded Ware/Chalcolithic/Bronze Age populations) was unexpected

and again demonstrates the power of genetic analysis.

Despite this unexpected clustering, overall all three sites under analysis are genetically
very similar. This is not only evident from the autosomal analysis but is further
supported by the presence of shared mitochondrial and Y-chromosome haplogroups
and even haplotypes. This fits with their close geographic proximity, and might suggest
that the rivers connecting the sites might have acted as prehistoric “highways” by
promoting contact among the sites during the Neolithic. The work presented here also
emphasizes the continuing importance of the use of uniparental marker systems.
Despite giving only a partial understanding of the history if analysed separately (the
maternal ancestry, in the case of mtDNA, and paternal for the Y chromosome) when
combined with whole-genome analysis they become a very powerful tool which can
enrich the interpretation of autosomal data. This is especially the case when they point
to the existence of sex-specific dispersals, which are well-established for the Late
Neolithic/Bronze Age but have been less clear to date for the spread of the earlier

Neolithic.

ii) The results presented in this thesis, obtained using a dataset of 1,101 complete

mitogenomes, published and unpublished, confirmed the proposed Upper Palaeolithic
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Near Eastern origin of HV (Pereira et al. 2005) and its involvement in migratory events,
from the Near East to Europe during the Late Glacial, and the Neolithic expansion from
southern Europe to the rest of the continent. The findings suggest that HV lineages may
have been introduced from the Near East into the Mediterranean area continuously
between the Late Glacial and the Neolithic. The Mediterranean area might therefore
have functioned as reservoir of HV lineages and area of differentiation of important
European HV variants, such as HVO; during the Neolithic, and later on during the Bronze
Age, Near Eastern and European HV lineages were then carried into the rest of Europe

by subsequent dispersals.
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7. APPENDIX

Appendix 1. Trimming and merging scripts using leeHom, followed by the description of the options used in the command.

~/path/to/leeHom -fgl *.fastq.gz -fq2 *.fastq.gz -fqo *_leeHom_merged -ancientdna -f
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC -S AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -log
*_TeeHom. Tog

Option Description

-fql First input file to be merged
-fgq2 Second input file to be merged
-fgo Output file
-f Forward adapter sequence
-s Reverse adapter sequence
-log Creates a report file

Appendix 2. Scripts used to perform the mapping step against a reference genome with BWA, followed by the description of the
options used in the commands. For the algorithm to work, BWA has to construct the index for the reference genome using the
command bwa index.

bwa index /your/pathway/reference.fasta
bwa aln -n 0.01 -0 2 -1 16569 -t 6 /your/pathway/reference.fasta *.fq.gz > *_aligned.sai

bwa samse /your/pathway/reference.fasta *_aligned.sai *.fq.gz > *_aligned.sam

Option Description

Maximum number of mismatches allowed between the
" read and the reference
-0 Maximum number of gaps
-l Random number, seed disabled
-t Multi-threading mode

Appendix 3. Mapping quality filtering and sorting scripts using Samtools, followed by the description of the options used in the
commands.

samtools view -bF 4 -q 20 *_aligned.sam > *_filtered.bam

samtools sort file.bam > sorted_file.bam

Description

. Prints the alignments of the specific input file (.sam, .bam
view
or .cram)

sort Sort the reads by chromosome rather by read number
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-b Set the output file in .bam format

-F4 Excludes unmapped reads in the output alignments

Excludes alignments with mapping quality below the
desired value

Appendix 4. Marking duplicates script using Picard, followed by the description of the options used in the commands.

java -jar /your/pathway/picard.jar MarkDuplicates INPUT=*_sorted.bam OUTPUT=*_dedup.bam
METRICS_FILE=metrics.txt

-jar Allows the software to run using a .jar file
-INPUT One or more input files, .sam or .bam
-OUTPUT The output file will be generated
-METRICS_FILE Report of the command in .txt format

Appendix 5. Read length filtering script using Samtools, followed by the description of the options used in the command.

samtools view -@6 -h *_dedup.bam | awk 'length($10) > 30 || $1 ~ /A@/' | samtools view -@6 -b >
*_above30bp.bam

Option Description

. Prints the alignments of the specific input file (.sam, .bam
view or .cram)

-@ Number of threads used in the analysis

-h Includes the header of the file in the output

-b Set the output file in .bam format

Appendix 6. Script used to obtain mapdamage report (mapdamage 2.0).

~/path/to/mapbamage -i *_sorted_file.bam -r /your/pathway/reference.fasta -d *_mapdamage

-i Input file
-r Reference sequence
-d Output directory

Appendix 7. Script used to soft-clip the reads using the software bamUtil-master and the description of the options used in the
command.

~/path/to/bamutil-master/bin/bam trimBam input.bam output.bam -L X -R X --clip
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-LX Number of X bases to clip from the left end of the reads
-R X Number of X bases to clip from the right end of the reads
-—clip The bases will be flagged instead of deleted (soft-clipping)

Appendix 8. Qualimap report script and the description of the options used in the command.

~/your/pathway/qualimap_v2.2.1/qualimap bamqc -bam *_above30bp.bam -outdir *_qualimap_results

Option Description
-bam Uses an input file in .bam format
-outdir Creates an output directory

Appendix 9. Script used to merge bam files, followed by the description of the options used in the command.

java -jar ~/your/pathway/picard.jar MergeSamFiles I=input_1.bam I=input_2.bam O=*_merged.bam

Option Description
-jar Allows the software to run using a .jar file
-MergeSamFiles Merges multiple .sam or .bam files in one file

-1 Input file in .sam or .bam format

-0 Output file in .sam or .bam format

Appendix 10. SNP calling script, followed by the description of the options used in the command.

~/path/to/GATK -T Pileup -R reference.fasta -I input.bam -o output -L intervallist.bed

-T Which program inside GATK to use

-R Reference in fasta format

-1 Input file

-0 Output

-L Interval list of chromosome positions in bed format

Appendix 11. Command used to run PCA using smartpca and the description of the option applied.

~/path/to/smartpca -p ~/path/to/parameters_smartpca

Description

-p Set the path for a parameter file
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Appendix 12. Script used to run ADMIXTURE analysis, followed by the description of the options used in the command.

for n in {2..15}; do ~/path/to/admixture —cv -s time ~/path/to/file.bed $n -j20 | tee ~/path/to/admixture_output_Sn;
done

Option Description

-cv Activates the cross-validation procedure

Each run will have a different seed since starting at
different time of the day.

5 Multi-thread option

Appendix 13. Command used to run IBD test with plink. Plink requires the input files in binary format (.bed, .bim and .fam).

~/path/to/plink --bfile <input> --zZ-genome

Option Description

--bfile Enables input file as binary format

--Z-genome The output file is compressed in a .gz file

Appendix 14. Command used to run D-statistics test. The parameter file (.txt) contains the path for the input files and for the output
files.

~/path/to/gpDstat -p Dstat_param > Dstat.log

Description

-p Set the path for a parameter file

Appendix 15. List of Eurasian populations used for the Principal Component Analysis (PCA) with the corresponding number of
individuals. Subset of the Human Origins dataset (Lazaridis et al. 2014).

Population ID Number of individuals

Abkhasian 9
Adygei 16
Albanian 6
Armenian 10
Assyrian 11
Balkar 10
Basque 29
Bedouin 44
Belarusian 10
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Bulgarian 10
Chechen 9
Croatian 10
Cypriot 8
Czech 10
Druze 39
English 10
Estonian 10
Finnish 7
French 61
Georgian 10
Greek 20
Hungarian 20
Icelandic 12
Iranian 46
Italian 25
Jewish (Ashkenazi, Georgian, Iranian, Iraqi, Libyan, Moroccan, 67
Tunisian, Turkish and Yemenite)
Jordanian 9
Kumyk 8
Lebanese 28
Lezgin 9
Lithuanian 10
Maltese 8
Mordovian 10
North_Ossetian 10
Norwegian 11
Orcadian 13
Palestinian 38
Romanian 10
Russian 22
Saami 1
Sardinian 27
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Saudi 8
Scottish 4
Sicilian 11
Spanish 58
Syrian 8
Turkish 56
Ukrainian 9
Yemeni 6

Appendix 16. List of Belgian individuals showing the relative ID, mtDNA coverage, mtDNA haplogroup classification and haplotype
obtained mapping the genomes against rCRS reference. The mtDNA haplotypes have been manually checked and annotated loading
the bam files on IGV (Integrative Genomic Viewer).

MtDNA MtDNA
ID MtDNA haplotype (rCRS)
coverage haplogroup

73 263 750 1438 2706 3197 4769 7028 8860 9477 9548 11467 11719 12308 12372
AF001 90.1284 U5a2b4
13617 14766 14793 15301 15326 16192 16256 16270 16526
73150 263 750 1438 2706 3197 4769 5656 7028 7768 8860 9477 11467 11719 12308
AF002 21.4299 U5b1+16189
12372 13617 13708 14182 14766 15326 16189 16192 16270
73 263 497 750 1189 1438 1811 2706 3480 4769 6260 7028 8860 9055 9698 10398
AF003 24.4952 Kladal 10550 11299 11467 11485 11719 11840 12308 12372 13740 14167 14766 14798
15326 16224 16311
AF004 11.5759 H4alala 73 263 750 1438 3992 4024 4769 5004 8269 8860 9123 10044 14365 14582 15326
AF005 1.1557 H4alala? 73 5004 9123 10044 14365 15326
AF006 91.2208 H3k1 152 263 750 1438 4769 6776 8860 11590 14687 15326
73 263 497 750 1189 1438 1811 2706 3480 4769 6260 7028 8860 9055 9698 10398
AF007 66.532 Kladal 10550 11299 11467 11485 11719 11840 12308 12372 13740 14167 14766 14798
15326 16224 16311
73 150 263 750 1438 1721 2706 3197 4616 4769 7028 7768 8027 8860 9477 11467
AF008 4.8254 U5b2b2 11653 11719 12308 12372 12634 13617 13630 13637 14182 14484 14766 15326
16270
AF009 24.3182 H 263 750 1438 4769 8860 15326
73 263 750 1438 2706 3197 4769 7028 8860 9477 9548 11467 11719 12308 12372
AF010 612.4758 U5a2b4
13617 14766 14793 15301 15326 16192 16256 16270 16526
73 185 228 263 295 462 489 750 1438 2706 3010 4216 4769 7028 8860 9755 10398
AF011 335.0626 J1c3g 1125111719 11914 12612 13692 13708 13934 14022 14766 14798 15326 15452
16069 16126
AF012 136.9571 H1g+16188 263 750 1438 3010 4769 4859 8860 15326 16188
AF013 40.2859 H4alala 73 263 750 1438 3992 4024 4769 5004 8269 8860 9123 10044 14365 14582 15326
73 228 263 295 462 489 709 750 1438 2706 3010 4216 4769 5198 7028 8860 10398
AF014 40.6939 J1c5
1125111719 12612 13708 14766 14798 15326 15452 16069 16126
73263497 750 1189 1438 1811 2706 3480 4769 6260 7028 8860 9055 9698 10398
AF015 215.3144 Kladal 10550 11299 11467 11485 11719 11840 12308 12372 13740 14167 14766 14798
15326 16224 16311
AF016 16.8026 H4alala 73263 750 1438 3992 4024 4769 5004 8269 8860 9123 10044 14365 14582 15326
AF017 15.482 H1 263 723 750 1438 3010 4769 8860 15326 16093
73 150 263 750 1438 1721 2706 3197 4616 4769 7028 7768 8027 8860 9477 11467
AF018 8.4689 U5b2b2
11653 11719 12308 12372 12634 13617 13630 13637 14182 14766 15326 16270
AF020 22.4802 Tlaln 73152195 263 709 750 1438 1888 2706 4216 4769 4917 7028 7269 8697 8860 9899
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10463 11251 11719 12633 13368 14766 14905 15326 15452 15607 15928 16126
16163 16186 16189 16294 16304 16318

AF022 14.8472 H 263 750 1438 4769 8860 15326
AF023 15.9831 Hle2 263 750 1438 3010 4769 5460 8860 15326 15817
AF024 7.1164 Hlc 263 477 750 1438 3010 4769 8860 15326
73 152 195 263 709 750 1438 1888 2706 4216 4769 4917 7028 7269 8697 8860 9899
AF025 33.7931 Tlaln 10463 11251 11719 12633 13368 14766 14905 15326 15452 15607 15928 16126
16163 16186 16189 16294 16304 16318
73 263 497 750 1189 1438 1811 2706 3480 4769 7028 7559 8860 9055 9698 10398
AF026 19.5213 Kla3a 1055011299 11467 11719 12308 12372 13117 14167 14766 14798 15326 16093
16224 16311
73 235 263 497 750 1189 1438 2706 3480 4769 6260 7028 8860 9055 9698 10398
AF028 11.305 Kladal 1055011299 11467 11485 11719 11840 12308 12372 13740 14167 14766 14798
15326 16224 16311
73 195 263 750 1438 2706 3197 4769 6641 7028 8860 9477 11467 11719 12308 12372
AF029 44.4747 USa2al
13617 13827 13928 14766 14793 15326 16114 16192 16256 16270 16294 16526
73 263 750 1438 3992 4024 4769 5004 8269 8860 9123 10034 10044 14365 14582
AF030 33.4928 H4alalal
15326
AF031 149.7546 H3an 251263 750 1438 4769 6776 8860 8975 15326
AF032 58.0474 H1g+16188 263 750 1438 3010 4769 4859 8860 15326 16188
73 150 263 750 1438 1721 2706 3197 4616 4769 7028 7768 8027 8860 9477 11467
AF033 76.2689 U5b2b2
11653 11719 12308 12372 12634 13617 13630 13637 14182 14766 15326 16270
AF034 559.7559 H7d 152 263 750 1438 4769 4793 8860 15326 15409
73 228 263 295 462 489 709 750 1438 2706 3010 4216 4769 5198 7028 8860 10398
AF036 276.7217 J1c5
1125111719 12612 13708 14766 14798 15326 15452 16069 16126
73 150 263 517 750 1438 1721 2706 2755 3197 4769 7028 7768 8860 9477 9707 11467
AF037 205.2883 U5b2b3 11653 11719 12308 12372 12634 13617 13630 13637 14180 14182 14766 15326

15905 16224 16270
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