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     We are survival machines – robot vehicles blindly programmed to preserve the selfish molecules known as genes. This is a truth which still fills me with astonishment. Richard Dawkins, The Selfish Gene    Then the Lord God said, "Behold, the man has become like one of us in knowing good and evil. Now, lest he reach out his hand and take also of the tree of life and eat, and live forever—therefore the Lord God sent him out from the garden of Eden to work the ground from which he was taken. Genesis 3, 22-23   
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mtDNA and the evolutionary history of the Iberian Peninsula Abstract Mitochondrial DNA (mtDNA) is widely used in population studies due to its high copy number, 

lack of recombination, higher mutation rate and maternal inheritance. In archaeogenetics, “the 

application of molecular genetics to study the human past”, it assumes utmost importance, and is the most used genetic marker. Archaeogenetics and by consequence, mtDNA, has been used to unravel the genetic makeup of various ancient migrations. Founder analysis, an underused method in which potential founder sequence types in a source population are chosen and lineages clusters deriving from them in the settlement zone of interest are dated, was used in this work. It has never been done before with such a large amount of whole mtDNA sequences.  In this study, we focused on the prehistoric genetic heritage of Iberia and by consequence, Europe. This prehistory can be defined in broad terms into a first colonization circa 45000 years ago, a recolonization from Southern refugia after the Late Glacial Maximum (LGM), the postglacial re-colonization by Mesolithic groups at the end of the Younger Dryas, dispersals of Near Easterners with the Neolithic and lastly, exchanges from the Copper Age onwards, including a probable major expansion from the Steppes in the Bronze Age. There is a longstanding debate as to how much of each of these events impacted the genetic diversity of Europe. To assess the impact of these expansions in Iberia, Europe and its fringes (British Isles and Sardinia), 17542 published and unpublished whole mtDNA samples were incorporated into 7 different models of founder analysis, with different source and sink populations. After an initial scan, specific event migration models were created for each test, attending not only to the peaks visualized but also to archaeological, palaeoclimatic and palaeontological evidence. Our work reveals that much of European and Iberian mitochondrial diversity is in fact fruit of post-LGM expansions, not from Southern European refugia as previously suggested, but from the Near East. This includes haplogroup H, the major lineage in Europe and formerly thought to have entered in Europe pre-LGM. Iberia is not as much of what we call a “fringe” of Europe as with Sardinia and the British Isles , and forms an almost continuum with the Mediterranean. The next largest component to the Iberian maternal variance is the Neolithic, where lineages that entered Europe from the Near East in the Mesolithic spread through the Mediterranean with farming. 
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Bronze age expansions are most important for the British Isles, however in Iberia they also represent a large partition of diversity.    
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mtDNA e a história evolutiva da Península Ibérica Resumo O ADN mitocondrial (mtDNA) é amplamente utilizado em estudos populacionais devido ao seu alto número de cópias, não-recombinação, maior taxa de mutação e herança exclusivamente materna. Na arqueogenética, "a aplicação da genética molecular para estudar o passado humano", este assume a maior importância e é o marcador genético mais utilizado. A arqueogenética e, por consequência, o mtDNA, tem sido usada para desvendar a composição genética de várias migrações antigas. A análise do fundador, um método subutilizado em que são escolhidos os possíveis tipos de sequencias de fundadores numa população fonte, e os clusters de linhagens que deles derivam na zona de recepção de interesse são datados, foi usado neste trabalho. Nunca antes foi feito com uma quantidade tão grande de sequências completas de mtDNA. Neste estudo, concentramo-nos na herança genética pre-histórica da Ibéria e, consequentemente, da Europa. Esta pré-história pode ser definida em termos gerais numa  primeira colonização há cerca de 45000 anos atrás, uma recolonização do refúgios do Sul após o Último Máximo Glacial (LGM), a recolonização pós-glacial por grupos mesolíticos no final do Dryas recente, dispersões de populações do Próximo Oriente com o Neolítico, e por fim, os intercâmbios da Idade do Cobre, incluindo uma provável expansão das estepes na Idade do Bronze. Há um longo debate sobre quanto impacto cada um desses eventos teve sobre diversidade genética da Europa. Para avaliar o impacto destas expansões na Ibéria, na Europa e nas suas franjas (Ilhas Britânicas e Sardenha), 17542 amostras de mtDNA inteiras, publicadas e não publicadas, foram incorporadas em 7 modelos diferentes de análise de fundador, com diferentes populações-fontes e população-receptora. Após um scan inicial, foram criados modelos de migração de eventos específicos para cada teste, atendendo não apenas aos picos visualizados, mas também a evidências arqueológicas, paleoclimáticas e paleontológicas. O nosso trabalho revela que grande parte da diversidade mitocondrial europeia e ibérica é de facto fruto das expansões pós-LGM; não dos refúgios do sul da Europa, como sugerido anteriormente, mas do Oriente Próximo. Isto inclui o haplogrupo H, a linhagem principal na Europa e anteriormente assumido como tendo entrado na Europa pré-LGM. A Ibéria não é tanto o que chamamos "franja" da Europa quanto a Sardenha e as Ilhas Britânicas, e forma um quase 
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contínuo com o Mediterrâneo. O próximo componente mais importante da variância materna ibérica é o Neolítico, onde as linhagens que entraram na Europa do Próximo Oriente no Mesolítico se espalharam pelo Mediterrâneo com a agricultura. As expansões da idade de bronze são mais importantes para as Ilhas Britânicas, no entanto, na Península Ibérica, elas também representam uma grande parte da diversidade.  
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 Chapter 1: Introduction  1.1.MtDNA  1.1.1Mitochondria  

Mitochondria are organelles commonly known as the “powerhouse of the cell”1, due to their role in the production of metabolic energy in the form of ATP from sugars and fatty acids – a process known as oxidative phosphorylation. However, they also play an important part in synthetizing steroid and lipids2, apoptosis, and storage of calcium ions3.  They are present in virtually all eukaryotic organisms, but notably absent in mature mammalian red blood cells. Mitochondria are implied in various diseases, such as myopathies4, neuropathies5 and metabolic disorders6. Structure-wise, they are commonly depicted as solitary and rod shaped despite being quite flexible and even fusing and dividing from one another, creating large interconnected networks 7. They are relatively large (between 0.5 and 2µm in diameter) and consist of a double membrane that separates four subcompartments: the outer membrane, intermembrane space, inner membrane, and the matrix. This inner membrane folds into structures known as cristae where oxidative phosphorylation takes place in mega Dalton sized F0F1 complexes. The most widely accepted theory of mitochondrial origin is the endosymbiotic theory. It proposes that mitochondria and other organelles such as chloroplasts originate from energetically efficient bacteria engulfed by a host cell. As proof, these organelles contain their own genome which is not bound by histones and has its own genetic code, are formed by a double membrane, and show independent growth and division from the rest of the cell. In the case of mitochondria, the engulfed bacteria in question seem to be endocellular parasites known as α-proteobacteria8. There is some 



2  
debate over the nucleus being incorporated first into a protoeukaryote (in the Archezoa hypothesis9) or the nucleus and the mitochondria being formed as part of the same evolutionary event (the hydrogen hypothesis10). 1.1.2 The mitochondrial genome  Most mitochondrial proteins are coded by genes from the nucleus. However, mitochondria have their own genome, hereby referred to as mitochondrial DNA (mtDNA). It is circular, not wound around histones and has its own genetic code with slight differences in relation to the universal genetic code11: UGA codes tryptophan and not the stop codon, AUG codes methionine and not isoleucine, and AGA and AGG codes the stop codon and not arginine. Human mtDNA was the first mitochondrial genome to be sequenced, in 198112. It is formed by 
16569bp and distributed in two strands: one “heavy”, rich in guanine, and one “light”, rich in cytosine and in relation to which the sequence is numbered13. It contains 37 genes: 22 code for tRNA, 2 for rRNA and 13 for proteins involved in the respiratory chain (Figure 1) All 16569 nucleotides are numbered according to the revised Cambridge Reference Sequence (rCRS)14, an updated version of the original CRS12. There are some criticisms in relation to it, as it represents a derived rather than an ancestral state. An alternative notation – Reconstructed Sapiens Reference Sequence, or RSRS – has been proposed15, however, a replacement of rCRS in the scientific community is unlikely to occur16 completely considering the historical use of the rCRS in databases, software tools and publications.  The mtDNA sequence is extremely compact – there are very few non-coding bases between genes17. The exception is the control region, a 1.1kb zone between bp 16024 and 576 that contains transcription and regulation genes and the origin of replication of the heavy strand (OH). Most of the control region is comprised of the so-called D-loop (for “displacement loop”). Although a common error, these terms are not interchangeable18. This D-loop is a third linear strand formed during replication. The exact mechanism of mitochondrial replication is unknown17.  In the control region, the mutation rate is up to ten times higher than in the coding region 19, possibly due to selective pressure acting over the latter. However, that does not fully explain the pattern, as protein-coding genes’ synonymous mutations under little selection have lower rates than control region mutations. Of particular interest in the control region are the two hypervariable 
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sections, or regions, HVS-I and HVS-II, fundamental for studying human population genetics. Some sources, mainly in forensic science, consider an additional hypervariable region HVS-III20.   

 Figure 1 - A representation of the human mitochondrial genome, with emphasis on the control region and its two hypervariable regions, HVS-Iand HVS-II21   
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1.1.3 Why mtDNA? There are several reasons why mtDNA is used in population studies: high copy number, maternal inheritance, lack of recombination and higher mutation rate. High copy number While most cells only contain one copy of DNA per nucleus, on average a cell contains several hundreds22 to thousands 23of copies of mtDNA. This is particularly important in ancient DNA studies, as this type of DNA is typically degraded and in low concentration 24. It also plays a role in mitochondrial disease – Ye et al. demonstrated that up to 90% of the population carries a heteroplasmy (coexisting mtDNA variants in a single cell), and 20% one implicated in disease 23. However, there is a dramatic variability in the phenotypic presentation of mitochondrial mutation 
– there seems to be a threshold of the number of mutant mtDNA over which the disease manifests itself25. Furthermore, during oogenesis, there is a genetic bottleneck which means that the degree of heteroplasmy, and thus phenotype, can vary wildly between each child.(Figure 2)   Figure 2 -The mitochondrial genetic bottleneck 26  
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Maternal inheritance Despite being put in question several times, through linkage disequilibrium studies 27  and a single documented case of paternal inheritance 28, maternal inheritance of mtDNA is still given as certain.  This is assured not only by the mitochondria in sperm being outnumbered by those in ova29 but also by a mechanism that destroys paternal mitochondria after ubiquitin tagging 30. Haploid marker systems are useful for studying sex-biased events. mtDNA is passed on only from the mother, and thus only tells the story of the female line; likewise for the Y chromosome and the male line. Males or females may contribute differently to the genetic makeup of a population – for example, European traders and missionaries tended to be male, and thus more European lineages in the sink population will be detected, but not in mtDNA, as is the case in Brazil31,32 and Polynesia33. Lack of recombination Despite mitochondria containing all the necessary machinery for recombination34 and the report o at least one case of paternal inheritance 28, mitochondrial recombination is considered to be in inexistent in human evolution studies21, as it was never detected. Higher mutation rate The mtDNA mutation rate seems to be 10 times higher than that of nuclear DNA, which allows for diversity to accumulate faster in the timeframe of human evolution.  There are many explanations, such as a higher exposure to reactive oxygen species from the mitochondrion’s role in oxidative phosphorylation, a higher turnover rate (i.e. more replications) and lack of histones.   
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1.2 Reconstructing the past 1.2.1 Phylogeography 

Phylogeography has been defined as “the relationship between phylogenetics and geography”35, or that is, the fusion between concepts typical of systematic biology such as clades with regional 
specificity to “see genes through time and space”36. To do this, elements such as phylogenetic trees, geographic distribution, molecular clocks and additional evidence from disciplines like linguistics, palaeoclimatics, archaeology and demographic history are employed.  1.2.1.1 Phylogenetic trees Phylogenetic trees are structures that represent the evolutionary relationship between entities, that can be molecular sequences or organisms (taxa). They consist of branches that connect through nodes. These nodes represent theoretical or real common ancestors. Trees can be rooted or unrooted: rooted trees have a common ancestor. This root defines the directionality of the tree. There are two types of methods that can used for building phylogenetic trees: distance and characters. For distance-based methodologies, matrices are created by measuring the similarity between taxa, and examples of such methods include UPGMA (unweighted pair-group method with arithmetic mean) and neighbour-joining (NJ). Despite its slower computational speed, character-based methodologies are more suitable for mtDNA phylogeography, as they rely on evolutionary changes as the common substitutions that create SNPs, and it better reflects a real evolutionary process.  The most used character based methodologies are Maximum Parsimony (MP), Maximum Likelihood (ML) and Bayesian methods.   
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Maximum parsimony (MP) In this method, the length of each branch is the number of evolutionary changes (polymorphisms) along it. These can often be weighted by their relative weight of mutation, for example, if certain sites are known to be hypermutable. The best tree is the one with the least evolutionary changes, that is, the shortest. It requires lower computational power as it only considers polymorphic sites where at least two alleles are present, but is prone to a statistical error called long branched attraction, in which two independent lineages with fast evolving characters are presented erroneously associated in the tree. Maximum likelihood (ML) Maximum likelihood generates all combinations of unknown parameters, such as tree topology and branch lengths, and then estimates the tree most likely to represent the data according to a predefined evolutionary model. This is a computationally intensive methodology. Bayesian inference With the availability of increased computing power, Bayesian inference is now widely used in phylogenetics. Rather than present a single tree, it presents a set of them and their probabilities, after repeated Markov Chain Monte Carlo simulations. While ML approaches determine the probability of data (such as sequence alignment) given a tree, Bayesian approaches determine the probability of a tree given the data and a prior probability over the possible trees. 1.2.1.2. Median networks  In some cases, such as when recombination, or parallel gene flow occurs37, a single phylogenetic tree is not an adequate representation of data, as loops, called reticulations are generated. The different parsimonious evolutionary routes are thus represented in structures called networks. Due to its common parallel or recurring mutations (homoplasy), it is also useful in mtDNA. The most commonly used type of network in mtDNA are called median networks38.  In these, variant sites are converted to binary characters. Then, samples are linked by their distance to one another. Reticulations sometimes produce large hyperdimensional cubes when the 
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number of taxa is large(Figure 3), and as such, a set of rules has been devised to eliminate some of the less likely links.   Figure 3 – A network diagram rendered with Network38and Network Publisher software  (www.fluxus-engineering.com). The yellow dots represent individuals and the red dots represent reticulations.  1.2.1.3 Founder analysis Founder analysis is a method for analysis aiming at the identification, scaling and  dating of migrations into a new territory It was first proposed by Richards et al. in 200039 for studying European founder lineages in the Near East and has since been used for the colonization of  Sardinia40 and that of of Southeast Asia41,42, African migrations43, determining maternal lineages of Ashkenazis44, and colonization from Glacial refugia45. The method picks out founder sequence types in potential source populations (the “source”) and dates lineage clusters deriving from them in the settlement zone of interest (the “sink”).  First, after displaying data in phylogenetic trees and/or networks, haplotypes either existing in the data or inferred in common between the hypothetical source and sink populations are identified. 
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Finally, the genetic diversity of the founder clade in the sink population is used to estimate the time of the migratory events associated with the founder.  The recurrence of common mutations in mtDNA and reverse gene flow (from the sink to the source populations) may hinder the signal of the founder analysis. Therefore, several different criteria were created to select what is and what is not considered a founder group. The f0 criterion is the least restrictive, as it considers as founders all the haplotypes present in both source and sink. In f1 and f2 criteria, for a clade to be considered a founder, it should not have matches at the tip of the phylogeny: either one or two further derived branches (containing variation within the founder clade), respectively, should be present in the source population (Figure 4).   Figure 4 – A schematic representation of the application of founder criteria. Variants are represented by a vertical line.  Clade a is not accepted as a founder in any criterion; clade b is considered a founder in f0 but not f1 or f2 criteria; clade c is considered a founder in f0 and f1, but not in f2; clade d is considered a founder in f0, f1 and f2 criteria.   1.2.1.4  Molecular clock Molecular clocks are functions that allow us to estimate dates of divergence of branches in a phylogenetic tree, assuming a constant mutation rate. To calibrate this molecular clock it is necessary to date these lineages resorting to palaeontology, for example. The clocks can be used not only for distance between species but also for nonrecombining regions of the genome of a species, for example, mtDNA.  
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In the past, it had been argued that climate adaptation was a major driving force behind the mutation rate46, however, further studies disproved this, stating that the high number of non-synonymous polymorphisms in younger branches of the mtDNA tree is spread worldwide, due to purifying selection4748.  Until 2009, several mutation rates were proposed, covering either the coding or non coding regions but never whole mtDNA. Forster et al (1996) presented a HVS-I only mutation rate of 1.80×10-7 substitutions per nucleotide per year (sub/nucl/year)49 and Mishmar et al (2003) 1.26×10-8 sub/nucl/year for the coding region46. Not only did these rates not take into account important variation along the mtDNA genome, they also assumed that the mutation rate was linear through time, failing to consider the role of purifying selection. Soares et al (2009) devised a time-dependent clock with both coding and non-coding regions. The mutation rate now currently accepted is thus 1.665×10-8 sub/nucl/year, or one mutation every 3624 years50, however this rate is further mathematically corrected for the effect of purifying selection. One process for mutation rate calculation is by analysing familial pedigrees. The mutation rates tend to be 10× faster in this method.5152 Another approach is by calibrating the molecular clock with the use of ancient genomes53   1.2.1.5. Phylogeography of mtDNA For descriptive purposes, mtDNA variation is assigned to different haplogroups, or monophyletic clusters of haplotypes. The first haplotypes, christened A, B, C and D were described in Native Americans54. From then on, the discovered haplogroups were given subsequent letters of the alphabet. Haplogroups are designated with capital letters and their derived subclades are named by intercalating lower-case letters with numbers (e.g.: U5b1c is a subclade of U5b1, which is in turn a subclade of U5b). Note that sometimes a haplogroup designated by a letter is in fact an offshoot of another haplogroup, e.g. haplogroup K is a subclade of U8b. When a lineage contains 

polymorphisms that don’t belong to any described subclade, it is represented with an asterisk next 
to it (e.g. “H*”, pronounced H-star); when a lineage is missing some key polymorphisms that would make it a derived subclade but contains others from that same clade, the pre- prefix is added (e.g. pre-U7).  Monophyletic clades that are composed of two or more previously named haplogroups 
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are labeled by joining their names (e.g. “HV”) and separating them by apostrophe if the name includes a number (e.g., U2’3’4’7’8’9)15.  1.2.1.6 Phylogeny of mtDNA in Europe It is to be assumed that all mtDNA in the human gene pool descend from one common matrilineal ancestor who lived 200,000 years ago in Sub-Saharan Africa – the so-called 
“Mitochondrial Eve”55. However, despite its importance as the cradle of humanity and the main location of modern humans for most of their existence, the initial population dynamics and dispersal routes remain poorly understood. The human mtDNA phylogeny can be divided into two daughter branches, L0 and L1-6. Non-African mtDNA lineages all diverge from clades M and N, themselves descended from L3 – supporting a single exit model for all non-Africans56.Of these, all modern European lineages derive from N, and most from R, its subclade that diverged shortly after its own birth50 (Figure 5). 



12   Figure 5 - Phylogeny of European mtDNA lineages, with respective ages57
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While today haplogroup M is almost absent in European populations, a 2016 study found 3 hunter-gatherer individuals from current day France and Belgium, dating from between 28 and 25kya, carrying this haplogroup – suggesting a possible climate-influenced genetic bottleneck event58 that led to its disappearance in Europe. Currently, most of haplogroup N diversity is found in Asia50, some subclades of N, were important in the peopling of Europe most likely form a South-western Asian source (Near East). 19,6% of individuals associated with LBK culture (Linearbandkeramik, or Linear Pottery, connected with Neolithic central European farmers) described by Haak et al. carried haplogroup N1a59,60, however it was not found in the remains of adjacent Mesolithic hunter-gatherer populations61 nor is it found in such numbers in modern Europeans (0,2%)60. This data challenges the notion that most of today’s European genetic diversity is owed to farmers from the Near East60. Haplogroup I, by far the most frequent subclade within N1, is more frequent in Europe, however most diversity is found in the Gulf region, Anatolia and Southeast Europe, indicates that its probable origin is Near Eastern62. Haplogroup I (particularly its subclade I1a), was detected in 9% of a southern population in Portugal63, which Santos et al. consider characteristic of Mediterranean Iberia64.  W, a subclade of N2, reaches a frequency larger than 10% in some Eastern European regions such as Finland, however its diversity peaks in southeast Europe, northwest Africa and the Arabian Peninsula. Nevertheless, its Near Eastern lineages are nested among European clades, hence a probable European origin62. X, a haplogroup nested directly in N, is subdivided into X1, of overall lower frequency and restricted to North and East Africa and the Near East, and X2, which is found in  Europe, western and central Asia, Siberia, the Near East, and interestingly, in North America65. The latter has been found in LBK, Alföld Linear Pottery culture and in Iberian Chalcolithic remains (3 individuals)66,67. Two subclades of X2,  X2b3 and X2c2a, are considered unique to Sardinia, and the latter is implied to have originated in Iberia40.  Major haplogroup R  which comprises nearly all of European mitochondrial diversity and includes haplogroups R0 (which comprises of R0a’b, a relatively rare subclade present in the Near East68, and its greatly diverse sister clade HV), JT , U and the very rare R1.  HV likely had its origin between Central and Western Asia39, and while not particularly common in Europe if H is excluded (0-10%69), due to a strong founder effect it represents 93.3% of Belmonte 

Jews’ maternal ancestry70. Nested into HV0a is haplogroup V71, controversial in regards to its source: Torroni et al. (1996) implies a post Last Glacial Maximum (LGM) expansion from Iberia72, while 
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Behar et al. (2012) argues a later Neolithic origin15. Despite its low expression in general72, it reaches a frequency of 41,1% in the Saami73 in Northern Scandinavia, 16% in the Tuaregs of the African Sahel Belt74, 16% in Berbers from Matmata (Tunisia)75 and 21% in Cantabrians76.  H is an extremely diverse haplogroup spanning across Europe, the Near East and Central Asia77, and at a frequency of 40% is the most frequent haplogroup in Europe. Up to 106 subclades have been described, and more recent studies on the full mtDNA genome have revealed that 71% of its diversity is located outside the control region71. It is generally accepted that H originated in the Near East78 and most of the lineages arrived in Europe pre-LGM57, expanding from Ice Age refugia in Iberia44 and the Near/East Caucasus region77. In spite of this phylogeographic evidence, only one pre-Neolithic individual bearing H was found (in Cantabria79). Even in the Early Neolithic it seems less frequent60, a possible indication that it expanded with late Neolithic pan-European cultures such as the Bell Beaker Culture (BBC)14.  U clusters directly within R, and, like H, shows a wide dissemination across Europe and Asia80. It is subdivided into 4 subclades, U1, U5, U6 and U2’3’4’7’8’9. The latter subdivides into U2, U3, 
U4’9, U7, U8 (which contains K) and U9. The subclades show region specificity: U1 and U3 to the Near East81–83, U2 has a frequency and diversity peak in South Asia with some subclades confined to Europe and the Near East39, U4 ,U584 and U844 to Europe, U6 to North Africa and the Canary Islands85, U7 has low frequencies in general but is widely distributed from Europe to India80 and finally U9 is found only sporadically in Arabia, Ethiopia and India86–88.  U most likely originated in Southwest Asia about 55kya shortly after the arrival of anatomically modern humans (AMH) from Africa62 with  U2 and U8 diverging soon after (50kya44). These lineages were possibly taken to Europe with its earliest AMH settlers: a U2 individual was found in Kostenki (southern Russia) dating to 38kya89; and pre-U5 and pre-U8b 32ky old remains were found simultaneously in present day Czech Republic90. U5 likely emerged in Europe 37kya57 and together with U4 forms the bulk of lineages associated with hunter-gatherers59,61. One particular branch of U5b, U5b1b, common both in the Saami (together with haplogroup V it accounts for 90% of their mtDNA diversity) and the Berbers 91 has been cited as evidence of pre-Neolithic expansion from Franco-Cantabrian refugia, while at the same time U5b3 serves as a signal of expansion from the Italian peninsula92 and U4 from the Ukranian plains93 

Haplogroups U and R0’s sister clade, JT (including the rare South-western Asian R2 branch), likely arose 58kya, followed by the parting of J and T, 40 and 30kya respectively, associated with 
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the peopling of the Fertile Crescent94. Both J and T now extend across Eurasia and North Africa, together making up to 20% of European mitochondrial diversity95. Pereira et al. demonstrated, with the aid of founder analysis, that the majority of these lineages entered the Mediterranean after the LGM but only expanded to the rest of Europe with the Neolithic.   1.2.2 Archaeogenetics Archaeogenetics is a relatively new field of both archaeology and genetics and can be defined  
as “the application of molecular genetics to study the human past”96. It began with the study of inherited traits such as human blood groups97, lactase persistence98 and even earwax99, their relationships with linguistic and ethnic groupings, and started becoming what today we know it as with the work of Luca Cavalli-Sforza. In the 1960s, this population geneticist pioneered statistical methods such as maximum likelihood to estimate evolutionary trees100 and principal component maps to evaluate the distribution of genetic variation in space101, focusing primarily on the Neolithic transition. In the mid-1980s to 90s, the advent of polymerase chain reaction (PCR)102 and Sanger DNA sequencing103 initiated a new wave in this discipline. Together, these techniques allow short fragments of DNA to be sequenced in multiple individuals, and more importantly, from infinitesimal amounts of fragmented DNA, as is it many times the case with ancient DNA (aDNA). At the same time, mtDNA studies acquire an utmost importance: firstly because of its aforementioned high mutation rate, lack of recombination, hypervariable regions; and secondly, due to these attributes it is more lilely to be retrieved from aDNA.. 1.2.2.1 Ancient DNA Ancient DNA (aDNA) is DNA obtained from specimens not deliberately preserved for genetic analysis104, like archaeological specimens (palaeogenetics), for example. Not by chance, mtDNA was the first105 – and is the most106 – used genetic marker in palaeogenetics as it has a high copy number relative to the nuclear genome and thus a greater per-locus chance of being recovered. This is an important feature when the concentration of DNA in artefacts is a few orders of magnitude lower than modern samples107. aDNA has some other very special characteristics: it undergoes modification by oxidative damage and hydrolytic processes108 and is  broken into very small fragments (nuclear DNA 150bp, mtDNA 400bp24). The advent of PCR and next generation 
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sequencing (NGS) are able to overcome these obstacles, however, they are two-edged swords: it can also amplify tiny contaminating material24.In fact, the results of some high profile studies have turned out to be results of contamination 109. The upper limit for aDNA conservation seems to be 100kya to 1 Mya110, depending on the climate.  1.3. Human origins  1.3.1 Out of Africa  It is now widely accepted that AMH originated in the African continent. Previously, some regarded a possible multiregional hypothesis: a transition from Homo erectus to Homo sapiens took place in a number of areas outside Africa. This has since been disproved with the aid of fossil evidence 111,of genetic analysis (genome-wide, Y-chromosome and mtDNA). Indeed, both mtDNA and Y-DNA phylogenetic trees divide into African and non-African lineages, with the former being very deep rooted, contrasting with the latter being a star-like structure.  As to where in the African continent did our species arise, the debate is still on. Based on fossil evidence, Eastern Africa seems to be the most likely origin111–113. Other fossils point to Morocco or Israel114,115, albeit their dating being controversial. Genetics-wise, the results are even more confusing. Two genome-wide studies indicated a southern origin 116,117 and a phylogenetic analysis of the Y-chromosome located its root in central/west Africa118. mtDNA, as previously stated, splits into two main lineages, L0 and L1-6. L1-6 has a central/eastern origin119, while L0 probably has a southern origin, as it has a predominance in these areas119 Another source of contention is how many significant migration waves were there: a single or multiple exits. The multiple exit model is based on cranial findings in the 90s in Sub-Saharan Africa (SSA) that showed isolated populations with morphological differences between them. It was therefore postulated that these populations each exited in turn to form the different non-African populations120. The Y chromosome seemed to not contradict this, as it does not present one clear founder outside Africa121. The single exit model stated that only one significant wave of migration occurred, is responsible for the dispersal of AMH around the world, and relies strongly on mtDNA. 
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Studies show haplogroup L3, the ancestor of all non-SSA haplogroups is around 59-70ky old, and haplogroups M and N diverged around 50-60kya, which rules out any dispersal before the Toba eruption 43,50,62. This model is further corroborated by increased resolution Y phylogenies that suggest a male equivalent of the L3 haplogroup (M168)122.  Finally, which route was taken out of Africa? Looking at a map, only two routes seem plausible: one through the Sinai peninsula, and another via the Bab al-Mandab strait into the Arabian peninsula123. This last hypothesis seems likely given that haplogroups N and R seem to have originated in the Arabian peninsula62. 1.3.2. Into Europe  One can divide the prehistory of modern humans in Europe into more or less five probable episodes: the Out of Africa colonization; the re-colonization from Southern refugia (after the Late Glacial Maximum (LGM); the postglacial re-colonization by Mesolithic groups at the end of the Younger Dryas (a sharp decline in temperature that ended around 11 kya124); dispersals of Near Easterners with the Neolithic and lastly, exchanges from the Copper Age onwards, including a probable major expansion from the Steppes in the Bronze Age.   The presence in Europe of the genus Homo seems to date back to 1.1Mya 125. From 350 on it was occupied by  Homo neanderthalensis or Homo sapiens neanderthalensis126, a cold adapted species that diverged around 550 kya50  from Homo heidelbergensis. Neanderthals did not survive in most of Europe/Caucasus after 39kya127, however interbreeding between AMH and Neanderthals has been strongly suggested by archaeological128 and genetic129 approaches, despite no signal remaining in either mtDNA or Y-DNA, and few Neanderthal variants remaining in the X chromosome or in genes activated in the testes, indicating that the hybrids possibly suffered from reduced fertility 130. Nevertheless, around 2% of the genome of non-Africans is Neanderthal131, suggesting that interbreeding occurred mostly before the split into different non-African populations..  While Asia was likely colonised 60-70 kya 132 through a “Southern Coastal Route”, the route (assuming a southern Out of Africa hypothesis)  from the Arabian Gulf to the Levant was blocked by desert until 50kya133 . As such, AMH only arrived in Europe 45kya134.  Some important archaeological findings from this time period  include the 45-43ky old Italian Grotta del Cavallo remains associated with Uluzzian culture135 and the 44.2 – 41.5 ky old Kent’s Cavern remains associated with Aurignacian culture  136. Along with Proto-Aurignacian, these industries expanded 
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from a source in the Near East, as evidenced by findings from Ksar Akil, Lebanon137. The next major cultural diffusion in Europe, the Gravettian, appeared 28kya associated to a sharp degradation of climate. It is argued whether it arose from the Near East (based on genetic evidence39) or central/Eastern Europe138; nevertheless, Gravettian populations were characterized by their relatively high mobility and interaction between dispersed demes, as demonstrated by their use of non-local raw material and distribution of very similar figurines across wide geographical areas139.   The Last Glacial Maximum (LGM) was a period of time between 25 to 19.5 kya, when human populations concentrated themselves the so-called “Southern refugia”, such as south-west Europe, the Mediterranean, Balkans, Levant and the Eastern European plain139. Ice sheets covered Scandinavia, Northern Europe, the Alps and the Pyrenees, incorporating a large amount of the 
world’s water and decreasing sea levels140., while landscapes shifted from forests to open tundras in non-refugial Europe139. Notwithstanding, Gravettian culture subsisted in North/Central Europe until the early LGM141. There has been strong genetic evidence that most of the mtDNA signal in modern Europeans comes from recolonization of central and Northern Europe after a warming phase 15kya. Important European haplogroups such as V142, H1, H3143, H557, U493,144 and U591,92 appear to have originated in refugia  and expanded into the rest of Europe, although recent aDNA studies have contradicted this view59. Recently, Pala et al. have presented support for the expansion of J and T haplogroups from a Near Eastern refuge94. It is however possible that all these expansions occurred not with the end of the LGM but with the end of the Younger Dryas – a short (12-11kya) 
“cold snap” during the warming period after the LGM, during which the climate conditions briefly became fully glacial once more57.  This stabilization of climate marks the end of the Pleistocene and the start of the Holocene.  With the stabilization of climate, farming emerged independently in different locations of the world within a restricted timeframe145, possibly linked with the extinction of various large mammals21. At 11kya, the Natufian people of the Near East began cereal agriculture146 and animal husbandry147. This new way of life spread throughout Europe 9 to 5kya148, not in a single continuous dispersal but through maritime and land movements along coastal routes and river valleys149. One route went from the Balkans to central Europe, associated with dairying culture150 and lactase persistence alleles151; another along the Mediterranean coastline, splitting further into Iberia and the Paris basin, carrying sheep, goats and Cardial pottery152. Despite the fast waves of expansion, the British Isles and Scandinavia show no signs of the Neolithic dated more than 4-6kya153,154.  
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Ancient DNA reveals that Neolithic hunter-gatherers and farmers coexisted closely for over 2000 years, with little to no admixture between them155,156. While the farmers showed a genetic affinity to 

today’s Near Easterners59, the hunter-gatherers were closer to Northern Europeans155. Is the current European genetic landscape a result of these Neolithic expansions? Two opposing models of expansion exist: a demic diffusion, involving gene flow, and the cultural diffusion, or acculturation.  The demic hypothesis was the first model proposed, by Cavalli-Sforza157 in the 80s. In it, the population growth associated with larger availability of food propelled a wave of expansion into Europe, where they replaced foraging populations. This is evidenced by analysis of allele frequencies158 and nuclear polymorphisms159 that form clinal patterns oriented from Southeast to Northwest.  In the cultural diffusion hypothesis, the farmers did not move in great numbers but instead the hunter-gatherers adopted their way of life, ideas and technology. Founder analysis based on the control region of mtDNA contradicts the notion that most of European diversity is due to the Neolithic, supporting acculturation. Richards et al.39 propose that most of extant mtDNA lineages are Palaeolithic in origin, and thus the diversity is due to post-LGM expansion. Ancient DNA also seems to support this, as is the case of the LBK remains that contain a large percentage of a haplogroup rarely seen in Europe today59,60; analysis of Neolithic pigs suggest they were imported 
from the Near East, while today’s European pigs show more in common with the European wild boar159.  Interactions between Palaeolithic hunter-gatherers and Near Eastern farmers do not seem to fully explain the genetic history of Europe. The Late Neolithic Corded Ware Culture (CWC) showed a significant (75%) affinity to the Yamnaya160, herders with wheeled vehicles161from the Pontic steppe who carried ancestry from Ancient Northern Europeans (ANE) and Caucasian hunter-gatherers162. It is assumed that these invaders carried with them proto-Indo-European languages, and contribute 
in varying amounts to Europe’s genes: from 67,8% of the Finns all the way to the 7,1% of the Sardinians160, considered to be a genetic outlier and the closest to the Neolithic farmers67,163.  All 7 of the male Yamnaya skeletons analysed by Haak and colleagues carried Y haplogroup R1b, now the most frequent haplogroup in Europe164. This suggests it was a male-dominated invasion: indeed, X-chromosome studies showed that for every Yamnaya woman, there were 5 to 14 men164. Surprisingly, Basques have the highest frequency of R1b in Europe (87,1%), despite not speaking an Indo-European language165.  
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The Bell Beaker culture (BBC) was a widely scattered archaeological culture from the late Neolithic/Early Bronze age, so named because of the distinctive bell-shaped pottery artefacts. It is understood not only as a particular pottery type, but as a complete and complex cultural phenomenon. Radiocarbon dating seems to support that the earliest "Maritime" Bell Beaker design style is encountered in Iberia, specifically in the copper using communities of the Tagus estuary in Portugal around 4.8kya166. Central European BBC remains show a striking genetic resemblance to 

today’s Iberian populations, with Brotherton et al. suggesting that the expansion of hg H to its current first-place in mtDNA diversity in Europe is due to migrations carrying this industry, and as such the expansion of BBC was not only a trading but a population expansion phenomenon, linked to the spread of the Celtic language family throughout Western Europe14.   
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 1.4 Aims Despite being pioneered in the early 2000s, founder analysis is an underused method. It has only been used regarding solely the control region39,167, or using the whole mtDNA of a few haplogroups of interest40–44. With today’s large databases of whole mtDNA from all over the world and increased computer processing power, it seems only logical to use a large dataset of complete mtDNA sequences to settle some longstanding debates in Europe’s history. The goal of this project is to characterize the maternal population history of the Iberian Peninsula. In order to understand routes of Neolithic, postglacial or Bronze age migrations the population history of the Peninsula will need to be contextualized in the overall European scenario. Aims include to confirm if European maternal lineages are fruit of Neolithic53 or post-LGM expansions39, or more plausibly, a mix of both. Subsequent questions focus on the origin of certain lineages: is JT Neolithic or the echo of a post-glacial migration from the Near East95? Is H pre-Neolithic57 or did it arrive with farming and expand with BBC14? Is V a marker of post-glacial expansion15,72?  One cannot think of Europe as a whole monolith peopled in a single wave. In all likelihood, evolving climate and burgeoning technologies meant that humans expanded, retreated and intermingled repeatedly over the last 50kya. As such, it makes sense to divide Europe in time and space and apply different founder analysis hypotheses. Certain areas of interest include the Mediterranean, as it possibly received the first Neolithic dispersal; Iberia, as an ice age refuge and westernmost tip of Europe; Sardinia, as the great outlier and Neolithic sink; the British Isles, who only received the Neolithic later; and the Near East, where it all began.    
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Chapter 2: Materials and methods 2.1 Dataset A dataset was compiled containing both published and unpublished complete mtDNA sequences, the first obtained from NCBI (http://www.ncbi.nlm.nih.gov/nuccore/). Unpublished data was generated by the laboratories of Professor Martin Richards (University of Leeds and University of Huddersfield) and the supervisor. The total number of samples was 19159. Of these, 1617 were filtered out, due to being from aDNA, cancer studies (known for its mtDNA mutations), mitochondrial disorders, or simply bad quality sequences (e.g.: missing key polymorphisms). A full dataset of published samples ins available in Suplemmentary file 2. The variations in the complete mtDNA samples were scored as variants when compared with the revised Cambridge Reference Sequence (rCRS)13 and then the sequence was primarily apportioned to a specific haplogroup, considering the sequence variation, using the online software HaploGrep 2.0.  2.2 Phylogenetic reconstruction A phylogenetic tree was constructed using the a reduced-median (RM) algorithm38 of the software Network 5 and the Network Publisher add-on from Fluxus Technology Ltd. To avoid networks with an excess of reticulations, difficult to represent or interpret, fast sites were down-weighted. By default, the weighting value is 10 for each position, but for this analysis the weight of the very fast mtDNA positions (146, 150, 152, 195, 16129, 16189, 16193 16311 and 16362 )50 was dropped to 6. The polymorphisms 16182C, 16183C, 16518T and 16519C were removed altogether, along with indels. The reduction threshold was 1.6, except in haplogroup N1 in which it was 1. To resolve the reticulations inherent to this method, the tree chosen was the most likely to occur given the variation of mutability of the various polymorphic sites50. When the reticulations were constituted by polymorphisms with similar probability, other criteria was considered in the conversion to the phylogenetic tree, namely the diversity of the clades involved, how many individuals were present in each node and the recognition that the occurrence of specific mutations can vary between the mtDNA clades, according to Phylotree38.  
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2.3 Founder analysis After assemblage of the phylogenetic trees in Network, they were transcribed to Extensible Markup Language (XML). Samples were assigned as source, sink or undefined in accordance with the 7 different tests we devised. Samples were geographically classified as:  Near East: For the purpose of this study, samples were included in “Near East” if labelled as Turkey, Iran, Iraq, Kurd, Palestine, Israel, Druze, Bedouin, Jordan, Lebanon, Syria, Kuwait, Saudi Arabia, Yemen, Oman, Bahrain, Qatar or United Arab Emirates.   Caucasus: Samples were included in “Caucasus” if labelled as Armenian, Georgia, Azerbaijan, Dagestan, Chechnya, North Ossetia, Kabardian, Karachay, Adygei, Abkhasia, Artsakh, Ingush, Kalmyk, Lezgin, Dargin or Circassian.   Mediterranean: Samples were assigned to this class if labelled Greece, Bulgaria, Macedonia, Albania, Macedonia, Montenegro, Serbia, Bosnia, Herzegovina, Croatia, Slovenia or Italy (sans Sardinia). France was excluded, as more precise geographic location within the country was not assured. Sardinia was excluded for this test as it seems to be an outlier in the panorama of European genetic diversity44.   Iberia: Portugal (including Madeira and Azores), Spain (including the Basque country, Balearic Islands but excluding the Canary Islands)  Europe: France, Germany, Switzerland, Belgium, Netherlands, Austria, Czech Republic, Slovakia, Hungary, Poland, Ukraine, Romania, Moldova, Belarus, Russia (if not specified as one of the Caucasian ethnicities above or Asian), Lithuania, Latvia, Estonia, Finland, Sweden, Norway, Denmark, Iceland  British Isles: Ireland, Northern Ireland, England, Wales, Scotland, Orkney Islands  Sardinia: Sardinia.  
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Excluded samples: For the purpose of the various analyses some samples were considered unclassified. Canary Islanders were excluded as there seems to be a greater genetic affinity to North Africa168. Europeans carrying haplogroup U6 were also excluded, as it is clearly a North African lineage85 which would not be part of the selected source. Ashkenazi Jews were considered undefined as there is conflicting evidence in relation to their maternal ancestry being  Near Eastern169 or European44. Samples that showed clear recent migration events were classified as undefined.   2.3.1 Migration models  The following migration models were considered: Test 1 Source: Near East and Caucasus Sink: Europe, Iberia, Mediterranean and British Isles  Test 2  Source: Near East and Caucasus Sink: Mediterranean  Test 3 Source: Near East, Caucasus and Mediterranean Sink: Europe and British Isles  Alternative Test 3 Source: Near East, Caucasus Sink: Europe and British Isles  Test 4 Source: Near East, Caucasus and Mediterranean  Sink: Iberia  
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Test 5  Source: Near East, Caucasus, Mediterranean, Iberia, Europe and British Isles Sink: Sardinia  Test 6  Source: Near East, Caucasus, Europe, Mediterranean, Iberia Sink: British Isles    The founder analysis was performed using an in-house software developed by Daniel Vieira. Migration clusters were computed using an effective number of samples per cluster in order to properly take into account the uncertainty in each cluster43 and a time range of 100 to 55000 years (attending to the time of entry of AMH in Europe57) and intervals of 100 years. Mutation rate was defined as 2593y/mutation, estimated taking into account the curve described by Soares et al.50 and a time range in the Bronze Age.  After a the founder analysis scan through equally distributed intervals that will allow to obtain a general distribution of the founder clades without imposing any specific model on the data, we defined specific migration event models as done traditionally for the Founder Analysis approach39. These give a) the percentage of lineages entering in each predefined migration event and b) the probability that a founder lineage entered during said migration event. Models were devised according to the peaks viewed in the founder analysis scan but also archaeological, palaeoclimatic and paleontological evidence. Time of arrival of the Neolithic was defined for each region according to Silva and Vander Linden153. The Mesolithic/Younger Dryas was evidentially allocated to the time of the Younger Dryas that established current climatic/resources conditions. We opted for not including a postglacial partition as the scan hardly indicated any entrance of lineages at that point. Nevertheless, lineages entering in that period would be allocated to this last migration (Mesolithic/Younger Dryas) that could account for all the period between the Ice Age and the Neolithic. The first settlement was defined from the first evidence of modern humans in Europe134 .    
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The Bronze Age migration is well defined archaeologically and genetically corresponding for most of Europe to a massive migration from the Steppes160. One migration value of 200 years was included to account for recent, historical migrations.  Given this, the defined migration times were the following: 2.3.2 Migration times  Test 1 Recent migrations: 200 Bronze age: 4500 Neolithic: 8000 Mesolithic/Younger Dryas: 11500 First settlement: 45000  Test 2 Recent migrations: 200 Bronze age: 4500 Neolithic: 8000 Mesolithic/Younger Dryas: 11500 First settlement: 45000  Test 3 and alternative Test 3: Recent migrations: 200 Bronze age: 4500 Neolithic: 7000 Mesolithic/Younger Dryas: 11500 First settlement: 45000  Test 4: Recent migrations: 200 Bronze age: 4500 
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Neolithic: 7200 Mesolithic/Younger Dryas: 11500 Test 5: Recent migrations: 200 Neolithic: 7800 Mesolithic/Younger Dryas: 11500  Test 6: Recent migrations: 200 Bronze age: 4500 Neolithic: 6400 Mesolithic/Younger Dryas: 11500   



28  
Chapter 3: Results Test 1: Source: Near East and Caucasus Sink: Europe, Mediterranean, Iberia and British Isles  Figure 6 – Founder analysis results for test 1. a) Probabilistic distribution across migration times scanned at 100 year intervals from 0 to 55 kya; b) proportion of first colonization, Late Glacial, Neolithic, Bronze Age and recent founder lineages in a five-migration model. f1 criterion shows two very similar peaks at 8400 and 10000 while f2 shows a slight hump at 13800 years ago (possibly Late Glacial) and a peak at 9200 (possibly Neolithic)(Figure 6a). Additionally, f1 also detects a slight peak in migration in the last 1000 years. Overall, about half (46% if considering f1, 55% if considering f2) of lineages date to the Mesolithic (Figure 6b), echoing a previous study centred on JT lineages95 . Indeed, as previously described, J1c, T2b and to a lesser extent J2b1 and J1c2 probably entered Europe post-glacially; the remaining lineages described in Pereira et al. are not detected in both criteria(Figure 7, Supplementary File 1)  . Other post-glacial founders include HV, H, H2, H1u, K1, K1a, N1a3a, T2f, U5a2, U5a1 and U5b. These last subclades of U5 might represent back-migration into the Near East, as U5 is thought to have 
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originated in Europe57. Nevertheless, we should not exclude a back-migration into the Near East followed by a re-expansion into Europe. The second largest (f1 – 32%, f2 – 39%) component is the Neolithic component, dated to 8000 years. Lineages such as HV+16311, H1, H3, U2e1a, and I2 hypothetically entered Europe during this period. Interestingly, N1a1a, associated with Neolithic dispersals in Europe60, shows a mainly (81%) 45000 year old signal. Other lineages that entered during this period are U8 and X2+225 (only in f1) and U2’3’4’7’8’9 and U5 (in f2). U8 and U2’3’4’7’8’9 have been confirmed to be among the oldest European lineages89,170 Bronze age migrations represent between 4 (f1) and 10% (f2) of the lineages, with T1a1 being a main founder. The low frequency of this component is expected as the hypothetical source of Bronze Age migrations in not the Near East. A recent migration comprised mostly of U1a1c1c was also detected, which makes sense given that U1 is a mostly Near Eastern clade81. These general values of colonization into Europe are very misleading in relation to different geographic regions. Given this we performed more geographically focused analyses.   



30   Figure 7 – Probabilistic distribution by migration time for some common founder clades in test 1: on the left, for criterion f1 and on the right, for criterion f2. Full data is available in supplementary file 1.   
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Test 2 Source: Near East and Caucasus Sink: Mediterranean   Figure 8 - Founder analysis results for test 2. a) Probabilistic distribution across migration times scanned at 100 year intervals from 0 to 55 kya; b) proportion of first colonization, Late Glacial, Neolithic, Bronze Age and recent founder lineages in a five-migration model. To better discern routes of migration, a founder analysis was performed using the Europe’s Mediterranean coast (excluding Iberia) as a sink. Analyses of haplogroup JT suggested that Mediterranean Europe was the main receptacle of lineages from the Near East at different time periods. f1 shows an almost constant wave of migration beginning circa 15kya. Both criteria show peaks around 12kya and 8.2kya (Figure 8a), perhaps tied to post-glacial and Neolithic expansions, respectively. Most lineages date to the Mesolithic (34% in f1, 52% in f2) (Figure 8b, Figure 9, Supplementary File 1) , particularly evident in f2. H, H5, U5a, U5a1, U5a2, U5b, J1a, J2b1 and T2b all entered in this time period. The Neolithic component accounts for 27% in both criteria, with J1c2, T1a1, H6a1a, H1, H3 and V being the main founders. The last three have been accounted 
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as postglacial lineages in the past57. Haplogroup V seems wrongly allocated here as it descends from a lineage (HV0) that was probably in Europe earlier.   



33   Figure 9 - Probabilistic distribution by migration time for some common founder clades in test 2: on the left, for criterion f1 and on the right, for criterion f2. Full data is available in supplementary file 1.  
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 Test 3 vs. Alternative Test 3 Test 3 Source: Near East, Caucasus and Mediterranean Sink: Europe, British Isles  Figure 10 - Founder analysis results for test 3.  a) Probabilistic distribution across migration times scanned at 100 year intervals from 0 to 55 kya; b) proportion of first colonization, Late Glacial, Neolithic, Bronze Age and recent founder lineages in a five-migration model. Pereira and colleagues95 (2017) suggested that JT lineages expanded to Mediterranean Europe mostly in the Mesolithic, however they reached most of Europe only in the Neolithic. That established a scenario where the expansion in the Neolithic to most of Europe contained a large component of the Mesolithic lineages from the Mediterranean which we will test with full population data. Considering this we tested the colonization of Europe in two modes. In one the Mediterranean is considered in the source (Test 3) and in the second the Mediterranean is 
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excluded from the source (Alternative Test 3). We expect that in the alternative test some lineages that are clustered in the Mesolithic will be Neolithic if we consider the Mediterranean in Test 3. In Test 3,f1 showed a peak with a small plateau at 6kya and f2 a sharper peak at 8kya (Figure 10a), coinciding with the Neolithic from archaeologic data. f1 showed that slightly more lineages entered with the Neolithic than with the Mesolithic (36 vs 26%)for f2 they are roughly the same (41 vs 42%). U5a1, U4b1, K1a and V, associated with post-glacial expansions, are confirmed to have expanded in this time period; a signal from N1a1a1a, commonly associated with the LBK culture of the Neolithic, is also detected (Figure 11 and Supplementary file 1).  Main lineages that expanded with the Neolithic comprise of H1, H3, T2b, I2, H6a1a and K2a. 



36   Figure 11 - Probabilistic distribution by migration time for some common founder clades in test 3: on the left, for criterion f1 and on the right, for criterion f2. Full data is available in supplementary file 1.   
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Alternative Test 3 Source: Near East and Caucasus Sink: Europe and British Isles   Figure 12 - Founder analysis results for alternative test 3.  a) Probabilistic distribution across migration times scanned at 100 year intervals from 0 to 55 kya; b) proportion of first colonization, Late Glacial, Neolithic, Bronze Age and recent founder lineages in a five-migration model. In this test two clear peaks can be distinguished in each criterion: f1 at 8800ya and a slightly humped f2 peak at 9300ya (Figure 12a). This may be due to the geographic context of the Mediterranean in relation to the Near East. Very little lineages entered in the near past or in the first migrations. Lineages such as U2’3’4’7’8’9, U8, and N1a1a entered 45000 years ago according to the analysis (Figure 13 and supplementary file 1).  The main Mesolithic lineages (f1- 46%, f2 – 64%)were H and V, alongside H1u (that seems awkwardly placed here but again this is a less probable scenario than the previous one), H5, H2a, J1c, K1a and U5a2 (Figure 13 and Supplementary file 1). The second highest percentage of lineages (f1- 38%, f2 – 28%) (Figure 
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12b) entered with the Neolithic. These include T2b (with a much lesser impact in F2), U4a2, K2a, I2, H3, H1, H6a1a and H5a1. A comparison between both Tests 3 shows a shift of around 20% in both criteria from Mesolithic (almost 50% in f1 and over 60% in f2) in the alternative test 4 to less than 30% (f1) and just above 40% (f2) in Test 4. This drop of frequency for Test 4 corresponds to an increment of the Neolithic or Bronze Age components when considering the Mediterranean in the source, some results much more in agreement with aDNA studies. Following the establishment of the migration patterns into Continental Europe, founder analyses were performed into more peripheral areas namely Sardinia to the South, Britain to the North and Iberia to the West.  



39   Figure 13 - Probabilistic distribution by migration time for some common founder clades in alternative test 3: on the left, for criterion f1 and on the right, for criterion f2. Full data is available in supplementary file 1.   
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Test 4: Source: Near East, Caucasus and Mediterranean Sink: Iberia  Figure 14 - Founder analysis results for test 4.  a) Probabilistic distribution across migration times scanned at 100 year intervals from 0 to 55 kya; b) proportion of Late Glacial, Neolithic, Bronze Age and recent founder lineages in a four-migration model. In the founder analysis scan to the Iberia Peninsula, f1 and f2 appear slightly different: while the first shows an almost crescendo of lineages with subtle peaks at 200, 5000 and 7200 ya, almost perfectly matching the Bronze Age and the Neolithic, the latter shows two peaks at 5600 and 9100 somewhat older or younger than expected (Figure 14a). Regarding the migration event models, while f1 partitions lineages into a quarter at each migration event, f2 shows that most lineages entered at similar frequencies between the Mesolithic and Neolithic, with each event thereafter decreasing in percentage (Figure 14b).  
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Main Mesolithic founders were X2i, U2’3’4’7’8’9, U5a1, U5b1, U5b2, N1a1a, HV1b, K2b and H. As for the Neolithic, only HV+16311 appears as a very good founder (>90% probability) for this time period. Other potential candidates for founders in this time period are T1a1a, K1a4a1, U2e1a1, T2b3 and H6a1a (Figure 15 and Supplementary file 1) . Regarding the Bronze Age, I1a1a only appears as an important founder in f1; H3, H1b and T2a1a appear as equally probable founders in both. H1e seems to be a recent (200y) lineage in both criteria. The results seem to suggest that the Mesolithic wave of migration in the Mediterranean expanded until the Iberia Peninsula, followed by a strong migration proportion in the Neolithic and a substantial one in the Bronze Age.     



42   Figure 15 - Probabilistic distribution by migration time for some common founder clades in test 4: on the left, for criterion f1 and on the right, for criterion f2. Full data is available in supplementary file 1.     



43  
Test 5 Source: Near East, Caucasus, Mediterranean and Europe Sink: Sardinia  Figure 16 - Founder analysis results for test 5  a) Probabilistic distribution across migration times scanned at 100 year intervals from 0 to 55 kya; b) proportion of Late Glacial, Neolithic and recent founder lineages in a three-migration model.  Apart from a sharp increase in lineages ca. 2000 years ago, clear peaks appear at 6kya and 7kya (f1 and f2 respectively), corresponding to the Neolithic period (Figure 16). This is confirmed by the time of migration model: between 50 and 60% of Sardinian lineages appeared in this time period (Figure 16b). These include H1c1, H6a1a, H5a1, U5b3a1a, H1, I2, H27, U4a2, H1b and H3 (Figure 17 and Supplementary file 1). Of these, only U5b3a1a is considered a Sardinian-specific haplogroup per Olivieri et al.40, with a BEAST estimated age of 8.73kya, which coincided with our data. Mesolithic lineages are mostly comprised of T2c and T2b3+151T, with a contribution from 
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U4b1a and U5a2a. Sardinia has been described on genome-wide patterns as the most representative living European population of the Neolithic wave and the results corroborate this. Two Mesolithic samples (with 10,000 years) retrieved from Sardinia were from haplogroups I3c and J2b1171While the first was not detected in the Island in the present day, the latter has founder ages of around 10,000 years matching the expectation.   



45   Figure 17 - Probabilistic distribution by migration time for some common founder clades in test 5: on the left, for criterion f1 and on the right, for criterion f2. Full data is available in supplementary file 1.    
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Test 6 Source: Near East, Caucasus, Mediterranean, Iberia and Europe Sink: British Isles   Figure 18 - Founder analysis results for test 6.  a) Probabilistic distribution across migration times scanned at 100 year intervals from 0 to 55 kya; b) proportion of Late Glacial, Neolithic, Bronze age and recent founder lineages in a three-migration model. In the founder analysis into the British Islands, two plateauing peaks appear at 3500 and 4900 years agos (f1 and f2) respectively (Figure 18a), indicating that the majority of lineages entered the British Isles probably with the Neolithic and Bronze age expansions, a situation further confirmed in Figure 18b. Contrary to the previous results in this work, there are no lineages that are totally Neolithic, however H, H3 and I2 show that they mostly expanded in this timeframe. Haplogroups H1c1, H1c3b, K1c2+9006G, H4a1a1a, H27 and I4a expanded in the Bronze Age (Figure 19 and Supplementary File 1), falling in line with previous aDNA studies on Beaker culture remains.    



47   Figure 19 - Probabilistic distribution by migration time for some common founder clades in test 6: on the left, for criterion f1 and on the right, for criterion f2. Full data is available in supplementary file 1.    
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Discussion Nature rarely deals in absolutes, and the maternal history of Europe – and Iberia in particular 

– is not an exception. Indeed, looking at our founder analysis it is impossible to say that in general most lineages are Neolithic or Mesolithic as populations display a complex history with various layers of demographic occurrences. Overall, the first peopling of Europe seems to have contributed less than 5% to the current mitochondrial diversity. For the Palaeolithic, some first lineages appearing in Europe are 
U2’3’4’7’8’9, U8, U2 and U5, a finding corroborated by archaeology58,90,170. More puzzling is the finding of subclades of X2(X2i, X2+225 and X2b’d) and N1a1a in this time frame, as they appear only in remains related to Neolithic cultures such as LBK, Alföld Linear Pottery and the Iberian Chalcolithic59,60,66,67. This may be an error due to the extremely low amount of these lineages in the population sampled or it is such a case where the lineages in the source disappeared completely by drift. That seems certainly the case for N1a1a as published and unpublished aDNA shows the presence of the clade in the Near East 10,000 years ago. A clear signal of expansion from the Near East into Europe after the LGM is detected. Previous studies concerning JT94,95 had pointed to this result: we indeed find J1c, T2b and J2b1 lateglacial founders in Europe as a whole and in the Mediterranean. Some discrepancies are noted in relation to Pereira et al:  T2e, is mostly Neolithic; J1c2 entered central Europe in the Mesolithic but dates to the Neolithic in the Mediterranean, representing a possible back migration.   It is clear that other haplogroups also represent a migration from the Near East in this timeframe. While a significant amount of lineages such as U5a1, U5b1, U5a2 appear, even when applying the f2 criterion, it is clear from not only aDNA (citation) but also phylogeography that U5 arose in Europe – this signal is possibly due to a back migration into the Near East and posterior 
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migration into Europe with the end of the LGM. Another lineage that enters in this timeframe is H, now the most frequent in Europe, and previously thought to have entered pre-LGM. Together with HV, H2a, H5’36, H5, H7, H8 and sister-clade V, these previously suggested markers of expansion from European refugia show a signal of expansion from the Near East into Europe alongside the climatic improvement, and show some regional specificity: Iberia only receives basal H and H5; 
Sardinia H5’36, H5 and H2+152C; the British Isles receive relatively little, mostly V, H2a1a and H1u. This pattern might account for what was thought to be fruit of Bronze Age expansions. H3 and U4a appear Mesolithic in test 2, but only when applying the f2 criterion, and later appear clearly in test 3 as Neolithic; Whole genome aDNA studies confirm a turnover of genetic diversity in Europe around the LGM: genetic clusters of the remains of ancient Mediterraneans start to resemble present day Near-Easterners1; the HERC2 lighter pigmentation variant appears at the same time in the Middle East and Mediterranean170.  One of the goals of this work was to find if Near Eastern lineages had expanded in the Mediterranean before colonizing the rest of Europe, particularly in the Neolithic, hence tests 3 and alternative test 3, in which the Mediterranean was added to the source in the latter. It is now clear that some lineages that entered the Mediterranean in the Mesolithic later expanded into the rest of Europe in the Neolithic, an example of which are H3, T2b, H7, U5a1a1 and U5a1b1 deriving from U5, H5a1 deriving from H5. T2b has been associated in numerous aDNA studies66,160,173 with Neolithic cultures such as LBK. Pereira et al argues for a postglacial entry in the Mediterranean, followed by a Neolithic expansion into Iberia. Lineages such as I2, I4a and I1a1 also appear in Europe in this time period, however, given that they do not appear in the Mesolithic in the Mediterranean, it is therefore possible that they represent a migration leaving from the Caucasus and entering Europe through the East. This wave of expansion might explain the slight masked peak present in the alternative test 3 but absent in test 3.  
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T1a1a1 has been described as a marker of the Neolithic94,95, however, in our analyses it is the ancestral T1a1 that appears, spreading relatively quickly across the Mediterranean, Iberia and Sardinia with the advent of farming. In the British Isles, the signal is weaker, meaning it could have been brought with Bronze Age expansions, as is the case in Europe.  In our analyses, H6a1a is a clear Neolithic marker: it enters the Europe through the Mediterranean and through the steppes in the Neolithic. In Sardinia, it is clearly Neolithic, with the presence of two variants (H6a1a+152C, H6a1a+16482); in the British Isles and Iberia, the signal is partially (50 to 60% in the latter) Neolithic with a 30% probability Bronze age expansion. It has been found in CWC14 and post-Bell Beaker remains174. Along with along with T1a1, the most definite signal of the Neolithic in Iberia is HV+16311, which has been found in aDNA from this time period in Spain175. While basal HV, H and some of its subclades and V appeared in the Mesolithic, this lineage spreads throughout Europe, with no discrimination between the Mediterranean and the Eastern point of entry. In Sardinia and the British Isles, however, it is a recent entry. Much has been debated about Bronze age migrations, associated with cultural phenomena such as the Bell Beakers. Coinciding with previous suggestions14, many lineages deriving from H flourish during this period. A major founder, ubiquitous throughout the Mediterranean, Europe, Iberia and British Isles is H4a1a1a. aDNA confirms that it has been found in remains dating to a relatively short timeframe, from cultures as vast as the Central European Unetice14,176, Bell Beaker14, Corded Ware177, Bulgaria172, and Lithuania178.  Regarding Iberia, T2a1a, as predicted in Pereira et al.95, entered in this time. Alongside it, subclades such as H3, H5f, H1b, H24 enter from the Mediterranean, or in the case of I1a1, a more central European source. In the British Isles the scenario seems different. Many lineages that are subclades of K, such as K2a6, K1c1b, 
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K1a4a1+195C and K1c2 – lineages derived from subclades present in the Mesolithic in Europe, appear, alongside the typical H-subclades, T2b4, T2a1a and I4a. All of these lineages have appeared associated with the Bell Beaker package, alongside older European lineages such as U5.174,177 A significant part of our overall lineages seem to have entered recently (in the past 200 years). While this might be the case with some lineages, like U1a1c1c, with a clear recent Near Eastern origin, others are probably older; e.g., W1c+119 is a recent lineage in Europe according to the tests, yet it has been found in German Neolithic remains177. When only one founder for a lineage 
exists (the so called “singletons”), the algorithm tends to dramatically underestimate the age of it.     
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Conclusion and further perspectives The original goal of this work was to characterize the maternal history of Iberia. When plotting it, it became evident that one cannot study Iberia without studying Europe as a whole as well as its fringes (British Isles, Sardinia). These provide context for the story to unfold. We tried to approach this study as from a blank slate – without leaning toward a Neolithic or post-glacial major component for the history of different region of Europe. What we found was that the current mitochondrial diversity in Iberia cannot be said to be Neolithic, post-glacial, or pre-glacial; it is rather what Gamble called a “bio-tidal zone”179, where 
numerous populations “wash up”, than a refugia. The major source for post-glacial refugia seems to have been the Near East, and not Iberia, the Italian Peninsula and the Ukranian plains, as previously described57. To further assess Iberia’s maternal history, more whole mtDNA studies of the population must be done, especially for Portugal and non-Basque Spain. Compared to some populations such as the Sardinians40, very little sampling of the populations has been done, and when available only the control region has been sequenced63,180. We know that a substantial amount of mtDNA diversity is present in the coding region (especially in the H haplogroup71 – the most common haplogroup not only in Iberia but in Europe as well, and containing important markers of post-glacial, Neolithic and Bronze age expansions).  mtDNA only tells us one side of the story – the maternal, female side. As such, male-driven migrations, such as the invasion from the Eurasian steppes, remain uncharacterized in Iberian populations. A further founder analysis, identical to this one but with the Y-chromosome, would be an interesting endeavour. It could possibly uncover other previously unknown, sex-driven expansions. Not less exciting is the possibility of expanding the database of genome wide sampling, in Iberia and the rest of Europe, and comparing it with genome-wide aDNA.  
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The amount of studies on aDNA continues to be relatively small, especially for remains dating to the pre-Neolithic. While we can obviously not control the amount of remains that survive to this day, an increase in aDNA studies in Iberia would certainly help to corroborate findings. It is clear that in the extremes of the time frame studied (in the recent history and in the first colonization of Europe), founder analysis under or overestimates the age of lineages. This needs to be revisited in further work, not only with the aforementioned increase in mtDNA sampling but also of with a possible revision of the FA software.    
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