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The Genetic History of Micronesia using Mitochondrial DNA and Genome-wide Data 

 

 

ABSTRACT 

 

The Pacific marks both the endpoint of the successful exit out of Africa by modern humans about 60 

thousand years ago and also the last piece of land to be colonized in the last 3 millennia. Between these 

two points, a complex history took place resulting in a wide interest with multiple studies focusing on it. 

Most authors assume the “Out of Taiwan” model as the main event that genetically shaped Island 

Southeast Asian and Pacific populations. This model proposes that Austronesian people from South 

China migrated to Taiwan 5 thousand years ago, where they developed culturally and linguistically before 

they spread into Island Southeast Asia and New Guinea towards Polynesia. However, the scientific 

community is far from reaching a consensus regarding this subject. There are multiple-events theories 

stating that the Austronesian expansion was mostly responsible for language shift with minor genetic 

impact or even theories that reject completely an “Out of Taiwan” existence. Micronesia, a group of 

islands east of the Philippines, north of New Guinea and west of the islands of Polynesia, could have 

served as a migration route for expansions from Asia or Oceania and, if so, its genetic background and 

population history can be highly informative to understand the general history of the region. In this sense, 

mitochondrial DNA and genome-wide data were analyzed and contextualized in a Southeast Asian/Pacific 

genetic background to retrieve conclusions regarding genetic ancestry. It is shown that the genetic impact 

of the “Out of Taiwan” event is minor beyond the Philippines and that Micronesia shows double ancestry, 

not having served as a migration corridor towards Polynesia. The “Out of Taiwan” influence is restricted 

to West Micronesia only, while most of Micronesia was probably populated from Near Oceania possibly 

as early as 6 thousand years ago by the same Asian-descendant population that settled the Pacific. 

Contrarily to other Islands in Remote and Near Oceania, Micronesia does not display a further mixture 

with Papuan ancestry. 

 

Keywords: Micronesia, Phylogeography, Mitochondrial DNA, Genome-wide. 
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A história genética da Micronésia com base em DNA mitocondrial e em dados do genoma 

 

RESUMO 

 

O Pacífico marca tanto o fim da saída de África por humanos modernos, cerca de 60 mil anos atrás, 

como o último ponto da Terra a ser colonizado há 3 mil anos. Entre ambas as datas, ocorreu uma 

complexa história demográfica, sendo o foco de vários estudos que refletem interesse na região. A maior 

parte dos cientistas assume o modelo “Out of Taiwan” como o principal evento que moldou 

geneticamente as populações das ilhas do Sudeste Asiático e do Pacífico. Este modelo defende que os 

Austronésicos provenientes do sul da China migraram para Taiwan há cerca de 5 mil anos, onde se 

desenvolveram cultural e linguisticamente antes de migrarem rumo à Polinésia através das ilhas do 

Sudeste Asiático e da Nova Guiné. Contudo, a comunidade científica parece não chegar a um consenso 

acerca do assunto. Há teorias que defendem a ocorrência de múltiplos eventos e que a expansão 

Austronésica foi essencialmente responsável por mudanças a nível da linguagem, sem impacto a nível 

genético, ou ainda teorias que rejeitam completamente a existência de um evento “Out of Taiwan”. A 

Micronésia, um grupo de ilhas a este das Filipinas, norte da Nova Guiné e oeste das ilhas da Polinésia, 

poderia ter servido como uma rota migratória de expansões com origem na Ásia ou Oceânia. Neste caso, 

o seu registo genético, bem como a história das populações, poderá ser bastante informativo no sentido 

de entender a história geral da região. Neste sentido, o DNA mitocondrial e dados de todo o genoma 

foram analisados e contextualizados num fundo genético do Sudeste Asiático e Pacífico, de forma a se 

retirarem conclusões acerca de ancestralidade genética. Mostra-se que o impacto genético do evento 

“Out of Taiwan” é mínimo além das Filipinas e que a Micronésia apresenta dupla ancestralidade, não 

tendo servido como corredor migratório em direção à Polinésia. A influência do evento “Out of Taiwan” 

é restrita à parte oeste da Micronésia, enquanto que a maior parte destas ilhas foi provavelmente 

colonizada a partir da Oceânia Próxima, provavelmente há 6 mil anos atrás, pelos mesmos descendentes 

da Ásia que colonizaram o Pacífico. Contrariamente às ilhas da Oceânia Próxima e Remota, a Micronésia 

não apresenta influência genética da Nova Guiné.  

Palavras-chave: Micronésia, Filogeografia, DNA mitocondrial, genome-wide.  
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INTRODUCTION          

 

Human beings have always been fascinated by the discovery of their past and the advent of new 

technologies made possible to use more tools to solve every detail of this continuous search. Now 

is possible to use the story of genes to understand better the human history. In this sense, this 

thesis is organized in four main chapters. The first defines the main instruments that are here used 

to uncover the Pacific human history, namely mitochondrial DNA (mtDNA) and genome-wide (GW) 

data and also elucidates about the most accepted theory for the colonization of the region. A notion 

of the most important scientific advances regarding genetic evidences is also provided. The second 

chapter includes all methods that were performed to answer the aims and the third demonstrates 

the results obtained. The fourth chapter is meant for the discussion on whether the main goals 

were achieved and further conclusions.  

1.1. MITOCHONDRIA 

Mitochondria are organelles present in most eukaryotic cells whose main function is to produce 

metabolic energy. The structure, size and number of mitochondria is very variable within a cell 

depending on the organism, tissue or cell type (Alberts, Bray, Lewis, & Raff, 1994). 

The organelle contains compartments that are involved in several tasks. It has an outer 

membrane separated by the inner membrane through an intermembrane space. The inner 

membrane dynamically forms cristae (folds) among the interior of the organelle, the matrix. The 

organelle is commonly seen as having a bean-like structure but they are quite flexible and can form 

a highly dynamic network by fusions and fissions between mitochondria (Karbowski & Youle, 2003). 

In addition to supplying the cell’s energy, these organelles also play important roles in 

signalling, synthesis of steroids and lipids, cellular differentiation, apoptosis and autophagy, storage 

of calcium ions, regulation of the membrane potential and cellular metabolism, as well as 

controlling both the cell cycle and growth. Then, according to some environments, mitochondria 

can have specific tasks, like detoxify ammonia, a waste product in liver cells (Detmer & Chan, 
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2007; McBride, Neuspiel, & Wasiak, 2006; Yi, Weaver, & Hajnóczky, 2004). Mutations in genes 

that regulate any of these functions can result in serious mitochondrial diseases (Nunnari & 

Suomalainen, 2012). 

1.1.1. Origin 

Mitochondria were seen for the first time in 1840 (Henle, 1941) but it was only in 1925 that the 

respiratory chain was described by David Keilin (Keilin, 1925), being the popular term "powerhouse 

of the cell" coined by Philip Siekevitz in 1957 (Siekevitz, 1957). The organelle’s genome was firstly 

sequenced in 1981 (Anderson et al., 1981). 

There are two hypotheses about the origin of mitochondria, namely the endosymbiotic and 

the autogenous theories. The latter states that these organelles were formed by splitting of a DNA 

portion that later becomes surrounded by membranes (Taylor, 1976), but the endosymbiotic theory 

is the most widely accepted. This hypothesis suggests that mitochondria were originally free-living 

prokaryotes capable of performing oxidative mechanisms and eventually they were integrated and 

kept inside a host cell incapable of performing those mechanisms. This led to a symbiotic 

relationship that provided a considerable evolutionary advantage, having endured until today 

(Sagan, 1967). This theory is the most plausible one, since mitochondria have a double membrane, 

show independent growth and division and have their own genome (circular, not bound to histones, 

without introns or repeats, with its own genetic code) very much alike bacterial ones (Embley & 

Martin, 2006). 

1.1.2. Genome 

Mitochondria have their own genome, referred to as mitochondrial DNA (mtDNA). They can have 

2-10 copies of its DNA and it consists in an extremely compact double-stranded circular DNA 

molecule of 16569 basepairs, encoding 37 genes, 28 on the H-strand (“heavy”, rich in guanine) 

and 9 on the L-strand (“light”, rich in cytosine). 2 genes code for rRNA, 13 code for subunits of 

respiratory complexes and 22 code for tRNA (Andrews et al., 1999). A schematic structure of 

mtDNA is shown in Figure 1.1. 

The mutation rate is faster in mitochondria when compared with the nuclear genome. This 

can be explained due to the lack of histones, the exposure of reactive oxygen species and also by 

the lack of mechanisms for DNA repair compared with the nucleus. Also, mitochondria have a 1.1 

https://en.wikipedia.org/wiki/Philip_Siekevitz
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kb control region (between positions 576 and 16024) where the mutation rate is up to ten times 

higher than in the coding region. This control region contains transcription and regulation factors, 

the origin of replication for the H-strand and also two hypervariable sections, HVS-I and HVS-II, 

fundamental for studying human population genetics, mostly in the early steps of archaeogenetics 

(Holt & Reyes, 2012; Lynch, 2010).  

 

1.1.3. Population Genetic Studies 

Mitochondria have several important characteristics that make them useful for human population 

studies, namely the high mutation rate, high copy number, lack of recombination and uniparental 

inheritance. Since mtDNA mutation rate is ten times higher than in the nuclear DNA, this allows 

for even recent evolutionary human aspects to be traced. Also, while the nucleus has only one copy 

of its DNA, a cell can contain thousands of copies of mtDNA (Chinnery & Hudson, 2013). This can 

be very important for samples that are more susceptible to DNA degradation, like ancient DNA 

(aDNA) (Paabo & Dna, 1989). 

The mtDNA is an haploid marker since it is only inherited by the female lineage and only 

a single copy is transmitted between generations, contrarily to the two copies in most of the nuclear 

genome. The sperm’s mitochondria are destructed inside the egg as they are marked with ubiquitin 

Figure 1.1 | Representation of human mtDNA. 
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(Sutovsky et al., 1999). In this way, both parents contribute equally to the nuclear DNA, but only 

the mothers provide mtDNA to the offspring, a pattern known as maternal inheritance. 

Uniparental inheritance results in absence of recombination in mtDNA even though there 

are several DNA copies inside a mitochondrion. This means that its structure is preserved 

throughout several generations, providing much more direct information about ancestral lineages 

than autosomal DNA does. This way, the whole mtDNA represent an haplotype and the 

relationships between mtDNA from different individuals can be represented as a tree, whose 

patterns formed can be used to infer evolutionary history of populations (Rubinoff & Holland, 2005).  

mtDNA only reflects the female lineage and thus, the maternal side of the story. Also, if 

this uniparental marker is widely distributed through different areas, it becomes difficult to infer 

any ancestral origin. Only the integration of all available tools (study of nuclear DNA, 

Y-chromosome, interdisciplinary studies) can provide the most accurate evolutionary history 

possible. 

1.2.  GENOME-WIDE STUDIES 

Any two humans overlap 99.9 % of their genome regardless of age, gender, ethnicity or even in 

cases of monozygotic twins (Chakravarti, 2015; Li et al., 2014). Genes can undergo various 

structural variations that cause alterations in traits or phenotypes leading to the huge diversity 

within our species, but also to disease risk. These variations include insertions or deletions (indels) 

in a position or more in the DNA sequence, single nucleotide polymorphisms (SNPs) and also the 

occurrence of abnormal number of copies of a DNA segment. There are also major rearrangements 

when entire portions of chromosomes are translocated or inverted (Gu, Aguirre, & Ray, 1998; Mills 

et al., 2006; Yunis, 1988). 

Before the year 2000, scientists were focused in studying inheritance patterns of genetic 

linkage. This approach was highly useful to the understanding of single gene disorders but for 

complex diseases involving multilocus the results were not easy to reproduce (Rannala & Mountain, 

1997). In the year 2000, was proposed a model-based clustering method, where multilocus data 

from different individuals is used to infer associations with traits or populations. This way, 

genome-wide studies (GWS) consist in observing a GW set of variants of different individuals to see 

if any pattern is associated with a trait (Pritchard, Stephens & Donnelly, 2000). This study can be 
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applied to every organism and is typically focused on associations between SNPs, the most 

abundant type of variation in the human genome. 

Since the first GWS, samples became larger in size and more narrowly defined phenotypes 

are studied. Also, there can be one million or more SNPs for individual and all the massive 

information of thousands of people and diseases was only possible to store and analyze due to 

some conditions that also arose. Specifically, the emergence of projects, like the 1000 Genomes 

Project, the HapMap project, Pan-Asian SNP database, among others, that are focused on 

collecting genotype data regarding the sequencing of DNA samples and genotyping of SNPs for 

large groups of individuals. These projects are continuously updating and providing SNPs data in 

biobanks (repositories of human genetic material), allowing for a greatly reduced cost and difficulty 

of collecting sufficient numbers of biological specimens for GWS.  

As more human data becomes available, the development and improvement of statistical 

approaches regarding population ancestry became a focus in the field of population genetics. To 

analyze the massive information retrieved from SNPs, is necessary to transform the data in an 

informative manner. To do so, genetic datasets have been traditionally used either to display 

relations between individuals and geographic clustering, or in terms of estimating ancestral 

proportions in individuals. This helps to identify genomic regions under selective pressure (Coop et 

al., 2009; Lewontin & Krakauer, 1973; Yang & Rannala, 2012) and to identify migration events 

and signals of population structure on a large scale, whether regarding major geographic areas, 

regions or ethnicities (Behar et al., 2010; Keinan, Mullikin, Patterson, & Reich, 2007; Reich, 

Thangaraj, Patterson, Price, & Singh, 2009). Recently, a tool was developed called Geographic 

Ancestry Positioning (GAP) that both relates genetic distances between individuals and also infers 

population structure (Bhaskar, Javanmard, Courtade, Tse, & Valencia, 2017).  

1.2.1. Model-free Algorithms 

In 1901, Karl Pearson developed an algorithm that allowed to correlate a series of points in a linear 

way. This method, the principal component analysis (PCA), reduces visually the data set by 

estimating vectors that explain relations between the points. The data is then plotted according to 

those vectors, thus providing visual similarities and differences between samples, instead of 

showing the mass of points unrelated (Ringnér, 2008). Later on, PCA and other models like 

multidimensional scaling (MDS) (Jakobsson et al., 2008) were used to analyze thousands of SNPs 
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and researchers often found that genetic distances between people are correlated with their 

geographic distances (Novembre et al., 2008; Ramachandran et al., 2005). Other model-free 

algorithms were developed, like the SPA model (Yang, Novembre, Eskin, & Halperin, 2012) that 

uses a logistic function over space to parameterize the allele frequency at each SNP. SCAT (Wasser 

et al., 2004) and SpaceMix models (Bradburd, Ralph, & Coop, 2016) consider allele frequency 

covariance functions which decay exponentially with geographic distance. sNMF (Frichot, Mathieu, 

Trouillon, Bouchard, & François, 2014) is different from its peers. Although it consists in a 

model-free approach, it estimates ancestry proportions rather than geographic distances. Its 

estimation is carried out by factorization of a non-negative matrix (NMF) in two smaller matrices, 

making it faster to perform computational analyses. All analyses have different algorithms and 

calculations, being faster or more precise depending on which method is being used. Different 

methods could display different aspects of the data. 

1.2.2. Model-based Ancestry Estimations 

ADMIXTURE (Alexander, Novembre, & Lange, 2009) has been the most used approach to model 

the probability of population allele frequencies and observed genotypes in ancestry populations 

(user-chosen (K)). One advantage of this approach is that it performs cross-validation (CV), 

providing the information of which K better statistically describes the reality. The STRUCTURE 

software (Pritchard et al., 2000) is described as an ADMIXTURE-like software (but was actually 

developed before ADMIXTURE) and also estimates ancestral proportions for individuals given a 

number of K source populations, but is much slower because it implies the construction of a model 

for each possible value of K. In STRUCTURE, global ancestry is quantified by how much of an 

individual’s genome was inherited by each source population. STRUCTURE was later outperformed 

by frappé (Tang, Peng, Wang, & Risch, 2005) that is much faster doing similar calculations. In an 

attempt of improvement, fastSTRUCTURE  (Raj, Stephens, & Pritchard, 2014) was developed and 

reported as being two orders of magnitude faster than STRUCTURE and comparable to ADMIXTURE 

runtime-wise. Also, TeraSTRUCTURE (Gopalan, Hao, Blei, & Storey, 2016) is able to perform 

estimations on dense, tera-sized datasets by implementing a stochastic variational inference 

method, ensuring scalability for very large datasets, reportedly without significant loss of accuracy. 

For example, TreeMix (Pritchard et al., 2000) is a very different method, both in terms of approach 

and output. It does not account for the genetic history but rather focuses on the relationships 
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between populations, being suitable for inferring structure in datasets containing several 

populations. There is no ideal approach and researchers are expected to explore several for 

achieving confidence in their results. 

1.3.  PHYLOGEOGRAPHY 

Phylogeography integrates genetics and biogeography in the study of population history, being 

phylogenetic trees important to enlighten historical processes like the origin and dispersal patterns 

of species that may be responsible for the modern geographic distributions of individuals (Avise, 

2000; Cruzan & Templeton, 2000). To do this, elements like molecular clocks, geographic 

distributions, archaeology, demographic history, among others, are necessary. These contexts can 

be obtained from various sources like linguistics, paleoclimatology or ethnology.  

1.3.1. Phylogenetic Trees 

The first representation of what would later be a phylogenetic tree dates to 1840, when Edward 

Hitchcock made a “paleontological chart” showing two geological representations, one for fossil 

and living plants and another for animals. At the time, there was already a notion of evolutionary 

direction, but the author also defended that deity was the agent of change. Charles Darwin 

popularized the notion of an evolutionary tree where all life on earth is somehow related and has a 

common ancestor. Over the years, phylogenetic trees have ceased to be just to describe 

relationships among species using primarily morphological differences (Ziheng Yang & Rannala, 

2012) and became more dynamic, being used in population genetics, metagenomics or in more 

narrowed studies like gene ancestrally (Maser, 2001). 

A phylogenetic (or evolutionary) tree is a diagram that contains branches connected by 

nodes. The branches represent lineages and nodes are common ancestors, where the lineage 

began to differ. The tree is a structure that represents evolutionary relationships between entities 

(molecular sequences, individuals or species) where phylogeny is based on the genetical 

similarities and differences. 

1.3.1.1. Stipulating a Chronology 

Stipulating a chronology is essential in phylogeography and so, a molecular clock is necessary for 

genetic dating. In theory, the evolution rate occurs at a steady step making possible the usage of 
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all accumulated diversity to point out different occurrences in a phylogeny with a temporal scale. 

The molecular clock makes it possible to estimate ages of lineages and also their dispersals times, 

without previously knowing the demographic history (Bandelt, Macaulay, & Richards, 2002). This 

can also be used to make founder analysis, a quantitative phylogeographic approach developed to 

evaluate the diversity of lineage clusters that arose within a specific geographic “sink” region after 

migration from a specific “source” region. Using the molecular clock is possible to calculate the 

minimum arrival age of each founder cluster in the sink (Richards et al., 2000; Soares et al., 2016). 

The molecular clock can be inferred by assuming a known and constant mutation rate of 

nucleotides. Until 2009, the most used mtDNA mutation rate was 1,26×10-8 base 

substitutions/nucleotide/year for the coding region of the mtDNA molecule (Mishmar et al., 2003). 

The problem with this, and many other mutation rate calculations, was the fact that they either 

covered coding or non-coding regions, but never the whole mtDNA. Furthermore, they assumed a 

linear rate through time, not considering the role of purifying selection. Younger clades show a 

higher proportion of non-synonymous mutations when compared with older ones (Kivisild et al., 

2006). Since the mutation rate is steady, this may due to purifying selection acting over time in 

order to eliminate slightly deleterious mutations that have lower fixation probability (Soares et al., 

2009). In practical ways, this means that the short and the long-term mutation rate, rather than 

be the same, are different. Soares et al. (2009) updated the mutation rate to 1,665×10-8 base 

substitutions/nucleotide/year (1 mutation/3624 years), considering all mtDNA with both coding 

and non-coding regions and also including a mathematically corrected effect for the purifying 

selection, as shown in Figure 1.2.  

Figure 1.2 | mtDNA mutation rate variation through time. The black curve represents the mtDNA 
mutation rate and the grey line represents the interspecific (long term) mutation rate (Soares et al., 2009). 
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1.3.1.2. Tree Construction  

Trees can be rooted or unrooted, whether they have or not a directionality and, therefore, a 

common ancestor. The most common method to root a tree is by using an outgroup – an entity 

that is close enough to the data to be related but far enough so that a root appears between the 

outgroup and the rest of the data (Figure 1.3A). Rooted trees can be transformed in unrooted trees 

simply by removing the root. Unrooted trees show relationships between data without inferring 

ancestrally (Figure 1.3B).  

Trees can be constructed under distance-based methods or character-based. For the first 

case, distances between sequences are calculated and, through the matrix formed, the tree is 

constructed. Neighbour-joining is an example of distance-based methods and it generates a tree 

that has the shortest sum of branch lengths. Although they are very useful and faster to calculate 

than character-based methods, they are less used. Character-based methods align sequences and 

organize them by similarity of characters. This means that they consider evolutionary processes, 

like the occurrence of SNPs or differences in repetitive motifs (for instance, short tandem repeats 

(STRs)), being more suitable for phylogeography analyses. Maximum-Parsimony, 

Maximum-Likelihood (ML) and Bayesian methods are the most used character-based methods. 

 Maximum-Parsimony: In this method, the length of each branch of the tree is calculated 

according to the number of polymorphisms. The algorithm creates all possible trees 

according to the parameters and chooses the one that minimizes those polymorphisms, that 

is, the shortest. Its simplicity makes it require low computational power but can also lead to 

statistical inconsistency, like grouping erroneously two independent samples that have fast 

mutation rate, a statistical error called long branched attraction. 

Figure 1.3 | Representation of phylogenetic trees and terminology. A: Rooted tree with presence 
of an outgroup. B: Unrooted tree showing relationships between samples. 
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 Maximum-Likelihood: This method estimates various parameters, and the one that has the 

best combination of them, given a tree, is the one with the ML. The parameters can be 

branch length, sequence alignment, nucleotide substitution model, among others, and are 

what defines the models tested. In this way, ML estimates the best values parameters that 

better represent the data. This is a very computationally demanding method. 

 

 Bayesian Inference: This approach differs from ML in the sense that it uses probability 

distributions instead of fixed values. Parameters have a distribution of probabilities and 

repeated Markov Chain Monte Carlo (MCMC) simulations are used to estimate a set of 

different trees and their probabilities. This is also very computationally demanding and has 

been increasingly used in phylogenetics (Lemey et al., 2009). 

There is no perfect method to create the most accurate phylogenetic tree. The more 

methods are used, the more reliable and consistent the results are, since they complement each 

other to infer the best possible results. 

1.3.2.  mtDNA Phylogenetic Tree 

Various studies defend an origin for anatomically modern humans (AMH) around 200 thousand 

years ago (ka) (Cann, Stoneking, & Wilson, 1987) in Africa where there was only one successful 

exit 70 ka. This assumption was firstly made using the mtDNA evidence that clearly displayed a 

root in Africa, the popularly called Mitochondrial Eve. This way, the human mtDNA phylogenetic 

tree is divided in two fractions: within-Africa and outside-Africa.  

mtDNA variation was assigned to haplogroups and classified using the Roman alphabet. 

Although, logically, the haplogroup A should correspond to the older, African lineage, that is not 

true. The first study that involved haplogroup assignment was in Native Americans and so, 

haplogroups A, B, C and D were to characterize them (Torroni et al., 1993). The remaining alphabet 

was subsequently given as the haplogroups were discovered, and all the African deeper diversity 

ended up collapsing into a single letter, L. The phylogeny has a well-established nomenclature, in 

a property of the tree that was compiled in 2008 (Oven & Kayser, 2009). The haplogroups always 
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start with a capital letter and their derived subclades are named by intercalating numbers and 

lower-case letters (e.g. A1a1a). 

The deepest branches of the mtDNA tree are located in the sub-Saharan Africa and 

comprise haplogroups L0 to L6. All lineages found outside Africa belong to haplogroup L3, 

defending the hypothesis that was just one successful exit out of Africa. L3 further diverged in M 

and N clades and both are present in Asia and Oceania, but only N is present in Europe, being its 

sole colonizer. Nevertheless, that view was challenged by aDNA from Europe that demonstrated a 

M branch in Europe before the Holocene (Posth, Renaud, Mittnik, Drucker, & Rougier, 2016; 

Richards, Soares, & Torroni, 2016). A global mtDNA phylogenetic tree was reconstructed by Soares 

et al. (2009), taking into account the improved mtDNA molecular clock. The separation between 

within and outside-Africa fractions, as well as the distribution of lineages across the globe, is clearly 

visualized in Figure 1.4.  
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Figure 1.4 | Human mtDNA phylogenetic tree. The first AMH, also called “Mitochondrial Eve”, arose in Africa around 200 ka and colonized the rest of the world in a 
single exit out of Africa, carrying haplogroup L3. Europe was colonized with specific lineages inside N: N1b, H, I, J, U,T,V, W and X, while Asia received subclades within both 
haplogroups M and N, including haplogroups A, B, C, D, E, F, G. Only a small subset of founders (A,B,C,D and X) colonized America. Regions are differentiated through different 
colours and shapes and years are expressed in ka (Soares et al., 2009). 
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1.4.  HUMAN HISTORY IN SOUTHEAST ASIA 

Phylogeography of human population shows an origin in Africa and there was only one successful 

exit that made descendants 70 ka (Soares et al., 2012). Supported by several data, in their way to 

Asia, Homo sapiens sapiens spread through two routes. The first was a central one through the 

Middle East to Central Asia, from where migrations occurred in all directions reaching Europe 

around 40 ka. The second route was a Southern coastal one through India to Southeast Asia (SEA) 

from where it bifurcated north and south, reaching Oceania around 50 ka (Macaulay et al., 2005; 

Soares et al., 2008), as shown in Figure 1.5.  

Focusing on the Pacific, and in a simple model, the human history can be characterized 

by two major population expansions. The first colonists were able to walk through Sundaland, a 

mainland composed of what is now Island Southeast Asia (ISEA) due to the fact that, at the time, 

sea levels were much lower than they are today (Figure 1.6). Despite this, the deep waters of 

Wallacea would have blocked further migration by foot. Nevertheless, people arrived at New Guinea, 

crossing through water gaps of more than 70 km length, showing the ability to construct some 

form of boats. According to archaeological evidences, New Guinea and Australia were settled for 

the first time 40–50 ka (Groube, Chappell, Muke, & Price, 1986; Roberts, Jones, & Smith, 1990). 

These regions maintained contact until both became separated by rising sea levels about 8 ka. 

Figure 1.5 | First human colonizations. AMH arose in Africa and moved from there 70 ka, leaving 
descendants throughout the world. Main expansions are dated in ka. Adapted from Chakravarti (2015). 
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Large inter-island distances together with the absence of appropriate sailing technology at the time 

served as a boundary for new human migrations for many thousands of years. This 

Early-Pleistocene expansion reached the Solomon Islands (Friedlaender et al., 2008) and the area 

colonized until there is referred to as Near Oceania. 

 

The rest of the Pacific (including all the islands from the Santa Cruz Islands to the extremes 

of Polynesia and Micronesia) is referred to as Remote Oceania. This area was settled more recently, 

with a second human expansion wave 3,5 ka. These migrants were pottery-making farmers, 

fishermen and seafarers, providing the conditions needed for further expansions (Kayser, 2010). 

The final phase of Pacific settlement and human world-wide colonization was marked by the arrival 

to the islands marking the apices of the Polynesian Triangle, with the settlement of Hawaii by 1 ka 

and Easter Island and New Zealand 800 years ago (Wilmshurst, Hunt, Lipo, & Anderson, 2011).  

The history of this region is expected to be more multifaceted than this simple two-phase 

settlement model but most currently available data have been employed under this scenario (Hill 

et al., 2007; Kayser, 2010). More complex models indicate the role of sea level rising (Terrell, 

Figure 1.6 | Map of Southeast Asia and Oceania. Light shading represents ancient (Pleistocene) 
landmasses Sunda and Sahul and dark shading shows present day mainlands and islands. The region 
comprising Wallacea and the boundary between Near and Remote Oceania is also shown. Adapted from 
Matisoo-Smith (2015). 
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2000), expansion of agriculture from the Swamps of New Guinea (Denham et al., 2003), spheres 

of interaction promoting population movement along the coast of New Guinea (Soares et al., 2011; 

Torrence, 2002) with most of these aspects taking place between the first colonization and the 

expansion into the Pacific. 

1.4.1. Expansion Evidences 

According to several models, the genetic patterns manifested nowadays in the Pacific are not 

derived from the first settlers but are rather the result of drastic population movements caused by 

climate change that affected the geography of this region in the last 15 thousand years (Solheim, 

2006). After the last Ice Age, in Early-Holocene, rising sea level episodes in three massive pulses 

caused postglacial floods and the partial submergence of Sundaland, creating South China sea 

and the thousands of islands that make up Indonesia, Philippines and ISEA today (Bird, Taylor, & 

Hunt, 2005; Oppenheimer, 1998). The loss of almost half of the land area and the environmental 

transformations, like the replacement of the savannah by rainforest, were the cause of massive 

population displacements and cultural changes. During this period the population size was 

probably low, resulting in the loss of several lineages from ISEA (Bird et al., 2005; Brandão et al., 

2016). It is also expected that the expanding populations were composed of an unrepresentative 

sample of the genetic pool that existed before the floods. A scenario of intense competition for 

optimal resource locations on the growing coastline combined with overall population growth would 

have provided the motivations needed for dispersal (Figure 1.7A) (Soares et al., 2008).  

1.4.1.1. Austronesian Family 

The history of the Pacific gets more complex with the fact that Austronesian-speakers are spread 

across Asia, Oceania and also Africa (Madagascar). The Austronesian family includes languages 

from Taiwanese aborigines, ISEA, North Coastal New Guinea and most of the Pacific islands. These 

people are believed to have descended from the Neolithic cultures of Southeastern China that 

migrated to Taiwan 5 ka. Although languages can be transmitted solely horizontally, this seems 

unlikely to explain the pattern of the Austronesian languages in the context of such a wide and 

ecologically complex region of ISEA (Blench, 2012; Soares et al., 2016).  

The most broadly accepted Austronesian tree has 10 basal branches. Almost all indigenous 

populations in this region speak languages belonging to the Malayo-Polynesian branch, that are 
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also found in the Pacific and Madagascar, whereas the other 9 primary branches (the Formosan 

languages) are spoken only by aboriginal Taiwanese (Bellwood, 2001). In this sense, there is a 

maximal diversity of Austronesian languages in Taiwan, suggesting that these languages must have 

developed in there, therefore spreading by sea throughout the Pacific with the various branches of 

Malayo-Polynesian separating along the voyage. This represents the model known as “Out of 

Taiwan” (OOT), a large-scale Austronesian expansion that began around 4 ka with dispersions by 

boat via Taiwan to ISEA, Near and Remote Oceania and Madagascar (Figure 1.7B) (Brandão et al., 

2016; Hill et al., 2007). 

In the OOT model, the people are considered responsible for the Lapita phenomenon, a 

cultural and complex occurrence that was later fully developed in the Bismarck Archipelago and 

extended to the east of New Guinea (Kayser et al., 2006; Soares et al., 2016; Solheim, 2006). 

Lapita movements carried Austronesian-speaking populations into Near Oceania after crossing 

North Coastal New Guinea, reaching Remote Oceania 3 ka. In this way, these populations colonized 

the last large region of the globe, being considered linguistically and culturally the immediate 

ancestors of the Polynesians (Kirch, 2000). 

 

A B 

Figure 1.7 | Main maternal human migrations between the region of Southeast Asia and 

Taiwan in the Late Pleistocene (A) and Early to Mid-Holocene (B). Rising sea-level 10 ka caused 
the partial submergence of Sundaland creating thousands of islands and triggering dispersals of human 
populations throughout the newly formed islands (A). People from the Neolithic cultures of Southeastern 
China migrated to Taiwan 5 ka, where they developed linguistically and culturally before they spread to 
ISEA. There was also another route through MSEA that led to the spread of maternal lineages (B). Dark 
shading represents the modern coastlines, whereas the extent of Sundaland at the Last Glacial Maximum 
is represented by the light shading. Taiwan is marked with a blue star. Adapted from Brandão et al. (2016). 
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Despite these evidences, there are some issues that raise concerns with this theory. Using 

founder analysis, a molecular genetics method to estimate time and proportion of migrations using 

genetic data (Richards et al., 2000), only 20 % of mtDNA and Y-chromosome seem to trace back 

to an OOT event, meaning that this was far from being a huge demic migration (as previously 

stipulated by the model). This means that there was no significant population diffusion across the 

new area that resulted in displacing, replacing or intermixing with the pre-existing population 

regarding to the involvement of women (Hill et al., 2007) and also of men (Karafet et al., 2010; 

Soares et al., 2016). In this way, although the OOT model is broadly consistent with available 

linguistic data, the claimed association between genetic ancestry and linguistic dispersal across 

ISEA should not be assumed to correspond. Languages, genes and cultures may have dispersed 

separately and together at different times and in different places within the history of this region 

(Donohue & Denham, 2015). The OOT event most probably was responsible for language shift 

mediated by social networks rather than directly by people of Taiwanese ancestry, questioning any 

substantial ancestry in Taiwan for Polynesians, where the ancestry that traces back to Taiwan is 

null in several areas (Soares et al., 2011). 

1.4.1.2. mtDNA Evidences 

Early dispersals stimulated by climate change and sea-level rise would predict migrations centered 

on ISEA and dating to the Late-Pleistocene or Early-Holocene. In the same way, if several distinct 

dispersal processes shaped the genetic variation of the region, their signatures should also be 

evident in the genetic record (Hill et al., 2007). Recently, Soares et al. (2016) performed a founder 

analysis for ISEA that highlighted three major haplogroups, B4a1a, E and M7, into those with 

Early-Holocene and those with Mid-Holocene ancestry in ISEA. Two of them, B4a1a1 and E, show 

that population dispersals occurred at the same time as sea levels rose, which may have resulted 

in migrations from the Philippines to Taiwan within the last 10 ka. M7c3c is a clade quite common 

in SEA and the major one that fitted in all parameters expected in an OOT lineage. Altogether, E, 

B4a1a and M7 clades represent only a third of the mtDNA lineages in ISEA (Brandão et al., 2016; 

Soares et al., 2016). 
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Early-Holocene Haplogroups 

Haplogroup E evolved within the descendants of the first settlers of Sundaland who arrived carrying 

haplogroup M 50 ka (Macaulay et al., 2005). It accounts for 15 % of SEA’s mtDNA lineages and 

further principal subclades are found only in ISEA and in Taiwan. Its spatial frequency diversity and 

distribution, shown in Figure 1.8A, strongly suggest that the haplogroup arose in Eastern Sundaland 

12 ka and was transported towards Taiwan, implying that dispersals between Taiwan and ISEA 

took place in the reverse direction, confirming the suggestion of postglacial expansion (Hill et al., 

2007; Soares et al., 2016). 

Haplogroup B4 arose 40 ka most likely on Mainland Southeast Asia (MSEA) where it is 

highly diverse but is most common in Taiwan and the Philippines. Subclade B4a1a, whose spatial 

frequency distribution is shown in Figure 1.8B, has Asian origin and is restricted to Taiwan, ISEA 

and Western Pacific and its distribution and age of 10 ka suggest that these people may have been 

separated from the Asian mainland by the sea-level rises that accompanied global warming at the 

end of the Pleistocene. Diversity indices suggest that the presence of B4a1a in Taiwan more likely 

represents a dispersal event from ISEA, rather than otherwise (Soares et al., 2011), although 

directionality is not as evident as in haplogroup E. The subclade B4a1a1a is not present in Taiwan 

or in the Philippines but reaches 100 % in many Remote Pacific islands, particularly across 

Polynesia, (Figure 1.8C) thus becoming referred to as the Polynesian motif (PM) (Hagelberg & 

Clegg, 1993). Based on analyses of complete mtDNA genomes, Soares et al. (2011) argue that 

the PM and its ancestor B4a1a1 evolved within the Bismarck Archipelago (or vicinity) 6-8 ka, much 

earlier than the putative arrival of Austronesian languages and the appearance of the Lapita cultural 

complex in that same location. It is possible that the haplogroup was present at low frequency in 

ISEA before the Austronesian expansion but, as a result of this dispersal into Near and Remote 

Oceania, it subsequently increased its frequency (Hill et al., 2007; Soares et al., 2011). 

Figure 1.8 | Spatial frequency distribution of haplogroups E (A), B4a1a (B) and B4a1a1a (c) 

in ISEA and Western Pacific (Hill et al., 2007; Soares et al., 2011). 
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Mid-Holocene Haplogroup 

The principal candidate for a potential signature of a Mid-Holocene OOT dispersal is M7c3c (Figure 

1.9). The subclade emerged after the hypothetical arrival of rice-agriculturists in Taiwan and before 

the OOT expansion. An average founder age for the subclade from Taiwan into ISEA is 4 ka, 

matching the prediction of the model. It has been found in all locations and accounts for 8 % of the 

ISEA sample (Hill et al., 2007; Soares et al., 2016). M7c3c is present in high frequencies in 

Southern groups, therefore being in agreement both genetic and linguistic evidences, suggesting 

that, among the Austronesian family, these tribes are the closest Formosan candidates to the 

Malayo-Polynesian branch (Brandão et al., 2016; Ross, 2005). 

1.4.1.3. Genome-Wide Evidences 

The various GWS performed in ISEA do not seem to find an agreement regarding migration events 

or ancestries. This may due to the extremely complex patterns found in the region, with multiple 

evidences pointing to different directions. Also, since genetic recombination is responsible for the 

various ancestry patterns, the interpretation of patterns from all genome is often dependent on the 

authors’ background. 

The first study regarding GW analysis in SEA corroborated that all Asian populations derived 

from a single movement out of Africa through the Southern Coastal route. Through haplotype 

diversity, they also found that SEA was a geographic source of East Asian populations and that the 

genetic ancestry record is related with linguistics and geography. Despite this, was not discarded 

the possibility of admixture or language replacement (Consortium, 2009). A surprising result from 

Figure 1.9 | Spatial frequency distribution of haplogroup M7c3c. 
Adapted from Soares et al. (2016). 
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this study was that a population tree (not allowing for admixture events) suggested that Taiwan was 

a subset of Southeast Asian diversity. 

Further studies mostly argue for the support of the OOT using ADMIXTURE results.  

Austronesian groups were found to be more closely related to Taiwanese people than to MSEA 

populations (Lipson et al., 2014). In the same study, the genetic signals show a genetic flow from 

MSEA to ISEA. They defended the OOT expansion not only as a cultural diffusion but also as a 

strong movement of human populations involving admixture with resident populations. The same 

idea was defended when results for 1825 individuals (730 000 SNPs) from ISEA and MSEA pointed 

out a population, the Igorot from North Philippines, that harbors the highest proportion of the 

so-called Austronesian component, surpassing the modern aborigines from Taiwan. This way, it 

was defended that the OOT wave originated in Taiwan, had strong genetic impacts throughout the 

way, having replaced populations (or maintained preserved until today) in regions like Northern 

Philippines. In addition to this, the authors also found a signal of a South Asian component 2.4 ka 

(Mörseburg et al., 2016). The notion of the Austronesian movement reshaping the genetic record 

was already previously defended when were obtained decreasing times for admixture (from west 

to east) by people of Asian ancestry that mixed with Papuan ones, starting 4 ka at East Indonesia 

(Xu, Pugach, Stoneking, Kayser, & Jin, 2012). A more recent study found that ISEA is mainly 

formed by two components, a MSEA and a Papuan one, being the first related to the OOT event 

that arose near Taiwan 3.5-3 ka, and the second with regard to ancient humans from Sundaland. 

They also assumed a more recent layer of complexity introduced by South Asian populations 

(Hudjashov et al., 2017). 

Despite most researches assume the OOT event as the major one that reshaped SEA’s 

genetic record, there are a few studies that support a model with multiple dispersals. One example 

uses 900 000 SNPs from four major Malaysian ethnic groups. They found that Malaysia and East 

Asia share a common origin, with a divergence time of 12-6 ka. After that, the region was home to 

several migrations, including African and European ones, reshaping the Malay genetic record. 

Today, it accounts only to 10-30 % of East Asians (Deng et al., 2014). McColl et al. (2018) stated 

that there are at least four ancient populations that form modern SEA populations. The first and 

older layer corresponds to a MSEA component that shares ancestry with Japanese people. The 

ancestry is changed (but not replaced) 4 ka, supporting the Austronesian expansion. The other two 
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migration processes occurred from East Asia more recently, being one related to an early 

Austroasiatic farmer expansion, and other related to a Southern China migration. 

 The point of focus of almost every study seems to be whether if the OOT event was or not 

responsible for genetic shift. Even the most recent studies seem not to be in agreement regarding 

this matter. Despite this, it is known that SEA has an extremely complex genetic background which 

implies a complex story of migrations and admixture among populations. 

1.4.1.4. Further Evidences 

Geneticists, linguists and archaeologists try to use all tools to understand which major population 

dispersals shaped SEA demographically due to several controversial evidences. A few GW analyses 

have supported the notion that Taiwan may have received some genetic input from ISEA rather 

than the other way around (Abdulla et al., 2009; Brandão et al., 2016), in line with the picture 

obtained for mtDNA. If so, and because Taiwan occupies a central position within the group of 

Austronesian languages, its aborigines may derive from rather than be ancestral of Austronesian 

populations, contradicting  the  Taiwan homeland hypothesis of these populations (Friedlaender et 

al., 2008). There are some studies relatively to the expansion between East and SEA in the 

Early-Holocene that state that instead of being a single Monolithic event, most probably were 

multiple expansions since 10 ka. This would mean that Taiwan received some lineages at different 

times during this postglacial period (Jinam et al., 2012). Also, Anderson (2005) proposed the 

existence of two Neolithic movements from different sources that were later supported by Soares 

et al. (2016). An earlier minor one 4,5 ka from MSEA (“Neolithic I”) related to the spread of 

Austroasiatic languages and a second major wave (“Neolithic II”) that includes the hypothetical 

OOT migration. 

Patterns of Y-chromosome have shown a discontinuous process of colonization in four 

phases involving several population influxes in SEA (Karafet et al., 2010). The first settlers 

introduced the basal haplogroups followed by postglacial migrations from the mainland, the 

Mid-Holocene OOT and, finally, a more recent migration in the historical Era. Significantly, the 

major lineages date to population movements before the Austronesian dispersal, being only a few 

related to the OOT model (Brandão et al., 2016; Soares et al., 2016).  

An increasing number of studies have indicated that the genetic picture of ISEA remains 

far from being fully understood. A deeper study of haplogroups in SEA can provide information 
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about the precise antiquity, migratory routes and cultural associations on the population history in 

the region (Hill et al., 2007; Soares et al., 2011), however a congruent picture between mtDNA 

and GW analyses is still inexistent with many GW studies indicating a strong OOT expansion into 

ISEA (Hudjashov et al., 2017; Lipson et al., 2014). 

1.4.2. The Case of Micronesia 

The human settlement of Micronesia has been a topic of analyses for many years. Archaeological 

evidences, namely red-slipped and decorated pottery, show very close cultural relations between 

the Marianas (the most Northern islands of Micronesia) and the Philippines, indicating that 

probably Micronesia was colonized directly from the Philippines through an initial settlement on 

the Mariana Islands. Furthermore, these islands have an indigenous Chamorro language that 

belong to the widespread Malayo-Polynesian ones (within the larger Austronesian language family 

that arose in Taiwan) (Blust, 2009). As a result, most linguists favor the Philippines as the most 

likely source of the inhabitants of Marianas and, subsequently, of Micronesia (Hung et al., 2011). 

Despite this, there are archaeological sites in Remote Oceania associated with the Lapita Cultural 

Complex (that was fully developed in the Bismarck Archipelago) that lack in the Marianas 

(Scheinfeldt et al., 2006). There is also some genetic data related with this culture, including the 

PM (B4a1a1a), that shows a colonization directly from Near Oceania (e.g. The settlement of 

Caroline and Marshall islands are derived from populations of Solomon islands) (Kirch, 2000). With 

these two opposing ideas, it is not known yet what is the ancestrally of Micronesia or even if these 

islands have a double ancestrally (Figure 1.10 – blue arrows). 

Furthermore, it is generally accepted that the appearance of Lapita sites in Oceania are 

associated with the Neolithic population expansions and the subsequent spread of the Austronesian 

languages through New Guinea. But, intriguingly, none of the Neolithic mtDNA branches of the 

Pacific exist in North Coastal New Guinea, although existing in Micronesia (Brandão et al., 2016), 

through where, in theory, the languages must have entered in Oceania (Figure 1.10 – green arrow) 

(Sheppard, 2011). Recent autosomal study shows a primary affinity of Polynesians and 

Micronesians with Taiwanese Aborigines and only secondary ones with other East Asians and even 

weaker suggestions of associations with New Guineans (Kayser, 2010). Together with 

archaeological data (Hung et al., 2011), this can lead to the assumption that a main migration to 

the Pacific occurred not through New Guinea as previously stated but through Micronesia (Figure 
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1.10 – red arrows) (Brandão et al., 2016). There are still many regions of Oceania, including 

islands close to the border between Near and Remote Oceania, that are poorly sampled for genetic 

studies. aDNA could provide a unique opportunity to address these questions but it requires a 

multidisciplinary approach and also collaboration and engagement with autochthonous societies. 

Since there are ethical issues and concerns by indigenous communities regarding scientific 

analyses, there has not been a significant research in the region. Also, the environmental 

characteristics, namely the heat and humidity of the region, are not conducive to DNA preservation 

(Matisoo-Smith, 2015). In this way, further analyses of modern mtDNA and GWS could provide the 

evidences needed to understand the role of Micronesia in the settlement of Remote Oceania and 

in the spread of Austronesian languages into the Pacific. 

1.5.  OBJECTIVES 

The Pacific has a multicultural genetic background, making it difficult to understand how it was 

colonized and by whom. Micronesia may have served as the door to the last piece of land to be 

colonized. In this sense, this project aims to enlighten the genetic structure and maternal ancestry 

of Micronesian islands thus providing an overall understanding of the role of Micronesia in human 

colonization of Remote Oceania and in the spread of Austronesian languages into the Pacific.  

Figure 1.10 | Map of Oceania comprising the areas of Melanesia, Micronesia and Polynesia. 
New Guinea is considered the main path through where the colonization of the Pacific took place (green 
arrow) but it is possible that this main migration had occurred through Micronesia (red arrows). This group 
of islands probably has a double ancestry (blue arrows). 
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2 

MATERIALS AND METHODS        

  

2.1. MITOCHONDRIAL DNA 

2.1.1. Dataset 

A dataset containing both published and unpublished complete mtDNA sequences from the Pacific 

was compiled. Sequences were selected from NCBI1 and 1000 Genome Project, whereas new data 

was generated through collaborations with University of Huddersfield. After removing sequences 

that presented bad quality and that corresponded to cancer studies or mitochondrial disorders, a 

total of 1175 samples from 21 different islands remained. A list of the complete dataset analyzed 

is shown in Supplementary File 1. 

The variations in the complete mtDNA samples were scored as variants when compared 

with the revised Cambridge Reference Sequence (rCRS) (Andrews et al., 1999) and then the 

sequence was primarily allocated to a specific haplogroup, considering the sequence variation, 

using the online software HaploGrep 2.0 (Kloss-Brandstätter et al., 2011). 

2.1.2. Phylogenetic Reconstruction 

A phylogenetic tree was reconstructed with the new mtDNA samples using a reduced-median 

algorithm (Bandelt, Forster, Sykes, & Richards, 1995) of the software Network 5 and then visualized 

in Network Publisher 1.3.0.0 add-on from Fluxus Technology Ltd. To facilitate the interpretation of 

results, avoiding an excess of reticulations, mutations that are highly homoplasic (that happen 

more often) were down-weighted. By default, each position is weighted in 10, but for mtDNA 

positions 146, 150, 152, 195, 16093, 16129, 16189, 16311 and 16362 this value was dropped 

to 7. Also, indels, positions and polymorphisms 308-315, 310C, 3107N, 515-522, 16182C, 

16183C, 16189, 16192C, 16518T and 16519C were removed because they are positions 

reported in literature as inconsistent, very fast or badly sequenced through next-generation 

                                                 
1 (http://www.ncbi.nlm.nih.gov/nuccore/) 

http://www.ncbi.nlm.nih.gov/nuccore/
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sequencing. To interpret the over-reticulated tree obtained with the Network 5 software, it was 

compared with a complete mtDNA tree online from PhyloTree and was also used a reference table 

published by Soares et al. (2009) that infers the rate of mutations for each position. In this way, 

the chosen tree is the most likely to occur given the variation of mutability of the various 

polymorphic sites, having the rarer shared mutations in more basal branches. In the cases where 

reticulations were constituted by polymorphisms with similar probability, other criteria were 

considered, namely the diversity of clades involved or how many individuals were present in each 

node. After assemblage of the phylogenetic tree, it was transcribed to Extensible Markup Language 

(XML), since it is the input for further software. Figure 2.1 represents the work here described.  

2.1.3. Founder Analysis 

Time of migrations was estimated using an in-house developed founder analysis software that 

allows to obtain a general distribution of the founder clades. The analysis calculates the probability 

that a founder lineage underwent through a predefined migration event and the percentage of 

lineages that did so. The genetic diversity in the sink (the settlement zone) is used to estimate the 

time of migratory events. Mutation rate was defined as 2589 year/mutation, considering an 

approximation of the time-dependent molecular clock to a Middle Holocene time-frame (Soares et 

al., 2009) and samples from Haplogroup B4a1a1 (PM) were assigned as source, sink or undefined 

according to geographic criteria, in accordance with the 13 different migration events that were 

scanned, as shown in Table 1. Surfer software enabled visualization of results in a form of spatial 

and diversity distribution of the haplogroup. 

Figure 2.1 | Assemblage of mtDNA tree. Firstly, mutations are filtered and weight regulated in 
Network 5, so that a construction of a tree can be visualized in Network Publisher. With the information of 
the rate of mutations for each position and the aid of Phylotree, the most plausible tree is transcribed into 
XML files. 
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Table 1 | Migration tests used in founder analysis. 13 tests were performed, varying the sources and the sinks.  

 

  



27 

Table 1 | Migration tests used in founder analysis 13 tests were performed, varying the sources and the sinks (continuation). 
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2.1.4. Maximum-Likelihood Analysis 

All haplogroups that contained samples from Micronesia were dated. The ML estimates were 

obtained with baseml software from PAML (Phylogenetic Analysis by Maximum-Likelihood) (Yang, 

1997). The overall mtDNA phylogenetic tree was transformed in a Newick file through FigTree and 

all Micronesian samples were transformed in FASTA format using Haplogrep and then transformed 

to phy format. The substitution model used was the HKY85 with gamma-distributed rates, 

approximated by 32 discrete categories and a strict clock. The distances obtained were converted 

to age estimates using the molecular-clock described in Soares et al. (2009). 

2.1.5. Rho 

Coalescence times for specific clades were estimated with ρ statistic (Forster, Harding, Torroni, & 

Bandelt, 1996). This method was used with a mutation-rate estimate of one transition in every 

3624 years, corrected for purifying selection (Soares et al., 2009), and a synonymous mutation 

rate of one substitution every 7884 years. 

2.1.6. BEAST Analysis 

Clades were also dated with Bayesian analysis with BEAST (Drummond, Suchard, Xie, & Rambaut, 

2012) using a new independent dating and calibration based on both aDNA and settlement points. 

Sequences of PM were transformed in FASTA format using Haplogrep and then treated with Beauti. 

A prior for the mutation rate was set to 2.51×10− 8 substitutions/nucleotide/year (standard error 

3×10-9), a rate previously obtained by assuming a set of internal calibration points for haplogroup 

U (Pereira & Silva, 2010). Since the Cook Islands have well known pre-stablished dates of 

colonization and one star-like clade (B4a1a1m1) was mostly associated with the Cook Islands (and 

beyond to the East), was assumed an age of 900 years (standard error 200) for that clade. A third 

and fourth calibration points corresponded to two aDNA sequences retrieved from New Zealand in 

site dating to 1290 years (PNAS reference). BEAST produces massive tree information and to 

narrow it, the result ran in TreeAnotator with a burn-in of 12050 (50 % runs excluded) and visualized 

in FigTree v1.3.1. 
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2.2. GENOME-WIDE ANALYSIS 

2.2.1. Dataset 

To detect genetic stratification in the populations under study and the common components in the 

different regions, GWS of the Micronesian dataset were performed in the background of an overall 

dataset of ISEA, Taiwan and Pacific data. Samples belonging to 68 populations were downloaded 

from 1000 Genomes, Hudjashov et al. (2017) and Mörseburg et al. (2016) and analyzed together 

with in-house unpublished data. 

 The 1000 genomes data was downloaded in variant call format (VCF) files, an extremely 

heavy format, as it stores other variants besides SNPs. To be in the same format as the other data, 

this format was converted into a binary pedigree (BED) format with VCFtools software (Danecek et 

al., 2011). PLINK1.9 plays an important role in all GWS since is the leading tool for filtering data, 

ensuring and improving the quality of the input genotype data. Since the data was downloaded 

from different source databases, two parallel filtering processes were carried out, one concerning 

samples and other concerning SNPs, in order to make sure that samples were not repeated, and 

all had the same SNPs.  

The files resulting from the extraction process were then merged into a single BED file, 

comprising 73351 SNPs and 1613 individuals from 42 regions, as detailed in Appendix 1. To be 

able to read and manipulate the files in a fast and convenient manner, they were converted into 

standard pedigree format (PED). The ADMIXTURE and PCA software can use this lighter format 

but sNMF needed the files in geno format, possible to convert using ped2geno software. A 

schematic synthesis of this data preparation is shown in Figure 2.2. 

2.2.2. ADMIXTURE 

ADMIXTURE software (Alexander et al., 2009) takes individual genotypes and an estimate of source 

populations (K) as input and models the observed genotypes in different ancestry proportions and 

estimates population allele frequencies, being only the former analyzed. ADMIXTURE 1.23 was 

used with all parameters set to their default and the values of K between 2 and 15. The software 

performs CV, estimating the best value of K (the one with lower CV). The output is a matrix with 

ancestry fractions of each individual for each K, in a .Q file.  
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2.2.3. sNMF 

The estimation of ancestral proportions in Version 1.2 of sNMF was run in multi-threaded mode in 

all runs. The maximum number of iterations was set to 9999 to prevent the program from 

terminating before the convergence criterion was met, and K assumed values between 2 and 15. 

The output is a matrix with ancestry proportions of each individual for each K, in a .Q file.  

2.2.4. PCA 

To display relations between individuals and geographic clustering, PCA of eignesoft software (Price 

et al., 2006) was performed. Contrary to ADMIXTURE and sNMF, PCA does not provide information 

regarding genetic ancestry proportions but estimates vectors, mathematical entities that explain 

relations between individuals and also populations. The standard PCA tool provided in EIGENSOFT 

6.0.1r was utilized and set to output 20 principal components (PC) vectors.  

 

  

Figure 2.2 | Synthesis of data preparation for GW analysis. Data was filtered and transformed in 
formats that are compatible with the used software.   
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3 

RESULTS          

 

3.1. GENERAL PATTERNS OF MIGRATION TO THE PACIFIC 

From the phylogenetic reconstruction, was obtained the most detailed tree of mtDNA haplogroup 

B4a to date containing 1452 sequences. These include 1119 from B4a1a1, the so-called PM, 

which will allow an unprecedented analysis of the migration patterns of the clade into the Pacific 

islands. The tree is available as Supplementary File 2. 

The comparison between ML, Bayesian and Rho age estimates within B4a1a are shown in 

Table 2. To note that PM ages vary between 5.6 ka and 8.6 ka, in all the cases displaying lower 

bounds of the 95 % confidence intervals that predate the time of the OOT (Soares et al., 2011). 

That is also true for the younger branch B4a1a1a that is only present in Near and Remote Oceania. 

The specific branch from Micronesia (B4a1a1x) varies between 1.7 and 3.6 ka. For further use, 

only the ML analysis was used to scale the phylogeographic tree below (Figure 3.1). 
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Table 2 | Age estimates for haplogroup B4a1. Comparison between ML, Rho and Bayesian analyses. 

Haplogroups Maximum Rho Bayesian 

B4a1a 8000 [6350-9650] 10800 [4150-17700] 10850 [7300-15200] 

B4a1a1 (PM) 5650 [2800-8550] 8600 [3250-14150] 8550 [6050-11700] 

B4a1a1a 5200 [4300-6100] 5800 [4450-7150] 7100 [5150-9400] 

B4a1a1a1 4950 [3850-6000] 7000 [4000-10050] 4050 [2850-5550] 

B4a1a1a2 4750 [2250-7300] 4500 [1900-7100] 3950 [2700-5400] 

B4a1a1a11 4650 [3050-6300] 6550 [2150-11100] 3100 [1800-4600] 

B4a1a1c 1300 [600-2000] 2600 [850-4350] 2400 [1300-3700] 

B4a1a1d 3100 [850-5450] 2600 [800-4400] 2150 [900-3800] 

B4a1a1e 3850 [1050-6700] 2850 [0-6600] 3200 [1350-5500] 

B4a1a1g 4500 [2900-6100] 4550 [2100-7050] 4000 [2100-6100] 

B4a1a1h 1950 [50-3900] 1000 [250-1750] 2850 [1550-4500] 

B4a1a1k 4400 [2450-6350] 4500 [950-8100] 3900 [2100-5950] 

B4a1a1m 3200 [1300-5150] 3850 [0-8850] 2250 [1450-3250] 

B4a1a1m1 2150 [750-3550] 1350 [200-2500] 1300 [1100-1550] 

B4a1a1n 4300 [0-10100] 3650 [0-7400] 3000 [1700-4750] 

B4a1a1t 3650 [500-6900] 3100 [0-6400] 1450 [550-2700] 

B4a1a1w 3400 [0-7150] 2850 [0-6600] 3050 [1550-5000] 

B4a1a1x 3650 [0-10000] 3100 [0-6400] 1750 [550-3700] 

   

 Regarding ML estimates, all haplogroups that contain Micronesian samples were used to 

construct a phylogenetic tree, represented in Figure 3.1. The ancestors of those groups are present 

mainly in the Philippines and Taiwan (B4a1a, B4b1a, M7c1c3 and M9), all being older than 6 ka, 

however with probable expansion times corresponding to the Mid-Holocene (Brandão et al., 2016). 

Also, the only haplogroup that is specific for Micronesia (B4a1a1x) appears to descent from the 

vicinity of Papua New Guinea around 6 ka. The overall pattern shows a movement from Taiwan 

and the Philippines towards Micronesia, reaching Western Micronesia, while the B4 clades 

probably descend from other Pacific populations and, as Micronesia is concerned, represent most 

of Eastern Micronesia.  
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Figure 3.1 | Phylogeographic mtDNA tree of haplogroups containing Micronesian samples. Older haplogroups are present at MSEA and there is a directionality 
towards Taiwan and Philippines among all haplogroups. The Pacific has mainly the B4a1a1 haplogroup. Shading represents geographic localization of subclades. Tree scaled 
using ML, with further details of age in Table 2. 
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A timeline for relevant PM clades was constructed according to Bayesian analysis, as 

shown in Figure 3.2, using a novel and independent calibration from the other one used before 

(Soares et al., 2009). The obtained mutation rate of the analysis was 2.64×10-8 [2.28×10-8; 

3.06×10-8]. Although each haplogroup is present in various regions, mostly throughout the Pacific, 

only the most western location was marked since it is likely the one point of origin of the clade in 

the interpretation. The only exception is B4a1a1, the PM, that exists in ISEA, but it is assumed an 

origin in New Guinea/Bismarck Archipelago. The overall pattern shows that the PM arose in the 

vicinity of the Bismarcks around 8 ka and the derived branch B4a1a1a arose in the same area 

around 6 ka, before the expansion of both into the Pacific. Haplogroups emerged both in the 

Bismarcks and Solomon islands around 4 ka, but in Polynesia there are only private branches 

around 2 ka and below, suggesting that the calibration is providing realistic age estimates. 

B4a1a1m1 was used as calibration since it only exists in the Cook islands and to the east, making 

it possible to use its time of colonization as the branch age (at 1 ka). B4a1a1x is specific for 

Micronesia and dates 1.7 ka. It must be taken into account that this analysis displays a lower 

bound for the colonization of each area by people carrying the PM, but none of these are above 

the expected for the general areas, providing a good corroboration for the calibration and the age 

of the PM itself. 

  

Figure 3.2 | Haplogroups geographic and time distribution along the Pacific. Five main regions 
were assigned, according to the most west localization. 
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To obtain proper founder age estimates, was performed founder analyses of the PM across 

Near and Remote Oceania. The distribution of estimated founder ages of PM is represented in 

Figure 3.3. The result suggests that the PM appeared probably between the Bismarcks and the 

North Coast of New Guinea with an overall age of 6 ka, from where expansions occurred mainly 

north and east. Micronesia data may be overvalued, as there are fewer samples compared to the 

rest of the regions, and it is difficult to define exactly the source population. Nevertheless, contrarily 

to the age estimate of its single private clade above, B4a1a1x, the founder analysis suggests that 

Micronesia was early colonized from the Bismarck sea before the expansion into Remote Oceania. 

At the boundary of Near Oceania were estimated ages of 4 ka, and in islands from Remote Oceania 

ages of 3 ka and lower, matching the general picture of colonization of Remote Oceania. The 

haplogroup was estimated to have reached New Zealand 2.2 ka and is null in Australia. 

 

 

 

 

 

  

Figure 3.3 | Spatial diversity distribution of B4a1a1. The haplogroup has an older age 
estimate at the North Coastal New Guinea and Bismarcks, where it probably arose. Image 
obtained with Surfer software. 
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3.2.  PACIFIC ANCESTRALLY 

Genetic distances between individuals based on the two main PC vectors from Asia and the Pacific 

are shown in Figure 3.4. These two PC vectors explain 66 % of the variance in the dataset and, in 

a general picture, the analysis matches geographic localizations with PC1 representing the distance 

between New Guinea and Asia, while PC2 mostly separates Asian populations according to 

longitude, from North to South, Japan to ISEA. In that sense, it is possible to analyze the population 

structure in terms of those axis. For example, Lesser Sunda Islands and Near Oceania are clearly 

placed between the New Guinean (Papuan) diversity and the Asian diversity, suggesting a dual 

ancestry. On the other hand, Polynesians are close to the Asian cluster containing Taiwan and 

ISEA, suggesting mostly an Asian ancestry. Micronesian individuals from Guam are placed within 

the Asian cluster near Taiwan and the Philippines, but individuals from Kiribati and Nauru are 

placed near Polynesian ones, also close to the Asian cluster.  

  

Figure 3.4 | Genetic distances between Asian and Pacific individuals according 

to PCA analysis and the two major PC. 
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Both ADMIXTURE and sNMF were performed but since very similar results were achieved, 

only ADMIXTURE results are displayed (Figure 3.5) because it is more widely used, and it calculates 

the CV errors for the different K values. Data was organized from K=2 to K=15 and by geographic 

criteria.  

For K=2 it is visible a division between two main components, an Asian (dark blue) and a 

Papuan one (light green). Regions of Polynesia and Micronesia have both components. For K=3 

there is a division of the Asian component in two components, a Northern one that decreases from 

north to south and a Southern one that shows the opposite pattern (grey). Both Northern and 

Papuan components maintain stable as the complexity increases, but the South Asian one 

undergoes several other divisions. Polynesia maintains a common South Asian component 

(common to Taiwan, Philippines, ISEA) as the major genetic contributor (90 %) for K=4. However, 

after K=5, it gets a specific component to Oceania indicating a possible deep division for the GW 

diversity following a common ancestry. This is in line to what is observed for the PM in the mtDNA 

that shares a common ancestry to Taiwan and ISEA at the level of B4a1a but splits between 10 

and 6 ka ago. This component is also present at reasonable frequencies in Guam (20 %), in the 

Bismarcks and Coast of Papua New Guinea but its presence in Taiwan and ISEA is vestigial. 

Focusing in Taiwan, its main component (light blue) at about 80 % there and 100 % on the Igorot 

(Philippines) (Mörseburg et al., 2016) is defined at K=7. It is present across ISEA, reaching 40 % 

at Lesser Sunda islands and Guam and 50 % in the Philippines, at low frequencies in some of ISEA 

(Sulawesi and some of Sumatra), but are null in several Pacific islands, including Polynesia and 

Kiribati (Micronesia). For K=11, this hypothetical OOT component is separated in a Lesser Sunda 

islands’ component (blue). Overall, the frequency of this Taiwanese component should be about 

30 % across ISEA, in line with the 20-30 % estimated OOT portion from mtDNA (Brandão et al., 

2016; Soares et al., 2016). 
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Figure 3.5 | Individual ancestry estimations from Asia and the Pacific for K=2 to K=15. There is a division between an Asia/Papuan component that maintains 
constant as the complexity rises. ISEA and Lesser Sunda islands display genetic admixtures between the OOT and ISEA components and Polynesia conserves the original Asian 
component. Analysis retrieved from ADMIXTURE. 
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According to the CV errors (Figure 3.6), the best K to explain the results is the K=14, since 

has the lowest value. For higher values than K=11, the variation is minimal since the data is very 

complex and increasing complexity (higher K values) will not decrease the error significantly and 

this means that a plateau is reached after K=11. This way, for a further interpretation of results, 

K=11 was used, since higher values were just stratifying existent components without adding any 

real new structure.  

 

 

 

 

 

For K=11 (Figure 3.7) are visible the genetic components that belong to each region 

between MSEA and Polynesia. The OOT component (light blue) is present in the Philippines, Guam, 

Sumatra and Malay at high frequencies (30-50 %) being also present in less frequencies at the 

Lesser Sunda islands (20 %) and Sulawesi (15 %). This component is not present at Polynesian 

islands nor in Near Oceania. Vanuatu and Fiji are the first islands of Remote Oceania and the first 

to be colonized on the route to Polynesia. They display a mixture between “PM” and the Papuan 

component. All islands following these two to the east are more remote, like Samoa or Tonga, and 

they are the ones that show 80-100 % of this component but also the same levels of the mtDNA 

PM. Also, Micronesia shows different genetic components depending on the geographic location. 

The sampled island that is closer to the Philippines in the West Micronesia, Guam, has the OOT as 

its major component (35-40 %) with a mixture of the “PM” (18 %) with other components, with an 

immediate source in ISEA probably entering Micronesia from the Philippines together with the OOT 

component. The islands that are closer to Polynesia, on the east of Micronesia, have a similar 

record to those islands, with values around 90 % of the Pacific component. 

Figure 3.6 | Cross-validation errors obtained with ADMIXTURE. According to the slope, as the 
complexity increases, the error decreases, reaching a plateau at K=11. 
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Figure 3.7 | Ancestrally frequencies for individuals from MSEA to Polynesia focusing K=11. MSEA shows a different genetic record compared with the rest of Asia.  
The OOT component is present in most islands but is far from being the main genetic contributor. Polinesia and west islands of Micronesia preserved the original Asian component 
until today. Papua New Guinea has its own component being also present in Lesser Sunda islands and Micronesia. Analysis retrieved from ADMIXTURE. 
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4 

DISCUSSION          

 

According to the OOT event, people migrated from Taiwan 3 ka with new tools and technology, 

rice-farming, domestication of animal species and sea-faring capabilities that allowed them to 

colonize most of ISEA and the Pacific due to their advantages against indigenous populations. Such 

movement and demographic shift would be responsible for language and cultural shift. This event 

would have reached the most remote islands of Polynesia leaving across this wide region, a cultural 

and genetic signal that finds its most prominent marker on the distribution of the Austronesian 

language family. Austronesian is more diverse in Taiwan than in ISEA and Pacific, offering a strong 

support for this model. 

 Despite this, research in various fields in the last decades shed many doubts on this model. 

In terms of genetics, the haploid mtDNA and Y-chromosome signals show little genetic flow into 

the Pacific (Capelli, Wilson, Richards, & Stumpf, 2001; Soares et al., 2011). Even into ISEA, the 

values of a probable OOT event are about 20-30 % of current population and, on the GW level, 

many results are difficult to interpret in terms of directionality (Lipson et al., 2014) and time of 

occurrence, with admixture dating offering some problems for hypothesis testing. On the 

archaeological level, many of the tools and artefacts originally connected to an OOT event were 

found in ISEA at previous times and many of the animal and plant domesticates were already in 

ISEA before the OOT (Donohue & Denham, 2010). This leads to a dismantling of the so-called 

Neolithic package that leaves the language as the sole clear indicator of an OOT event. In that 

sense, was suggested a model that language expansion occurred mostly through language shift of 

the indigenous population, rather than through a massive replacement of people in ISEA (Brandão 

et al., 2016; Soares et al., 2016). The situation would be even more drastic for the Pacific than 

ISEA since, in the latter, at least 20 % of its current gene pool probably descends from the OOT 

migration. 

This OOT event states that people from South China migrated to Taiwan but, on the genetic 

record, including the analysis of GW here performed (Figure 3.4 and Figure 3.5) and published GW 
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and mtDNA (Abdulla et al., 2009; Hill et al., 2007; Soares et al., 2008; Soares et al., 2016), it is 

shown that Taiwanese aboriginals resemble more with ISEA than with South Chinese. These 

differences go probably beyond 10 ka (Soares et al., 2008; Soares et al., 2011) and they are not 

likely related with differences established in the last 5 ka following the Neolithic expansion. One 

likely explanation is the sea-level rising from late Pleistocene to Early Holocene and Sunda shelf 

floods. According to Soares et al. (2016), when Sundaland was flooded, migrations occurred from 

what is now ISEA to every direction, reaching also Taiwan. The results from GW are more adequate 

to this picture, as Taiwanese ancestry do not show any direct relation with a Chinese ancestry, 

therefore supporting the theory that people moved from ISEA to Taiwan and then to ISEA again, 

probably with the OOT. Even if directionality is not certain, which is true also for B4a1a in the 

mtDNA level, the ancestral of the Pacific PM, the ancient common and specific ancestry of ISEA 

and Taiwan, seems to trace back to 10-8 ka (Soares et al., 2011). 

The PM is a mtDNA marker for Polynesia being highly frequent in Remote Oceania reaching 

fixation in various islands. It emerges from the mtDNA clade B4a1a, that is frequent across ISEA 

and Taiwan, and its entrance into the Pacific might have been the result of sea-level rising in the 

Early Holocene (Soares et al., 2011). According to age estimates based on rho, ML and a new 

independent Bayesian inference, the age of PM would be placed between 5,6 and 8.6 ka (Table 

2). Although the three methods estimate differently from each other, no estimate is placed below 

4 or 3 ka, as stated by the OOT theory and even the lower bound of every estimate is above those 

values. Based on the founder analysis (Figure 3.3), the PM arose 6 ka at the Bismarcks. From 

there, while the haplogroup was still recent, people might have migrated towards Micronesia, ISEA 

and until the barrier of Near/Remote Oceania. The Lapita movement, hypothetically associated 

with the OOT, was responsible for the spread of PM to the Remote Pacific and the overall pattern 

corroborates Soares et al. (2011), showing that PM arose at the Bismarcks or vicinity at least 6 ka 

ago. 

It is nevertheless important to compare the GW data with the mtDNA picture. The GW 

record does not seem to match with the OOT component (Figure 3.4 and Figure 3.5) indicating 

that Lapita individuals were unlikely descendants of OOT-migrating people. Polynesia conserves 

the part of the South Asian ancestry that was common to Taiwan and Philippines, shown both in 

the ADMIXTURE (K=4). However, at K=5, early in the analysis (considering that k=14 is the ideal 

analysis) the Pacific component gets specified and independent of the Taiwanese/ISEAn 
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component. This can mean that the Asian part among the Pacific populations is unlikely to be the 

result of an OOT migration, but an older divergence between the Pacific and ISEA/Taiwan. To 

explain this pattern, a migration might have occurred, prior to the OOT event, reaching Near 

Oceania. Such migration could have been through Micronesia, what would explain the patterns at 

Nauru and Kiribati but there is no real archaeological support for this. The most plausible 

explanation would be that people migrated through the North Coast of New Guinea reaching the 

Bismarcks where they settled. This matches exactly the same pattern of the mtDNA as the common 

Asian component at K=4 could resemble the presence of B4a1a at about 10 ka common to ISEA, 

Taiwan and the Pacific (in the form of the PM (Figure 3.1)), while the separation of the Pacific 

portion could mimic the separation of the PM for ISEA between 10 and 6 ka ago. 

From its formation to the expansion to Remote Oceania, the component was part of a 

population of Asian descent that probably was not mixing with the Papuan populations from 8-6 to 

3 ka. This is visible in the fact that the populations in Polynesia do not have Papuan ancestry, 

meaning that, by the time, the expansion occurred most likely when the population was fully Asian 

descent. Such pattern was already visible in the mtDNA (Soares et al., 2011). The picture in 

Micronesia is similar with samples from Nauru and Kiribati, showing around 100 % belonging to 

this component. Guam, to the west, displays only about 20 % of this component that, nevertheless, 

shows that this migration reached Western Micronesia. 

Some populations show a mixture of this Pacific component, as others (Near and Western 

Remote Oceania (Vanuatu, Fiji)) show a mixture between this component and the Papuan one. 

Guam shows a mixture with the Taiwanese component mainly. A major question is when did these 

admixture events occurred. There are two hypotheses for Near and Remote Oceania. In one case, 

Asian-descent and Papuan-descent populations existed across the region but remained separated 

without mixing for at least 3 ka (Soares et al., 2011). In the second possibility, these 

Asian-descendant populations colonized the regions in Near Oceania, either inhabited or displaced 

local populations and, following the expansion into the Pacific, a major expansion of Papuan 

individuals mixed with these populations in Near Oceania and West Remote Oceania. This second 

picture gets some strength from recent aDNA studies (Posth et al., 2018) where, through the 

analysis of 19 new ancient South Pacific individuals from Vanuatu, evidence showed an 

“undescribed Papuan expansion into Remote Oceania” around 2.5 ka. Such expansion could have 

occurred easily through Near and West Remote Oceania. Such model creates an issue for OOT 
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hypothesis, testing where admixture of Asian and Papuan was used as a proxy for the hypothetical 

arrival of Austronesian-speaking populations. However, independently of other issues with 

admixture dating, it could nevertheless be dating this admixture event that occurred clearly after 

the arrival of the Asian component.  

In the case of Western Micronesia, it is possible that Guam was initially colonized by Pacific 

Islanders and then mixed with a Filipino population at the time of the OOT (supported here by GW 

and mtDNA data). However, the time of colonization of Micronesia by Pacific Islanders is more 

dubious, being about 6 ka if considering the founder age (with great confidence intervals) or at the 

same time of the expansion into Polynesia (3.5-3 ka). In this case, it means that they mixed with 

already existing populations in Guam following the OOT. 

 To conclude, data shows that there was an early movement, around 10-6 ka, that carried 

the South Asian component and likely the mtDNA B4a1a from ISEA to Near Oceania. There, this 

component developed into a Pacific-specific component with populations displaying minor 

admixture with Papuan populations until 3 ka. They reached Micronesia (Nauru, Kiribati, Guam) 

between 6-3 ka and also Polynesia 3 ka. Around this time, people from New Guinea, or vicinity, 

expanded across Near and Eastern Remote Oceania (Vanuatu and Fiji) intermixing with the 

Asian-descent individuals. Also, the Western islands of Micronesia received the genetic input from 

the OOT migration that did not reach Eastern Micronesia. This creates some questions about the 

mechanisms of transmission of Austronesian into the Pacific that seem to have occurred without 

any substantial genetic input. On the immediate future, will be tested other genetic ancestry 

software tools, namely TreeMix and GLOBETROTTER. Future work is required involving complete 

genomes, mainly obtaining high resolution Y-chromosome data, to test the male line-of-descent in 

the region. 
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Appendix 1 – Samples used in GW analysis. 

Table 1 | Complete dataset used to perform GW analysis. Information regarding location, sample 
size and source of the data is also provided.  

Sample ID Region/Population Sample Size 
Attributed 

Localization 
Source 

AMB118 Ambon 10 Ambon Unpublished data 

BJM79 Banjarmasin 10 Banjarmasin Unpublished data 

LIH591 Lihir 12 Bismarcks Unpublished data 

AA4 Burma 31 Burma Unpublished data 

TAV30 Fiji 7 Fiji Unpublished data 

GUA108 Guam 14 Guam Unpublished data 

KB103 Kiribati 10 Kiribati Unpublished data 

KK1 Kota Kinabalu 10 Kota Kinabalu Unpublished data 

LAO34-33 Laos 40 Laos Unpublished data 

ALO1 Alor 10 Lesser Sunda Islands Unpublished data 

BAL2 Bali 10 Lesser Sunda Islands Unpublished data 

MTR12 Mataran 10 Lesser Sunda Islands Unpublished data 

MD31 Madang 13 Madang Unpublished data 

MF23 Maewo 3 Maewo Unpublished data 

49A Malay 49 Malay Unpublished data 

KAV91 Kavieng 12 Bismarcks Unpublished data 

NAU8 Nauru 10 Nauru Unpublished data 

PRY115 Palangiya 8 Palangiya Unpublished data 

PLB31 Palembang 6 Palembang Unpublished data 

KZ618 Papua 38 Papua New Guinea Unpublished data 

PKB115 Pekanbaru 8 Pekanbaru Unpublished data 

FIL2 Philippines 10 Philippines Unpublished data 

FP913 Polynesia 12 Polynesia Unpublished data 

PM23 PortMoresly 10 PortMoresly Unpublished data 

TOR53 Toraja 8 Sulawesi Unpublished data 

AMI1 Ami 9 Taiwan Unpublished data 
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Table 1 | Complete dataset used to perform GW analysis. Information regarding location, sample 
size and source of the data is also provided (continuation). 

 

Sample ID 
Region/ 

Population 

Sample 

Size 

Attributed 

Localization 
Source 

ATA19 Atayal 10 Taiwan Unpublished data 

BUN1 Bunun 9 Taiwan Unpublished data 

PAI1 Paiwan 10 Taiwan Unpublished data 

THA177 Thailand 11 Thailand Unpublished data 

PO393 PortOrly 9 Vanuatu Unpublished data 

DHX4050-51 Vietnam 45 Vietnam Unpublished data 

GRC10047539 Alor 23 Lesser Sunda Islands Hudjashov et al., 2017 

GRC11053493 Anakalang 28 Lesser Sunda Islands Hudjashov et al., 2017 

GRC10041151 Bali 19 Lesser Sunda Islands Hudjashov et al., 2017 

GRC10041187 Bama 28 Lesser Sunda Islands Hudjashov et al., 2017 

GRC11049573 Bena 28 Lesser Sunda Islands Hudjashov et al., 2017 

GRC10041182 Java 21 Lesser Sunda Islands Hudjashov et al., 2017 

GRC11049611 Kamanasa 17 Lesser Sunda Islands Hudjashov et al., 2017 

GRC10047556 Lembata 27 Lesser Sunda Islands Hudjashov et al., 2017 

GRC11053187 Pantar 27 Lesser Sunda Islands Hudjashov et al., 2017 

GRC10047607 Rampasasa 11 Lesser Sunda Islands Hudjashov et al., 2017 

GRC10047624 Umaklaran 1 Lesser Sunda Islands Hudjashov et al., 2017 

GRC11049631 UmanenLawalu 16 Lesser Sunda Islands Hudjashov et al., 2017 

GRC11053505 Malay 8 Malay Hudjashov et al., 2017 

GRC11053174 Mentawai 26 Mentawai Hudjashov et al., 2017 

GRC10047590 Nias 28 Nias Hudjashov et al., 2017 

GRC11052345 PNG_Baining 21 Papua New Guinea Hudjashov et al., 2017 

GRC11052318 PNG_Coastal 11 Papua New Guinea Hudjashov et al., 2017 

GRC11052285 PNG_Highland 13 Papua New Guinea Hudjashov et al., 2017 

GRC11053267 PNG_Nasioi 4 Papua New Guinea Hudjashov et al., 2017 

GRC10041272 Philippines 6 Philippines Hudjashov et al., 2017 

GRC11054286 Tahiti 6 Polynesia Hudjashov et al., 2017 

GRC10047588 Rindi 3 Rindi Hudjashov et al., 2017 

GRC11054343 Samoa 10 Samoa Hudjashov et al., 2017 
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Table 1 | Complete dataset used to perform GW analysis. Information regarding location, sample 
size and source of the data is also provided (continuation). 

Sample ID 
Region/ 

Population 

Sample 

Size 

Attributed 

Localization 
Source 

GRC10041306 Sulawesi 20 Sulawesi Hudjashov et al., 2017 

GRC11053579 Sumatra 30 Sumatra Hudjashov et al., 2017 

GRC10047563 Taiwan Aboriginal 15 Taiwan Hudjashov et al., 2017 

GRC11054295 Tonga 9 Tonga Hudjashov et al., 2017 

GRC11052269 Vanuatu 14 Vanuatu Hudjashov et al., 2017 

GRC11053215 Vietnam 10 Vietnam Hudjashov et al., 2017 

GRC10047579 Wunga 26 Wunga Hudjashov et al., 2017 

HG00759 
Chinese Dai in 

Xishuangbanna, China 
93 Dai Chinese 1000 Genomes Project 

NA18525 
Han Chinese in Bejing, 

China 
103 Han Chinese 1000 Genomes Project 

NA18939 Japanese in Tokyo, Japan 104 Japan 1000 Genomes Project 

HG01595 
Kinh in Ho Chi Minh City, 

Vietnam 
99 Vietnam 1000 Genomes Project 

HG00403 Southern Han Chinese 105 South China 1000 Genomes Project 

Burm1 Burma 20 Burma Mörseburg et al., 2016 

Dusun1 Dusun 22 Dusun Mörseburg et al., 2016 

Igorot23 Igorot 21 Igorot Mörseburg et al., 2016 

Luz12 Luzon 12 Philippines Mörseburg et al., 2016 

Malay1 Malay 25 Malay Mörseburg et al., 2016 

Viet5 Vietnam 18 Vietnam Mörseburg et al., 2016 

Vizcaya4 Visaya 4 Visaya Mörseburg et al., 2016 

Murut23 Murut 17 Murut Mörseburg et al., 2017 

 


